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EXECUTIVE SJJMHARY 

In an· effort to better understand the Chernobyl-4accident of 
April 26, 1986, the u.s. Department of Energy (DOE) formed a team 
of experts from the National Laboratories including Argonne 
National Laboratory, Brookhaven National Laboratory, Oak Ridge 
National Laboratory, and Pacific Northwest Laboratory. The DOE 
Team provided the analytical support to the u.s. delegation for 
,the August meeting of the International Atomic Energy Agency 
(IAEA), and to subsequent international meetings. 

The DOE Team has analyzed.· the accident in detail, assessed the 
plausibility and completeness of the information provided.by the 
Soviets, and performed studies relevant to understanding the 
accident. The resul ts of these studies are presented. in this 
report. 

The accident at Chernobyl-4 occurred during the running of a test 
to determine a turbogenerator's ability to provide in-house 
emergency power after shutting off it's steam supply. The 
accident was the res~lt of a large, destructive power excursion. 
The maj or design-related factor in the accident was the large 
positive void coefficient of reactivity. This feature, not 
present in U. S . reactors, means that an increase in·' power is 
likely to lead to an increase in reactivity which will further 
increase power. Any increase in the amount of void, that is 
steam, in the reactor core, decreases the neutron absorption by 
the water, leading to greater neutron flux and hence greater 
reactivity. The major operational factors were a long series of 
procedural and operator errors. These errors put the Chernobyl-4 
reactor into a very unstable operating condition. 

With the plant in this very unstable condition,~ the closing of 
the steam valve starting at 1:23:04 on April 26, 1986, to begin 
the test, began the final accident sequence. The first phase of 
the accident was a gradual power increase over a period of about 
36 seconds. This power increase was caused by the coastdown of 
the four main coolant pumps that resulted in increased void 
formation and a positive reactivity addition. This was caused by 
the large void· coefficient and cannot occur in U. S. reactors. 
The second phase, starting at about 1:23:40, was the rapid power 
excursion when the void formation began to accelerate. This 
effect was possibly accelerated by a positive reactivity 
insertion introduced during the initial portion of the scram that 
took place when the operator scrammed the control rods to stop 
the power rise. This feature is unique to the RBMK reactor and 
is not present in any u.s. plants. When an RBMK control rod is 
inserted from the fully withdrawn position, in the condition the 
Chernobyl-4 reactor was in at 1:23:40 for the first meter of 
travel, the extension on the bottom of the rod displaces water, a 
neutron poison in this reactor, from the bottom of the core, thus 
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adding reactivity. The third phase, that began at about 1:23:43, 
was the energetic phase during which fuel coolant interactions, 
fission product vapor expansion, and destruction of the reactor 
occurred. 

The entire accident occurred in a period of only about 40 
seconds. At the beginning (1: 23: 04) any pertubation in the 
system which increased void formation even slightly could have 
led to a major power excursion accident. At any time during the 
slow power buildup, up until the power began to rise rapidly, 
·system changes which reduced void formation, such as reducing 
steam flow I could have prevented the accident. Onc.e the power 
began to rise rapidly, there was nothing that could have been 
done to stop it. From the time the reactor was out of control 
until it was completely destroyed was a matter of 1 to 2.seconds. 

Accident Analyses and Results 

The DOE Team's analyses of the first two phases of the accident 
initially used relatively simple point kinetic computer models. 
Subsequently, three-dimensional analyses were performed using 
both static and dynamic models. The third phase was modeled 
using accident analysis codes modified to depict the Chernobyl-4 
system and conditions. 

Asa result of these,analyses, a number of important conclusions 
were reached. These are summarized below: 

• The reactor was placed in such an unstable condition 
that any event that resulted in significantly increased 
void fraction would have resulted in a damaging power 
excursion. 

• The DOE Team's analyses have confirmed the plausibility of 
the Soviet's claim that the reactivity excursion was caused 
primarily by increased void formation due to reduced 
coolant flow. The severity of the power excursion may have 
been exacerbated by a positive reactivity addition from the 
scram insertion of the control rods. 

• The power excursion may have peaked significantly above 
350,000 MWt. 

• When the fuel failed, due to power excursion, a fraction of 
the fuel was forcibly ejected into the coolant causing 
rapid formation of steam from interaction of the fuel and 
coolant. This lead to the destruction of the Chernobyl-4 
reactor. 
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• The expansion of the fission product vapor, and the steam 
resulting from the fuel coolant interaction, ejected water 
from portions of the core, adding more reactivity and 
further increasing power. 

• There were probably not two distinct power peaks (such as 
the Soviet analysis results, figure 4 show), but rather the 
continuous progression of the initial event into a larger' 
explosion. 

• The release of energy from the core to the reactor building 
may have been enhanced by the failure from severe water 
hammer of the zirconium-to-stainless transition weld' at the 
top of the pressure tubes. 

• The accident was not the result of a steam explosion, but 
rather an ,energetic fuel coolant interaction event. 

• Similarly, the accident did not result from zirconium water 
reaction or graphite burning. While zirconium water 
reactions may well have occurred as 'a result of the power 
excursion, it is not apparent that a hydrogen explosion 
occurred or was a significant contributor damaging to the 
reactor. If in fact there were any hydrogen explosions, . ': 
these would have occurred away from the core and after the 
destruction of the reactor. 

• The U.S. experimental bases and analytical capabilities 
provide a good understanding of the processes involved in 
the progression of the accident. No areas have been 
identified which require additional testing or research and 
development. 

Assessment of Soviet Fixes 

In addition to analyzing the accident, the DOE Team assessed the 
actions identified by the Soviets to improve the safety of RBMK 
reactors. In general, the stated fixes will improve RBMK safety 
for the type of accident that occurred at Chernobyl-4. However, 
while many questions remain unanswered, our assessment indicates 
that these fixes may reduce plant safety margins under other 
conditions. In addition, the method of implementing many of the 
changes is not clear, raising concerns that some of the fixes 
could be easily defeated by operators. 

Significance with Respect to U.S. Reactors 

Based on the detailed understanding of the accident that came 
from the Team's analyses, the potential for a Chernobyl-4 type 
accident in u.S. reactors was evaluated. The Team found that 
u.S. reactors are designed such that a large overpower excursion 
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due to core instability from a positive void reactivity 
coefficient is not possible. 

-, J) 

· ... ::<1 

iv 



SECTION 1. INTRODUCTION 

1:>o~ !N~ -007" 
Cl!tG) 

The purpose of this report is to provide the resul ts of the 
efforts of the team of experts formed by the u.S. Department of 
Energy (DOE) to analyze and understand the Chernobyl-4 accident. 

The analyses in this report were based on information obtained 
from the Soviet report to the IAEA Vienna meeting and from 
discussions with the Soviets at Vienna, as well as from various 
other literature references. This has been a .major effort, 
completed in a short time with little opportunity to perform an 
extensive quality assurance of the data. It is possible that new 
information could alter some of the conclusions to date. 

Key participants in the Team are: 

Department of Energy: 

Argonne National Laboratory: 

Brookhaven National Laboratory: 

Oak Ridge National Laboratory: 

Pacific Northwest Laboratory: 

Edward E. Purvis, III 
(Team Leader) 

John Marchaterre 
Bruce W. Spencer 

John F. Carew 
James G. Guppy 
Gregory J. Van Tuyle 

S. J. Ball 
R. M. Harrington 
L. C. Oakes (Coordinator) 

Laurin R. Dodd 
James P. McNeece 

This report consists of the following sections: 

Section 1: Introduction, provides the purposes and scope of the 
report and identifies key participants in the 
Department of Energy's analytic team •. 

Section 2: History of the U.S. Team's Activities. 

Section 3: Description of the Chernobyl-4 Accident, provides a 
chronology of the accident, describes the events . 
leading to the accident, and the Chernobyl-4 accident 
sequence. 

Section 4: Analyses·of Initial Power Increase, covers the time 
period from 1:23:04 to about 1:23:40. 

section 5: Rapid Power Excursion Analysis, covers the time 
period from about 1:23:40 to approximately' 1:23:43. 
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section 6: Energetic Event Analyses, covers the time period 
after 1:23:43 during which failure c;>f the fuel and 
destruction of the ~eactor occurred. 

The report also contains eight 'appendices. 

APPENDIX A: 

APPENDIX B:, 

APPENDIX C: 

APPENDIX D,: 

APPENDIX'E: 

APPENDIX F: 

APPENDIX G: 

APPENDIX H: 

SUMMARY PAPER, ON THE POSSIBILITY OF CHERNOBYL-4', TYPE 
TRANSIENT OVERPOWER ACCIDENTS IN u.S. REACTORS 

ASSESSMENT OF ACTIONS IDENTIFIED BY THE SOVIETS TO 
IMPROVE THE SAFETY OF RBMK REACTORS ' " " ," 

BACKGROUND INFORMATION ON .CHERNOBYL~4, RBMK TYPE 
'REACTORS, ,AND THE SOVIET, NUCLEAR 'POWER PR~GRAM 

CHERNOBYL-4 VOID COEFFICIENTS AND NEUTRON KINETICS 
PARAMETER$ 

RBMKCQNTROL ROD SYSTEM DESCRIPTION 

THREE-PIMENSIONAL TRANSIENT CALCULATIONS 

The efforts of the U~S. Department' of Energy's Team to analyze 
the Chernobyl-4 Atomic Energy Station Accident sequence was part 
of a larger effort including p~eparation of briefing material to 
support the U. S • Delegation to, the Chernobyl-4 'Post-Acci'de'nt 
Review Meeting held in Vienna, 'Austria on August 25-29, 1986 and 
providing support to the preparation of the U.S. factual report 
on the Chernobyl-4 accident (to be published).;: 

·'i ::;. 

" 

'. . 
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SECTION 2. HISTORY OF THE U. S. TEAM'S ACTIVITIES 

On April 26, 1986, an accident occurred at the Chernobyl-4 
Nuclear Power Plant in the soviet Union •. A post accident meeting 
was held in Vienna during the week of August 25, 1986. In the 
months between the accident and the post accident review meeting, 
there was a scarcity of information available about the accident 
that led to considerable speculation as to the causes~nd 
sequence of events. 

In mid-July 1986, the Department of Energy formed a Team, to 
analyze the accident. In late July, this Team began preparations 
to analyze information to be provided by the Soviets at the 
Vienna meeting. The goal was to assess the in~ormation's 

. plausibility, provide analytic support to the u.S. Delegation 
during the post-accident review meeting, and obtain a 1;echnical 
understanding of the accident. The initial tasks of this ,'ream 
were (1) to assemble data concerning Chernobyl-4 that would allow 
modeling and analysis of the Chernobyl-4 accident; (2) to prepare 
and have operational codes and the associated analytic capability 
to both analyze the accident based on any information that might 
be provided by the Soviet Union and to evaluate the plausibility 
of such information; (3) to have an "online" capability to 
provide any technical support that might be required to 'support;: 
the U. S. Delegation at the August 25-29, 1986 Post-Accident 
Review meeting; and (4) to analyze the accident, based"on 
available information sufficient to provide a technical 
understanding of the accident sequence and it's _ causes. 
Subsequent to the post-accident review meeting, this activity was 
expanded to include an analysis of the "fixes" identified ~y the 
Soviets. 

Argonne National Laboratory (ANL) focuseq. .. primarily" ,on 
establishing a capability to assess various core.energeti.c ~yents 
.and analyzing core sequence of energetic related aspects of .the 
accident together with the associated accident sequence .. and 
damage. Brookhaven National Laboratory' (BNL) began work' "using 
MINET, a generalized systems code used for LMR, HTGR, and LWR 
transient analysis. An extensive representation of the 
Chernobyl-4 system was specified through input data. Work was 
initiated to modify a RAMONA-3B to model the Chernobyl-4 system 
and provide a multi-dimensional dynamic capability for modeling 
RBMK. Oak Ridge National Laboratory (ORNL) began their analysis 
using a specially assembled code named CRAS-l (Chernobyl-4 
Reactor Accident Simulator, Version 1) and specially written 
subroutines for components unique to the RBMK, reactor concept. 
These were implemented using CSMP simUlation language. Pacific 
Northwest Laboratory. (PNL) performed Cl wide variety of analytic 
activities including determining detailed information required 
for the analysis. being performed by others and performing a 
variety of physics and systems· analyses. 
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Calculation of the Chernobyl-4 power excursion began after a 
July 31, 1986 meeting of the Team. ,Discussion at this meeting 
centered on the speculation that the accident invol ved a power 
excursion. The most likely enabling mechanism for the power 
excursion was felt to be the void coefficient that was positive 
at the time of the accident. Since other reports indicated that 
the Chernobyl-4 operators had been performing some kind of 
testing on the turbines, the Team assumed that the excursion was 
brought on by spurious opening of the turbine inlet or bypass 
valves, or by some sort of steam line b'reak. Either of these 
'initiators, a break, or a sudden steam valve opening, could 
rapidly reduce reactor pressure and cause additional voiding 
within the core: the positive void coefficient would then result 
in positive excess reactivity accompanied by a rapid power 
increase. It was resolved at the July 31 meeting that 
calculations should be performed to estimate the magn,i tude of. 
power excursions that might follow a steam line break or a 
spurious tUrbine valve opening. 

Withi,n approximately 2 weeks, the initial model was completed and 
was applied to the study of steam line break events. An 
intermediate break size, with flow area equal to the inlet flow 
area 'of one of the two Chernobyl-4 turbines, was selected for 
analysis. After consul tation with PNL analysts, it was 
determined that a range of void coefficient curves should be 
examined. The best information at that time indicated that the 
void coefficient versus void fraction function varied in a 
straight line,' with the greatest (or most positive) coefficient 
occurring at the zero-voiding point, and the least positive (or, 
depending on time in core life, most negative) coefficient 
occurring for maximum voiding. The results of the. steam line 
break calculations indicated that the positive void feedback 
effect would, as expected, lead to a power inc~ease. At this 
time, it was concluded that a similar power excursion could occur 
after any upset that leads to increased voiding of the coolant in 
the reactor core. This conclusion was subsequently confirmed. 

On August 14, 1986, the International Atomic Energy Agency 
received a working draft of the soviet's report on the accident 
at Chernobyl-4. The Department ~of Energy received this report, 
in Russian; on August 16, 1986. A translation was provided to 
the Team for analysis on August 18, 1986. As MINET and CRAS-1 
representations of the Chernobyl-4 system were in place, BNL and 
ORNL were able to provide preliminary' analyses in time for the 
August 25th meeting. In these calculations, both the MINET and 
CRAS-1 analyses gave similar results, thus lending confidence 
that the models were reasonable. The BNL analysis, basedona 
full systems representation, indicated that a major power 
excursion was likely to come in the correct time frame, given 
that some steam was released during the transient. The ORNL 
analysis represented less system details, which facilitated 
sensitivity and parameter analysis that indicated a 1 power 
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excursion could be expected at various times, depending on 
various factors, such as core inlet subcooling. These initial 
analytic results were provided to the u.s. Delegation and to the 
technical community in the u.s. Appendix A provides this 
information. 

On August 25, 1986, the soviets provided "figure 4", a graphical 
presentation· of the resul ts of the soviet analysis of· the 
accident. This figure was not included in the soviet's report. 
The Team's analyses, as it existed when figure 4 was received, 
confirmed the plausibility of the information provided by the 
Soviet Union. 

The analysis continued after this meeting using the information 
provided by· the Soviets at the post-accident review meeting. 
Appendix B is a report of the workshop held september 16, 1986 
concerning the Team's analyses. 

Efforts of the Team after the Vienna meeting have been focused in 
two areas: (1) fully understanding the Soviet's analysis 
pr~sented in figure 4, and (2) . analyzing the accident using the 
best available computer models. This effort is detailed in 
sections 4 through 6. 

An evaluation was performed to assess the potential fora 
Chernobyl-4 ~yPe accident to occur in a u.s. power reactor. The 
re~ults of this evaluation are contained in Appendix C, Summary 
Paper on the Chernobyl Transient Overpower Accident and Its 
Implications for u.s. Power Reactors. An initial version of this 
paper was provided to the u.s. Delegation for the Chernobyl-4 
post-accident review meeting. 

There is only limited information available on the actions to 
improve RBMK safety. Appendix D provides the result of a 
qualitative evaluation of actions to improve the~safety of RBMK 
type reactors. Many questions remain. While the -actions 
identified by the Soviets may improve the safety of RBMK type 
reactors in the event of a Chernobyl-4 accident, it appears that 
these fixes may reduce plant safety margins under operating 
condi tions. The method and time scale for implementing many of 
the changes is not clear, leavinq.questions as to the possibility 
that the "fixes" could be easily bypassed and that, if no "fixes" 
are effective, what is the effect on RBMK safety of the delay in 
their implementation. 

For the convenience of the reader, . Appendix Ecol1tains summary 
information on Chernobyl-4, RBMK-type reactors, and the Soviet 
nuclear program. 
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SECTION 3. DESCRIPTION OF THE CHERNOBYL-4 ACCIDENT 

The RBMK reactors are. graphite moderated, water cooled, tube type 
reactors. It is a uniquely Soviet design which is not utilized 
anywhere else in the world. Appendix E provides background 
information on Chernobyl-4, the RBMK type reactors, and the 
Soviet Union's Nuclear Power Program. 

The accident at Chernobyl occurred during the running of a test 
to determine a turbogenerator's ability to provide in-house power 
after shutting off its steam supply for the short time needed for 
the emergency diesels to start and come online. This test had 
been run on a previous occasion at Chernobyl: however, it was 
found that the voltage output decreased faster than desired. The 
purpose of the test was to verify proper operation of a new 
vol tage regulator design for the generator. The test was to 
demonstrate that the inertia of the large turbine generator, 
following closure of the turbine steam emergency shutoff valve, 
could provide sufficient energy to power a subsystem of the 
emergency core cooling system (ECCS) long enough for the 
emergency diesel generators to get up to speed, nominally 40 to 
50 seconds. 

Table 1 provides the chronology of the accident. 

The accident was a direct result of fundamental design and 
administrative deficiencies. Strong management emphasis had been 
given to the importance of running this test before Chernobyl-4 
was shutdown for scheduled maintenance. Management and operator 
actions placed the reactor in progressively more unsafe 
configurations. The test procedure itself called for turning off 
the emergency core cooling system. Operator actions included 
disconnecting the signal that automatically. shuts down the 
reactor when two turbogenerators are disconnecte~, operating the 
main coolant pumps in a regime where cavitation might occur, 
turning off various protection system signals, and operating with 
less than the minimum required number of inserted control ~ods. 

Power reduction to the test power level of 700-1000 MWt began 
early on April 26. At 1600, MWt'power reduction was halted while 
the operators disconnected (removed from service) one of the two 
turbogenerators (TG #7) from the reactor. Four main. cooling 
pumps, and two feedwater pumps were connected to the 
turbogenerator to be run down (TG #8). The operators also 
disabled the signal for automatic reactor shutdown when both 
turbogenerators are disconriected. This would. permit rerunning 
the test if needed. The test procedure did not call for 
disabling this emergency system. In addition, the operators 
disabled the emergency core cooling system. The Soviets report 
that this was required by the test procedure. 
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Before power· reduction could continue,' the power dispatcher 
requested they hold power and not continue with the test. 
continuous operation at power with the emergency core cooling 
system disabled was a violation of normal plant operating 
procedures. . 

