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. The initiating events and propagating mechanisms
of the Chernobyl accident are the subject of this anal-
ysis. The neutronics and thermohydraulics of RBMK
reactors under different regimes are studied. It is found
that the reactor response to a loss of pumping power
was a regetivity trip that could not be fully overcome
by the Doppler effect because of the neutronic impor-
tance of hydrogen captures under the conditions before
the accident. This very high importance was induced
by an incorrect hydraulic regime being established be-
fore the accident in order to conduct an electromechan-
ical experiment. This experiment was responsible for
the loss of pumping power that triggered the accident.

I. INTRODUCTION AND SCOPE

. The accident that occurred at Chernobyl Unit 4 on
April 26, 1986, is a major case study in the history of
nuclear power. It can be considered from very differ-
ent viewpoints, as it was a rather complex process that
involved design shortcomings, operation violations,
fast power transients, and large radioactivity releases.
In this paper, the physical causes of the accident and
the propagating mechanisms inside the reactor core are
analyzed.

The initiating event was an experiment conducted
under abnormal conditions involving safety violations,
but the accident took place and reached catastrophic
magnitudes due to the features of the RBMK reactor.

The accident can be studied through the report!
on the accident provided by the Soviet nuclear authori-
ties as well as the available information about RBMK
reactors.>® On the other hand, the principles and data
of nuclear reactions, heat transport, and thermal hy-
draulics are universal, although the configuration of
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the problems and the boundary conditions are abso-
lutely dependent on the particular reactor under study.
Computer codes currently used in Western nuclear
technology are not directly applicable to RBMK reac-
tors for design purposes, and some data, such as hy-
draulics correlations, are specific to each type of
reactor. Nevertheless, the macroscopic evolution of an
RBMK reactor can be analyzed with tools used to carry
out nuclear and thermal-hydraulic studies of lightwater
reactors (LWR) and gas-cooled reactors (GCRs).

" Under the foregoing assumptions, the objective of
this paper is an analysis of the evolution of the physi-
cal parameters of Chernobyl Unit 4 during the accident
in order to identify the main initiating events and prop-
agating mechanisms. We intended to determine the
physical causes of the accident and to compare the
RBMK reactor features with those of LWRs and GCRs
to demonstrate that this type of accident is not possi-
ble in these reactors. We did not intend, however, to
carry out a precise numerical simulation of the history
of the accident; this is probably impossible because not
all the relevant data were recorded and the standard
computer codes would have to be greatly modified to
deal with the specific characteristics of the RBMK re-
actor.

In Sec. II, a summary of the RBMK reactor fea—
tures and a brief description of the accident are pre-
sented. This section contains the basic information
through which it was possible to carry out numerical
calculations and to make an in-depth qualitative anal-
ysis. Some authors® consider the information provided
by Ref. 1 insufficient for a complete characterization
of the accident. This is probably correct if a very ac-
curate quantitative numerical simulation of the acci-
dent is sought, but the data are sufficient for the type
of analysis done in this paper.

A similar objective has been pursued in several
studies,'®?* some of them done at institutions.!¢-12
Most of these papers describe and analyze the sequence
of events before, during, and after the accident, but the
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emphasis is on operator violations rather than the
physical causes and propagating mechanisms. All these
studies are based on information from Ref. 1, although
some present slightly different explanations for the dif-
ferent phases of the accident. It must be remembered
that not all the significant data were recorded during
the accident. The Soviet report presents a picture based
on the actual data but elaborated with a neutronic and
thermal-hydraulic model.

The importance of the various physical phenomena
at each phase of the accident is a subject of discussion.
On the other hand, characterization of such significant
items as reactivity coefficients?* or pump cavitation?*
is difficult to achieve due to the very particular condi-
tions during the accident. This is why several papers?5-27
are devoted specifically to the suitable computing
methodologies for calculations on the Chernobyl ac-
cident.

Section III presents the central part of this work.
The evolution of both the reactivity coefficients and
the state variables was analyzed so that all the physi-
cal mechanisms involved in the accident could be
characterized qualitatively and quantitatively, although
some unavoidable uncertainties diminished the accu-
racy of the computations. Besides the neutronics of the
accident, which is obviously of fundamental impor-
tance, the thermal hydraulics of the plant and its en-
ergy balance are studied in depth. This analysis allows
identification of the initiating events and first propa-
gating mechanisms. The overall simulation of the
power bursts in this work agrees significantly with the
data of Ref. 1, although some parts of our analysis
point out the importance of some concepts, such as the
pressure drop in the primary circuit, that are not ex-
plicitly treated in the report. Section 111 also contains
an assessment of additional energy releases that could
play a role in the late phase of the accident.

Section IV is an explanation of the physical causes
of the accident as a consequence of the former topical
analyses. It also contains a brief description of the crit-
ical moments and mistakes in the evolution and the
treatment of the accident. It also points out how the
accident would have been avoided if a suitable thermal-
hydraulic regime had been established before starting
the experiment. The paramount role of the neutronic
importance of hydrogen neutron captures, which is re-
lated to the safety margin measured in terms of control
rods inserted in the reactor, is shown. This operational
safety margin is currently used in RBMK performance
control and must not be confused with the scram safety
margin {which is provided by contro] rod banks totally
different from those used in operational control), A
third significant item is the saturation of the Doppler
reactivity effect due to the first power surge, which in-
- creased the fuel enthalpy until fuel fragmentation and

phase transition occurred. :

A comparison between RBMK and Western reac-
tors is presented in Sec. V in order to assess the possi-
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bility of such an accident occurring in Western reactors.
It is clearly seen that even in the case of slightly over-
moderated reactors, similar initiating events will lead
to power bursts much lower than those of the Cher-
nobyl accident. Moreover, the standard operational re-
gimes of LWRs and GCRs have a negative feedback
that will quench any transient originated by a loss of
coolant pumping energy.

li. A SUMMARY OF THE HISTORY OF THE
CHERNOBYL ACCIDERT

The official Soviet report! describes the time evo-
lution of Chernobyl Unit 4 operation from some hours
before the accident until the end of the significant ra-
dioactive release. The most important items to be un-
derlined for the physical understanding of the case are
the following:

1. An electromechanical experiment was scheduled
to test the ability of a tripped generator to maintain the
clectrical feed to the main circulation pumps (MCPs)
for some seconds or minutes during generator coast-
down. A power level margin between 700 and 1000
MW(thermal) had been selected for the experiment.
However, when this level was being sought on April
25, 1986, the reactor power went down to 30 MW(ther-
mal), After a transient of >2 h, operators stabilized the
power level at 200 MW (thermal) and decided to go on
with the experiment. : '

