
What happened at Reactor Four 
by Gordon Thompson 

W HILE MUCH IS STILL unknown about the Cher- 
nobyl reactor accident, enough information is avail- 

able to suggest some important lessons for the nuclear 
power industry as a whole. Whatever its exact cause and 
the precise sequence of events, it seems likely that the event 
involved phenomena which are familiar to analysts of 
potential reactor accidents: hydrogen explosion, power 
surge, and perhaps steam explosion. Moreover, the plant’s 
containment system was demonstrated to be grossly inade- 
quate - but that is also likely true of most other commercial 
reactors in the world. A careful examination of what is 
known about the event itself, as well as the design of Cher- 
nobyl Unit 4, raises questions about accepted standards for 
reactor design, even though the reactor involved is unique 
to the Soviet Union. 

According to official Soviet statements, the accident 
began at 1:23 a.m. on Saturday, April 26. During a sche- 
duled shutdown of Chernobyl Unit 4, the power level sud- 
denly increased, from about 7 percent to 50 percent of nor- 
mal full operating power in 10 seconds according to some 
sources, and steam was rapidly generated. 

This was followed by an explosion of hydrogen which 
had been generated through the reaction of steam and zir- 
conium metal in the reactor core. Both the compartment 
immediately surrounding the reactor and the roof above the 
reactor’s refueling floor were breached during this period, 
but it is not clear what the respective roles of rapid steam 
pressurization and the hydrogen explosion were in causing 
these breaches and other damage to the reactor. In any 
event, there followed a fire in the reactor building, which 
was reportedly brought under control within 90 minutes. 
A separate fire in the reactor core was extinguished by drop- 
ping from helicopters, over many days, more than 4,000 
metric tons of sand, boron, lead, and other materials. By 
May 5 that fire was out, and the release of radioactivity 
to the atmosphere had virtually stopped by May 13. 

T HE PARTICULAR characteristics of this reactor type, 
which the Soviets designate as RBMK, are important to 
understanding the nature of the accident. The reactors 
employ graphite as a moderator and boiling water as a cool- 
ant, a combination which is not used for commercial power 
reactors outside the Soviet Union. (The moderator reduces 
the energy, and thus the speed, of fast neutrons, so that 
they are much more likely to cause fission in the uranium 
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A May 9 photograph released by the Soviet news agency TASS shows the 
damage done to Chernobyl reactor 4. (APNide World Photo) 

235. The coolant circulates through the reactor core to ex- 
tract the heat generated by fission and radioactive decay.) 
Chernobyl Unit 4 was of the RBMK-1000 class-which has 
an electrical output of 1,000 megawatts-and was one of 
14 such units operating in the Soviet Union, at Chernobyl, 
Leningrad, Kursk, and Smolensk. Two more were under 
construction at Chernobyl, in addition to the four already 
there, and the first of two RBMK-1500 reactors began 
operating at Ignalino in late 1984. All are direct descen- 
dants of the first Soviet nuclear station commissioned at 
Obninsk in 1954, and of the six reactors commissioned for 
plutonium and power production at Troitsk, Siberia, be- 
tween 1958 and 3964.’ 

A good many design details about the RBMK-1000 are 
available in Western literature.* A main feature of the design 
is a large number of individual channels, each consisting 
of a pressure tube containing fuel assemblies of uranium 
dioxide pellets in zirconium alloy cans. Water is pumped 
through these tubes from below. Light-water reactors, by 
contrast, which are both cooled and moderated by ordinary 
water and which dominate the world reactor market, em- 
ploy large pressure vessels inside which all the fuel assem- 
blies are located. 
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This nonliteral diagram is a schematic view of the RBMK-1000 reactor design. 

Inside the lbyl reactoi 

I l l  

Cross section I of a core column 

graphite 
column 

Legend: The Chernobyl reactor differs from most nuclear This steam-and-water mixture travels through 
reactors in the United States in two respects: coolant outlet pipes (7) to tanks which separate 
it uses graphite to moderate the nuclear reac- the steam from the water (8). Steam from the 
tion in the core (l), and the core itself uses tanks passes through pipes (9) to power tur- 
many pressure tubes instead of a single pres- bines which generate electricity; water sepa- 
sure vessel. The inset in the lower right corner rated in the tank passes through pipes (10) to 
of the diagram shows a cross section of one of return to the main circulation pumps, where the 
the 1,661 graphite tubes holding uranium fuel water cycle begins again. 
rods. A highly complex system of "control rods" A series of biological shields (11, 12, 13)- 
starts, controls, and stops the nuclear reaction so called because they protect workers from 
(2). A machine (3) can refuel the reactor while it radioactivity-surrounds the core. The space in- 
is operating by inserting new fuel rods into the side the shields is filled with inert gases. The 
graphite columns. Spent fuel is stored in pools cladding failure detecting system (14) is another 
(not shown), as is done at U S .  reactors. protection device which detects radioactivity 