After 9 hours, the . power dispatcher gave permission to continue 
the test. Up 'until the point when the power dispatcher requested 
a hold at 1600 MWt, the operators' had been reducing power slowly 
to allow the xenon poisoning to equilibrate with the lowering 
power levels. Following the delay, however, a rapid unplanned 
power reduction occu'rred when the operator switched control to 
the backup automatic power· controller. When he disengaged the 
local automatic power regulation (LAR)system, he failed to set 
the backup automatic controller' to its proper "hold power" 
setpoint. As a result, the reactor power rapidly fell to as low 
as 30 MWt before he was able to stabilize power at about 200 MWt. 
This unplanned power reduction allowed the xenon poison level to 
increase such that the loss of core reactivity had to be 
compensated by withdrawal of control rods. Attempts to increase 
power to the required level of 700-1000 MWt were unsuccessful due 
to low core reactivity and insufficient rod worth remaining in 
the mostly withdrawn control rods. The operator had pulled many 
of the control rods out of the core to compensate for the buildup 
of neutron absorbing fission products (xenon-135) and reactivity 
loss due to the cooling of the reactor core caused by the rapid 
power reduction to 30 MWt. 

With the reactor at 200 MWt, the decision was made to ,proceed 
wi th the test. Two additional main coolant pumps (MCP) were 
started so that there were a total of eight pumps running. This 
was done ·so that· four MCPs were powered by offsite power and 
would remain running after the four MCPs connected to TG #8 were 
rundown. When they added the fourth MCP in each of the two 
primary loops, the pumps put out greater flow than normal since, 
at the lower power, the reduced two phase flow in the core 
offered less flow resistance. The excess flow was such that pump 
cavitation limits were exceeded, but, the operators proceeded 
with the test. The higher flows resulted in lower coolant void 
fractions, thus further reducing-the core reactivity. 

In trying to control the steam drum levels in the face of the 
high primary flow and low steaming rate, the operators had 
difficulties due to the coarseness of control when small makeup 
flows are needed. Feedwater flow increases that were needed to 
raise the drum levels just preceding the test resulted in 
lowering the core inlet temperature and reducing coolant voiding 
even more. As a'result, the remaining inserted rod worth was the 
equivalent of 6 to 8 rods as compared to a minim~ allowable of 
16. This was also a serious violation of procedures. The 
requirement to have at least a certain minimum number of control 
rods inserted during operation is apparently to ensure proper 
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spatial power control, scram effectiveness, and .limit the 
positive void coefficient. 

At .01:23:04 hours on April 26, the operator beg~nthe coastdown 
test by closing the steam valve to TG #8. Normally there is an 
automatic reactor scram on loss of the second TG, but this 
interlock had been overridden by the operators in order to allow 
for a repeat of the test· if this first one had failed. The 
reactor did not need to remain cri tical after the steam flow 
valve was closed; in fact, it is understood that previous similar 
tests had been done with the reactor shutdown during the rundown. 
During the TG coastdown and the subsequent primary flow 
reductio!), void formation in the core increased, leading to 
higher powers and further voiding. The shift foreman ordered 
actuation of the manual scram at 01:23:40. 

After the operator activated the manual scram, he felt a number 
of "shocks" and noticed that the rods stopped before reaching 
their lower limits. He than cutoff power to the servos to allow 
the rods to fall under their own weight. (Their movement after 
cutting off the servo power is not reported.) The fact that most 
of tbe control rods were withdrawn completely out of the core 
made "them ineffective in producing a rapid shutdown of the 
reactor. The power level rose extremely fast and resulted in 
fuel fragmentation, fission product vapor expansion, rapid steam 
ge~eration,and severe damage to the core and reactor. 

Observers outside the plant heard two explosions reportedly two 
or . three seconds apart and saw hot fragments and sparks. shoot 
into the sky above the reactor. A number of fires were started 
as these hot fragments (burning fuel, zirconium, and hot graphite 
moderato~ blocks) fell onto the turbine hall and reactor building 
roofs. 

3-3 

) 



Figure. l.a. Closeup View of Core Debris on Roof 

Figure 1. b. Closeup View of Core Debris on Roof 
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Time 

April 25 

0100 

1305 

1400 

2310 

April 26 

0100 

TABLE 1 

Chronology of the Accident* 

Power 

3200 MWt 

1600 MWt 

1600 MWt 

1600 to 30 
MWt 

200 MWt 

Event 

Begin power descent to 700-1000 MWt 
as required for test. 

Turbogenerator #7 disconnected. 
Power for auxiliaries (4 main cooling 
pumps, 2 feedwater pumps, etc.) was 
transferred to turbogenerator #8 (TG 8). 

Emergency core cooling system 
disengaged as required by test 
procedure. 

continued power reduction was delayed 
for 9 hours due to request from dispatch 
center to maintain full output of TG #8 
to the grid. Operation with emergency 
core cooling system out of service was a 
violation of regulations~ 

Tests were resumed and the operator 
began reducing power. 

During the process, the operator 
disengaged the automatic control rod 
system (LAR) and failed to properly set 
IIhold power ll setpoint on backup power 
controller. As a result reactor power 
rapidly fell to 30 MWt before he could 
regain control. 

Power stabilized at this level. 
Attempts to increase power to the 
desired 700-1000 MWt was difficult 

*From the description provided in the soviet Accident Report. 
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Time Power 

0103-0107 200 MWt 

0119 200 MWt 

0122 200 MWt 

Event 

(never accomplished) due to the low 
amount of operating reactivity reserve. 
Operating reactivity reserve was below 
that requiring reactor shutdown. 
Operating reactivity reserve is given 
in terms-of equivalent number of 
inserted rods. The normal value is 30. 
The absolute minimum is 16. 

Two additional main cooling pumps 
were placed into service for a total of 
8 pumps as the test program directed. 
Since the reactor power was far below ' 
the planned test power of 700-1000 MWt, 
the total flow increased above that 
allowed in the operating regUlations. 
This resulted in a decrease in steam 
pressure and water level in steam 
separators and the inlet coolant 
temperature approaching saturation. 
(Pumps were operating in a regime where 
cavitation was possible.) 

Operator began manual replenishment 
of water to steam separator. As this 
colder water reached the reactor core, 
there was a sharp drop in the steam 
fraction of the coolant, and a 
corresponding power decrease. 

The AR (automatic power regulating) rods 
moved upward to compensate. Operator 
also moved manual rods out to "help" the 
automatic regulating rods. 

In order to keep steam pressure and 
water level from causing reactor 
shutdown, the operators blocked the 
emergency protection signals related to 
these parameters. 

Control rod positions were recorded at 
this time. 

Operator reduced feedwater flow 
rate. This allowed increase of inlet 
temperature and compounded the events 1 
minute later. 
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Time 

0122:30 

0123:04 

Power 

200 MWt 

200 MWt 

530 MWt 
and· 

Event 

Operator noted ~eactivity to 
reserve was about 6-8 rods as opposed to 
the to the normal of 30 rods. Far below 
the value where reactor shutdown is 
required. No action taken. 
A printout of the actual core flux 
monitor outputs and the position of all 
the regulating rods was obtained at this 
time ("Skala" system). The axial flux 
double peaked with the higher-peak in 

.the top section of the core. 

steam flow valve to TG #8 was 
closed to begin test. The signal for 
reactor shutdown on closure of both 
turbogenerator steam valves had been 
disengaged in order to allow repeating 
the test if needed. This was in 
violation of the test program and normal 
operating procedures. 

Flow rate began to fall as the 4 main 
cooling pumps powered by TG #8 began to 
run down. steam pressures also began to 
increase due to removal of TG steam ioad 
and the reduction (by operator action) 
of the feedwater rate about 1 minute 
before. All these factors lead to an 
increase in the coolant void fraction 
(positive reactivity insertion) and a 
resulting power increase. 

Due to the reactor conditions at the 
time of the test, the void fraction 
increased many times more sharply than 
at normal power. (Also the void 
reactivity coefficient was at a higher 
value than at normal operating 

. conditions.) 

Power began to increase. After 3 
seconds it was 530 MWt and the 
increasing "runaway period came 
to be much less than 20 seconds." 
The positive void coefficient "promoted 
deterioration of the situation." Only 
the Doppler effect partially compensated 
for the void reactivity increase. water 
~low continued to decrease (due to run 
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Time Power 

0123:40 Unknown 

0124 (Estimate) 

• 

Event 

down of 4 main cooling pumps) and the· 
power continued to increase. This led 
to a "crisis of convective heat 
transfer"; i. e. heating up of the fuel, 
its disintegration, rapid voiding of the 
coolant, sharp increase in pressure in 
the operating channels, rupture.of the 
channels and a "thermal explosion." -.'l:'he 
steam formation and sharp temperature 
increase created conditions for steam 
zirconium and other exothermic 
reactions. A fuel failure specific 
energy release was greater than 300 
cal/gm. 

Recorded data shows the check valves 
between the coolant pumps on the fuel 
channel inlets closed. this was due-to 
the rapid rise in the fuel channel 
pressure. 

Shift director gave order to press 
scram button. Operator saw rods were 
stopping before they reached bottom. He 
"felt shocks" (other translations are 
loud reports, banging). He released 
servo mechanism to allow rods to fa1~ 
into core, but their actual movements 
are uncertain. 

Two explosions were heard - "hot 
fragments and sparks flew up above the 
fourth plant, some of which fell on the 
roof. of the turbogenerator room and 
started a fire". 

':, 
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SECTION 4. ANALYSES OF INITIAL POWER INCREASE (From 1: 23 to 
about 1:23:40) 

At 1: 23 a.m., the Chernobyl-4 reactor was in a highly unstable 
condition. The high flow, low power, low void fraction condition 
was precarious because the void coefficient was very positive and 
because of the unstable condition that resulted from the sequence 
of events discussed in section 3 of this report. Appendix F of 
this report provides a detailed discussion of the RBMK reactivity 
effects including the void coefficient. 

To understand this phase of the accident, the void coefficient 
versus void fraction curve (figure 2) was constructed by the 
Team. The basic shape of the curve comes from the Soviet report 
and soviet responses to questions at the Vienna meeting. Th~ee 
points on the curve come from Soviet comments: 0.03 lJ. K/K/A 0\ at 
the start of the Chernobyl-4 accident sequence, 0.02b.K/K/Ao{at 
full power, and 0.01 Do K/K/..:Clot. at full power for the RBMK-15UO. 
The corresponding void fraction values were calculat,.·] using a 
simple reactor model that used a homogeneous equilil' tm model 
(no subcooled boiling) and a flat power profile. (Sho a model 
be used wi th subcooled boiling, different power p1 _les, or 
other changes, the curve could change significantly.) 

The effective void coefficient varies with fuel bu nup, rod 
positions, power distribution, and other effects. Because of the 
importance of this parameter to the outcome of accident 
predictions, sensitivity studies (discussed later) were 
performed. 

Although the Team's initial analysis used the variable value of 
void coefficients shown in figure 2 it was subsequently decided 
from examination' of figure 4 and other associated information 
that the Soviets used a constant value of 0.03 bK/K/L>. ,0( for the 
void coefficient and that this value was appropriate. Hence, the 
final calculations i both point kinetic and three dimensional, 
were performed using this value. 

Many control and safety systems were inoperative or less 
effective than normal. Appendix G, RB~K Control Rod System 
Description, provides a description of the Control Rod System. 
All but the equivalent of six to eight control rods had been 
withdrawn from the core (the Soviets say that the plant was not 
to be operated with less than 16 rods available, hence the plant 
should have been shut down). Under these conditions, inherent 
system feedbacks became dominant in controlling the reactor power 
production, (figure 3). Because of the large positive void 
coefficient, the reactor power level could potentially drop 
sharply or go into an excursion, if left on its own. 
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Figure 4 of this report is the same as the figure 4 provided by 
the soviets on August 25, 1986. Figure 4 shows some data 
(circled) and the results of soviet analyses of the accident. 
Figure 5 provides the legend for Figure 4. 

Figure 4 Description 

since the soviets released figure 4 in Vienna, the Team has made 
a considerable effort trying to decipher all the information 
contained therein. This figure was released with minimal 
description, and with a key (legend) having gaps and apparent 
errors. 

At 1:19 a.m., the Chernobyl system was in relative equilibrium, 
so the Soviets began their analysis at that time. shortly after 
1: 19, the operator increased the feedwater in order to restore 
level in the separators. This set off a small transient that was 
nearly completed by 1:23 a.m. Because there is a lot of control 
rod motion during this transient, it is difficult to replicate 
this analysis without knowing the various control rod worths. 
However, the system is nearly at equilibrium at 1:23 a.m. 

At 1:23:04, the operator reportedly initiated the test by closing 
off steam flow to turbine generator #8. Data on figure 4 shows 
the flow coastdown (K) (as pumps coast down) I as well as the 
pressure (C) and water level (L) in the separator. Almost 
everything else in figure 4 after 1:23 a.m. is from Soviet 
calculations. However, because most of this analysis has now 
been replicated, one can attach some credibility to most of the 
traces on figure 4. 

There are two areas where one must be particularly careful. 
First, the control rod motion is hypothetical, although it is 
apparent that control rods were being inserted in the 1:23:30 + 
period. Second, there is a major problem with ·the steam flow 
rate. The Team analysis has consistently shown that the pressure 
build-up in a closed system suppresses a power excursion. Thus, 
curve M cannot represent the total steam leaving the system. The 
Soviets have stated informally that ste.am was being released. 
The four pressure data circles (C) between 1:23:04 and 1:23:30 
indicate that the pressure was indeed being relieved. 
Examination of figure 4 to determine the total steam flow rate 
leads to curve (scale 0 to 600 Kg/s), which the Soviets labeled 
as steam mass quality. However, at 1:23:22 a.m., the 0 and P 
(void fraction) curves cross, which contradicts the definition of 
o as (steam mass quality). Curve 0 appears to represent the 
total flow out the turbine bypass valve plus that to turbine 
generator #8. If this is correct, the bypass valve was re-opened 
at 1:22:10. Early MINET calculations used curve 0 as. the steam 
flow- rate boundary conditions. Current analysis uses the 
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, 
pressure data as the transient boundary condition and calculates 
a steam flow rate that looks somewhat like curve 0. 

At 1:23:40, there is a subtle change in the figure 4 traces, 
particularly curve B (total reactivity) and curve P (void 
fraction) . The void fraction flattens out, for no apparent 
reason, yet the reactivity climbs linearly. It is possible the 
Soviets changed computer codes at this state I or there was an 
error in the plotting of curve P. There is no apparent reason 
for the voiding to level out at this stage of the transient. 

Between 1:23:40 and 1:23:45, a positive void coefficient driven 
power excursion is shown. After 1:23:44, the"Soviets show their 
analysis of the reactor disassembly process, complete with fuel 
coolant interactions and recriticality. At the initial power 
excursion, reaching about 350,000 MWt, would result in severe 
fuel damage and rapid changes in the core geometry, this part of 
the Soviet analysis is speculative. 

As part of the U.S. analysis effort, this phase of the accident 
was initially simulated using relatively simple computer models, 
e. g., point kinetics, single channel, homogeneous equilibrium 
modeling, and no subcooled boiling. These point kinetic analyses 
clearly showed trends similar to that indicated in the Soviet 
analysis. Subsequently three-dimensional analyses were performed 
using both static and dynamic models. The three-dimensional 
analyses are consistent with the point kinetic results. Details 
are provided and discussed later in this section 4 and in 
appendix G. 

Key to tno Curves on Figure 4 

:in! tw! &1\ 

A Neutron power (\) 0 120 

B Reactivity, SUIli. (%) -1 +5 

C Pressure, steam drum (bar) 54 90 

o Neutron power (fraction of nom. power) 0 480 

E Rod group AR-1 (fraction inserted) 0 1.2 

G Rod group AR-2 (fraction inserted) 0 1.2 

H Rod group AR-3 (fraction i~serted) 0 1.2 

K Flow, HCP (m3/s) (per loop - 2 loops) 2 S 

L Flow, Feedwater (kg/s) 0 600 

H Flow, steam (kg/s) 0 600 

N Fuel temp ( C) 200 2000 

o Steam mass quality (Exit of core, %) (7?) 0 6 

P Steam vol. quality (Core average, void 
traction) a 1.2 

s Level (steam drum, mm) 

Time Interval changes trom 10 seconds to 1 
second at 1:23:30 

Figure -5. 
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MINET Analysis 

" "­'-" 
" .... /~,. 

" ~.",,<.-.,. •. ..( r." ". ~\ .... 

The MINET Code [NUCL. Eng. Des. 91, p.17] is a highl.y" modular 
system code'used for simulating various LMR, HTGR, and,LWRthermal 
hydraulic systems. The reactor module is" relatively simple, using 
a single coolant channel an<~ point kinetics. The.' kinetics 
calculation uses six delayed neutron groups', the', prompt jump 
approximation for a below 50 cents 'positive reactivity' insertion, 
and an exact solution" for larger reacti vi ty insertions. 
Re'acti"i ty feedbacks due to' fuel temperature are calculated and 
utilized. standard MINET modules were used for the separators, 
the pumps, ,and the 'pipes. The homogeneous equilibrium, model 
option was utilized for the' high flow, low voi.d fraction 
(initially) in the Chernobyl system at the time of the' accident. 

The MINET repr.esentation utilized is shown schematically ,in fig,ure 
6. Key input parameters are shown in table 2. At this stage;' the 
Chernobyl-4 system design details, as well as the i~format.ion 
shown in, the table, are known fairly well (although not 
precisely). 

MINET has a full steady state capability, ,with almost no user 
specified parameters. Form loss factors, representing core inlet 
orificing were' adjusted iteratively to achieve the correct, core 
flow rate. Otherwise, MINET uses mass, energy, and .. momentum 
balances to correctly initialize conditions. 

In performing transient analysis, there are only a few boundary 
conditions;: the pump coastdown rate, thefeedwater flow rate, and 
the steam pressure which were obtained from data on figure 4. The 
only inferred boundary condition is the reactivity insertion at 
the time o'f s'cram, which will be discussed later. In the analysis 
shown, here, a small insertion (+0.00048 A K) was input at the 
start, of scram (negative reactivity was to come later). 

Results of· the MINET (M) analysis, starting at 1:23 a.m., are 
shown.-i-n figures 7 through 11, and in many cases with 
corresponding soviet (S) calculations. The MINET calculated core 
flow rates shown figure 7 are actually ~n better agreement with 
the data (K circled) than the Soviet curve is. Note that the flow 
conditioned at 42 seconds is the result of the power excursion, 
which causes a rapid evacuation of the coolant inventory from the 
core in both directions. Pressures and water levels in the 
separators (steam drums) are shown in figure 8. The MINET eM) 
pressure curve passes through the pressure data (C circled) on 
Soviet figure 4. Core average fuel temperatures and void 
fractions are shown in figure 9. The MINET calculated core outlet 
void fraction agrees closer with the Soviet value" so that value 
is .. a!:~9. , plotted. As void fraction and fuel temperature are the 
dominant reactivity feedback mechanisms, it is the change in these 
para~eters that are important. 
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Figure 6. 

TABLE 2 Key Para .... t.rs lind Boundary Conditions in MIllET Simulation , 

Kin.tics Param.tern 

PrOlllpt 1I .... tron Lif .. ti .... 
Delayed Neutron' Fraction (Totel) 
Void Coeff1cient (4IVlCA) (llote 1) 
Ooppler Coefficient 

Initials Conditions 

Feed and St .. am Flow 
Pover (Thermal) 
Water Level in S.parators 
Press .. re 1n Separatorn 
F.advater Temperature 
PuIIp Heat Input 

Transi.nt Boundary COnditions 

Feedwater Res.t to 80.0 

0.77 ·sec 
0.0048 
0.03 (con!!!iant) 
-1.0 x 10 A 1V1Vt::. C 

100.0 Kq/sec 
200.0 KWt 

.71 Relative 
6.n KP .. 