2. The thermal-hydraulic balance of the plant was
very different from the standard regime in RBMK re-
actors. The main circulation flow was extremely high
(with respect to the power level), and the feedwater
flow was very small, as can be seen in Table 1. Pressure
along the primary circuit was smaller than usual. At
the reactor inlet, it was slightly above the phase tran-
sition pressure corresponding to the inlet temperature.
At the outlet, steam quality was very small. Unfortu-
nately, there are no direct records of the reactor in-
let conditions during the accident. Thus, some of the
data in Table I were calculated starting from recorded
data in the steam drum separators, as is described in
Sec. I11. g o

3. Operators violated some of the operating rules.
Reference 1 lists six main violations that played very
different roles in the accident evolution. The first vio-
lation, defined as “reducing the operational reactivity
margin substantially below the permissible value,” is
poorly explained in Ref. 1, which does not indicate any
relation between the violation and the share of hydrogen
captures in the reactivity balance. The concept (and the
operator violation) was of paramount importance in
triggering the accident and allowing it to rise to cata-
strophic dimensions, as is analyzed in Sec. I1IL.A.2.
VOL. 90
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TABLE 1

Relevant Data of the Thermal-Hydraulic Balance at Nominal Conditions [3200 MW (thermal)]
and Before the Accident [200 MW(thermal)]

200 3200
MW(thermal) MW(thermal)

MCP flow (kg/s) 11280 10444.4
Feedwater flow (kg/s) 45 15144
Pressure in the steam-separators (MPa) 6.53 7.0
Steam mass quality (%) i 0.4 14.5
Reactor inlet pressure (MPa) 7.0 7.7
Reactor inlet temperature (K) 552.5 543
Saturation temperature at inlet pressure (K) 557.5 564
Saturation pressure at inlet temperature (MPa) 6.5 5.55

4. Violations 4, 5, and 6 in Ref. 1 are blocking of
the reactor protection system. To perform the experi-
ment and to repeat it if necessary, the reactor was to
be maintained in operation in spite of the shutdown of
both turbogenerators. Blocking the reactor protection
system left the reactor unprotected, without the pos-
sibility of an automatic scram that would have been
triggered immediately after the start of the experiment.
The chain reaction would have been stopped before the
loss of pumping power that triggered the accident.

The power evolution before the accident is depicted
in Fig. 1. At 1 h, 23 min, 04 s (local time) on April 26,
1986, the experiment was started by shutting the emer-
gency regulating valves of the second turbogenerator
(the first was already shut down). Four of the eight
MCPs were electrically connected to the tripped tur-
bogenerator to perform the experiment. The pumping
power began to go down, as can be seen in the reduc-
tion of the main circulation flow rate that was recorded
and Is presented in Fig. 2. This is the origin of the ac-
cident. In Fig. 3, the evolution of some reactor vari-
ables is given, according to Ref. 1. It must be noted
that there are some discrepancies among the hydrau-
lic data of the report. They probably stem from differ-
ent recording systems that were disturbed during the
accident. These discrepancies are of the order of 10%
and do not pose any obstacle for the understanding of
the accident, :

At 1 h, 23 min, 40 s, the scram button was pressed
because a very low neutron period was observed, but
it was too late to stop the accident. At 01 h, 23 min,
44 s; the first power burst is depicted in Ref. 1, im-
mediately followed by a second and much bigger burst.
According to these data, the energy release was >1.0
TJ and the two consecutive reactivity maxima were 2
and 3 3. The reactor was absolutely destroyed by those
explosions, as were the surrounding building and most
of the ceiling. Exothermic chemical reactions took
NUCLEAR TECHNOLOGY
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place immediately afterward and the graphite fire
lasted several hours. Radioactive products were explo-
sively released. Although the reactor core was subcrit-
ical due to its disassembly, decay heat maintained the
remains at very high temperature, enhancing additional
radioactive leakage.

The main conclusion of the Soviet report on the
causes of the accident is that “the accident assumed
catastrophic proportions because the reactor was taken
by the staff into a non-regulation state in which the
positive void coefficient of reactivity was able to en-
hance the power excursion.” In Sec. 111, the reactivity
coefficient and the other reactivity feedback mecha-
nisms are analyzed to determine why and how the ac-
cident took place.

1l. NUCLEAR AND THERMAL-HYDRAULIC FEATURES OF
THE CHERNOBYL ACCIDENT

The physics of the Chernobyl accident embodies
many different subjects that deserve at least prelimi-
nary attention to define their importance in the acci-
dent evolution so that the fundamental mechanisms
can be identified and analyzed in depth. This overall
study is presented in four parts:

1. the general nuclear and hydraulic characteristics
of RBMK reactors both at nominal regime and
at the conditions during the accident

2. the reactivity feedback mechanisms, such as _
Doppler effect, void effect, and so forth

3. the external mechanisms, i.e., operating actions
and experiment consequences o

4. phenomena that could occur in a late phase
of the accident and could convey huge energy
surges.
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Fig. 1. Power and xenon concentration evolution before the accident.

lil.A. RBMK HNeutronic and Thermohydraulic Features
Relevant to the Accident

- Most of our neutronic calculations were carried out
with a multicell representation of RBMK configura-
tions using the WIMS-D code,® which has been used
by other authors®® for similar purposes. Space effects

" in both the vertical and horizontal directions were stud-
ied with an LWR simulator® in the first stages of the
accident. Although RBMK reactor cores are very large

(~10-m characteristic length), the neutronic migration
area is also very large (~400 cm?), which means that
the core is not as large in terms of neutronic coupling,.
At the beginning of the accident, the output steam
quality was very small. Water was practically liquid all
along the reactor channels and therefore the reactor
was rather homogeneous, neutronically speaking, even

374

though the xenon concentration induced a double-hump
shape vertically.! ,

Another important feature of RBMK reactors
deserves some comments, although it probably played
no significant role in the accident: RBMK reactors are
hydraulically divided into two halves. There are two
primary circuits, each connected to specific pumps,
drum separators, and fuel channels. Recordings from
the accident (see Fig. 2) show that both halves under-
went similar evolutions, which leads us to consider that
the accident was rather symmetric. It does not mean
that all the channels suffered similar evolutions, be-
cause the power distribution was not perfectly uniform
and the central channels could have a faster response
to the transient induced by the experiment. .

In any case, all the information and considerations
from Ref. 1 led us to analyze mainly the reactivity

VOL.S0- JUNE 1990
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feedback mechanisms in a point reactor approach.
Some authors?” have pointed out that partial voidages
of the reactor (particularly in the central part) present
higher void reactivity coefficients than homogenous
voidages, similar to sodium voidages in a liquid-metal
fast breeder reactor (LMFBR). A comparison between
reactivity coefficients calculated through multicell ap-
proximations and two-dimensional simulations showed
that space-dependent effects were of secondary order
in relation to the bulk effects studied in the point re-
actor approach. On the other hand, detailed calcula-
tions of spatial nonuniformities would require the
development of specific codes to deal with the partic-
ular hydraulic regime of RBMK channels. Reference 1
contains some data on two-phase flow correlations, but
they are fitted for steady-state conditions and slow
transients. Moreover, there are no recorded data of the
initial conditions in each channel, which makes a very
detailed calculation impossible. Such a calculation
would probably not be very significant for our accident
analysis.