Under normal operating conditions, the con- released into the coolant in the event of leaks 
trolled chain reaction in the core heats water in the metal tubes (cladding) around the fuel 
sent from the main circulation pumps (4) via rods. In addition, if one of the large coolant 
many distribution pipes (5) to narrow coolant pipes (located within concrete-walled compart- 
inlet pipes (6), and from there into the steam/ ments) should rupture, the escaping steam will 
water passages within the graphite tubes be condensed in the bubbler pools (15, 16). 
(see inset). The heat generated by the nuclear Steam released into the reactor compartment 
reaction is kept under control by the coolant can pass through pressure relief valves (17) and 

Reinforced concrete water; it also turns some of the water to steam. also be condensed in the bubbler pools. 

1. Reactor core, composed of graphite 
columns (see inset for cross section) 

2. Fuel and control rod channels 
3. Refueling machine 
4. Main circulation pumps 
5. Distribution pipes for coolant 
6. Coolant inlet pipes for water 
7. Coolant outlet pipes for steam and water 
8. Drums for steam separation 
9. Steam pipes (to turbines) 

lo. Water return 
to circulation pipes) 

11. Upper biological shield 
12. Lateral biological shield 
13. Lower biological shield 
14. Cladding failure detecting system 
15. Upper bubbler pool 
16. Lower bubbler pool 
17. Pressure relief valve 

Biological shields 

drums 
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The RBMK-1000’s cylindrical core, 12 meters in diameter 
and seven meters high, is much larger-especially in di- 
ameter- than a typical light-water reactor core. It consists 
3f 2,488 vertical columns formed by stacking graphite 
blocks. Most of these blocks have vertical holes in their 
centers, and tubes which pass through these holes house 
fuel assemblies, power sensors, and control rods. 

Through 1,661 of the columns pass zirconium alloy pres- 
sure tubes, each containing two fuel assemblies, one above 
the other. The cooling water which is pumped through 
these pressure tubes begins boiling about 2.5 meters from 
the bottom of the core and is about 14.5 percent steam as 
it leaves the core. Steam is separated from water in horizon- 
:al drums at a pressure of about 70 bar (one bar is about 
14.5 pounds per square inch) and fed to the turbine genera- 
tors (see diagram). 

Tubes in 12 columns in the center of the core contain 
sensors to monitor the vertical distribution of the power 
level. The radial distribution of the power level is monitored 
by sensors mounted in 130 fuel assemblies. Sensors in four 
of the columns which form a reflector at the periphery of 
the core provide additional monitoring of the power level 
during reactor start-up. 

The control rods pass through tubes in 211 of the graphite 
columns and operate in a manner more complicated than 
for a light-water reactor. In addition to the normal function 
of controlling the overall power level - inserting control rods 
reduces reactor power, while withdrawing them increases 
it- the RBMK control system is designed to overcome spe- 
cial problems of power distribution in this type of reactor. 

The rods are of two basic types. One type, withdrawn 
upwards from the core, maintains the radial power profile 
and also stabilizes the radial and rotational power distribu- 
tion by an automatic control system which makes constant 
adjustments in the positions of the individual rods. If these 
adjustments are inadequate to prevent a localized power 
surge, a separate control system will fully insert the rods 
to shut down that part of the reactor. The same rods will 
also be inserted to shut down the entire reactor if  necessary. 
The second type of control rod is withdrawn downwards 
and is used to regulate the vertical distribution of power 
in the core. 

Each rod moves in a separate zirconium alloy tube similar 
to those used in the fuel channels and is cooled by water 
entering from above. The rods are of boron carbide, clad 
in aluminum alloy, which has a relatively low melting point. 

The graphite columns are not specifically cooled, al- 
though coolant flowing through the fuel channels and the 
tubes containing the control rods and the power sensors 
also extracts heat from the graphite. However, the reflec- 
tor region is cooled in a system shared with the control rods. 
The average graphite temperature in the core is about 600 
degrees centigrade, while the average fuel temperature is 
550 degrees, and the coolant leaves the reactor at 284 
degrees. Thus, the graphite’s temperature is above that at 
which stored energy will build up in its crystal structure 
due to neutron irradiation. Consequently, early speculation 

that the Chernobyl accident was initiated by an unplanned 
release of stored energy, as occurred during the 1957 Wind- 
scale reactor accident, is unfounded. 