432.0 K 
1.:1' KWt/Pullp 

Ste.. Pr ..... r. controlled Uai., Data on Figure 4 
Pumps Coaated Down to Hatch Data on Fi9ure 4 
10 Cent aeactivity Inserted Ri9ht After ·Scram" Starts 

lIotel: EVen though the soviet comments consintently support .. 
void coefficient curve ae abewn in our Figur. 1, it has 
beco.. apparent that th.y·Ve used a constant value of 
0.03 in thair analys1s. Thi ..... y be due to the fact 
that almost all the control rods were out of the core, 
which make. the vat.r .Ven mo~ of a poison (relative) 
and thus shifta the void coefficient curve upward. 
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Note that the void fractions are increasing throughout the 
transient, but that there is little fuel temperature change until 
the very end. This is because there is excellent cooling core due 
to high velocity water flow. The fuel is well-cooled until the 
void fraction grows significantly. The various reactivity 
parameters are shown in figure 10, along with, the soviet (s) 
calculated total reactivity (curve B) (the scale on soviet figure 
4 is too coarse to interpret curve B very accurately before 
1:23:30). The, total reactivity is dominated by the void 
contribution until the last moments. The peak reactivity in the 
MINET calculation is about $1.50. The calculated powers are shown 
in figure 11. The two calculated power peaks are in good 
agreement (around 300,000 MWt), and both are large enough to cause 
severe core damage. The MINET thermal hydraulics calculations 
failed just before 1:23:43 due to the rapid ejection of water from 
the core and the distortions that resulted. 

The agreement between the MINET calculations and the soviet 
analysis is striking I despi te the small difference in timing. 
(The, timing difference could be due to the control rod movement, 
which was left out o'f the MINET analysis.) This ,MINET analysis 
clearly established the type of transient displayed in soviet 
figure 4, i.e., a power excursion driven by the large positive 
void coefficient. 

It should be noted that the steam flow rate calculated by MINET 
was indeed non-zero. During the period of 0 seconds to 18 seconds 
it was determined to be at least 100 Kg/s. Between 18 seconds and 
28 seconds it was calculated to be somewhat less, perhaps 60 Kg/s. 
Between 28 and 38 seconds the calculated steam flow rate dropped 
off to 10-20 Kg/s on average. Once the excursion begins, the 
calculated steam flow rate grows substantially. Because the steam 
flow rate is quite sensitive to the power level" and vice versa, 
the error in the steam flow rate calculated can be quite large. 
However, it is quite clear that steam had to be leaving the 
Chernobyl-4 reactor system during the transient for, the pressure 
data to be correct (and for the power excursion to take place). 
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Analyses performed by ORNL using the CRAS-1 (Chernobyl Reactor 
Accident Simulator, version 1) code show similar power excursions 
for similar assumptions' and boundary conditions. The CRAS-1 
includes mathematical models for the calculation" of reactor core 
power generation and heat storage, the mass and energy transported 
wi thin the coolant system, including the steam drums, and steam 
flow from the steam drums to the steam lines. ,steam property 
routines and a routine for calculating the density of boiling 
cooling in an average channel were taken from the BWR-LTAS code, 
developed at ORNL for severe accident analysis of boiling water 
reactors. The power generation is described, by a six-delayed 
neutro,n group point kinetics representation with provision for 
reactivity feedback due to changes in fuel temperature and coolant 
void, and for user-input reactivity changes due to control rod 
movement. Thermal coupling between the graphic moderator and 
either the coolant or the fuel was neglected because such 
interaction would take place on a much slower time scale than of 
interest for the' present calculations. The CRAS-1 models are 
implemented in the IBM CSMP simulation language, using a time step 
size of 0.01 seconds. 
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Figure 12 shows CRAS-1 calculations of the April 26, 1986 power 
excursion at Chernobyl-4. These calculations used the current 
best estimate of void coefficient (0.03 A K/K/ .0. 0( , con'stant 'with 
void fractions) I an average neutron lifetime of 0.0078 seconds, 
and a total delayed neutron fraction of 0.0048. The CRAS-1 

'result:.~ ~ompare reasonably well with results of the Soviet 
calculations. The Soviet power curve shown (solid line) is a 
composite of the Curve A narrow range and Curve' D wide range 
reactor power plotted on figure 4. 

C~S-l results (figure 12.a and 12.b) were obtained both with 
(dotted line), and without (dashed line) the initial positive,' 
scram reactivity insertion phenomenon as hypothesized by. PNL 
analysts. The code input to describe this phenomenon includes a 
large (approximately $1.00) positive ramp reactivity insertion 'of 
0.0045 6 k/k 604 over the first 3 seconds of the scram. The higher 
power peak of the case with initial positive scram reactivity is 
closer to the Soviet analysis results, lending credence as it 
includes the 1.5 millik/second positive reactivity ramp observed" 
in figure 4, curve B. Recall, however, that the Team analy'sis" 
currently indicated a smaller reactivity persions insertion 0.16 
is more accurate. 

The ORNL CRAS-1 code has a single-node fuel representation, point 
kinetics for the neutronics, and rUdimentary models for the 
balance of the primary system. This was used for scoping and 
sensitivity analyses, but it could not give extremely close 
quantitative predictions of some of the main features of the 
accident, such as the timing of the pulse(s) and the total energy 
release. 

The Chernobyl-4 core was very large, and the reactivity excursion 
was very fast, so that a ~ fine-structure distributed model 
(both neutronic and thermohydraulic) would be needed for accurate 
predictions. Detailed input data that is not currently available, 
would also be needed to set up such a model. Simple models such 
as CRAS-1 and MINET were used to obtain estimates of the 
accident's initiating events. Results are generally 
non-conservative because in the distributed core, local excursions 
could (and probably did) occur before, and more severely than, the 
"global" ones. 

The CRAS-1 sensitivity stUdies investigated the uncertainties in 
both the modeling assumptions and the plant operating parameters 
that could have been accident initiators. The major, most 
important model uncertainty was the global void coefficient of 
reacti vi ty. Originally, the void coefficient function (versus 
void fraction) shown in figure 2 was used. Later estimates of 
constant values (0.03 to 0.02 6 K/K/ 60<.) were determined to be 
representative of global values. Analysis showed that very large 
(global) power excursions would not occur for void coefficients 

'" 
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below 0.02, although l.ocal ones were not precluded. Variations in 
assumed total delayed neutron fraction (Beta) between 0.004 and 
0.005 h~d relatively small effects on timing or pulse peak 
heights. The "effective" core thermal hydraulic response time was 
varied from 1 to 5 seconds, wi th ~he shorter times giving ~ore 
severe responses (by a factor of about 3). Several other .'model 
parameter variations were run which had only minor effects. ' 

Maj or effects of plant operating parameter variations were seen 
for primary recirculation flow reductions due to. pump rundown or 
cavitation, increased steam flow from the system (e.g., through an 
increase in turbine bypass valve flow, opening of pressure relief 
valves or rupture discs, failure of a transition joint, etc. and, 
core inlet enthalpy increase e.g., through reductions in feedwater 
flow, increases in feedwater temperature, etc). These analyses 
showed that ,any of these three effects could act as an initiator 
to a serio:us ,reactivity accident or exacerbate the excursion with 
the reactor in the low power-to-flow ratio mode due to. the ,hign, 
positive vO,id coefficient. . , .:' 
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SECTION 5. Rapid Power Excursion Analysis (F~om about· 1:23:40 to 
approximately 1:23:43) . 

The second phase began at' 1:23:40 a.m. This is. the time when the 
operator pushed the scram button. This . action . initiated the 
insertion of scram rods. This is believed to have re'sulted in a 
posi-,:,ive reactivity insertion' during the first 3 seconds, which 
appears to be present in curve B of figure 4. Both the MINET and 
CRAS-1 analyses showed that, due to the unstable condition of the 
reactor, the initial excursion could have occurred without this 
mechanism for reactivity insertion. It is quite possible that the 
overpower transient excursion (shown by figure 4 and figures 7 
through 12) that lead to the destruction of the plant. could have 
occurred without any additional mechanism to insert reactivity. 
It is also obvious that the reactor was close to being prompt 
critical at 1:23:40, and any mechanism that added reactivity to 
the 90re would have caused or exacerbated a reactivity insertion 
and power excursion •. The following mechanisms have been identi­
fied'that could have resulted in such a reactivity insertion. 

• A failure of the pressure tube transition joints (see 
appendix D) 

• Opening of the press~re re~ief valves or rupture discs in 
the coolant system 

• Any failure of the coolant system ,pr,e~sure boundary of 
other action that. increased steam flow from the system 

• Main coolant pump cavitation 

• Initial positive Reactivity. Insertion or Scram 

A sketch of the scram rods is shown in figure 13. Appendix G 
provides a more detailed description of the Control Rod System. 
The ends of the scram rods are made of graphite. WhentP.e .scram 
rods are reintroduced into the core, some water in the, bottom of 
the core is replaced ,by graphite. Soviet figure 4 and 'the~eam' s 
neutronics analyses indicate that- positive reactivity was"inserted 
over the first 3 seconds after scram. While there is some>nega­
tive insertion during this period near the top of the. core the 
positive insertion at the bottom is believed to be' dom';nant. 
Other effects, including flux redistribution, also cont;ribu1:ed to 
this positive reactivity. . 

Analysis of figure 4 (section 4 of this report) showS? .that the 
Soviets believe. the scram resulted in the insertion ofl. 5 
millik/second for a period of 3 seconds starting. at 1:23:40.25. 
However~as the Team ~ s neutronic' analyses . indicate . th.-at actual 
reactivity effect of the scram may have totaled only about 0.5 
millik (see appendix F). . . 
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Figure 13. Control Rodl Graphite Locations 

Figure 14 provides a quote from the Soviet report that describes a 
"fix" of inserting the control rods 1.2 meters. Comparison with 
figure 13 shows that insertion of the rods by 1.2 meters should 
eliminate this effect. 
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PRIORITY MEASURES FOR IMPROVING THE SAFETY OF NUCI.f.AR POWEll ' 
PLAWrS WITH RDMK RI::ACTORS 

It has been decided. for the existing nuclenr power plnnts with R RM" 

reactors. to alter the limit stop switches of the control rods in such, a 

way that. in the extreme position. all the rods are inserted in the core 

to a depth of 1. '1 m This measure will increase the speed 'of effective 

protection and . eliminate the possibility of a continuing increase in the 

multiplying characteristics or the core in its lower part as the rods 

move down from the upper stops. At thesllme time. the number or 

absorber-type control rods constantly present in the core will be 

increased to 70-80. thereby reducing the void coefficient to n permi:;:;ihlr 

value. This is 'a temporary measure which will be replaced later on by 

a conversion of RBMK reactors to fuel with an initial enrichment of 2.4\ 

and by the insertion of additional absorbers in the core to ensure that a 

positive overshoot of reactivity does not exceed 1 Beta for any change in 

coolant density. 

Figure 14. 

QUESTIONS ANSWERED BY SOVIETS: 

1) How long did it take to shut the reactor down (neutronically)? 

Four seconds. 

4) What mechanisms caused this sh\!tdown? 

The major power increase occurr ed in the lower center 30 percent of 

the core. As a result. this lower portion homogenized and shutdown. 

the upper portion of the moderator blew out from the top and some 

fuel blew out from the bottom. 

Figure 15. 

Figure 15 provides information from the soviets stating that.the 
power increase occurred in the lower 30 percent of the core. 
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(There are other potential plausible mechanisms i.or initiat.:i,ng an 
excursion in the bottom of the' core, for example, a' failure of 
lower transition joints, pump cavitation, opening of pressure 
relief valves on rupture discs, or injection of a saturated 
coolant. ) 

'Point: kinetics calculations of the reactor powerass"uming":-'the 
total reactivity function (curve B) of figure 4 were performed. 
These. calculations required values of the delayed rieutron'fraction 
(Beta) and prompt neutron l~fetime (Lambda) to be inp~t~ The ,best 
,available estimates for Bet'a and Lambda for th3 Ch:ernob~l-~ c.ore 
at 10.3 GWD/MTU burnup are 0.004'8 and 0.77x10 S, respective,ly. 
However,: to 'repl:\oduce the Soviet _rrsults, it was necessar:Y,to use 

.Beta=0.0063 ',and, Lambda=1.0xlO §j ,(figure 16)., ," With 
B,eta=O. 0045, a value of Lambda=2. Ox10 s 1S needed' to reproduce 
the, power trace of figur~ 4. In other words, for thetbtal 
reactivity and reactor power on figure 4 to be consist~nt,; ~ither 

. a v!9.1u~ of Beta much larger than the best estimate val~e:~r a 
value of Lambda much larger than the best estimj::\te value,'or a 
combination of both needs to be used. ,. . 
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sEcrroN6. ENERGETIC EVENT ANALYSES (AFTER 1:23':431 

6.1 Introduction 

The energetic events associated with the fuel failures and 
fuel-coolant thermal interactions (FCls) were evaluated. for,the 
Cherriobyl-4transient overpower (TOP) event using accident 
analysis codes developed, at ANL. The 'codes ha~ originally been 
developed 'to" perform safety analyses pertaining' to liquid metal 
fast breeder reactors (LMFBRs). Specifically., the ce>des' were 
developed 'to mechanistically describe the phenomena occur'ring 

, ,during a severe TOP accident such' as rapid energy release and 
heatup of the fuel, fuel mel ting , internal fuel, pin 
pressurization, cladding failures, ejection of' fuel 'into tpe 
coolant channels, fuel-coolant ,thermal interactions that 'calise 
rapid steam generation in the channels, channel press\J.ri~at~ol1, 
coolant slug expulsion, and the response o~ the piping'systeni'to 
the transient pressurization and coolant dynamics.' '',!'he' ,-codes 
used in 'the present analysis of these phenomena included:'. . 

FPIN-2 
EPIC 
ALICE-2 

. . '1', 

(fuel element mechanics) 
(fuel-coolant thermal interaction) 
(fluid-structure interaction) 

These codes were modified to depict the Chernobyl-4 reactor 
configuration and the particulars of the fuel and cladding 
materials and the water coolant. The model used for the code 
calculations depicts a single representative channel of the 
Chernobyl-4 1,661 channel core configuration. The channel 
modeled in the calculations is considered to be an .average 
channel; that is I the values used for coolant flow and reactor 
power are the core-wide average values. It was not possibl~ in 
the time available to perform the extensive revisions necessary 
in FPIN to include all the necessary cladding-to-waterheat 
transfer and flow regimes; hence the approach was to perform 
RETRAN calculations to determine channel conditions such as the 
axial cladding temperature distribution and coolant void 
distributions as far into the transient as possible. 

The results of the RETRAN/FPIN, EPIC, and ALICE calculations are 
presented in' sections 6.2, 6. 3-, and 6. 4 respectively. Fuel 
element behavior and FCI energetics have been extensively 
investigated in the U.s. I and the results of pertinent in-pile 
experiments are additionally summarized in section 6.1.2. 
section 6.5 provides a best estimate evaluation of the initial 
damaging events of the accident including the effects of 
noncoherent fuel element failures. Following the initiating 
events, the uncertainties in the course of the accident become 
dominant, and although one can speculate about subsequent events, 
it was judged unwarranted to attempt additional mechanistic 
calculations with the present state of knowledge. 
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6.1.1 Interpretation of the Russian Fuel Failure Analysis 

Simple calculations were performed to understand the' Soviet 
approach in calcul~ting fuel element failures which resulted from 
the transient overpower event. Figure 17 is a reproduction of 
key parameters calculated by the Soviets anq presented in their 
figure 4 from the report on the accident. The figure shows 
reacti vi ty , reactor power, core average coolant void fraction, 
and flow from the main coolant pumps during the time interval of 
the destructive events. The time scale is the same as used by 
the Soviets: the scram (AZ-5) button had been pressed at 1:23:40. 
On ~n expanded scale the reactor power would be seen to increase 
rapidly starting at 40 seconds; in figure 17 the power axis ,is in 
units of multiples of full power (x 3200 MWt), and so the scale 
is exceedingly compressed. The peak of the first power transient 
occurred at 43.9 seconds and was about 109 times full power in 
amplitude (350,000 MWt). The power burst was the result of 
increasing (uncompensated) channel void reactivity plus the 
reactivity insertion due to the "positive" scram. These positive 
reactivity effects were reduced during the TOP only by the fuel 
Doppler coefficient. In the Soviet model the fuel failed 
coherently at 44.7 seconds. The results of the fuel failures and 
ensuing FCI' s are apparent in their analysis, namely (1) the 
remaining coolant was expelled from the channels causing the core 
average void fraction to increase from 41 percent to 100 percent 
by 44.9 seconds: (2) the abrupt coolant expulsion caused a step 
increase in reactivity amounting to .016/.0048 = $3.3; (3) the 
reacti vi ty step caused a distinct second power burst in the 
Soviet model where the peak power was 470 times full power 
(1,500,000 MWt) and the energy release was about four times that 
of the first calculated burst; and (4) the upstream propagation 
of the FCI pressure wave caused an abrupt decrease in the flow of 
the main coolant circulating pumps. 
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The condition of the fuel at the time of failure was estimated 
using the Soviet analysis results shown in figure 4 • Figure 18 
shows the first power burst on an expanded scale and also shows 
the cumulative energy release in the fuel during the transient. 
The e~er9Y release is presented 3in J/gUOa, where .. the total, fuel 
mass ~s reported to be 215 x 10 kg UO. The values presented 
are core wide averages without applicat~on of peaking factors for 
the present., At the soviet calculated fuel failure time of 44.7 
seconds I the energy release in the power excursion was 1360 
J/gu02 (326 cal/g). The fuel enthalpy was estimated by adding 
the energy deposition during the transient to the initial 
enthalpy at the low power operation and subtracting for estimated~ 
h.at loss to the coolant during the transient. The result is 
shown in table 3, where enthalpy is referenced to zero at 300K. 

The heat loss estimate is based on a representative value of heat 
flu~ in the, post-CHF gomain in a 2 forced cop'vez:tion cooled rod 
bundle, about 1 x 10 BTU/hr' ft (3 MW/m ). The resulting 
estimated fuel enthalpy is 1242 Jig U02 • This mc:lgnitude of 
enthalpy is associated with U02 fuel that IS melting~ 

Table 3. 

a~ Enthalpy at initial 
low power operation 

b. Estimated energy release 
in power burst to time 
of fuel element failures 

c. Estimate of energy transferred 
to coolant during power burst 

d. Estimated enthalpy at time of 
fuel element failures 

.j 

Enthalpy. Jig (cal/g) 

67 (16) 

1360 (326) 

~ .L:.lll 

1242 (298) 

Estimate of Fuel Enthalpy at Time of Fuel 
Element Failures in Russian Model 

th~ value suggests a core-wide average melt fraction of about 35 
percent at the time of fuel failures. There appears to have been 
no attempt by the Soviets to calculate a time sequence of fuel 
failures based on variation in power-to-flow among the 1,659 
channels or upon'power peaking within the channels. Fuel failure 
conditions calculated using FPIN and EPIC are described in 
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sections 6.2, 6.3, and 6.5 and are compared with the Soviet's 
results. 