The vertical evolution of the accident was undoubt-
edly very important, as the flow transient produced by
the experiment moved upward from the reactor inlet.
This evolution was studied with the help of three codes
(neutronic and thermal hydraulic) plus a simulation of
the reactivity feedback. TIMEX, a one-dimensional,
time-dependent neutron transport code’®; COBRA-
1V, a thermohydraulic code for rod bundle reactors®!;
and GAPCON-THERMAL, a program to analyze
heat transport in a rod plus a channel,*® were used for
this purpose, but the results were of limited signifi-
cance due to the difficulties of coupling them with the
appropriate feedback and in simulating the dynamics
of an RBMK channel.

To study the point kinetics evolution of the acci-
dent, a time-dependent program (fully implicit in the
time variable calculation) was written. Reactivity feed-
backs from fuel temperature and water density were
embodied. GAPCON-THERMAL was used to calcu-
late the temperature evolution and heat transfer in a
channel characterizing the total reactor. Reactivity co-
efficients were previously computed for many different
states, taking into account fuel temperature, graphite
temperature, void fraction, xenon concentration, and
fuel burnup. The complete series of reactivity coeffi-
cients is reported in Refs. 33 and 34.

The main findings of this broad parametric survey
are presented in this section when the specific reactivity
coefficients are treated. As a general conclusion, it can
be said that they show a behavior quite similar to that
reported in the Soviet literature,’* although some
quantitative discrepancies appear. The main sources of
discrepancy are the assumed values of the state vari-
ables, For instance, graphite temperature significantly
affects all the results, especially those related to burnup.
Fuel composition at high burnup levels in our calcula-
tion (873K of effective thermalization temperature)
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was slightly less reactive than the composition given in
Ref. 1. Instead of 2.6 g/kg of ?*°Pu, we obtained 2.4
at 20 MW .d/kg, but this discrepancy was very sensi-
tive to the graphite fuel temperature used in our calcu-
lation, which can be easily explained by the cross
sections in the upper thermal and epithermal regions
of 2%U and %*Pu.

HI.A.I. Thermal-Hydraulic Balance of the Plant

The thermal-hydraulic analysis of the accident re-
quired accounting for the energy and flow balances of
the plant. Figure 4 shows a simplified scheme of the
plant (the actual number of each type of element does
not appear). The numbers indicate the main points of
the circuit used to calculate the thermohydraulic evo-
lution of the plant. Both at nominal power and at pre-
accident conditions, the balance was easily established,
although some data had to be estimated because nei-
ther Ref. 1 nor other Soviet literature contained com-
plete information.

The key point in this hydraulic scheme, according
to our study, is the reactor inlet. While there are
recorded data for the drum separators, there are none
for the reactor lower zone, where the pumping tran-
sient was first felt. :

It has already been pointed out that a very strange
hydraulic balance was established just before starting
the experiment, as can be seen in Table 1. The main cir-
culation flow rate was even higher than the nominal
value, although power was just 7% of the nominal
level. Reference 1 underlines that the outlet steam qual-
ity was very poor, but practically nothing is said about
conditions at the inlet. To assess the safety of the

4
Steam
drum Condenser Cii
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5
2 91
8 Condenser C)
Core 10 pump
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0\
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-/
Feed pump

Fig. 4. Hydraulic scheme of the plant.
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preaccident balance, we defined two figures of merit;
the pressure excess over saturation pressure and the in-
let subcooling defined as
H,-H!
IS= —— 1

13333 ° )

where
H) = actual specific enthalpy

HY = liquid at saturation under the actual pressure
P

The figure 1333.3 is the specific enthalpy of the phase
transition in joules per gram.

According to our data, 7S at nominal condmons is
—8.3% but it was only —2% when the experiment
started. This means the water was too close to the
phase transition to steam in the balance established be-
fore the accident. The overpressure at nominal condi-
tions was ~2 MPa, but it was only 0.5 MPa when the
experiment started. Both data indicate that the reactor
inlet was especially sensitive to any change in flow vari-
ables and, particularly, pressure.

Fxgure 5 shows the flow rate versus pressure head of
the total set of MCPs in an RBMK reactor. This curve
was drawn from data taken from the Soviet literature.!-
A second (Jower) curve is included to characterize the
effect of the pumping power loss corresponding to a
steady-state situation with only four pumps working,
instead of eight. As the pumps were placed in parallel,
the maximum pressure head remains constant in this

20+
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reduction, unlike the maximum flow rate, which goes
down to 50%. A third curve of the type [ < Q%] is
plotted to show the pressure loss along the primary cir-
cuit in preaccident conditions. The pump characteristic
curves cross this curve, indicating the working points
for the cases of four or eight acting pumps, respec-
tively. The lower point would be real in the case of
steady-state operation with four pumps and a similar
hydraulic behavior. It is clear that the pumping tran-
sient produced by the expenment did not go from the
upper to the lower point just along the [k o« Q%]
curve. The increase of steam quality (water voids) due
to the power rise would increase, as would the pressure
loss along the primary circuit; therefore, the {4 o Q2]
curve would shift to an upper one. Figure 5 also shows
a curve corresponding to the nominal regime that
reaches 14.5% of steam quality at the outlet. It is dif-
ficult to accurately determine the evolution of the pres-
sure head and flow rate as the pumping power went
down and the reactor power went up, but it would not
be very different from a straight pathway from point
{ to point 2.

The main conclusion of our hydraulic analysxs is
that the loss of pumping power induced by the exper-
iment caused a rapid fall in the pressure, enhancing the
water boiling from the very bottom of the reactor. Fig-
ure 5 shows a final pressure drop of ~0.5 MPa in the
pump outlet pressure as a consequence of losing 50%
of the pumping power, which is equal to the pressure
excess over the saturation pressure at the reactor inlet
(calculated to be 0.5 MPa in the preaccident balance).

Main circuit
pressure drop

Preaccident
regime

Q (Mg-s™1)

Fig. 5. MCP pumping performance and hydraulic regimes of the primary eircuit.
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Therefore, water could begin to boil from the reactor
inlet itself,

This was the main thermal-hydraulic consequence
of the experiment. The reactivity feedback through the
water void effect launched a very powerful reactivity
trip that was responsible for the first power burst. In
Sec. I1L.B, the void reactivity coefficient is treated, as
well as the Doppler effect that was able to stop this
first explosion.