The reactor is fueled with uranium enriched to 2 percent 
uranium 235 (compared with about 3 percent for light- 
water reactors). A large refueling machine (component 3 
in the diagram) can be positioned over any single fuel chan- 
nel, removing and replacing the fuel in that channel while 
the reactor remains on line. This capability, shared by some 
other reactor types but not light-water reactors, allows the 
RBMK to be readily used for producing weapon-grade plu- 
tonium, which is made by exposing the fuel to low burnup 
(a  short period in the core). However, the intended burnup 
of RBMK-1000 fuel is 22 megawatt-days per kilogram of 
uranium. This is well above the level used to produce 
weapon-grade plutonium and approaches the design burn- 
ups of light-water reactors. 

Stabilizing the power distribution within the reactor 
core has been a major focus of Soviet work on the RBMK 
during the course of its development. This concern stems 
largely from two inherent problems: the size and hetero- 
geneity of its core, and positive feedback between reactivi- 
ty  and steam. 

More steam. in the cooling water can increase reactivity 
in a graphite-moderated reactor. As the cooling water turns 
to steam, it absorbs fewer neutrons. This means that more 
neutrons will pass to the graphite, which will slow them 
down and reflect them back, increasing fission. This causes 
the power level to rise, which in turn increases steam for- 
mation, and the process can quickly escalate. In a light- 
water reactor, by contrast, where water is both moderator 
and coolant, the formation of steam simply slows the reac- 
tion. 

Two approaches have been taken to reducing the feedback 
between steam formation and reactivity in newer reactors 
such as Chernobyl Unit 4: the graphite density has been 
slightly reduced, and the fuel enrichment has been increased 
from 1.8 percent to 2 percent. 

BEFORE THE ACCIDENT many Western analysts had 
assumed that the Chernobyl reactors had no containment 
buildings. As attention was focused on the plant, however, 
it became apparent that the design does include a contain- 
ment system somewhat like that used for boiling-water reac- 
tors (one of two types of light-water reactors). The system 
is designed around the assumption that the most serious 
accident will be a rupture of one of the large pipes in the 
cooling circuit; as the diagram shows, these are located in 
concrete-walled compartments. If a pipe ruptured, the re- 
leased radioactive steam would be directed from these com- 
partments to two pools of water located one above the other 
in the basement. The steam would condense as it bubbled 
through the water. 

This sort of containment reflects a design philosophy- 
common to light-water reactors as well - focused on a rup- 
ture of large pipes, and assumes that the emergency reactor 
cooling system would be successfully activated in the event 
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of such a rupture, preventing severe fuel damage.3 The core 
region, therefore, rather than being separated from the out- 
side environment by a concrete-walled compartment, is sur- 
rounded by a vertical metal cylinder closed at the ends by 
structures through which the cooling and control rod chan- 
nels pass. This relatively insubstantial vessel is filled with 
a mixture of helium and nitrogen. The space between it 
and the biological shields which surround it, to protect 
workers from radiation, is filled with nitrogen at a slightly 
higher pressure. This vessel, the refueling floor, and the rela- 
tively lightweight building above that floor, were ruptured 
in the accident. In addition, however, some of the concrete 
containment structures may have been breached as well, 
since they were not designed for the stress accompanying 
an accident of this type. 

The Soviet government, at the time of this writing, had 
not yet reported its findings about the accident to the inter- 
national community. When this occurs, some of the uncer- 
tainties surrounding the event may be resolved. However, 
some aspects of the accident may never be understood. The 
Soviets have been obliged to entomb the reactor in concrete, 
thus inhibiting future investigation. Even at Three Mile 
Island, where the core region is now relatively accessible 
for study, the extent of fuel melting during the 1979 acci- 
dent is still uncertain. 

At this time the possibilities can be narrowed, although 
all hypotheses must be made with caution. The following 
sequence of events seems plausible: 

1. A power surge occurred in part of the reactor core. 
The known stability problems of the RBMK-1000 and the 
complexity of its control systems make this a good candi- 
date as the initiating event. I t  is also compatible with So- 
viet statements that the reactor’s power level increased dra- 
matically at the time of the accident. Also, it has been said 
that the neutron sensors do  not work well at low power.4 
The reactor was being shut down at the time; the sensors 
may have failed to detect the power surge, and the automatic 
controls may therefore not have operated correctly. Finally, 
there are reports that “experiments” were being performed on 
the reactor. These might have involved the control system. 