It is of interest to apply the estimated fuel failure conditions 
to arrive at an order of magnitude estimate of the fuel-coolant 
thermal interaction (FCI) energetics in the coolant channels. 
Using the average fuel enthalpy of 1.24 MJjkg U02 _and a fuel mass 
of 130 kg U02 per operating channel, the total Lue1 enthalpy is 
about 160 MJ. Typical efficiencies for the conversion of thermal 

. to mechanical energy by an FCI amount to 0.5 percent or less 
based on the entire fuel mass. Hence, a reasonable estimate of 

~the mechanical energy release is about J MJ, which is sufficient 
to cause appreciable damage to a piping system such as the 
Chernobyl-4 operating channels. Mechanical response of the 
piping system was calculated using the ALICE code, and results 
are presented in section 6.4. 

6.1.2 Data Base for Fuel Behavior During Power Excursions 

Beginning in the early 1950s, there were extensive investigations 
in the u.s. of the phenomena and consequences of power excursions 
for various core designs and fuel types. These included the 
early BORAX and SPERT tests that demonstrated that a power 
excursion would be self-limited by the negative Doppler effect. 
Other effects also contributed to the self-termination of power 
transients, notably coolant void formation when the excursion was 
sufficiently severe to cause boiling. This is because in U. S. 
reactor designs the coolant is the neutron moderator and so loss 
of moderator by steam generation causes immediate neutronic 
shutdown. This is in contrast to the behavior of the Chernobyl-4 
design in which increasing steam generation causes reactor power 
to increase due to the positive coolant void coefficient and 
fixed graphite (over) moderator. (See appendix C for a 
discussion of the relevant differences between the RBMK and u.S. 
reactor designs which preqlude a Chernobyl-4-type accident from 
occurring here.) 

Following whole-core transient testing in the BORAX and SPERT 
programs, transient test reactors such as TREAT, SPERT IV 
(Capsule Driver Core), and PBF were utilized to test fuel element 
failure thresholds, fuel-coolant interactions, and metal-water 
reactions for various fuel element designs and burnups. The 
severi ty of the power excursion imposed on the test fuel was 
typically progressively increased to determine the energy 
depositions corresponding to cladding failures, fuel element 
breakup into large fragments, and catastrophic failures involving 
fine-scale fragmentation and FCI's. Extensive studies of these 
phenomena were performed to characterize the fuel behavior 
despite the fact·that with the evolution of U.S. reactor designs 
incorporating inherently stable neutronic approaches, there was 
no mechanism to produce such severe power excursions. For 
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. example, the common example cited, of a possible power excursion 
in aU. S. reactor, invol ves a BWR main steam isolation . valve 
closure ATWS seque~ce with simultaneous failure to trip the 
recirculation pump. In this sequence,. the transient pressure 
increases from about 7 to 9 MPa which causes collapse of steam in 
:the· core (a positive reactivity effect). According. to RAMONA 
code calculations, the peak of the power excursion is only about 
2.2 times full power. This is exceedingly small in relation to 
the Chernobyl-4 overpower event and is far too small ·to cause 

· either fuel melting or failures. While' power excursion events 
have been extensively studied in tne U.S . ., there. is _ no 
identifiable initiator of events of sufficient s,everity to cause 
damage to the fuel in u.s. reactor designs. 

TREATLWR Tests4 

Transient overpower (TOP) testing of sample LWR fuel was 
conducted in the Transient Reactor Test (TREAT) facility during 
the 1960s. The fuel element designs tested were of a wide 
variety including unclad UO rods, unclad Zr-:-U alloy plates, 
stainless steel clad U02 pin~, and Zircaloy clad UO~ pins. The 
latter included tests of single fuel el~ments, ~our-element 
clusters, and nine-element clusters. ~he pins were submerged. in 
water, in an autoclave which was placed in the test; slot in· ·.the 
center of TREAT. The test fuel of 11.2 'percent enrichment was 
subjected to a power burst from the TREAT' driver core. In 
general, the shorter the reactor period the greater the energy 
release in the test fuel although this could be varied somewhat. 

· (Shaping of power bursts was introduced . later. ) The. fission 
energy in the test fuel was determined via. calibrations. with 
activation :wires. After the ,transient the residue. was removed 

· from' ',.the autoclave, . characterized, and .. particle. size 
distributions were determined for those cases where fragmentation 

,was extensive. The extent of metal-water reaction was determined 
by:measuring the mass of hydrogen generated •.. Test results were 
interpreted to indicate that fuel failure and extensive 
fragmentation began at an energy input equivalent to complete 
mel ting .of the ·fuel (340 cal/g) although the actual fuel enthalpy 
would have been less than this owing to heat loss during the 

.:trans.ient. The fuel and cladding cracked into large chunks at 
smaller energy input, thought to be attributable to coolant 
re-entry effects. The mean partial diameter of fragmented debris 

.-decreased sharply at energy inputs above the failure threshold 
and· .reached a nearly constant value of about o. S. millimeters 
diameter at high energy inputs. 

SPERTIV CDC TestsS 

· These -capsule tests were similar to the TREAT tests except that 
the reactor periods available in the SPERT Capsule ' Driver Core 
(CDC) facility were significantly, shorter,~han! in TREAT. Hence, 
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the energy deposition was more adiabatic than in TREAT; since all 
tests were started from room temperature, the energy deposition 
was probably close to the peak fuel enthalpy. Test results 
showed that the fuel elements remained intact below about 260 
cal/g, fractured into large chunks between about 260 and 300 
cal/g i '. and fragmented into small particles at higher energy 
deposi tions ~ The mean particle diameters were' somewhat smaller 
than those found in the TREAT tests, -0.15 millimeters for 
greater than 600 cal/g energy input. . . , 

. 6 
TREAT'LMFBR TOP.Tests 

Numerous in-pile tests of LMFBR fuel behavior were performed at 
the 'TREAT reactor in support of FFTF and CRBR licensing issues. 
Among the tests performed were the Hand E-series tests which 
were performed under severe transient overpower (TOP) accident 
conditions. The E-series tests were performed under particularly 
severe conditions analogou~ to the severity of the Chernobyl-4 
power excursion. Test E8, for example, contained a bundle of 
seven mixed oxide fuel pins which had been irradiated at low 
power to 5 atm percent burnup. Hence, the fuel was nominally 
un restructured and had retained most of the fission gas in the 
fuel matrix, as was also the case for the Chernobyl-4 fuel. The 
test fuel was preheated at nominal full power conditions and was 
then subjected to a $3/second transient (0.16 second initial 
period), peak power of 33 times nominal power, and pulse width of 
-0.8 seconds. The fuel elements began failing when the energy 
deposition had caused about 50 percent areal melt fraction at the 
axial peak. Fuel from the central molten cavity plus the 
unmelted annulus was ejected into the flowing coolant (sodium), 
driven from the pins by fission gas pressure. The channel 
subsequently voided in the upward direction, and about 2 percent 
of the fuel mass was dispersed to above the top of the acti ve 
fuel where fuel and cladding material froze forming a sUbstantial 
cha~nel blockage •. The channel voiding dynamics were attributed 
toa mild fuel-coolant thermal interaction which expelled a 
mixture of fuel, coolant, and fission gas. Subsequent to the 
upper channel blockage, mol ten fuel and cladding contacted the 
flow tube wall and precipitated failure of the channel boundary. 

PBF RIA Tests8 

A series of tests were performed in the Power Burst Facility 
(PBF) during the late 1970s in which single and multiple-rod 
bundles of LWR fuel were subj ected to severe power excursions, 
representative of reactivity initiated accidents (RIA). The test 
fuel was contained in a water loop, and coolant thermal hydraulic 
condTtions were representative of hot-startup conditions in a 
boiling water reactor (BWR) •. Although the best estimate of peak 
fuel enthalpy during a BWR rod drop accident is said to amount to 
less than 110 cal/g U02 , the test program examined enthalpies in 
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t,he range of' 185. to· 350 cal/g.· . Not surprisingly, fuel failures 
occurred in many of these tests. With ,one exception, ,the rod 
failures Qccurred for energy releases equivalent to ·a peak 
enthalpy of 250· cal/g or greater. Of particular interest was the 
result 0; a .single-pin, fresh fuel scoping te'st, 'designated 
Rl;A-ST-4. The:' fuel element was· subjected to a76 milliseconds 
power burst; the rod failed 32 milliseconds after initiation of 
the power burst when the fuel enthalpy radially averaged at ,the 
axial flux peak location was 350 cal/g (100 percent . locaL melt 
fraction). A peak pressure of 35 MPa was reported in the coolant 
channel (normal pressure = 6.45. MPa) , and·, a p~ak cool.ant 
temperature in excess of 940K was measured above the rod after 
fuel rod failure. From analysis it was· conclude.d that .the 
transient pressurization event :was caused by a fuel-coolant 
thermal interaction. About 20 percent of the totat fuel and 
cladding mass were fragmented during the test, .and ofth~s, about 
58, percent (90 g) had been fragmented into small particles ,less 
than' 2.0 millimeters effec;::tive diameter. The median. particle 
size was 1.3 millimeters. The coolant kinetic energy .. C?stimated 
from the interaction amounted to about 3.4 kJ; the overall 
thermal-to-mech'anical energy conversion efficiency was about 0.3 
percent~ . . 

6.2 Fuel Failure Analysis 

This subsection describes the resul ts of RETRAN ,. 
thermal-hydraulics calculations and FPIN2 fuel·. failure 
predictions. Three important input specifications were 'required 
for the average channel calculations: :(1) the shape of the p'o~er 
transient, (2) the coolant flowrate, and (3) the axial power 
distribution. The power excursion was selected to be the Soviet 
calculated transient from figure 4 of the Soviet report. on . the 
accident. This power shape was selected as the refer~nce c~se to 
enable comparisons with the Soviet calculations. (section 6.1.1). 
This is also consistent· with U • .5. code calculations of.the power 
transient in that they used the Soviet calculated transient as 
the basis for comparison. If, in fact, the actual. initiating 
power excursion differed significantly from the' Soviet 
calculation, the timing and details .. of events will differ 
accordingly from the results presented here. Timing and details 
of the calculations aside, channel conditions and f~el .behavior 
under severe overpower heating conditions, which obviously led to 
fuel failures in this accident, are described.. These 
calculations cease with loss of intact geometry;,.· subsequent 
events are described ~n following sections. 

The coolant flowrate during the transient was takC?n from th~ 
soviet calculations (figure .17) • The flow given in this figure 
is per loop, and ,there are two loops in. this reactor (iesign. 
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F:gu1"e 18. Soviet-Calculated Power and Fuel Energy Deposit 
for Chernobyl-4 Transient Overpower Accident 

One of the objectives of the u.s. analysis of the reactor power 
behavior was to attempt to quantify the axial power distribution, 
not only at the beginning, of the test when the Soviets reported 
it to be axially double-humped, but particularly during the po~er 
excursion itself when th.e power- distribution was affected by 
control rod motions and channel void distribution. Without 
specific knowledge of the distribution during the excursion, the 
approach was to perform reference calculations using a uniform 
axial distribution and to revise this with u.s. estimates of the 
actual distribution as they became available. However, power 
shape calculations were not available for use in the fuel failure 
calculations, and so the reference case is the only case 
presented. The uniform axial distribution is consistent with the 
Soviet whole-core ,.average .approach; the effects of local power 
peaking will be addressed in later sections. . 
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6.2.1 RETRAN Calculations of the Power Excursion Thermal 
Hydraulics 

The RETRAN02-Mod3 computer code10 was used to model the thermal 
hydraulic events during the power excursion that occurred in the 
Chernobyl-4 RBMK-1000 reactor. A core model was developed which 
represented a single, average process, channel divided axially 
into 12 equal length fuel sections. . Light water coolant is 
supplied from an inlet plenum at constant enthalpy and at flow 
rate taken from soviet data. A very large exit plenum is modeled 
which provides constant exit pressure during the transient. 

To ensure proper modeling of the RBMK-1000, benchmark 
calculations were first made for full power, steady-state 
operation. The ensuing RETRAN results were remarkably close to 
the published plant parameters. Some of these r~sults are shown 
i~ figure 19. The agreement achieved gave confidence in the use 
of the model for the accident conditions. 
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Figure 19. Fuel and Channel Conditions Calculated 
by RETRAN for Chernobyl-4 FU:ll Power Operation· 
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Proceeding with the accident calculation, certain assumptions 
were made. The homogeneous equilibrium option was used for the 
slip model. The axial power profile was assumed uniform, as 
discussed previously ~ Thermo-physical properties of the U02 fuel, zirconium alloy cladding, and the fuel-to-clad gap 
conductances were taken from tabulated data for a typical U. S . 
BWR. The initial reactor power, the subsequent power burst, and 
the coolant mass flow rate were all taken from the Soviet 
calculations. The coolant inlet temperature was assumed constant 
at 270 C. 

At the initial power level of 200 Mw (6.3 percent of full power) 
and full flow, no steam voids were produced in the RETRAN 
calculation. During the power excursion the fuel centerline 
axial temperature profile remained flat; this was due to the 
assumed flat power shape and also to the thermal time constant of 
the fuel being long compared to transient changes at the surface. 
The centerline temperature reached melting (2850 C) a"t 44.15 
seconds in these calculations. The development of the axial 
cladding temperature distributions and channel void distributions 
are shown in figures 20 and 21, respectively. 

Figure 20. 
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Figure 21. RETRAN Calculations of Development of Channel 
Void Distributions During Soviet Calculated Power 
Excursion; Uniform Axial Power Distribution 

Initially, the cladding temperature is nominally uniform axially. 
By 43.8 .seconds the entire channel is in film boiling, and the 
amount of vapor production increases rapidly. Two-phase 
velocities become large in the upper channel region, and the high 
veloci ty flow causes better cooling of the cladding in these 
calculations than does stable film boiling with a liquid core 
characteristic of the bottom region. As the void fraction in the 
upper region becomes unity, RETRAN switches from the Groenveld 
heat transfer correlation for stable film boiling to the 
Dittus-Boelter correlation for single phase steam. At 44.2 
seconds, for example I this occuq; at X/L about 0.62. When the 
switch in correlation occurs, a large (about 4 times) increase in 
heat transfer coefficient results I thereby actually causing the 
cladding temperature to decrease in part of the upper zone, as 
shown in figure 20. The calculation could not be carried beyond 
44.6 seconds with RETRAN, at which time RETRAN predicted a large 
tuel melt fraction (although fuel mel ting is not specifically 
tracked by RETRAN). This is about 0.2 seconds before the fuel 
failure time calc~lated by the soviets. 
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The RETRAN results ,show two important features. First, the 
cladding peak temperature becomes very high although it ,does not 
reach melting.' The substantial heatup of the cladding suggests 
an important effect of cladding weakening needed to be modeled by 
FPIN. Additionally, the cladding temperature is calculated to be 
hottest in the lowest part of the core, indicating that cladding 
failures may occur first in the lower core region. If as 
suspected the axial power shape peaked in the bottom of the core 
during the power excursion, this would have further biased the 
fuel failures toward the bottom. Secondly, the channel void 
fraction is very high. By the end of the excursio~, the coolant 
is largely being converted to steam in the bottom quarter of the 
core. The upper half of the channel contains single-phase 
superheated steam. The numerical value of the average void 
fraction at 44.6 seconds calculated by RETRAN is 72 percent 
which is significantly larger than the Soviet calculated value of 
40 percent. In either case, fuel failures at the cladding 
hotspot in the bottom 'zone of the core would lead to forced 
intermixing of hot fuel and cladding material with liquid water, 
giving rise to a likely fuel-coolant thermal interaction. 

6.2.2 FPIN2 Fuel Failure Analysis 

The response and failure of RBMK-lOOO fuel pins dur~ the 
Chernobyl-4 accident event were analyzed using the FPIN2 fuel 
pin behavior code developed at Argonne National Laboratory. The 
fo~lowing sections give ,a brief description of the code and the 
models that were used for the calculations and present the 
results of analysis of pin behavior prior to fuel disruption. 

6.2.2.1 The FPIN2 Code 

The FPIN2 code calculates the transient thermal and mechanical' 
response of' a fuel pin which is divided into a number of axial 
segments (as many as 20 in the current ,version). In: general~ 
each segment can have regions containing molten fuel, solid fuel, 
cracked fuel, and solid cladding. When the heat transfer option 
to calculate the coolant temperature is invoked, the fuel'pin is 
surrounded by a circular coolant channel and 'outer wall. Each 
axial segment of fuel. and cladding is further divided radially 
into a number of finite element ~ings (20 in the fuel and 10 in 
the cladding). Figure 22 shows a schematic of the 'fuel pin 
geometry. Axial symmetry of temperatures and external loads is 
assumed and gradients of temperature and loads in the axia'l 
direction are assumed small. ' 
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Although the primary emphasis in the FPIN code is on the 
mechanical analysis of fuel and cladding, a complete heat. 
transfer analysis is also included. The basic assumption is that 
heat is conducted only radially in the fuel .. ~nd cladding, and 
convected axially by the. coolant. Two overall options for the 
temperature calculation are available.,. In I. the first, 
temperatures are calculated for a symmetric system consisting·of 
a single fuel pin surrounded by an annular coolant flow channel 
with an outer boundary formed. by a cylindrical outer. wall. In 
this case, coolant inlet temperature and flow, rate· ,must be 
provided as a function of time.,:. For, ~he secon~ option, the 
cladding outer surface. temperatur_e is p~ovided and the fuel, and 
cladding temperatu,res are calculated. . The one~dimensional heat 
conduction problem ,for t:tl.e fuel, cladding, and·outer wall is then 
solved using the Crank-Nicholson implicit finite ',difference 
method. SiJl,ce the thermal conductivity and:. ,heat capacity are 
temperature-dependent', the resulting finite difference equations 
are nonlinear. Thes,e equations are solved by a simple iteration 
in which the material properties are evaluated using the most 
recently calculated temperatures so that the finite difference 
equations become linear. Convergence of this direct iteration is 
very fast for the time steps generally used in FPIN2. 
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Because axisynunetry and generalized plane strain are assumed, the 
mechanical analysis' .is one-dimensional." The FPIN2 code uses a 
finite-element method that allows flexibility in handling various 
constitutive equations' and cracking models. Simple linear 
elements are used that provide the framework needed to handle the 
complications due to complex .material. behavior and moving 
boundaries due to fuel cracking and melting. The firiite-element 
equations are derived from the equations of virtual work and 
linear~ one-dimensional shape functions. For. each axial segment, 
the fuel and cladding' elements are combined into a single set of 
equilibrium'equations for the radial and axial displacements. In 
this way~ . the 'fuel-cladding contact pressure comes out of the 
analysis without separate iteration. Since a variety of separate 
(generally·' nonlinear) constitutive equations are allowed, the 
equilibrium equations' are nonlinear and are solved using an 
algorithm based upon residual error balancing~A major aspect of 
the procedure i~ the determination of the nonthermal-elastic 
strains. The basic calculation of the finite-element analysis is 
the repeated solution of a set of linear equations approximating 
the equilibrium equations. This yields a set of nodal 
displacements that are used to calculate total strains. Then a 
separate iterative calculation is required to split the total 
strains into elastic, thermal, plastic, creep, swelling, and 
cracking strain components such that all material consti tuti ve 
equations are satisfied. 

The fuel cracking model used in FPIN2 allows cracks in the radial 
(R = constant) and/or transverse (z = constant) planes. To 
account for the four possible crack patterns, four types of 
elements have been defined as follows: 

Type I: Uncracked fuel, 
Type II: Only radial cracks are present, 
Type III:, Only transverse cracks are present, 
Type IV: Both radial and transverse cracks are present. 