HI.A.2. Neutronics of the Accident

Reference 1 declares that before the accident the
reactor was operating with an excess of reactivity of
“6-8 rods, in other words, not more than half of the
minimum permissible value laid down in the operating
regulations,” This is the first of the operator violations
listed in the report. Before the accident, the operating
regulations established that a minimum of 30 rods had
to be inserted in the reactor during operation. Unfor-
tunately, this operational reactivity margin is poorly
explained in the report. First of all, it must not be con-
fused with the scram reserve margin, i.e., the number
of rods out of the reactors that are available to stop the
chain reaction if necessary. The operational reactivity
margin is an indirect but integral indicator of the neu-
tronic balance inside the reactor. To understand it
properly, it is necessary to bear in mind that in RBMK
reactors there are two movable neutron absorbers: wa-
ter and control rods. Any change in water density is a
change in the neutron absorption rate, Water is highly
important for thermal neutrons because it lies between
the moderator and the fuel. Thermal neutrons diffus-
ing from the former to the latter must go across the
coolant, where hydrogen has the advantage over ura-
nium in absorbing those neutrons.

When a small number of rods are required to main-
tain criticality, there is a high capture rate in water. Of
course, there are other variables, such as burnup
degree and fuel and graphite temperatures, that affect
reactivity, but water and control rods absorption are
the final methods to meet the eguilibrium between neu-
tron productions and losses.

- Just before the accident, the void fraction in the
core was very small, i.e., the water density was very
high. A correspondingly high absorption rate in hydro-
gen induced the control rod banks to move out. In this
situation, the reactivity worth of the coolant was very
high. In Sec. I11.B.2, the void reactivity coefficient is
analyzed, but it can be said in advance that the reac-
tivity worth could be estimated at ~5 §.

A sudden boiling of the coolant produced by de-
pressurization and flow rate reduction triggered a very
strong reactivity trip that was initially overcome by
the fuel temperature effect. However, the Doppler
antireactivity margin was lower than the positive void
effect and the fuel reached the enthalpy of disaggrega-
tion just being able to quench the first reactivity trip.
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A few tenths of a second after the first power burst,
the bulk of the energy (initially deposited in the fuel)
was transferred to the water in a very fast, nonrever-
sible process very similar to a steam explosion. The
heat transmission rate from the fuel to the coolant was
so high that convective streams could not develop
within the water. The steam film and bubbles produced
in the clad surface grew and expanded much faster
than the boiling of the bulk of the water. The internal
pressure of the bubbles increased so rapidly that the
water was suddenly expelled from the reactor. The
“dried-up” reactor was much more reactive than the
wet one, and a second reactivity trip occurred. At that
moment, the fuel was practically at phase transition or
partially disaggregated. In any case, the Doppler effect
could do nothing; this second power burst was stopped
only by the very destruction of the reactor.

1t is important to take into account some integral
figures about the accident evolution. According ta
Ref. 1, the first power burst yielded 200 GJ of energy.
A similar figure was calculated in this work using the
point kinetic approach with feedback (including the
program GAPCON-THERMAL to calculate the ther-
modynamic evolution of a characteristic fuel channel).
This is the reference energy level to be compared with
the three main physical consequences of the accident:

1. Fuel heating and fragmentation: The total en-
ergy required to reach the phase transition point for all
the fuel in the reactor (205.7 Mg) was 250 GJ (assum-
ing 1.2 kJ-g ! of specific enthalpy, which is probably
overestimated because it neglects the initial specific en-
thalpy of 75 J-g~! and does not take into account
possible shock waves and nonreversible mechanisms in
the fuel). On the other hand, reactivity feedback does
not depend on the bulk temperature but on the effec-
tive temperature of ***U resonant captures, which was
much lower. In any case, it is clear that the Doppler ef-
fect was practically saturated in the sense that an in-
crease in energy would produce a phase transition, but

‘no significant additional heating.

2. Water boiling: Under the accident conditions, 40
Mg of water needs 50 G1J to boil from saturated liquid.
Thus, boiling all the water in the reactor would not be
enough to remove the energy deposited in the fuel dur-
ing the first burst. However, heat transmission at that
moment was a nonreversible thermodynamic process
and did not include the boiling of the bulk of water.

3. Water expulsion from the reactor: The steam
bubbles and films around the clads acted as pressure
pistons, pumping out the liquid water against the drum
separators and the rest of the circuit. OQur calculations
indicate that this process could remove as little as 0.4
GJ from the reactor energy. The total energy removed
by the water after the first power surge is very difficult
to determine, but it must lie between 0.4 and 50 GJ,
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possibly closer to the former. This means it was an or-
der of magnitude Iower than the burst energy, or even
lower. Hence, the fuel was not cooled significantly by
the thermohydraulic reaction of the coolant. This is
why the Doppler effect was saturated (ineffective) in
preventing the second reactivity trip.

It is obvious that the operators did not understand
the physics of RBMK reactors and disregarded the
danger of an incorrect hydraulic balance that could
produce such a high reactivity worth of the coolant.
The meaning of too few control rods inserted in the re-
actor was not clear to them. It is curious, although
merely anecdotal, that many people hearing the offi-
cial Soviet explananon for the first time thought that
the first operator violation was not a violation at all,
because in Western reactor technology there is no such
limit: The scram reserve margin is expressed as a min-
imum number of rods out of the reactor, not in. How-
ever, the overmoderated condition of the RBMK
reactor or, more precisely, the special role of water as
an absorber requires a minimum number of opera-
tional control rods to be inserted in the reactor. Other-
wise, it becomes controlled by a vaporizable material
(water) that can be removed suddenly by thermo-
hydraulic forces.

lIL.B. Reactivity Coefficients -

Fuel temperature, water density, graphite (ther-
malization) temperature, and xenon poisoning (prompt
burnup evolution) have a significant influence on the
neutronics of an RBMK. The standard way to charac-
terize this influence is through reactivity coefficients. In
our case, these coefficients were calculated as deriva-
tives of the series of values of &, in a broad parametric
calculation carried out both in a zero-dimensional
(multicell) representation and a nodal simulation of the
reactor. The following independent variables were used
as parameters: )

1. burnup degree (between 10 and 14 MWd/kg)

2. number of control rods inserted in the reactor
(the multicell representation was varied to allo-
cate different ratios of fuel channels to control
rods)

. Xenon concentration

3
4. graphite temperature
5. void fractions

6

. fuel temperature.

The parametric survey was stopped when very low
or very high k., values were found. For instance, a
very large number of control rods in conveyed very
low k. values for the burnups studied. However, this
region was not of interest because the reactor at the
accident had <30 control rods. Besides &, other sig-
JUNE 1990
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nificant items such as migration area and the effective
percentage of delayed neutrons were calculated, even
though their dependence on some of the independent
variables was in some cases negligible. It is worth quot-
ing that a B,y value of 0.55% was found for 10
MWd/kg, slightly decreasing with higher burnups.