2. Fuel in that part of the reactor may have melted 
quickly. A power excursion could cause fuel to melt quickly. 
If, on the other hand, core cooling had been interrupted, 
fuel would have melted more slowly, causing a different se- 
quence of events. 

3 .  Steam formed rapidly in some pressure tubes, perhaps 
explosively. A steam explosion could be powerful enough 
to rupture the reactor vessel and some surrounding struc- 
tures and perhaps expel small fuel particles into the atmo- 
sphere. During the early years of U.S. nuclear power re- 
search, there were three such explosions, each caused by a 
power excursion. The three reactors were severely damaged.5 

An initial hydrogen explosion does not seem likely at this 
point. The event happened quickly, with no apparent warn- 
ing, and the moderator region is normally filled with inert 
gas, which would not sustain combustion of hydrogen. 

4. Cooling was interrupted. Whatever the initial cause, 
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the early events presumably caused substantial damage to 
the reactor vessel and perhaps to the reactor building and 
the cooling systems. 

5. Hydrogen was generated by chemical reactions in the 
core. Steam reacted with the large mass of zirconium in the 
core and possibly with the graphite as well, producing 
hydrogen. 

6.  The hydrogen ignited in the presence of air. The result- 
ing explosion, perhaps more than one, would have caused 
further damage. At some point, either by hydrogen explo- 
sion or a preceding steam explosion, the reactor’s structure 
was damaged sufficiently to allow air into the core region. 

7. Fires began in the reactor building and the core. A 
short-lived (90-minute) fire began in the reactor building. 
When air reached the core region, a separate fire began there 
and continued for about a week. That fire would have con- 
sumed, to a currently unknown extent, both metal and gra- 
phite in the core. 

THESE EVENTS ledto the release of radioactive mate- 
rials to the atmosphere. The nature of this release (the 
“source term”) can, in principle, be inferred from the results 
of environmental monitoring. To do this, readings of the con- 
centrations of the different radionuclides in the atmosphere 
and on the ground at various times and places are combined 
with meteorological information. This is difficult in practice, 
however. The greatest problem in the Chernobyl case is that 
the monitoring data currently available have been taken quite 
far from the reactor. 

A group at the Lawrence Livermore National Laboratory 
has made a preliminary source term estimate and has con- 
cluded that 40 percent of the volatile radionuclides in the 
core-iodine and cesium-were released during the first 24 
hours, with a further 10 percent over the next five days. 
Eighty percent of the first day’s release was believed to have 
risen above 1,000 meters before dispersing. All of the later 
radioactivity was thought to have been released into the at- 
mosphere below that altitude.6 

While these estimates will likely be revised as better infor- 
mation becomes available, it does seem clear that there was 
an initial large release which mostly rose to higher altitudes, 
lofted by fire or blast, or both. The later release was asso- 
ciated with the relatively slow-burning reactor fire, exhibit- 
ing relatively little updraft. 

The isotope ratios in the environmental measurements 
reveal some interesting information. For instance, they show 
that fission ceased at about the time of the accident, con- 
firming the conclusion of Soviet authorities based on test- 
ing the blood of emergency workers for neutron-activation 
products. It has also been estimated from these ratios that 
the fuel in the core was in use for an average of about two 
years, which accords with the time the unit had been operat- 
ing. This indicates that the reactor was not used for pro- 
ducing weapon-grade plutonium. 

Finally, rainwater measurements collected at Forsmark, 
Sweden on April 28 indicate a much higher level of plutoni- 
um 239, relative to cesium and iodine, than was found in 

southern West Germany two days later.’ The implications 
of this require further exploration; it is possible, however, 
that this indicates that some of the fuel was indeed frag- 
mented into small particles and carried high into the atmo- 
sphere during the early release. This would account for the 
presence of relatively nonvolatile plutonium in the initial 
plume. Soviet spokesman Boris Semenov has been reported 
as saying that 10 percent of the fuel may have been “lost” 
during the accident.* 

Other observations revealed small and regularly shaped 
radioactive particles, which is consistent with fuel melting. 
From the presence of particles composed predominantly 
of ruthenium, scientists in Studsvik, Sweden inferred that 
parts of the reactor core had reached 2,500 degrees centi- 
grade.9 

Carlos Ospina of the Swiss Federal Institute for Reactor 
Research studied fallout patterns over Europe between May 
1 and May 12 and concluded that the fallout in the later 
part of this period was from spent fuel. This suggests that 
the initial accident caused a cooling loss to the pool in the 
reactor building where the discharged fuel is stored, and 
cesium from the pool was released after about a week.10 
Such a release is known to be possible for the spent fuel 
pools in Western reactors. 1 I However, relatively little spent 
fuel would have been discharged from Chernobyl Unit 4 
by this stage of its life, so there may be other explanations 
for Ospina’s observations. 