The type of a particular element is determined by a fracture and 
crack closure . rule. The derivation of the element stiffness 
equations is based on a perturbation of the' equations for a 
three-dimensional fuel pin analysis. The resulting formulation 
can be shown to converge to the three-dimensional formulation as 
the numbers of cracks becomes large. 

When a reactor transient is severe enough to melt fuel, pressure 
can build up in the central molten cavity and have considerable 
influence on the eventual failure of ,the pin. This 
pressurization is caused by the release of fission gas and the 
10-20 percent expansion of the fuel when it melts~ The volume 
available to the, gas comes from the porosity and crack volume. 
released when the' fuel melts, and displacement of the solid fuel 
boundary. . This volume is found by calculating the total volume 
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within the displaced cavity boundaries and subtracting the volume 
of the incompressible fuel. An iterative procedure is then used 
to find the cavity pressure that is consistent with this cavity 
model and volume available due to the displacement of the 'solid 
fuel boundary. 

6.2.2~2 , RBMK-lOOO Fuel Characterization 

The RBMK-I000 core has upper and lower fuel rods co,ntaining 
stacks ff Uo pellets with a zirconium-l. 0 w/o niobium 
cladding . Fibricateci fuel dimensions and power and burnup 
conditions that were used for the FPIN2 calculations are given in 
;table 4: ,Also shown for co~§arison purposes are cha~acteristics 
of a sl.ml.lar LWR fuel rod that was used to estl.mate other 
parameters needed for the calculations such as fission gas 
retention, restructuring, and fuel cracking. The fuel is 
operated at such low power that there is no restructuring, no 
central void, and essentially 100 percent fission gas retention; 
i. e., the fuel is very "gassy." ' 

Table 4. 

comparison of Fuel types 

Fuel Type 
Pellet Density, ,Percent TO 
Enrichment, Percent 
Pellet dia" mm 
Cladding Type 
Cladding 00, mm 
Thickness, mm 
Peak/Ave Power 
Average Linear Power, Kw/m 
Peak Specific powe2, Wig 
Fast Fluence, n/cm 
Average Burnup, a/o, 
Percent Fission G~s Retention 

RBMK-IOQQ 

U02 
94 

2 
11.5 

Zr-l w/o Nb 
13.5 

0.9 
1.4 

15.3 
15 

a1. 75 x 102 1, 
1 

alOO 
a . ~ 
Est~mated from burnup and LWR data (13] 

U.S. LWR Fuel 

U02 
92 

2.55 
. 9.32 

Zircaloy-2 
10.7 

0.61 
1.3 

20 
29 

4.2 x 1021 

2.4 
100 

Cladding 

Thermal and ,mechanical. properties of U02 are contain~d in ~PIN2 
as one of the fuel optl.ons that can be selected by a sl.ngle l.nput 
parameter. However, because the code was initially developed to 
analyze the response of fast reactor fuel pins, no subroutines 
were immediately available for properties of zirconium alloy 
cladding materials. The present calculations were performed by 
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simply substituting zircaloy cladding properties in the routines. 
It was considered that the most important changes in these 
properties for the analysis of fuel disruption were the cladding 
melting point and the cladding plastic flow behavior. The 
cladding solidus of 2123K was determined from the 
zirconium-niobium phase diagram. The mechanical properties of 
zirconium-niobium alloys, however, were not readily available. 
The behavior of this material at the steam saturation temperature 
of 573K was estimated by using the high strain-rate response of 
irradiated Zircaloy-2 LWR cladding at 600K with a yield strength 
of 500 ~f' zero work hardening rate and a failure strain of 5 
percent. 

Fuel cracking plays an important role in governing cladding 
loading during transient overpower events 13 The lack of 
restructuring and crack healing in LWR fuel operated under 
similar conditions of' RBMK-1000 fuel suggests that most of volume 
inside the cladding that is not occupied by the fuel would 
consist of cracks and pellet dishes. This geometry was 
simlulated in FPIN2 by assuming that the fuel was completely 
cracked into sectors which, in order to have a non-singular 
stiffness matrix in the mechanics analysis, were in contact with 
the cladding prior to the transient. If this crack volume was 
not modeled, unrealistically large cladding stresses from 
differential thermal expansion would have been calculated along 
with large cavity pressures once fuel started to melt. 

6.2.2.3 Transient Fuel Response Prior to Failure 

The power history for the FPIN2 calculations was determined from 
the graphical presentation of the soviet I s analysis. Only a 
single axial segment of an average fuel pin was modeled. For 
pre;timinary calculations the pin cooling was bracketed by two 
extreme cases; Case 1 where the cladding outer surface remained 
at the steam saturation temperature of 573K and Case 2 where the 
pin was heated adiabatically. Figure 23 shows the fuel and' 
classing temperatures for these two cases at times where the fuel' 
areal melt fractions are 50 percent, which is near the calculated 
cladding failure times. Also shown on the figure are the phase 
transition temperatures for zirconium-l w/o Nb. In the FPIN2 
calculations 'for Case 1 where there was maximum heat transfer to 
saturated steam ,at 573K, the average cladding' temperatures 
remained near 600K. However, in Case 2 the' cladding provided a 
SUbstantial heat sink' during the transient so that cladding 
temperatures soon exceeded temperatures where phase 
transformations might be exptected to yield a weaker more ductile 
material.' ' 
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Figure 23. FPIN2-Calculated Fuel and Cladding Temperatures 
at 50% Fuel Area Melt Fraction 

FPIN2 temperature calculations for the above two cases were 
compared with the subsequent RETRAN calculations of coolant 
boiling which ,were discussed in section 6.2.1. The RETRAN 
results show that once voiding begins, the cladding is the 
hottest, and therefore most likely to fail, near the bottom of 
the core. Futhermore, the RETRAN fuel and cladding temperature 
histories at this elevation are nearly identical to the FPIN 
results for Case 2, indicating that the heating is approximately 
adiabatic during the power transient. For this reason the Case 2 
heat transfer results are considered the best estimate for the 
analysis of the fuel pin mechanical response at the failure site. 

Calculations of areal melt fractidn r cavity pressure and cladding 
plastic strain for Case 2 are shown in figure 24. The zero of 
the expanded time scale shown in this figure is referenced to the 
Soviet time of 1:23 so that the first power peak corresponds to 
43.9 seconds (figure 17). The FPIN2 calculations show that fuel 
thermal expansion closed the fuel cracks at about 43.8 seconds. 
At this point the differential expansion between the fuel and the 
cladding rapidly increased the cladding stresses and caused 
plastic deformation. as indicated in the figure. The maximum hoop 
strain reaches about' 0.5 percent. However, fuel mel ting and.' 
creep allowed the cladding to deform back toward the fuel owing 
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to the high channel pressure (65 atm). The average cladding 
temperature during the time interval when differential thermal 
expansion was loading the cladding increased from 1000 to, 1300K 
at a heating rate of 1000 K/s. These temperatures are beyond the 
cladding phase transformation temperatures so that significant 
weakening of the material would be expected. It is also. known 
that oxidation of zirconium alloys in a steam environment may 
severely einbrittle these materials in the,4 phase However ~ 
transient tube burst experiments on zircaloy in steami5 indicate 
that einbrittlement would not occur for heating rates greater than 
115 K/s and maximum temperatures less than 1600K because' the time 
is too short for the oxidation kinetics to be important. since 
the diametral strains measured at failure in the' tube burst 
experiments were about 100 percent, it appears unlikely that the 
Chernobyl-4 pins would have failed early in the power transient 
prior to fuel melting. 
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Figure 24. Fuel Pin Reaponse for Case 2 with Adiabactic Heating 

':,:, 

Once fuel begins to melt the available free volume inside the pin 
is rapidly consumed by the 10 percent increase in fuel volume and 
by the release of fission gas into coalescing bubbles. . The 
pressure inside' the pin increases to the point where any 
additional expansion must be accommodated by plastic deformation 
of the cladding. It has been our experience in FPIN2 
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calculations of numerous in-reactor fuel disruption exp~r~ments 
that if' the pin is modeled using multiple axial segment91 the 
volume, expansion of the fuel in all <;>f the axial segments is 
accommodated by rapid localized deformation' of t~~, hottest 
cladding. Cladding failure soon follows regardless of the 
failure" criterion. The onset of this unstable deformation .is 
indicat'ed . in -the present calculations by the peak in·, :tl)~, 9~yity 
pressur~ sh~wn in figure 24. The reactor power and:' energy 
deposi~ed in the fuel at the calcu~ated time of failurea~e ·gjven 
in tableS along 'with parameters 'Of interest;. tQ~' t;l)e -fuel 
disruption ca~cul,a.t:i.ons. Also provided in table, 5,' are 
simila'l:-' result's for the case 1 calculations where ':max~mum, heat 
transfer to the 'coolant was assumed. In both' cas,~s,,:, :the- ftiel 
melt fract'ions at failure were about 50 percent (57-63· ,per-cent) . 

. However, the' cavity pressures are much larger for tl)e Cas,e 1 
FPIN2calcuiations because the cladding is colder ii\t~ the , .. po~nt 
where unstable plastic deformation begins. ';","'.,,-

Table 5. 

FPIN2 - Calculated Pin Failure Conditions 

Case 1 
Maximum Heat 

Transfer 

,Time of Cladding Failure, s 
Reactor Power, MWt 
Energy Deposited in the 

Fuel Referenced to 298K, Jig 
Average Cladding Temperature, K 
Fuel Area Melt Fraction, Percent 
Average Temperature of Molten 

Fuel, K 
Liquid Fraction of Molten Fuel, 

Percent 
Cavity Pressure, Atmospheres 

6.2.2.4 Post Cladding Failure 

44.3 
139,000 

1316 
712 

63 

3143 

50 
870 

Case 2 
Minimum Heat 
Transfer 

44.2 
220,000 

1220 
1381 

57 

3139 

10 
110 

J t1f1 ,"/ "',.. 
./ t- i. .,', (" , ~ 

... " ~ 

Upon cladding failure the pressure within the fuel elements 
exceeds the channel pressure. Hence fuel material is ejected 
from, ,the pin into the channel according to this pressure 
differential. The'fuel ejection process typically persists for 
the Chernobyl-type gassy fuel since retained fission gas is 
continually released from the fuel matrix and the bubbles 
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coalesce into larger ones which expand and expell the fuel. This 
involves both molten fuel from the central core of the fuel and 
the surrounding unmelted fuel annulus. The expulsion and 
downstream axial motion of the fuel causes rapid ablation of the 
cladding at the breach site and also causes ablation in the 
downstream direction. Hence the initial breach size which may be 
only one or two cladding diameters in length can rapidly enlarge 
to encompass a sUbstantial fraction of. the pin length. This is 
illustrated in figure 25 which is a photo ~~ a failed irradiated 
fuel element from the H5 TOP test in TREAT. This· test sequence 
was programmed to terminate at the inception of cladding failure 
and therefore largely preserves the breach configuration. Within 
the initial breach shown in the upper photo, the central cavity 
from where molten fuel was ejected into the channel is visible. 
The surrounding unmel ted annulus, part of which was blown into 
the channel, is also visible. In the lower photo, the downstream 
ablation of additional cladding (rotated from the original 
breach) is also evident. Rapid extension of the failure zone is 
typically expected. It should also be noted that the ej ected 
molten fuel particularly from outer row pins may impinge on the 
zirconium-alloy channel wall. The combined transient heatup, 
ablation, and continued heat generation in plated out fuel have 
caused hot spots and channel wall failures in in-reactor tests, 
and this is also a potential failure mode of the Chernobyl-4 
channel walls. 

Although much of the fuel ejected from the pin into the coolant 
channel is liquid, a significant amount of solid fuel in the 
cavity has not absorbed the heat of fusion. The particle size of 
this material would be expected to be of the order of the grain 
size (-lO,;ll) because melting would first begin at the grain 
boundaries. The particle size of any fuel ejected from the solid 
ring next to the failure site would also probably be of the order 
of grain sizes because this matelJ.~al is likely :to have 
considerable grain boundary separation from gas release during 
the severe transient heating of the gassy fuel. 
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6.3 FUEL-COOLANT INTERACTION 

The EPIC computer code17 was used to calculate the fuel-coolant 
thermal interactions and the fuel and coolant motion using the 
fuel conditions predicted by FPIN2 at the cladding failure time 
of 44.2 seconds. The EPIC model is generally based on the 
physical picture that there is a molten fuel cavity in the pin; 
the cladding breach allows ej ection of mol ten fuel, unmel ted 
fuel, and fission gas into the coolant channel, liquid coolant is 
present flowing through the channel at the breach elevation, and 
that the fuel pin structure remains nominally intact during the 
time scale of the fuel-coolant interaction. EPIC models the fuel 
bundle as a single, representative pin with its associated 
coolant. The results of base case calculations plus parametric 
variations of key parameters are presented in this section. 

6.3.1 The EPIC Code 

EPIC, shown schematically in figure 26, performs a 
one-dimensional Eulerian calculation of the hydrodynamics inside 
a molten-fuel cavity in the fuel pin, coupled explicitly to a 
one-dimensional Eulerian calculation in the coolant channel by 
means of a fuel ejection model. This ejection model is used in 
the Eulerian cell or cells in the fuel pin which delineate the 
cladding failure length and in the corresponding Eulerian cell or 
cells in the coolant channel directly in front of the pin failure 
cells. EPIC uses a full donor cell spatial differencing scheme 
with cell-centered densities, pressures and temperatures, and 
with cell-edge velocities. A combination of explicit, 
semi-implicit, and fully-implicit differencing in time is used. 
An explicit calculation is done to predict end of time step 
values; these are then used to compute average values over the 
step. The average values are in turn used to compute updated 
end-of-time-step values. There is an option in the EPIC model to 
make the time differencing strictly explicit after a specified 
time point, as, for example, when conditions are no longer 
changing rapidly. However, velocities in both the pin and 
channel are computed implicitly in time. These are computed on 
each pass which is semi-implicit for the rest of the variables 
besides velocity, or when the calculation is fully explicit in 
time for the variables besides velocity. A simple incompressible 
liquid slug model using a pressure gradient across the slug to 
accelerate it is used for the single phase liquid above and below 
the interaction zone where there is fuel in the coolant channel. 
To a large extent, EPIC is a parametric code. Our lack of 
knowledge of the precise physical processes requires this 
approach, particularly when coupled to the uncertainties that 
exist during an accident. For example , initial cladding rip 
length and fuel particle size are specified as input. 
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,EPIC 'was originally written to analyze postulated accident 
conditions ,in Liquid ,Metal· Fast Breeder Reactors (LMFBRs). 
Therefore, the code had to be modified to be used for water, 
reactor conditions. This primarily consisted of changing sodium 
properties such as specific heat, density, and saturation 
pressure as a, function of coolant temperature to those 
appropriate for water. Also, considering that there were check 
valves at, the inlet headers and-t.aking into account the greater 
inertial constraints which exist below the location ,of pin 
failure 'than above, no coolant flow reversal was allowed during 
the 30-40 milliseconds of the EPIC calcUlation. 

6.3~2 EPIC Reference Conditions 

The reference conditions used 'in the calculations were .as 
follows: Only the 3.5 millimeter long fuel· element in the bottom 
of the core was assumed to fail, consistent with the RETRAN and 
FPIN results. The failure location extended from near the bottom 
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of ' this segment upwards. The reference breach length was 0.08 
mil'limeters, ,and a failure,' length of 0.70 millimeters was also, 
examined. A molten fuel cavity extending ,the, 3.5 millimeters 
length of pin was 'assumed, consistent with the flat axial power 
variation :(section 6.2) • The cross-sectional area of the molten­
fuel was assumed equal to 50 percent of the fuel area; all the" 
fuel in this area was at least undergoing melting at the failure' 
time according to FPIN. Also, a temperature of 3150K was assumed 
for all the fuel in the molten fuel cavity again based on FPIN,' 
which predicted very little temperature variation in this region. 
The pin pressure assumed initially at failure was 380 bar, a, 
va'lue 'roughly intermediate between the values predicted by FPIN 
cases: 1 and 2. 

, .. 
The ,,'amoul1:~ of free fission gas assumed in the cavity was 1.15 
times: 10 'gm f. g. /gm fuel which corresponds to 100 ,percent 
retention in the fuel of fission gas produced at l' atm percent 
burnup. The effect of smaller fission gas, retention was ,also 
examined.' The fragmented fuel droplet size assumed when fuel was,: 
ejected into the coolant channel was varied parametrically, using 
values of 10 millimeters, 100 millimeters, 300 millimeters, or 
600. millimeters radius. The heat transfer coefficient between 
fuel and, water is Klrv I where k is the fuel thermal conductivity,' 
and, r is the particle radius. In order to provide some 
perspective for these particle radius choices, the particle 
radius of 300 millimeters is the maximum stable droplet size, 
us'ing,a critical Weber number criterion of 12, based on a ,coolant 
velocity of 3.5 milliseconds. Both larger and smaller droplet 
sizes were also used in the calculations, however. Also, for the 
relevant gassy fuel conditions and severe heating, solid fuel is, 
predicted to fragment into grain sizes (-10 millimeters) due to 
microcracking during the transient. The effect of ejecting 
unmelted fuel with this very small size was also examined. An 
initial channel pressure of 68 atm was used in the calculations. 
Expansion of the FCI zone was allowed only in the upward 
direction due to check valves upstream and steam void downstream. 
The inertial constraint for upward acceleration was provided by 
the fuel/coolant mixture; this was represented in the calculation 
by an equivalent (collapsed) coolant mass of 5 millimeters 
effective length in the bundle. 

6.3:3 Description of EPIC Results 

Tables 6 and 7 summarize the six cases run with EPIC. Postponing 
discussion of case 6 for the moment, case 1 with the smallest 
particle size (100 millimeter radius) and therefore the most 
rapid and efficient heat transfer produced the highest FCI 
pressure in the channel (figure 27) and ejected the upper liquid 
slug the fastest- (figure 28). The mass of fuel ejected from the 
pin was less in case 1 because the channel pressurization reduced 
the pin-to-channel pressure differential (figure 29). Cases 2 
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and 3 vary in a predictable .fashion as the particle size was 
increased. However, the peak FCI.·pressure was nearly the same. 
for 300 millimeter particles as for 100 millimeter particles. 
In case .3, the heat transfer to the water was so inefficient due 
to the large particle size that the channel pressure. neve~ 
exceeded 87 bar despite much more fuel ejected than in the other 
cases (due to less back pressure in the coolant channel). Case 4: 
can be compared with case 2 to determine the effects of fission 
gas· retention in the fuel. With one-tenth the fission gas of 
case .. 2, case 4 ej ects far less fuel, produces much lower channel, 
pressures and accelerates the upper slug m'llch more slowly. 
Hence, the gassy nature of the Chernobyl-4 fuel increases the 
severity of the fuel fragmentation. Case 5 can be compared ·to· 
case 2 to determine the effect of a greatly increased breach 
length through which fuel may be. ejected. The result ismuch~ 
more fuel ejected much earlier, although the channel' 
pressurization cuts off fuel ejection later on. Case 6, which 
models the 'expulsion of micro-cracked fuel into the coolant, 
channel, has about the same amount of' fuel in the channel as. case·. 
1 but has a lower average interaction zone pressure because of, 
more fuel penetrating the upper liquid slug. This causes,. more 
cold 1 iquid to' be mixed into the interaction zone and i therefore,", 
a more rapid drop-off of pressure than in case 1 after 5-:-10. 
milliseconds. Much higher pressures immediately after pin 
failure produce the rapid acceleration of the upper slug seen: in, 
figure 27 but after about 15 milliseconds the velocity· 'is. 
relatively constant since the fuel in the vicinity of the upper" 
slug interface has mostly reached thermal equilibrium with the. 
water.' Table 7 summarizes results of the six cases. The best:: 
estimates of channel pressurization and slug ejection VE!locity 
were 1:40-150 atoms and 40-50 milliseconds, respectively. "'-, \ 
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Table 6. Results of Parametric Cases 

Case No. 
1 2 3 4 "S 6 

~ 
,;: 
-' 

Peak pressure 150 140 87 114 ~42 150 
attained (bar) 

Time peak pressure 20 27 ' 21 20 -30 2 
attained (ms) 

Total fuel ejected 125 150 " 200 36 150 112 
(gm/pin) - ' 

Time by which fuel 40 40 40 15 30 30 
ejected (ms) 

Coolant ejection SO 43 32 14 23 40 
vel oci ty at end 
of calculation (m/s) 

Table 7. Value~ of Parameters Varied ByCas~, 

Case No. Cladding Breach Particle Radius, Retained Fission 
Length, m \JIT\ "Gas 

1 0.08 "100 1.'is"x 10-3 

2 0.08 300 , LIS x 10-3 
" 

1.15 x 10-3 
3 O.O~ 600 

4 0.08 300 1.15 x 10-4 

5 0.70 300 
,,~. . -. 