Il1.B.1. Doppler Reactivity Coefficient

This coefficient was always negative, but shghtly
dependent on the fuel temperature. The rest of the in-
dependent variables had much less influence. Coeffi-
cients carried out with the nodal approximation were
somewhat less negative than those obtained with the
multicell approach, and closer to the value given in
Ref. [, ~1.2 pcm/K. Qur calculations show a value of
—~1.65 pcm/K at 573 K, but it goes down to —1.25 pcm
at 1173 K and to —0.95 pcm at 1973 K. Assuming a
temperature jump from 573 to 2773 K, the correspond-
ing reactivity insertion was —2400 pcm, that is, —4.4 §.
As the effective temperature of resonant absorption
would be lower than the phase transition, the total
worth of the Doppler effect during the accident was
bound to the last figure and it was probably about
—3.5 § (corresponding to 1973 K of effective temper-
ature).

111.B.2. Void Coefficient

It was well known much before the accident that
this coefficient is negative for clean reactors [at begin-
ning of life (BOL)] and becomes positive at high burn-
ups. The reason for that lies in the neutronic importance
of the hydrogen captures. An indirect measurement of
this importance is the number of control rods inserted
in the reactor, which must be larger than a specified
number to guarantee reactor stability.

It is worth remembering that steam density at re-
actor conditions was only 4.5% of the liquid density.
Hence, any change in the void fraction represented a
significant reduction of the water density and therefore
of the hydrogen neutron captures.

The coefficient values obtained with the nodal rep-
resentation are slightly larger than those of the mul-
ticell approximation. Unlike the Doppler coefficient,
the void coefficient depends on many independent
variables, such as burnup, number of control rods,
void fraction, and fuel temperature.

In Fig. 6, some characteristic curves of this coef—
ficient are depicted. Note that Ref. 1 gives a value of
20 pecm/%, which is very close to the result obtained
in calculations with the nodal representation. The co-
efficient increases for high void fractions, mainly at
high fuel temperatures. It has been estimated that the
total reactivity jump prodUCed by a complete water
voidage is >5 3. This is higher than the total antireac-
tivity that could be provided by the Doppler effect.
Therefore, any significant distortion of the equilibrium
achieved just before the accident would lead to a final
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supercritical state, if we consider the thermodynamic
evolution of the state variables. In other words, the
reactor had lost its internal capability for self-stabili-
zation. An immediate reaction through the Doppler ef-
fect could initially stop the excursion toward a kot and
dry reactor, but it was unable to stop it definitely.

The Ref. 1 reactivity coefficients were calculated
under the assumption of homogeneous water density
in the entire reactor. Our calculation could not study
- the effect on individual channel voidages. However,
partial voidages in the vertical direction were simulated
in the nodal representation, and it was found that some
types of voidages (particularly those affecting the cen-
tral, lower part) could represent higher reactivity worths.
A similar result has been reported by others!32 and a
parallel can be established between this effect and that
of sodium voidages in LMFBRs (Ref. 35), where the
central voidages are much more reactive than the to-
tal voidages. Nevertheless, the existence of so many
water channels (> 1600) does not allow a detailed cal-
culation of this effect. On the other hand, the coolant
conditions, very close to saturation, represent a fair ho-
mogeneity of the water density at the beginning of the
accident. In the second phase, related to the sudden ex-
pulsion of the water after the first burst, the density
was presumably also very homogeneous, because the
entire reactor became dry.

As a summary, a short explanation of the physics
of the void coefficient can be added. This coefficient
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is negative at BOL and becomes positive for poisoned
(less reactive) cores. This is because the value of the co-
efficient is the result of two opposite neutronic effects
of the cooling water. On the one hand, it improves the
thermalization of the neutrons, as it is colder than the
graphite and closer to the fuel. On the other hand, it
absorbs thermal neutrons. In the case of a very reac-
tive core (with a large number of control rods in), the
first effect is dominant. Hence, the absence of water
reduces the ability to multiply neutrons by fission, be-
cause this reaction is mainly dominant with well-
thermalized neutrons. This is why the void coefficient
is negative in those cases. :

In less reactive cores, the percentage of total neu-
trons absorbed in water is higher, and the second ef-
fect dominates. That is, water acts more as a neutron
shielding around the fuel than as an additional mod-
erator, In this case, the void coefficient becomes pos-
itive, which was the situation in the accident.

II1.B.3. Graphite Temperature Coefficient

This coefficient is negative at BOL, but it increases
with the plutonium concentration, due to the fission
resonance of 2°Pu at upper thermal levels. At 10
MWd/kg, the coefficient is ~5 pcm/K-and it goes up
to 5.5 pcm at 12 MWd/kg. This very high figure must
be considered from the perspective of the reactivity

feedback.

Somewhat more than 5% of the energy released is
deposited in the graphite, mainly by neutrons and
gamma. Because of the Wigner effect and chemical re-
activity, graphite is cooled by a helium-nitrogen inde-
pendent system that transfers heat to the water and
maintains a steady temperature level in the graphite.

During a sudden power increase, graphite temper-
ature tends to rise, but at 2 moderate rate because of
the large graphite thermal inertia. Taking into account
only the graphite blocks in the core, there is 1700 Mg
of graphite with a specific heat of 1.7 J/g-K. A 1 K in-
crease in temperature requires 2.8 GJ; therefore, the
energy deposition in the fuel would be ~50 GJ, which
would produce a fuel temperature increase of 850°C in
round numbers.

A relevant parameter to compare the efficiency of
feedback mechanisms through fuel and graphite is the
product of the reactivity coefficient times the rate of
temperature rise. This figure is ~200 for the fuel and
1 for the graphite, which clearly indicates the second-
ary role of the graphite during the power surges. An-
other item is the exact graphite temperature during the
accident, taking into account the prior power history.
If the graphite had become colder during the 2 h before
the accident at 30 MW, there would be a different
starting point for the accident. Such graphite cooling
could introduce a negative reactivity insertion with the
immediate consequence of a control rod extraction;
i.e., it could induce a worse reactor state.
VOL. 90
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IT1.B.4. Fuel Fragmentation

An optimum moderation configuration can be
found if a fuel rupture occurs. Fuel disaggregation re-
quires very high energy yields, of the order of or higher
than 250 GJ, but it can happen also at a local level with
lower energy yields. In any case, this mechanism is a
sequel of a first power burst and can produce a second
prompt supercritical burst.

The thermomechanical processes conveyed in fuel
disaggregation include thermal shock waves, cladding

rupture, and formation of fuel fine particles, which is

very difficult to estimate qualitatively and to model for
quantitative calculations, as is seen in Sec. II1.D.1

I11.B.5. Xenon Poisoning

This phenomenon played a significant role in set-
ting the initial conditions of the accident, but did not
contribute to the accident evolution itself, which was
very fast. During the power surges, the xenon concen-
tration decreased slightly (as a consequence of the
higher fluxes) by ~0.5% of the equilibrium concentra-
tion, which represents 13 pcm of reactivity insertion,
much less than the feedback from fuel temperature and
water voidage.