PEOPLE OUTSIDE the Soviet Union are very concerned 
about whether reactors in their countries could present sim- 
ilar hazards. This concern is not easy to address, however, 
since each reactor type has its own vulnerabilities. 

Most U.S. nuclear power is generated by light-water reac- 
tors of either the pressurized-water or boiling-water type. 
The former generally employ largely passive containment 
systems, although some use baskets of ice to condense the 
steam released by a pipe rupture. The latter employ systems 
based on the principle of allowing steam released from a 
pipe rupture to condense by bubbling through a pool of 
water-similar to that at Chernobyl. However, at all U.S. 
reactors of these types the containment envelope completely 
surrounds the reactor, unlike the Chernobyl design where 
the core lies outside the main containment. Thus, it could 
be said that U.S. reactors have a containment superior to 
that used at Chernobyl. Likewise, these reactors are not 
prone to the power instabilities which plague the RBMK- 
1000 design. 

However, there are numerous accident sequences which 
could lead to severe core damage at U.S. reactors. Although 
the probability of this happening is highly uncertain, some 
analyses suggest a core-melt frequency as high as one in 
1,000 reactor-years. It is therefore unfortunate that U.S. 
reactor containments are not designed for the forces asso- 
ciated with a core melt. Just as for Soviet reactors, the design 
is based on the assumption that a pipe will rupture but that 
the emergency cooling system will prevent the core from 
melting. 
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Over the years, analysts have gradually become aware of 
a variety of phenomena that could accompany a core melt. 
A steam explosion could generate a massive missile and 
penetrate the containment. A hydrogen explosion, steam 
generation, or molten droplets of core material sprayed from 
the vessel ( a  priority in Nuclear Regulatory Commission 
research at the present) could greatly increase pressure in 
the containment atmosphere. Parts of the containment en- 
velope- such as the steam generator tubes of pressurized- 
water reactors - could experience severe heat and pressure. 
These and other phenomena mean that one cannot be sure 
that radioactivity would be contained during a core-melt 
accident. I 2  

In at least one respect, U.S. commercial reactors could 
suffer a substantially worse accident than the Chernobyl 
disaster. Many possible accident sequences would release 
a plume of radioactivity which would not rise very far into 
the atmosphere. This would spread a large amount of radio- 
active material in the reactor vicinity, potentially causing a 
large number of acute injuries and fatalities. People living 
near the Chernobyl plant are fortunate that the plume rose 
to a higher altitude. 

In addition to the commercial power reactors, there are 
in the United States five plutonium production reactors. 
One of these, the Hanford N-reactor in Washington, is sim- 
ilar to the RBMK in that it is graphite-moderated and water- 
cooled. The N-reactor is surrounded by a concrete-walled 
building of limited containment capability. The remaining 
four production reactors are at Savannah River in South 
Carolina and have no containment buildings. No safety 
studies have been published for any of these. 

Other nations have different reactor types and different 
practices of design, construction, and operation. The poten- 
tial for accidents must be assessed for each of these sepa- 
rately. Yet, few reactors have been as intensely analyzed as 
those in commercial use in the United States, and these 
analyses continue to identify new phenomena and unsus- 
pected accident possibilities. There is no reason to assume 
that commercial reactors outside the United States, or the 
plutonium production reactors, are any different. 

The initial lessons of Chernobyl are clear: First, the study 
of hypothetical reactor accidents is not an academic exer- 
cise, but is important in developing policies to protect public 
health. None of the phenomena involved in this accident 
were unfamiliar to experts. Second, the containment system 
at Chernobyl was manifestly inadequate. Unfortunately, this 
is also likely to be true for most other commercial reactors 
in the world. Normal design practice is based on the as- 
sumption that severe core damage will not occur; if such 
damage does occur, we should not be surprised when radio- 
active materials are released. 0 
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