LIS x 10-3 

6 ,0.08 10 LIS x 10-3 
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The channel pressures reported are the saturation pressures 
corresponding to the average coolant temperatures in the 
interaction zone. Peak pressures in the interaction zone 
attained approximately 150 atom. This is not a matter of 
coincidence since the EPIC model requires that the coolant remain 
at saturation. The specific heat of the liquid phase to which 
the fuel transfers heat approaches an infinite value near the 
critical point as the water/steam mixture follows the saturation 
line toward the critical temperature. When the saturation 
pressure attained is approximately 150 atom, the specific. heat 
rises to such a large value that a further rise in the 
temperature and pressure of the coolant becomes unlikely in this 
model. 

6.4 STRUCTURAL RESPONSE EVALUATION 

6.4.1 ALICE-II Analysis of Channel Pressurization 

To provide a systematic analysis, responses of the Chernobyl-4 
fuel-channel pressure tubes to three different FCI .cases 
calculated by EP~C (section 6.3) analyzed with the ALICE-II 
fluid-structure interaction code •. The ALICE-II code, Chernobyl-4 
model, and results of the analyses are presented here. The 
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analysis is used to evaluate likely failure modes and locations 
of the pressure tube piping systems leaded by the 
fuel-failure-induced energetic fuel-coolant interactions~ 

6.4.1.1 Description of ALICE-II Code 

The ALICE-II (18, 19) code was developed at Argonne National 
Laboratory for calculating the response of reactor structures in 
hypothetical core disruptive accidents. It is used to treat 
reactor vessels wi th complex internals such as internal thin 
shells, upper internal structures, perforated .plates, 
core-support structure, shield baffles, and deflector plates. 

The ALICE-II code uses a two-dimensional, hybrid 
Lagrangian-Eulerian finite-difference technique to calculate the 
compressible hydrodynamics and fluid-structure interactions, 
together with a purely Eulerian finite-difference approach to 
analyze the free-surface and material interface motions. 
Numerical calculations for the hydrodynamic solutions are 
separated into three phases. The first phase consists of an 
explicit Lagrangian calculation. The second phase, which is 
optional, contains an implicit iteration. The third phase, which 
is also optional, rezones the mesh vertices to prescribed 
positions. The structural response is computed by two nonlinear, 
elastic-plastic, finite-element modules formulated in 
corotational coordinates. The first employs two-dimensional, 
thins-hell and quadrilateral continuum elements to model the 
reactor vessel and axisymmetric elastic-plastic solids. The 
second module utilizes a three-dimensional pipe element ·.to 
calculate the response of the support columns that connect ~·the 
internal structure to the reactor vessel ,or head. All elements 
are capable of treating both material and geometric 
nonlinearities. .~~ 

The ALICE-II code has been validated against the SRI, rigid and 
flexi1?le verttT.I 21rxperiments and the SRI complex . ves$el. 
exper1ments. ' 

6.4.1.2 Pressure Tube Model -,' 

The fuel channel pressure tube was considered to be a thinshel1 
in the calculations. The tube has an inside diameter of 80 rom 
and a wall thickness of 4.0 mm. The top closure head is,locatee} 
6.5 m above the top of the core. It was modeled simply as a 
closed end of the . thin-walled tube. In the core tQetube 
material is a Zr2. 5 Nb alloy; above and below the core I in the 
regions .of the steel shield blocks, there are Zr-to-~~eel:: 
transitions. The tube was allowed to deform radially, unq~r: 
internal pressurization, without constraint. imposed by, the. 
graphite heat ·transfer rings or moderator blocks. At the ,top" 
the end. cap can move axially under impact loading. The int~r.nal. 
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hardware was omitted in the model. The presence of ' "internals 
would reduce somewhat the velocity of the water . slug. Thus 
strains in the wall near the closure head may be somewhat 
overestimated in the present 'analysis.:,,'· Details ,. of the 
con~iguration of the closure head region are not known. Failure 
of the tube wall may thus be conservative if, the actual weak 
point were in the closure itself. 

The' response of the pressure tube was ·analy·zed by a 
finite-element structural dynamic routine in which the tube wall 
was . discretized into 20 elements. "ThE( noniinear 
temperature-dependent elastic-plasti'c characteristic of the tube 
wall was simulated by several piece-wise straight l'ine segments'~ 
based on the material data at approximately 600K. More 
specifically, . for the Zr alloy, the stress (0) and strain (E.) 
relationship was approximated by four straight line' segments.. In 
the plane, the stress and strain corresponding to the:higher 
valued end point of each straight segment are: .' 

01 = 220 MPa f 1 = 0.28 percenti 

()2 = 292 MPa E 2 =' 1.92 percent, 

'di"',3 = 3'50 MPa E 3 = 6.93 percent, 

(f""'" '=' 418 MPa . ·4 £ 4 = 4 o percent . 

For ,the stainless st.eel, the' stress';"strain relationship was 
simulated by two straight line segments.' The corresponding 
h~gher valued end points are: 

\ 

11"":1.'= 129.7 MPa 

r 2 '= 453.3 MPa 

E 1 = 0.074 percent~ 

£ 2 = 28 percent. 

The stress and strain of the last end point represent the 
ultimate values of the material. ThUS, the ultimate stresses of 
the Zr alloy and steel are 418 and 453 MPa, respectively. The 
ul.timate strains of zircaloy and steel are 40 percent and 28 
percent, respectively. For convenience, both ultimate stresses 
and strains are used as the failure criteria. If the predicted 
stress and/or strain exceeds the respective' ultimate values, 
failure is assumed to occur. 

Due to the lack of available property information regarding the 
zirconium alloy and the stainless steel used in: the pressure tube 
(08Cr18Ni10Ti steel), properties of zircaloy arid stainless steel 
316 were used in the analysis. Since the stainless steel 316 may 
b-a stronger than the actual material used for the Chernobyl-4 
pressure tUbe, the' ALICE-II predicted stress and strain near the 
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closure head might .,be underestimated. It is believed that "the 
difference is small. 

,"> 

.;.. , 

6.4.1.3 Results of ALICE-II Analysis 

Three calculations were ,performed, corresponding to fuel particie 
diameters of 0.20, 0.60, and 1.20 rom, respectively. The FCI zone 
pressure and slug acceleration calculated by EPIC (section 6~3.3) 
were used. as the loading functi,on. In each of the three, cases 
studied, the numel:;'ical calculation was' terminated approximately 
a,t, 100 ms, at which time the maj or event due to slug impact was; 
$ssentially terminated. Also,at this time, ,the ,tube wall .has 
reached its dynamic equilibrium. 

To'. illustrate the analysis, results pertaining to reference Case 
2 " (fuel, particle' diameter = 0.60 mm, peak pressure = 14 MPa) 'are 
given here. Figure 30 shows the pressure history on .the closure 
head generated from the impact of the water slug. This pressure 
history is slightly oscillatory due to propagation of the 
incident compres'sion wave originating from the expanding 
interaction- zone and the waves reflected from the surrounding 
structures. The total force acting on the top closure head is 
presented in figure 31. It represents the sum of the forces in 
each of the hydrodynamic zones underneath the cover. The hoop 
stress of the tube wall near the closure head is given in figure 
32.' The maximum stress generated from the slug impact is about 
760 .,MP~, which exceeds the ultimate stress of 450 MPa. In figure 
33, which gives the corresponding hoop strain, it can be seer:t 
that the ma~imum strain is about 39 percen~, as compared. with the 
material ultimate' s,train of. 28 percent. This obviously would 
leC!.d' to . tube failure in the circumferential direction near 'the 
closure head. Pressure history 'near the outlet tube for the 
steam-water mixture is given in figure 34. This pressure pulse 
can·beused to analyze the response of the outlet tube system. 
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Figures 35 and 36 provide the radial displacements at· vessel 
nodes 2 and 5 in the vicinity of the FCI zone. The displacement 
'. ' • • Q; • 
of node 2 reaches a value of 0.015 cm ~mmed~ately follow~ng the 
interaction, whereas a slight time delay occurs at node 5, which 
is located away from the interaction zone. Since the 
displacements of these two tube nodes are very small and their 
strains are within the elastic range, tube failure caused solely 
by channel pressurization in th~ FCI region is not predicted. 
However, the possible effects of f.uel impingement on the wall 
could still cause thermal-induced failure. Axial stress ~t 
element 15 near ~he welded junction between stainless steel and 
Zr all'oy is given in figure 37. Again, the result!S reveal that 
during the early stages of exc~rsion, the stress generated frQm 
the inpident wave propagation of the interaction zone is small, 
thus leading to the elastic response of the element. However, at 
iater stages of the excursion, the axial stress gradually 
increasef!i due to the reflection of the strong pressure wave 
caused by the slug impact. Figure 38 further provides the 
pressure at the region of the diffusion weld. A strong pressure 
pulse created from the coolant impact is quite evident. .This 
loading I combined with the temperature transient calculated in 
the joint (see following section) suggests that the upper weld is 
also a likely failure location. 
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Results of the analyses indicate that: channel failure would occur 
for all three' cases, i.e •. , for fuel-particle diameters' of 0.20, 
O. 60, "and 1.· 2 0 . rom, respectively. However, the third case (fuel 
particle diameter = 1. 20 mm) 'represents a marginal failure case 
since the calculated maximum, strain of 34 ,percent is only about 
20 percent greater', than the material' ultimate strain of 28 
percent. S incethe ef·fect of the outlet tube and internals were 

;not considered in . the. analYsis, the predicted' strain, might be 
overestimated. It' was .·foundthat channel failure occurred near 
the closure head due: to s;J..ug impact hammer pressure owing to the 
FCl expansion .. Such failure not Qnly could lead to the missile 
generation of the . closure ' head and floor' slab, . but could also 
cause blowdown. of .' coolant' and possible ej ection.· .~f fuel and 
cladding material" into' the reactor building • Failure 'of the 
pressure tube· solely. due to the FCl 'pressurization was not 
indicated:,' al thoughlpcalfailures in the core region due to fuel 
impingement effects would .·.be anticipated. 

... 
6.4.2 Transient Heating of the Transition Welds . 

. r·' ", '. . . ' .; " 

The. heatup of the, upper 'transition we.ld region' of the pressure 
tubes during the'core steam: formation and v<;,fding transient ~~f 
predicted:with the INCIRT thermal hydraulics computer program( • 
previously devetoped at Argonne National . Laboratory. The code, 
was used to: perform. a m\llticell, ra¢lial, finite difference 
calculation of'thermal conduction within the 8 rom thick wall of 
the pressure; 1:.ubein. the transition region where the zirconium 
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alloy and steel segments are diffusion welded together. The 
model included the 9.5 mm thick graphite spacer ring 'surroundf£? 
the pressure tube, and the surrounding steel shield blocks. 
The pressure tube wall, spacer rings, and shield blocks were each 
nodalized with twenty numerical grid cells. Idealized perfect 
thermal contact was assumed between the pressure tube outer 
surface and the spacer rings as well as between the spacer rings 
and the shield blocks. Flow and temperature conditions of water 
and steam exiting from the core and flowing through the weld re­
gion were obtained frpm the results of the RETRAN calculation de­
scribed in section 6.2.1. During the heatup and voiding tran­
sient, the fluid flowing past the pressure tube inner surface in 
the weld region changes from all liquid water to a' two-phase 
water-steam mixture and finally to single-phase steam. The heat 
flux from the fluid to the pressure tube inner surface was 
determined using the Dittus-Boelter heat transfer . correlation. 
The thermal conductivity and viscosity employed in the evaluation 
of the heat transfer coefficient were specified using temperature 
and density dependent universal ASME expressions for water 
encompassing both liquid and vapor phases. ' 

The predicted temperatur~' averaged over.· the full. pressure tube 
thickness in the upper transition weld 'region is shown in figure 
39, together with the tempe~ature of the water and steam flowing 
thro1J,gh the· weld, regio]J. The weld average temperatur~ "7JS 
<;:al<;:ulate4·to rise by 55 degrees K between 43 •. 9, and 44 •. 9 s~conds. . 
~he" prec:iicted :he~tup rates over this in,terval thus correspond:.:to·,an 
av:erage· value of 55 degrees K/seconds' and attain a maximum,' of 
95 degrees K/seconds which exceeds by four orders. of magnitude 
the Sovie~·operational limitation oflOto 15 degrees K pel:;,hour. 
A~ a ·result: of .the indicated heatup rates, differential tllerIlla.1 
expansion of the dissimilar zirconium. alloy and steel ma~~fi~.ls 
might. be. ,.~lq~e:::ted. to . leadt9 .. f~iluK~ of t~e :p;t"e~~ur~'~ ~Yl?e 
bound~ryw·l;.:thl.r 1:.he., upper . t~ansl. tl.on r~gl.on! ",. .'. .',', - , ' . -. , - -. .... ~ 
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6.5 BEST ESTIMATE OF ACCIDENT EVENTS 

6.5.1' Noncoherence of Fuel Failures 

The approach described in section 2 for the fuel failure 
calculations was based on average channel conditions and uniform 
axial power, consistent with the Soviet core-wide average 
approach in calculating fuel failures, and necessitated by the 
current lack of information regarding suspected gross shifts in 
the axial power variation during the power excursion. Actually, 
there is variation in the power-:-to-flow among the mUltitude of 
process channels, and there is additionally axial power peaking. 
These two effects cause there' to be a time variation in the 
actual fuel failures in the channels, and correspondingly 
regarding the incremental void reactivity insertion. The effects 
of noncoherent failures were investigated in a set of scoping 
calculations using the EPIC code. . Results presented here are 
only illustrative of the physical processes; many of the details 
needed to make definitive calculations are not presently known. 
The reactor core was divided into 10 groups of equal numbers of' 
pressure channels which will hereafter be ,referred to as "channel 
groups." The Soviet calculations for the reactivity and power 
history of the reactor were used until fuel failure was 
calculated in the highest power channel. The Soviet reactivity 
history was used as input for a point kinetics calculation, and 
the neutron lifetime was adjusted to match the Russian power 
history up to this point. After this, the reactivity level at 
this time was used as the initial condition for the subsequent 
calculation when reactivity effects of fuel-failure-related 
coolant voiding plus the Doppler effect were calculated 
explicitly and used subsequently to determine the changing 
reactor power. From the time of first fuel failure, Doppler 
reactivity was calculated in all channels assuming adiabatic 
heating of the fuel. Coolant voiding reactivity was added 
according to a calculated ramp rate beginning in each channel as 
that channel failed. 

Tabie 8 summarizes the parameter values used. For the point 
kinetics parameters, the precursor data was presumed to be that 
for U-235 with adjustments in the group's to account for the fact 
that /fJ ef was taken to be 0.004'8" (since' there was probably a 
mixture Jf U-235 and Pu in the core). The lifetime was adjusted 
to fit portion~4of the Soviet calculation. The value arrived at 
was 7.75 x 10 seconds. Reactivity coefficients required for 
the point kinetics calculation consis~5d of the Doppler coeffi­
cient which was taken to be 1.2 x 10 6. k/k/AC (Soviet value) 
and the void reactivity coefficient for which there is a 
considerable amount of uncertainty among different best 
estimates. A constant value of 0.03 Ak/k/~o( was 'l!~ed. This 
value implies a residual void reactivity of 1.8 x 10 millik/k 
($3.75) at a void fraction of 40 percent which is the void 
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fraction at which the Soviet calculations indicate fuel failures. 
This residual value of $3.75 appears to be consistent with the 
void reactivity inserted during fuel. failure in the Soviet 
calculations. To weight these· reactivity coefficients on a 
channel-by-channel basis when incoherence is introduced, a 
parabolic radial power profile with a peaking factor of 1.43 was 
used. The normalized radial profile for the 10 channels is shown 
in table 9 ... In order to calculate .the rate of void· reactivity 
introduced after pin failure, an axial profile assuming a tent 
funct.ion wasus.ed with a peaking factor of 1.4. (An axial cosine 
distributed worth function was used as well with little change in 
results.) .. Then a simplified velocity versus time function was 
assumed (based upon EPIC mechanistic calculations) such that the 
remaining coolant in the core for a given channel after pi.n 
failure was expelled with. an initial velocity of 4· mls which. 
increased . linearly .to 40 mls by 45 msec after failure. and 
remained constant thereafter. 

Table 8. Neutronics Data 

~eff = 0.0048 

.J. -7.75 x 10-4 se~s 

Precu rsor Group X. s~c-l . 

1 0.0124 
2 0.0305 
3 0; 111 
4 0.301 
5 1.14 
6 3.01 

Doppl er a = 1.2 x 10-5- &'-/krC 

Void a = 3 x 10-2 Ak/k/6a 

. Axial peaking hctor "1.4 
Radial peaking factor • 1.43 
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0.033 
0.219 
0.196 
0.395 
0.115 
0.042 



"\,' Table, ~L Radial. Power Profile 
.' ) 

<I ••• 

" ~ 

.. Channel No. Power Factor 

1 0.143 " 

2 0.133 
3 0.124 
4 0.114 
5 0.104 
6 0.094 
7 0.085 
8 0.075 
9 0.066 

10 0.056 

The Doppler feedback was calculated as follows. At the time of 
first fuel failurein the highest power channel group, all changes 
were assigned an average enthalpy based on the radial power 
profile. The power history after first fuel failure determined 
the subsequent energy deposi tion according to the radial power 
shape, and the Doppler contribution for each channel was based on 
the temperature difference between the current time and that at 
first fuel failure. 