H1.C. The lnitiating Events

The thermal-hydraulic conditions of the reactor
just before the accident are described in Sec, IILLA.1.
The reactivity feedback in this type of reactor has been
analyzed, and it has been found that any reduction in
the water density would represent an important reac-
tivity insertion. Such a reduction took place as a con-
sequence of the experiment. There is no direct evidence
of a pressure drop at the reactor inlet as the pumping
power went down, but it can be deduced from the
coastdown of the flow rate. Both parameters are re-
lated to each other in Fig. S, according to our estimates

elaborated from data from Ref. 1. Figures 2 and 3

from that report depict the evolution of the main cir-
culation flow rate., The coastdown is not very steep,
but the parallel effect of pressure reduction and the as-
sociated pump cavitation®® must be taken into ac-
count. The water boiling was not due to an increase in
power, which would have conveyed a rise in the fuel
temperature and a negative reactivity feedback through
the Doppler effect. The boiling was created by the loss
of pumping power, and this is the starting point of the
accident. :

Figure 7 shows the evolution of reactivity and
power according to Ref. 1 and as a case calculated by
the point kinetic approach. Our results depend signif-
icantly on the lumped parameters chosen to character-
ize the reactivity feedback, such as the reactivity
cocfficients and the 8.4 value. The parameters used in
NUCLEAR TECHNOLOGY
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the case reported in Fig. 7 correspond to 12 MWd/kg,
873 K of thermalization temperature, 553 K of initial
fuel temperature, and 0.91 g-cm ™3 of initial water
density. In spite of the dependence on those param-
eters, all the cases show the same behavior, with cer-
tain discrepancies in the numerical results: a first power
surge followed immediately by a second and much big-
ger burst. The time delay between the power surges was
critically dependent on the thermal diffusivity of the
fuel-gap-clad-water system, which was calculated with
GAPCON-THERMAL (Ref. 32). In Table 11, the ther-
mal data of the first power ramp are shown. It can be
seen that energy is initially stored in the fuel and is later
transferred to the coolant. Presumably, the tempera-
ture profile became so steep that a thermal wave devel-
oped in the clad/water (steam) interface. The situation
was so nonreversible that it could not be simulated
with the available codes, as discussed in Sec. I11.A.2.

Another mechanism is the “positive scram.” Ac-
cording to some authors,?®2* this played a role in trig-
gering the accident. A positive scram would have been
induced by the removal of water from the control rod
channel when the scram was switched on. Control rod
followers that are too short could give an initially pos-
itive reactivity worth to the scram control rods. Ac-
cording to our calculations, the removal of water from
the control rod channels would not have a measurable
positive reactivity feedback through the void coeffi-
cient. The positive void coefficient is related only to the
water of the fuel channels and is due to the high neu-
tronic importance of the water location, just between
the moderator and the fuel. The higher thermal flux
seen by thermal captures in hydrogen with respect to
fuel absorption is of paramount importance in making
the void coefficient positive. The water in the control
rod channels has much less neutronic importance. Due
to the lack of reliable information about the follower
design and the difficulties in simulating it with the
nodal computer code used in our calculations, an ac-
curate numerical assessment of the antireactivity rate
introduced by a scram has not been made. Neverthe-
less, the map of the neutronic importance (adjoint
function) in a simplified core representation shows
clearly that the positive void coefficient is mainly pro-
duced by the fuel channel water.

The very slow movement of the control rods in
RBMK reactors is also worth mentioning. It takes
10 s for the total introduction of the scram rods into
the reactor. As the scram switch was turned onat 1 h,
23 min, 40 s, it is clear that only a fraction of the rods
had entered when the first explosion began 2 s later.
The follower movement produces a substitution of wa-
ter by graphite in the lower part of the control chan-
nels of the reactor just in that period, but this effect
occurs in every RBMK scram and it has never been re-
ported as a significant reactivity transient due to the
positive scram effect, in spite of all the scrams pro-
duced in RBMK reactors under different conditions
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Fig. 7. Evolution of power and reactivity along the accident.

and flux shapes. In terms of reactor physics, the sub-
stitution of water by graphite is of secondary impor-
tance as compared with the water removal from fuel
channels, which was the real origin of the very low re-
actor period that forced the operators to switch on the
scram. Moreover, the operational control rods that
were inside the reactor at that moment had been mov-
ing in as the water voids produced by the pumping
power loss were inducing a reactivity insertion. As the
speed of the control rods was very small and the scram
was switched on too late to be effective, control rods
of all kinds played a rather marginal role in the devel-
opment of the accident.
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It can be concluded that the accident-initiating
mechanism was the loss of pumping power produced
by the experiments. Both the pressure drop and the
flow rate coastdown unbalanced the thermal hydrau-
lics of the coolant and increased boiling. The pump
transient is not perfectly known from actual data
recorded during the accident, but the pressure drop
could have induced cavitation and two-phase flow in
the pumps. Even in the case of a much smoother tran-
sient, as suggested by Fig. 2, the thermohydraulic un-
balance was important enough to trigger the accident
through the positive void coefficient.

This effect has already been studied, tested, and
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_ TABLE 1
» - First Power Transient Evolution
Total Water Total Water Fuel Fuel
Time® Power Power Energy Energy Energy Temperature
® (MW) (%) (MI) (%) (o) &)
0.00 -~ 0.2000E+03° 100.00 0.0000E+-00 100.00 0.00 554.0
1.00 0.2240E+03 90.62 0.2120E+03 95.04 4.96 554.1
2.00 0.3200E+-03 68.88 0.4840E+03 85.37 12.86 555.0
3.00 0.5760E+03 48.08 0.9320E+03 . 71.02 29.58 557.9
3.50 0.8640E+03 38.04 0.1292E+04 62.95 37.69 5607
4.00 0.1600E+04 27.03 0.1908E+04 52.60 48.60 566.6
4.50 0.3520E+-04 19.66 0.3156E+04 40.24 60.38 579.5
4.85 0.6400E+04 16.98 0.4772E+04 33.04 67.10 596.6
5.00 - 0.1280E+05 11.18 0.6212E+04 28.42 72.02 613.3
525 0.5760E+4-05 5.71 0.1421E+05 16.22 83.89 709.3
5.35 0.8320E+05 5.97 0.2125E+05 12.77 86.96 792.1
5.50 0.16001_3+06 6.15 0.3917E+05 9,63 89.87 997.9
5.60 0.2368E+06 7.03 0.5901E+05 8.59 90.89 1216.6
. 5.65 0.2752E+06 7.99 0.7181E+405 8.40 91.01 1353.2
5.68 0.2906E+06 B 8.93 0.8030E+05 8.40 91.19 1440.8
5.71 0.305%E+06 9.91 0.8924E+05 8.51 93.96 1524.9

2Beginning at 01 h, 23 min, 38 s.
YRead as 0.2000 x 103,

published in the Soviet literature. In Fig. 1 of Ref. 3,
the neutronic transient produced by a loss of pumping
power in the RBMK-type reactors of Beloyarsk is de-
picted. It clearly agrees with the explanation of the
roots of the accident given here,

HILD. Additional Exothermic Mechanisms

The strong energy yield of the accident destroyed
the reactor configuration and drastically changed the
chemical conditions of its components. Such signifi-
cant modifications could induce additional mecha-
nisms, contributing to increase the total energy release.
In the aftermath of any accident, one of the critical is-
sues is the decay heat cooling. In the Chernobyl acci-
dent, it took several days! to set up a suitable cooling
system to reduce the reactor temperature to almost en-
vironmental levels and help stop the radioactive emis-
sions. Other potential causes of energy release directly
related to the material properties modifications are an-
alyzed in the following. o

I1.D.1. Fuel Fragmenigﬁon

The energy yields of the first and second power
surges are estimated to be 0.2 and 1.0 TJ, which are
greater than the total energy required to disaggregate
all the fuel in the reactor {0.25 TJ (assuming 1.2
kJ-g=")]. This means that the fuel was severely dam-
JUNE 1990
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aged. Considering that each power surge lasted ~1 s .

-and the power jumped several orders of magnitude in

that interval, the thermodynamic evolution of the fuel
had to be extremely nonreversible, including shock
waves, cladding rupture, and fuel fragmentation.
There are several theories®”*® and computer codes3%%°
that could be used to study this phase, at least in a sim-
plified way, because the particular geometry of RBMK
fuel channels would require specific mesh descriptions
and boundary conditions.

To determine whether the fuel fragmentation
across the cooling channel could induce a supercritical
configuration, a parametric analysis was carried out.
Results are listed in Table I1I, which corresponds to a
multicell calculation without control rods. A dry reac-
tor is assumed in all the cases. The main parameter is
the smeared fuel density, the percentage of fuel mass
that is smeared uniformly across the channel. The rest
of the fuel mass is assumed to have been expelled from
the channel due to the overpressure produced by the
power surges. Taking the original configuration case as
the reference point, it can be seen in Table II1 that the
system is less reactive if all the fuel is smeared. How-
ever, if part of the fuel is removed from the channel,
more reactive configurations can be found. For in-
stance, a 65% smeared fuel density corresponds to a
prompt critical state (its reactivity being >1 $ from the
reference state). ,

Of course, the actual evolution of the fragmented
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TABLE III
ke of Different Configurations Assuming Fuel Fragmentation*

Fuel Smeared Fuel Density (%)
Temperature Solid
X Rods i00 65 60 55 50
973 1.0629 1.0593 1.0707 1.0706 1.0697 1.0697
1473 1.0566 1.0525 1.0648 1.0649 1.0642 1.0623
1973 1.0513 1.0467 1.0598 1.0600 1.0595 1.0578
2473 1.0465 1.0415 1.0554 1.0558 1.0554 1.0539

*Multicell calculation, no control rods.

fuel was probably rather heterogeneous, but this para-
metric study shows at least the possibility of an ad-
ditional power surge at the very moment of the
disassembly accident. Similar conclusions have been
found in other works.*! Nevertheless, the practical im-
possibility of simulating the fuel fragmentation evolu-
tion prevents estimation of the energy yield of such an
additional power burst, but it would be surely much
lower than the first two because the maximum reactiv-
ity would be ~1.5 $.

II1.D.2. Thermochemical Reactions

Exothermic chemical reactions can occur in the last
phase of the accident due to the temperature rise.
Other phenomena such as fuel and cladding fragmen-
tation help enhance the reaction rate of those pro-
cesses, although they have time constants much longer
than the neutronic period of a super-prompt-critical ex-
cursion.

There are two main potential sources of chemical
energy in a scenario similar to that of the Chernobyl
accident: hydrogen and graphite fire. Hydrogen can in-
duce explosions in a relatively short time. Graphite fire
is mainly related to the evolution of the accident at
longer term. A brief analysis is preseated in otder to
estimate the order of magnitude of the potential energy
releases and to compare it with the first explosions.

Hydrogen can be generated by water radiolysis,
graphite oxidation by steam, and zirconium oxidation.
The latter is by far the most important mechanism un-
der accident conditions. The surface oxidation rate de-
pends mainly on the temperature and it becomes very
important over 1473 K, a level that was passed in the
accident. Zirconium is the main component of both the
cladding and the pressure tubes: There are ~50 Mg in
the cladding with an external surface of 9000 m2 and
80 Mg in the tubes with a surface of 3000 m2.

According to our estimates, in the 4 s following the
first burst, 200 kg of hydrogen was produced by the
oxidation of 4.8 Mg of zirconium. These figures de-
pend to some extent on the assumed hypothesis about
the cladding fragmentation, because the zirconium ex-
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ternal surface is a parameter of primary importance.
Other authors*>** assume a finer fuel and cladding
fragmentation (~100 pm) and find a production rate
of 300 kg of hydrogen in the first second. In any case,
the maximum amount of hydrogen generated by the
total oxidation of the zirconium was ~2 Mg, but the
hydrogen actually available for detonation would be a
'small fraction of that. In any case, the explosion of 2
Mg of H; would have produced 240 GJ, which is
equivalent to 57.4 t of TNT. This figure is of the or-
der of the first power burst and about one-fourth of
the second one, and it represents the maximum energy
available. Our estimates indicate that only 10%, ~25
GlJ, could be available to explode by sudden oxidation.
There is no direct evidence of hydrogen detonations af-
ter the accident, but it is very likely they were not a
single large explosion but many smaill ones as the hy-
drogen escaped from the reactor remains.

The graphite fire was a classical combustion trig-
gered by the very high temperatures achieved after the
power surges. Some graphite blocks were expelled
from the reactor but most remained with the reactor
debris. Reference 1 reports the efforts to quench the
fire, including covering the unit with lead and clay. The
chemical energy contents of the 1700 Mg of graphite
was 70 TJ. This figure is much higher than the largest
energy burst (~1 TJ), but it must be taken into account
that this energy cannot be released suddenly. It is a
combustion process that needs a surface contact be-
tween the hot graphite and the oxygen. An upper
bound of the graphite fire power has been estimated as
100 MW. This means that it could be higher than the
decay heat power (~25 MW), which was not a funda-
mental parameter during the accident itself (because it
evolves at a very low speed as compared to the neu-
tronic evolution) but later became a fundamental
source of heat.