The calculation for the' 10 channel groups of the reactor 
proceeded as follows. 'First, as was stated above, the Soviet 
reactivity versus time function was assumed up to the time of the 
first fuel failure. Thi~ function was simplified and linerlized 
as shown in table 10 (zero time is 1:23:00). The time of first 
fuel failure was determined by assuming (based on FPIN 
calculations) that the failure occurred at an enthalpy 
corresponding to 50 percent fuel melt fraction at the peak axial 
location, 1286 JIg. with an axial peaking factor of 1.4, the 
corresponding average enthalpy of the peak channel was 919 JIg, 
and the average enthalpy of the average channel was 642 JIg. 
This enthalpy for' the average P~ in the whole core occurred at 
an integrated power of 138 x 10 MW seconds, which occurred at 
about 43.8 seconds in the soviet calculated power excursion (just 
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prior to the peak power). Therefore, at 43.8 seconds the first 
channel group is assumed to fail. ,Both the Doppler feedback from 
all channels and the void reactivity. feedback for channel 1 were 
calculated after 43.8 seconds and added ·tothe existing 
reactivity level at the time (0.00553). The pin failure times 
for all' channels are given in table 11. The void reactivity 
feedbacks for each channel group were added to the total. feedback 
beginning at the time, of each channel' sfailure. The resulting 
reactivity and power history versus time are shown in. figure 40. 
There is obviously a discontinuity at the point of first pin 
failure where the slope of the reactivity down since the power 
level is still relatively high. However,it is apparent that t~e 
calculated power transient is significantly different from that 
calculated using a coherent fuel failure model as in the Soviet 
analysis. . 

Table 10. Assumed Reactivity with Time 

Time (sec) React i vity (~/I:) . 

35. 0 
41. 0.00231 

42. 0.00357 

42.6 0.00504 
43,0 0.00714 

43.37 0.00987 

44.4 
' ~ \ 

-0.00052 

44.7 .-0.0022 
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Table 11. Pin Failure Times for ten Channels . , 

, Channel No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

q2 q3 

Failure Time (sec) 

43.800 
43.832 
43.865 

43.908 
43.955 

44.004 

44.047 

44.095 
44.141 
44.203 

qq 

Time, s 

qS 

Figure 40. Normalized Power and Reactivity vs. Time for 
10 Channel Case 
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It is apparent that the effect of introducing incoherency into 
the addition of the reactivity feedback produces a much milder 
transient since .the Doppler feedback can then mitigate, the 
voiding reactivity more . effectively. The 'average core 
temperature in the 10-channel case was 4825K. Table 12 shows 
average fuel temperatures and the corresponding fuel vapor 
pressures for each of the 10 channel groups. It is seen that 
half the fuel in the core has a vapor pressure high enough to 
produce significant material motion potentially contributing to 
the severity of the destructive events. 

Table 12. Final Temperatures and Fuel Vapor 
Pressures in Ten-Channel Case 

Channel No. 

1 

2 
3 

4 

5 

6 

7 

8 

9 

10 

trExtrapol ated val ues 

Average 
Temperature 

eK 

6764" 

6312. 
5906. 
5454. 

5.002. 
4551. 
4144. 

3693. 
3286. 

3138. 

Vapor Pressure 
at Average 
Temperature (MPa) 

>50.0-
>40.0· 
29.2· 
14.7-

6.3 

2.2 
0.7 

0.1 

In summary, the scoping calculation has illustrated the general 
trend expected when the fuel failures are spread out in . time 
according to relative power-to-flow amongs the various channels. 
Failures. in the lead, channels were predicted to occur at 43.8 s, 
before reaching peak power condition in the, Soviet calculated 
power excursion. Accounting for both the reactivity insertion of 
channel voiding as the channel groups failed progressively I as 
well as the fuel 'Doppler effect, the reactor power is calculated 
to escalate from the peak of the "first" burst directly into a 
larger event. Overall, the single, larger power excursion 
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calculated here is less severe in terms of peak power, energy 
deposition, fuel temperature, and fuel vapor pressur,e ,than the. 
double-peaked excursion calculated by the soviets. However, even 
in this calculation, the fuel vapor. pressure in., high-power. 
channels is predicted .. to significantly augment the destructive ,I 
event. The Soviet double-peaked power excursion is. seen; to be a 
consequence ofassdmed .coherent fuel failures. 

6.5.2 Fuel Failures 

An· unfortunate limitation of the present analysis has been the, 
unavailability of information pertaining to the .variation in the 
axial power profile during the power excursion. The axial power 
dis'tribution is of· major importance in. determining the initial 
fuel, failure. elevations in the channel during a. severe TOP. 
~ccident. From information furnished by the soviets, we know .. 
that at 1:·22:30 the shape was axially double-humped with' the 
larger peak in the, upper region. However, at the start of- the 
power excursion when the scram was initiated (1:23:40), there was 
positive reactivity insertion at the bottom region of the, core, 
and subsequently negative·reactivity was added to' some unkno!'ln 
extent in the upper region. The' overall effect of the scram· 
action is thought to have shifted the power peaking to the bottom 
region of the core during .the power excursion, although this has 
not been quantified. If this premise is qualitatively correct, 
the major energy. deposition in .the fuel would have occurred in 
th~ lowe~ region of the core initially, certainly in the lower 
set of fuel elements. The RETRAN thermal-hydraulics calculations 
(section 6.2.1) indicated that the cladding axial hotspot is also 
located in the bottom region of the core. Therefore, the 
cladding is already weakest and most likely to fail in that lower 
region. The combination of peak energy deposition anq cladding 
hotspot both occurring in the lower region of the core would make 
that the inevitabl'e origin of the initial fuel failures in the c­
hannel. Since there is still a sUbstantial presence of water' 
flowing up through this lower core region, fuel-coolant 
interaction events would 'be predicted as described· in section 
6.3. 

The FeI caus,;esa transient pressurization, including slug impact, 
pressure, which may cause failure of the channel with 
consequences described in the following section. In any event, 
the power excursion (figure 40) continues to cause energy 
deposition ·in the. fuel beyond the time of initial fuel .:failures, 
particularly for the high power channels. Once there is a loss' 
of intact fuel· geometry, phenomena in the channels become 
complex. The melting of.fuel and cladding progress and materials 
move in the channels driven by the forces of expanding fission 
gas, increasing' fuel· vapor. pressure, and the overall channel. 
pressure gradient .provided by the pump head, including the 
effects of high velocity steam flow. The flow direction remains 
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upward. Mol ten fuel and cladding materia,! typically contact. 
relatively cold, surfaces available such as,;,the· channel wall,; and· 
spacer grids. In doing so the' structural'· surfaces experierice 
transientheatup and possiblycause'melting at· the interface upon 
contact; . the wall will not remain a" viable pressure boundary for· 
very long under these conditions. The upper set'i of fuel elements . 
will eventually fail, releasing more fuel" into the- channel. 
Eventually the geometry becomes so disrupted that the molten 
material and debris largely bridge the channel passages,.,.,blocking 
the channel. In this extreme, the pump head is localized as a 
pressure' drop across the . accumulated 'materials. ,. The ,materials' 
tend to flow upward .under . such conditions, ',and it is.typically 
found in in-reactor· tests :that the mol ten core' :materials freeze, 
out' and cause plugging' in 'the colder'structure, region' above the 
top of'the active 'fuel. This cuts off upward 'gas· and vapor flow.-' 
By this - time, the channel wall has ,likely: failed by thermal 
attack.,; 'If the power excursion continued "beyond - this time'Cas 
for, lead channels) or if there were a' subsequen-t, power excursion 
with the channel largely plugged by frozen.debris; pressure would' 
build up in the channel, failing the channel. wall" in.' ·the' core 
region if ,that hasn't already,occurred, and ,causing blowdown ,into 
the graphite space. 

The above picture is based in part, on results of in-reactor TOP· 
tests.' There has' been 'no attempt to' quantify 'the processes: 
described, since events beyond the time, that, ·int.act' geometry, -was, 
lost are·regarded as highly uncertain. 

6.5.3 ·System structural Response 

In -previous sections there have been descr,iptions .of ' three" 
plausible failure mechanisms of the pressure, channels. The FCI 
channel pressurization is capable of, accelerating' the 'water/fuel ::. 
mixture above the ,interaction zone. Because of ·the . Chernobyl::-4 ' " 
pres'sure tube design for . online refueling . from . the, top.' ,'end 
closure, 'the water slug impacting the closure,' is predicted.,to, 
cause stress in the" channel 'wall immediately' below the' .. top." cap' 
which exceeds the material ultimate strength. This part of the 
Chernobyl-4 piping system has no containment whatsoever. If end 
caps ,failed in this manner, they, ,along with ,the overlying ,floor 
slabs, WOUld' be ejected 'upward directly into the' 'refueling" 
building. A "blowdown of high pressure steam upward into .. ~the 
building would ensue from failed channels which: may. explain· the" 
multiple shock sounds heard by the operators.'." ,It"is .likely that" 
fuel and cladding material would be ejected during the,blowdown,' 
including possibly the fuel assembly itselfi.:lt. is not known "for" 
certain that this type of failure' 'actually;, occurred. ,: The, 
recovery of physical evidence from among. the ·debris such as t.he ' 
top caps or large ' fuel, and.'cladding·seqments . hasi,not been· 
reported.,.,',,:· . 

. , . ~ ~~ 
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Failure. of the upper transition weld joints' are strongly 
suspected due' to the combined effects of channel pressurization 
and' transient heatup which far surpassed the design limitation. 
Failure of this weld j oint would have caused steam blowdown into­
the 'sealed reactor space. Since, the weld ' is located', in the:, 
region of the massive steel shield blocks (above and below the', 
graphite blocks) and since the steel blocks are attaf.P31d to the" 
underside of the massive reactor cover asSembly, it is 
unlikely that there would have been any significant compliance of 
the structure due to ,blowdowns in this region. Failures 'of the 
Zr-alloy pressure tubes are predicted in the core region owing to 
the transient heating -and ablation of the channel wall by' molten 
core materials. High channel pressure increases the severity of 
the loading although the channel would not be predicted to fail: 
by FCI pressurization alone. Failure of the channel wall in the 
core region would also cause blowdown into the sealed reactor' 
space. Specifically,the blowdown would occur' amongs the 
graphite heat transfer rings and graphite moderator, blocks. The 
compliance of these blocks to the blowdown forces is uncertain, 
as is the tightness of the packing. The blocks appear to be 
interlocked and prevented from any significant upward motion (at 
this stage) by the secured steel shield blocks. Hence the 
blowdown rate into this tightly packed region is uncertain. 

One matter is unmistakable about this accident. Channel failures 
did occur in the sealed reactor space, and this caused steam 
blowdown and subsequent overpressurization. Although this region 
is regarded as "contained," it has shortcomings in criteria of 
effective containment. The design overpressure. rating of the 
region is 0.18 MPa (26 psig) , the free volume is exceedingly 
small, and the provision for steam condensation (based on rupture 
of a single channel) was certainly inadequate for this accident. 
As a result of multiple channel failures, the steam pressure 
increased' in the se~led space and the vault failed 
catastrophically. The 1000 tonne' reactor cover assembly was 
lifted and tilted in the process of failing. In doing so it 
destroyed the pressure tube outlet piping which ran, horizontally 
above the cover. Hence', massive steam blowdown of the reactor 
system through nearly all the channels would"have ensued. It is 
likely that the channel piping separated at the weld joints or in 
the core so that the blowdown would have ·occurred. via the 
vault/graphite space. It is also likely that piping was ripped 
apart above the cover so that blowdown would also have occurred 
directly into the refueling building. If there had still been 
water in the core at this time, channel voiding would now have 
been complete. This would have been accompanied by insertion of 
any remaining void reactivity, literally as a step insertion. 

The abrupt release of stored energy when the cover failed plus 
continued blowdown into the graphite region caused an upward 
dispersal of materials from this region through the roof of the 
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refueling building. The ej ection consisted of a steam/water 
mixture, ,npmerous graphite moder~,torblocks, and fuel . ,and 
claddingdepris., Figure 41 shows a picture of the cover and the 
core region after the accident. It was reported that ,about, 25 
percent· of" the graphite was ej ected from the vault. This would 
have included blocks from the topmost layer which are largely 
reflectors above the top of the core (at lower temperature than 
the blocks below) plus additional blocks from the upper part of 
the core region. There is no report that steel shield· blocks 
fastened to the, underside of the cover on a length of piping were 
also ejected. It was reported that the mass of fuel ejected 
amounted to 3-4 percent, of the total. Following the blowdown, 
air eventually entered the vault region permitting the subsequent 
graphite fire. 

When the reactor cover was lifted and tilted during' strllctural 
failure, control rod structural members which are attached to the 
cover were, also. lifted. We know that certain. ,of the rod drives 
had been disengaged in an attempt to drop the rods by gravity 
into the core, but the rods were still attached by cable to the 
structure.. Depending on details of the attachments and actual 
rod positions at this stage of the accident, it may be speculated 
that upward motion of the control structures attached to the 
cover may have had some influence to withdraw rods. At the 
elevated' initial temperature of the fuel, an ensuing rod-ejection 
power excursion could have particularly high energetics potential 
if high fuel vapor pressure is reached. 

6.5.4 Explosions 

It was reported that two explosions were heard, separated by a 
,time interval of 2 or 3 seconds. One event which can be clearly 
established. to cause an "explosion" was the catastrophic breach 
of the sealed reactor vault and the ensuing release of stored 
energy'and core materials. The origin of another explosion-type 
sound is not so clear. Based on the present· analysis it CQuld 
have been attributable to the near simUltaneous failures of top 
end caps involving high power channels owing to the FeI 
energetics. This would have led to high-pressure steam blowdown 
from numerous channels which would have caused an initial 
explosion-like sound. (The blowdown sound would have persisted, 
especially to individuals inside the building.) Both the end cap 
failures and, the vault failure would have been accompanied 'by 
upward-directed' missiles. Other possibilities include a 
secondary power excursion, if lifting the vault cover did in fact 
pull control rods. 
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6.5.5 Fireworks 

The explosion (s) were reported to have caused burning lumps of 
material and sparks to shoot into the air above the reactor, some 
of which fell onto roofs and started fires. Tests were performed 
to examine whether the ej ection of the graphite blocks could 
account for the "fireworks" observed above the plant at the time 
of the explosions. Graphite specimens were heated to 700, 800, 
and 900 degrees C to observe their luminescence and their 
behavior when ,a, high velocity jet of air was directed onto them. 
In one case the graphi te was a solid block of 'reactor-grade 
materials of about the same density as used at Chernobyl-4; in 
the second case 'the block was crushed into chunks of 1, cm' 
characteristic size.' At-700 degrees C the graphite had become 
slightly 'lU:minescept,but'both the 'block and chunks'were,quickly 
"quenched'lI ,,;,by,::, tJ::le ;air,,'-jet~, Tbe luminescence ,increa~ed at 

~, ," ~ • " ' •. , • -' ,', Y • r -.', ..' ' .• 

800 degree~;,:p":, bM:t;,':th,e,~ ;-,esul t ' was, the, same when ',the' ,al.r, Jet was 
applied. At,: 90Cl'degrees' 'c ,the graphite was brightly luminescent 
and slowly purnedwith application: of the air jet. Thegraphite 
at Chernobyl-4 was reported to' be 700 degrees C during normal 
operation . Due ,to the: ,low, power'i' overcooled 'coridi tions ,of the 
test, the graphite may ",have been ,at, eVen lo_wer tempez.:a:ture. The 
0.5 m of graphi te In :th'e upper,' axial'·' reflect:or was';,',at lower 
temperature 'a:n;a: 'WOUld h:aye,;been,' a,mong the ,f:irs\" ':'bl()cks ej ected 
from the vau:L~" Fiver)"percent 'energydepositiQri"ip:r :the graphite 
during the f1r~t Soyiet-' calcltlatei:i p6wer;bur,s1;::~would' have raised 
the graphite,'temperature~by less' thari iOdegreesf,C". \ Hence, based 
on the test', "i'esults, it is unclear that the 'graphite alone could 
have accounted for the observed'fireworks. ,Vi(i!ws'ofthe graphite 
debris show' large chunk,S lying closely 'together:cm" the reactor 
building roof in regions where there was no fire.t Elsewhere, 
however, fir.es ,were stc;trt'ed., ~"While this may", b~ ,expla'ined by the 
temperature differerices,':' of the blocks, ,'there',"~~:is also the 
suspicion that other ,reactive materials may~.'ha:ve been ejected. 
In particula~',.' upwarci "ejection, of fuel ang', ,chidding!" segments 
would have be,Em'brig~h:fly' ,luminescent due: t~, their very high 
initial temperature,)~pd "tapid, oxidation ,in a'ir.;', 'Such segments 
may have been·eje,ct.'ed,when ,the vault failed,. but .large segments 
capable 6f sta:r.:tirig: fi,l='es ,;coq'ld well. have j:::Q~e from the channels, 
supporting the 'l·lotioI1;:~th~:t. top en~' caps~fl,Y', hav,e be~n blown off 
some of the channel,S arid 'f,ue,l al)d, cladding: ~j.~c:!-el:i upward •. 
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APPENDIX A 

ANALYSES PERFORMED PRIOR TO THE VIENNA CHERNOBYL-4 
POST ACCIDENT REVIEW MEETING IN AUGUST 1986 
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PRELIMINARY ANALYSIS OF CHERNOBYL POWER EXCURSION EVENT 

BEGINNING q/26/86 AT 1:23:04 A.M. 

GREGORY J. VAN TUYLE 

DEPARTMENT OF NUCLEAR ENERGY 

BROOKHAVEN NATIONAL LABORATORY 

AUGUST 21, 1986 

MINET 

FLEXIBLE THERMAL-HYDRAULIC SYSTEMS COUE USED FOR LWR, 
LMR. HTGR SYSTEMS 

MODULAR CODE - USER CONSTRUCTS REPRESENTATION FROM BASIC 
MODULES, SPECIFYING OPTIONS FOR EACH 

TWO PHASE FLOW BY HEM OR DRIFT 

REACTOR MOUEl HAS MANY OPTIONS 

1 of 16 

• CHERNOBYl MODEL: 
- REACTOR - POINT KINETICS. 4 AXIAL NODES. 1 RADIAL FUEL 

NODE. GRAPHITE NEGLECTED 
- HEM USED (DRIFT FLUX IN RESERVE) 
- PUMPS, PIPING, SEPARATORS STANDARD 

3 of 16 

• 

• 

INTRODUCTION 

• IN MAY. USED MINEI TO SIMULATE STATION BLACKOUT 

• AFTER O'HARE MEETING. BEGAN TO LOOK AT REACTIVITY 
JRANSIENTS FROM 7% POWER 

• ON TUESDAY, 8/19/86. RECEIVED TRANSLATION OF RUSSIAN 
DOCUMENTATION OF ACCIDENT FOR IAEA 

• SIMULATION OF ESSENTIAL FINAL MINUTE OF ACCIDENT BASED 
ON REPORT AND BEST ESTIMATES 

• CAN IDENTIFY ESSENTIAL BOUNDARY CONDITIONS - KEY 
QUESTIONS FOR VIENNA 

ACCIDENT DESCRIPTION 

FROM 7% POWER AND HI6H FLOW (8 PUMPS ON). q PUMPS BEGAN 
COASTDOWN. CAUSING POWER EXCURSION 

- VARIOUS SAFETY SYSTEMS DEfEATED BY OPERATORS 

- OPERATOR DEPARTED FROM PLANNED EXPERIMENT 

- UNCERTAINTY IN FEEDWATER AND STEAM FLOWS: 
•• FEEDWATER PROBABLY lOW 
•• STEAM FLOW PROBABLY UNKNOWN 

- UNCERTAINTY IN PUMP COASTDOWN RATE 

APPROXIMATELY lS SECONDS AFTER PUMPS BEGAN COASTDOWN, 
VERY SEVERE CONDITIONS DEVELOPED 

2 of 16 
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ESTIMATEU INITIAL CONDITIONS 

• REACTOR GENERATING 200 MWT 

• FEED AND STEAM FLOW APPROXIMATELY 100 KG/SEC 

• HIGH FLOW THROUGH REACTOR - 12.000 KG/SEC 

• DRUM LEVEL HIGH - ASSUME 0.6 RELATIVE 

• 8 PUMPS ADDING 1.2 MWT HEAT EACH 

• ESTI"ATE BACK PRESSURE AT 6.5 ftPA 

60f 16 

MINET Analysis of Chernobyl Power Excursion of 4/26/86 . 
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, KEY UNCERTAINTIES 

HOII ESTI,MTED fOR 
PARAftETER I"PORTANtE THIS ANALYSIS 

STEM flOW RATE HIGH 71 POWER PRODUCTION 

FORK lOSS fACTORS ftEDlUft BACKFIT FROK FLOW RATE 

FEEDBACK COEFS HIGH 'FULL POWER VALUES 

PtlKPCOASTDOWN HIGH 1001 TO 651 IN 30 

FEEDIIATER FLOW LOll ' 7'1 POIIER + TRIP. 2 

SUftftARY 

• MINET ANALYSIS REVEALS LARGE UNCERTAINTIES IN ESSENTIAL 
-BOUNDARY CONDlTIOllS --- I1UST BE RESOLVED BEFORE ADDING 
DETAIL 

• FEEDBACK PARAMETERS UNDER 71 POWER AND 12,000 KG/SEC 

FLOW NOT WELL KNOIIN - NEED TO CALCULATE (OR ACQUIRE?) 