In summary, the exothermic chemical reactions did
not play any role at all during the central part of the
accident but contributed in the aftermath both to en-
hance the radioactive leakage and to worsen the unit
conditions.
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IV. A DESCRIPTION OF THE PHYSICAL CAUSES
OF THE ACCIDENT

The previous sections describe the individual be-
havior of several variables that determined the power
evolution in Chernobyl Unit 4 during the accident.
This information can be easily assembled to describe
why and how the accident occurred and reached cat-
astrophic dimensions. This work deals only with the
physical phenomena and not with the human factor,
i.e., the operator violations of several safety principles
and procedures. Similarly, the experiment is not ana-
lyzed. It seems that no one on the operating shift un-
derstood the physics of the experiment and they intended
to maintain the reactor critical for the sake of repeat-
ing the experiment if necessary, in spite of the strong
anticipated transients in the thermal-hydraulic balance
and in the neutronic power of the reactor.

In just one sentence, it can be stated that the acci-
dent took place because a loss of pumping power was
produced when the reactor was unstable both in a lin-
ear sense (immediate response) and in the final state
achievable. :

* The linear instability had a double root:

1. The thermal-hydraulic conditions just before the
accident were very close to saturation even at the reac-
tor inlet. The pressure excess over the saturation point
was ~0.5 MPa, much lower than in normal conditions.
Subcooling (undersaturation) at the reactor inlet was
also very poor. This was due to a very high circulation
flow rate compared to the energy Ievel. These condi-
tions caused a very large change in water density,
which, because of transition to steam, could be pro-
duced by any significant loss of pumping power. Fig-
ure 5 depicts this situation. The total failure of half of
the pumps could induce a pressure drop of the order
of the pressure excess over saturation, i.e., the water
could boil from the very inlet of the reactor.

2. The reactor at that moment had a very large
positive reactivity coefficient. An indirect but reliable
measurement of that coefficient was the operation re-
activity margin, i.e., the number of control rods in-
serted in the reactor. Just before the accident, this
number was ~ 10, much lower than the permitted min-
imum value of 30. This figure has since been raised to
80 in the safety specifications for RBMK reactors.
Such a low number of rods in was a clear indication of
the very high neutronic importance of the hydrogen
captures in the cooling water.

These mechanisms induced a first reactivity trip
mainly governed by the loss of pumping power. This
first power burst was overcome by the Doppler effect,
but the fuel temperature increase needed to counter-
balance the former reactivity feedback was so high that
the fuel reached the disaggregation enthalpy level. The
fuel evolution was nonreversible along this power
burst, which lasted ~1 s, i.e., 2000 times the neutron
NUCLEAR TECHNOLOGY
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lifetime. The total energy released during this burst was
~200 GJ, which means there was enough energy to
produce fuel and cladding fragmentation in some of
the fuel channels.

The energy of the first burst, originally mainly
deposited in the fuel, was transmitted to the water with
a delay of ~1 s (see Table 1I). The process was also
nonreversible, quite similar to a steam explosion, i.e.,
the sudden and violent expansion of overheated steam
in contact with a very hot surface. The water was ex-
pelled from the reactor in an overpressure transient
that was clearly recorded in the steam drum separators.
This process led the reactor to the final state, a hot and
dry reactor. Due to the great importance of the neu-
tron hydrogen captures in the neutronic balance, which
maintained criticality before the accident, the final
state was fairly above prompt critical. In other words,
the total reactivity available through the water voidage
feedback (5 $) was larger than the antireactivity pro-
duced by the maximum fuel temperature increment
(about —4 $). A second power burst with an energy
yield of 1 TJ occurred and practically destroyed the re-
actor.

This short summary presents the physics of the ac-
cident. Of course, the final cause was the mismanage-
ment of the reactor by operators who seemed not to
understand the physics of the plant.

The accident could have been avoided if the neu-
tronic importance of hydrogen captures had been di-
minished by establishing a much lower flow rate, a
higher steam outlet quality, and cooler water at the
reactor inlet (with a pressure excess over saturation
much higher than the actual 0.5 MPa). For instance,
with 645 kg-s~! of flow rate through the reactor, the
steam flow would had been 93.5 kg-s™', which means
an outlet quality of 14.5%. The inlet subcooling would
have been —8.3% instead of —2% [see Eq. (1)]. In this
situation, the number of contro! rods in the reactor
would have been >30, as required. In any case, the hy-
draulic performance would not have been suitable to
test the experiment (anticipated to be performed at
much higher power, ~1000 MW). It seems the shift
did not comply with all the experimental specifications,
and neither the experiment designers nor the shift un-
derstood the safety implications of such a test.

V. CONCLUSIONS

It can be said that the accident occurred because of
the operator safety violations and mistakes, but it is
also clear that those violations and mistakes had a
great significance and a catastrophic consequence due
to the physics of RBMK reactors.

All reactors have some theoretical limits to guar-
antee stability, but it must be emphasized that those
limits are very far from the actual situations of the
plant in Western reactors, with the potential exception
of LMFBRs.
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- Light water reactors are designed to be under-
moderated, which is a guarantee of stability. The to-
tal water voidage leads the reactor to a very subcritical
state (it is converted into a very poor fast assembly)
where the main concern is the decay heat cooling. A
pressurized water reactor can become overmoderated
if very large soluble boron concentrations are used.
‘This phenomenon is well known and can be avoided by
the use of solid absorbers. Nevertheless, it must be
taken into account in the design and licensing of each
burnup cycle.

Boiling water reactors present a very strong cou-
pling between hydraulics and neutronics, but they are
perfectly stable at nominal conditions. Reactivity per-
turbations (originating from hydraulic perturbations,
for instance) can induce power transients that can be-
come important in some regimes that are very far from
the permitted one.* In any case, a dry reactor (as a
consequence of a steam explosion, for instance) is very
subcritical.

Gas-cooled reactors can have a positive graphite
temperature reactivity coefficient, but the evolution of
this variable is much slower than the fuel temperature
evolution. The coolant does not have any neutronic
significance.

Heavy water reactors and LMFBRs deserve a deep
analysis that lies beyond the scope of this paper, be-
cause the first is a channel-type reactor where the cool-
ant and the moderator are different fluids and the

-second can present coolant voidages configurations
that lead to supercritical states.

Comparison of RBMK features with those of
Western reactors has been the subject of several
works.!5#+46 All of them point out the different neu-
tronic behavior of RBMK due to its overmoderated
characteristic. A general conclusion of those works is
the lack of need to change any design or operational
specification in Western reactors as a consequence of
the Chernobyl accident. However, all the works under-
line the importance of abiding by the rules established
to properly operate nuclear reactors.

In the Western nuclear community, much attention
has been paid to decay heat removal systems and loss-
of-coolant accidents, radioactivity being the major
concern of nuclear safety because reactivity accidents
are considered virtually impossible in the very stable
Western reactors. The prototype of a decay heat acci-
dent is Three Mile Island Unit 2, which was orders of
magnitude more benign than Chernobyl Unit 4, the
prototype of a reactivity accident. This can be consid-
ered as an indication that a reactivity accident cannot
happen in Western reactors.
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