• REFINED BOUNDARY CONDITIONS MAy •••• 
- LEAD TO UNDERPREDICTIONS FRQft SIMPLE ANALYSIS 

- FORCE AND FACILITATE USE OF RAMONA TO SlftUlATE TRUE 
TRAttSIENT 
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NOTE: 

MODELING THE CHERNOBYL SYSTEM 

In order to perform an initial analysis of the Chernobyl acccident scenar­
i 0, we,ut il i zed the MINET Code, a highly modular thermal-hydraulic systems 
transient analysis program. The reactor was modeled using point kinetics, ~nd 
a flat power profile. System design details were estimated as best as possi­
bl e. 

The computer simulation was initialized to correspond to conditions in the 
plant at the time the turbine generator coastdown was begun. It was assumed' 
that the water level in the separators was 0.6 relative, and the pressure i~ 
the separators was 6.5 MPa (from the Soviet briefing report). 

In developing boundary conditions for the transient calculations,we 
assumed that the feedwater was reduced by 50% in the first 30 seconds (two.:of 
four pumps coasting down), that the steam flow was maintained at 7% of ftill 
power (i.e •• 100'kg/sec), and that the four affected primary pumps coast down 
to. 65% speed in 30 seconds (1ower speeds are not important). Feedwater tem­
perature was held constant. Control and/or scram rod movements were neglect­
~d. 

THE TEST TRANSIENT 

At 1: 23:04 AM, the operators closed off steam to one of the turbines , 
thereby causing a reduction in the power being used to· drive several ·of the 
pumps in the system. This caused a slow reduction in flow rate (value of core 
outlet is plotted) in the core. As the flow decreased, more water was con­
verted to steam (as opposed to being heated to the boil ingpoint), and the 
'Void fraction increased. This added reactivity to the core, so the power in­
creased as shown. There were two compensating effects. First, as the power 
increased, the pressure. increased, whi ch suppresseq some of the voiding (but 
obvi ously not enough). Second, the fuel got hotter wh.i ch tends to decrease 
the reactivity ("Doppl er"). Un fortunately, the fuel heat up 1 ags the voiding, 
so its negative reactivity contribution ("Doppler") is too late to prevent the 
large, power excursion. The plotted power peak is .low by a factor of four 
(approximate) because of the way it was cal cul ated (composite of prompt-jump 
in systems calculations plus exact stand-alone calculation). (This problem 
was corrected in 9/86 by adding exact solution to MINET.) 
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INITIAL SIMULATION OF THE APRIL 26. 1986 
ACCIDENT AT CHERNOBYL-q 

S. J. BALL 
R. M. HARRINGTON' 

Instrumentation and Controls Division 
Oak Ridge National Laboratory 

A SIMPLIFIED MODELING APPROACH WAS USED 

NO SEVERE FUEL DAMAGE 

6 GROUP POINT KINETICS 

ONE FUEL NODE - NO DNBR CALCULATION 

COOLANT DENSITY PROFILE FOR ONE AVERAGE CHANNEL 

MASS. ENERGY BALANCES FOR STEAM DRUM LIQUID 

1 of 8 

MASS. E:~ERGY BALANCES FOR STEAM LINE/STEAM DRUM STEAM 

--- STEAM TABLE LOOK-UP.TO DETERMINE PRESSURE 

CRITICAL FLOW THROUGH STEAM RELIEF ORIFICES 

3 of 8 

• 

• 

INITIAL SIMULATION OF THE APRIL 26 
ACCIDENT SEQUENCE IS COMPLETE 

QUICK RESULTS POSSIBLE BECAUSE: 

- USE OF SIMULATION LANGUAGE 

- USE OF EXISTING PROGRAM ROUTINES 

FROM NRC SPONSORED BWR SEVERE ACCIDENT SEQUENCE 

A~SESSMENT RESEARCH 

PARAMETERIZED ON SHAPE. MAGNITUDE OF VOID FEEDBACK. M;D 
ON INITIAL CORE INLET SUBCOOLING 

THE PRELIMINARY RESULTS SUBSTANTIATE THE PLAUSIBILITY 
OF RECENTLY RELEASED RUSSIAN INFORMATION 

INITIAL CONOITIONS FOR ORNL RUNS 

POIYER = 7\ OF llqO MW 

CORE FLOW = 112\ 

STEAM ORUM PRESSURE' = 9q2 PSIA 

STEAM ORUM LEVEL .. 100\ 

SUBCOOLING. STM ORUM = I .BTU/LB 

INITIAL STEAM PROOUCTION = IIg LB/S 

INITIAL CORE AVG. VOID = 1.6\ 

BOUNDARY CONDITIONS 

CORE INLET FLOW: OECREASES TO 70\ OVER 20 SEC·ONOS 

TURBINE/BYPASS SYS: CONSTANT o"RIFICE OPENING 

NO CONTROL ROO MOTION 

'COOLANT IN FUEL CHANNELS IS ASSUMEO TO DE lS PSI HIGHER. 
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RESULTS: COOLANT SUBCOOLING' SENSITIVITY 

5 of 8 

INITIAL SUBCOOLING PEAK PROMPT TIME OF PEAK MINIMUM PERIOD 
IBTUILBI POWER IMWI PowER 151 151 

55,000 21.5 0.~6 

5 60,Q50 25.0 0,.2 

10 59,150 31.5 o.~q 

20 1)1,000 50.0 0.)9 

40 59,000 91.0 O. ~) 

60 59.800 In.5 fl. )9 

SUBCOOLING SPECIFIED IN STF'l..M DRUM 

7 of· 8 

RESULTS: VOID FEEDBACK SENSITIVITY 

CASE NO.' PEAK PRI)MPT 
POWER IMWI 

TIME OF PEAK 
POWER 151 

MINIMUM PERIOD 
IS) 

NOTE: FOR CASES r~5 VOID COEFF DEPENDS ON COOL/VH DENSITY 

55,000 21.5 0.Q6 

38,650 26.0 0.67 

1 lQ,.460 '3200 1.01 

4 \1,963 41.0 1.99 

5 7,065 lIa.5 3.25 

NOTE: FOR CASES 6-8 VOID COEFF IS CONSTANT WITH COOLM:T DE~,SITY 

r. 31.100 4S .S 1.06 

7 8.130 91 S.13 

8 2.730 221 4L2 

FOR VOID FEEDBACK CURVE. SEE FIGURE 1 

CONCLUSIONS 

• RUSSIAN EXPLANATION OF ACCIDENT AS SEVERE POWER SPIKE IS 

PLAUSIBLE 

• STRONG POSITIVE VOID FEEDBACK CAN CAUSE SEVERE TRA:~SIEtlT 

OVERPOWER 

- SHAPE OF VOID COEFFICIENT VS DENSITY IS IMPORTANT 

6 or 8 

• LIMITING MAXIMUM VOID REACTIVITY TO LESS THAN ONE DOLLAR OF 

REACTIVITY WOULD:' 

- DI;CREASE PROMPT POwER BY FACTOR OF", 10 

- INCREASE MINIMU~ PERIOD BY FACTOR OF,.... 6 

- MAKE MITICATION BY CONTROL ROD INSERTION MORE FEASIBLE 

8 of 8 





APPENDIX B 

THE CHERNOBYL-4 ACCIDENT ANALYSES WORKSHOP 
HELD ON SEPTEMBER 16, 1986 

\ 
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ORNL ANALYSES OF THE 
CHERNOBYL - 4 ACCIDENT 

R. M. HARRINGTON 

S. J. BALL K 

INSTRUMENTATION AND CONTROLS DIVISION 
OAK RIDGE NATIONAL LABORATORY 

SEPTEMBER 16, 1986 
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ORNL'S C R A S - 1 CODE 
WAS DEVELOPED IN ABOUT 2 WEEKS 

(CHERNOBYL REACTOR ACCIDENT SIMULATOR-i) 

• USED.SIMULATION LANGUAGE (CSMP) 
• USED EXISTING MODULAR ROUTINES FROM 

NRC-SPONSORED SAFETY RESEARCH 
PROGRAMS 

• USED USSR & PNL-DERIVED INPUT DATA 
FOR SIMPLIFIED PRIMARY SYSTEM MODEL 

• SENSITIVITY STUDIES WERE RUN TO: 
SHOW EFFECTS OF UNCERTAINTIES IN 

MODEL 
SHOW EFFECTS OF VARYING INITIAL 

CONDITIONS AND INITIATORS 2 of 11 



A SIMPLIFIED MODELING APPROACH WAS USED 

• NO SEVERE FUEL DAMAGE 

• 6 GROU~ POINT KINETICS 

• ONE FUEL NODE - NO DNBR CALCULATION 

• COOLANT DENSITY PROFILE FOR ONE AVERAGE CHANNEL 

• MASS, ENERGY BALANCES FOR STEAM DRUM LIQUID 

• MASS, ENERGY BALANCES FOR STEAM LINE/STEAM DRUM STEAM 

--- STEAM TABLE LOOK-UP TO DETERMINE PRESSURE 

• CRITICAL FLOW THROUGH STEAM REUEF ORIFICES 

1.0 

\010 
flWlllII 

O.s 

o 
o 

VOID FRACTION VS FLOW DUALITY t990 PSIA) 

0.5 

cu...m ClISIMr) 

3 of 1l. 

1.0 

5 of 11 

. SEVERAL IMPORTANT DANGEROUS FEATURES 
OF ACCIDENT'S INIJIAL CONDITIONS: 

• HIGH FLO .... (1121.) AND Lo ... POWER- (71.) 
GAVE Low QUALITY & Low VOID FRACTION: 

- LARGE- +REACTIVITY "AVAILABL.E" 
FROM MASSIVE VOIDING 

- STEEP SLOPE OF VOID/QUAL.ITY CURVE 
LEADS TO RAPID. INITIAL. INSERTION 

• Low "CORE REACTIVITY" LED TO MOST 
RODS BEING ApPROX. FULLY WITHDRAWN, 
INEFFECTIVE EARL.Y IN SCRAM 

(ApPROX. 20 SEC. FULL TRAVEL) 

- HIGH XeNON POISON FROM POWER 
MANEUVERS 

- Low INITIAL. VOID 
FRACTION. GIVES Low REACTIVITY 

'4 of 11 
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\REFERENCE CASEI 

• PNL VOID. COEFF FOR 10.3 MHD/KG FUEL. 

• RECIRC FLOH DECREASES BY 20% IN 30 SEC 

• BETA-ToTAL • O.OO~ 

• DRYOUT H·FOR Hl~H U40X) THERMAL POHER 

• TURBINE/BvPASS.SVSTEM - CONSTANT 
ORIFICE OPENINGS 

• No CONTROL ROD MOTION 

INITIAL CONDITIONS - REFERENeE CASE 

• POHER • 7X OF 3140 MH 

• CORE FLOM - 112X 

• STEAM DRUM PRESSUREM - 942 PSIA 

• STEAM DRUM LEVEL ~ 100 X 

• STEAM PRODUCTION- 277 LB/S 

• CORE Ave. VOID • 1.ax 

7 of 11 

---~----------~~---
MCOOLA~T IN FUEL CHANNELS IS ASSUMED 

TO BE 2~ PSI HIGHER 
9 of 11 

:.t 

Col cuI olad RBMK Va I d_C!:lefln.:~cilil~o~l======== 
f.or--G-'tI.u-U~235-:-Ft1a I' 

US
1 

6,1lC 

D,m 

OIIJl~ 

~-o.1Jl 
4D 
8-0.03 
'0 -0.04 

g·O.rli 

IiwOJlttV 

~':I . , . . . . , , =:=---J 
• 0.0 0.1 O.t 0,3 U 0.5 O.D 0.1 0.8 0.9 1.0 

Void Fraction 

F"...... J • .., M, /r...VYc C 
,Il,n .. I\ht>/,., 

SENSITIVITY STUDIES RUN ON: 

• VOID COEFFICIENT OF REACTIVITY 

• BETA-ToTAL 

• CORE INLET SUBCOOLING 

• INITIAL POWER LEVEL 

e· CHANNEL DRYOUT HEAT XFR COEFF 

e RECIRC FLOW DECREASE 

e PRESSURE RELIEF 

8 .of 11 

e CHANNEL CHARACTERISTIC TIME CONSTANT 
10 of 11 



• 

KH MAJOR CONCLUSIONS KM 

USING SIMPLE PRIMARY SYSTEM ,MODEL , 
W/VARIETY OF PLANT PARAMETERS '& ' 
INITIATORS - USSR SCENARIO IS 
APPROX. REPRODUCED. 

./ 

• POINT KINETICS MODEL NON-CONSERVATIVE 
,'FOR LARGE THERMAL CORE. 

• USSR ACCOUNT (CRITICA~ OF OPERATORS 
AND DESIGN) IS PROBABLY ACCURATE. 

Reactor Physics Parameters 

• Effect of Fuel Enrichment 

• ' Reactivity Coefficients 
• Fuel Temperature 
- Graphite Temperaturc;t 
- Coolant Temperature 
- Coolant Void 

• Reactor, Kinetic Parameters 

PacifIC Northwas' lab",a'",., 

11 of 11 

2 of 7 

Pacific Northwest Laboratory 

Chernobyl Modeling 
Activities 

1 of 7 

Benchmarking and Validation 

• Soviet Literature 

_ Experimental Results from Leningrad 
RBr,IIK's 

- Mock-up Facilities 

- Calculations 

• Independent Calculational Tools 

.. , .:, ~,,; 

3 of 7 



,-;:. 

Delayed Neutron Fraction 

Fuel Enrichment 

,~. Exposure, ' 2.0% 2.4% 

, '0.0 '0.0065 0.0065 

10.3 0.0048 

Pacllie Nonh_stlaborato,y 

Calculated RBMK Void Coefficient for 2 wt%235UFuel 

,0.04 
: .--: ~ ::, 

ts 
<3 0.02 
"-
~ 

.~ " 

~ 
.!. -;". 

"U 

5: 8 -0.02 

... .. ..,.. 6:1GWDiMt~: ,. DP'" ?:, :.1:; :',' 

0 
:! 
~ -0.04 

.. ~:;, I ,+, '., p ;_, ," 1. .... ;L,~,," 

~.,.,!1 
-0.06t 

'0 0.2·" . '0.4 0:6: ) ; , " 0.8 

" ~-? : ;-'Void'Fractlon, a:' , : l~ ,;; 

Pacific North_It Laboratory 

.~ T 
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~ 
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Temperature Coefficients 

Fuel Coefficient Graphite Coefliclent 
Exposure. Calculated " Reported Celculated Reported 

0.0 -1.3x10-5/oC -0.1x10-'/oC 

1013 ' ·...:.1 .2x10-s,oC' ::-,1 .2x10~~I.°C '+3.6x10-'/oC +6.0x10-s/ oC 

:'1;' 

", 
-\-' ?,' 

,.' 

Pacific ~orthw~s.t ~aboratory 

K"" 

1,38 

1.36 

'.34 

1.32 

'.30 

1.28 

I": v_\ 

1.26 

'.24 
,,:,.1" ; 

1,22 

: 7" 

1.20 I I I I 
1.5 2.0 2.5 3,0 

Wt% 23'U 

Pacific Northw •• t laboratory 
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"INET 

GUEULIlED !IODUUI snT(IIS WDE DEYELOPED BY ,NL 
fOR .ac 

REACTOR lIDOUlE 

POINT KINEtICS 

SIX GROUP II£LAY£D IItUIROMS 

PRDlIPT JUII' TO 50 (EHTS 

ElAtT SOLUTIOn ABOyr SO CENTS 

SINGLE CHAMNEl (~ ~IAl NODES fOR (REINOBYt) 

RADIAL cONDUCTION 11 RADIAL NODE FOR CRElMOBYL) 

STANDARD IIINET lIDDUlES USED FOR PUlIPS, PIPES, DRunS 

USC Of fl6UR( ~ 

wxt .fA!!A!!.W'.R JWlLlIrul1. 
A POWER COli PARED 
11 REACTIVITT COIIPARED 
C SD PR[sSURE CUIIPAREO 

0 POIItR COIIPARED 
E 11005 AP-l 'REACTIVITY BOUDDARY CONDITION 
(; RODS AP-2 1I£6lEClED 
N RODS 1.1'-3 NEGLECTED 
K CURE FlOll CunPARED 
l AI FLOII "FlOV BaUHDAftY COHOITIOU 
/I TGIS FlOV HOT USED 
H FUEL tEIIP COnPAlED 
0 STUll FlOII "FLOW BOUNDARY COUDIlION 
p OUTLET VIlID CDlIPAREO 
S SO lEVEL 'INITIAL COnDITION + COIIPAUD 

'USED AS I.PUT FOR IIIHEl CALCULATIONS 
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MINET Analysis of 

Chernobyl Power Excursion 
014/26/86 
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COMelUS IOMS 

BROAD AGREEIIERT IN AIIALYSIS SbPPORTS SOVIU 
aPlAHATlON . 

IIItH CURRENT VOID COEfFICIENT. tORE VIDE POIIER PEAK 
IlAAGINAllY LARGE EHOUGH fOR SEVERE OA/IAGE. IlAY 
NEED RAIIONA tALCUI AHONS TO 1l0ERIIINE LOCAL PEAKS 

IlANY' IIYSTER I (S HOII RESOL YEO. SOlIE AE"A I N -
SUCH AS NORT liS Of AP- 2 AND AP-3 

OUTLlNt 
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SUMMARY 

This report addresses whether an accident of the Chernobyl type 
could occur in a nuclear power reactor in the United states. The 
best estimate of the sequence of events at Chernobyl-4, after 
studying the report released by the U. s. S. R., is that while 
testing the performance of new electrical equipment under 
turbogenerator rundown conditions, during which most of the 
safety systems had been rendered inoperable, the reactor coolant 
flow reduction caused coolant heatup and increasing steam bubble 
formation in the core. The Chernobyl-4 reactor design has a 
positive void coefficient of reactivity which under normal 
circumstances is automatically compensated by control rod motion. 
Under the conditions of this test, the compensation was 
inadequate and the increasing steam formation led to a worsening 
reactivity insertion which resulted in a severe power excursion 
which destroyed the reactor. 

Specifically, the question which this report addresses is whether 
a reactor in the U. S., subjected to a loss of flow or loss of 

'coolant accident (with the equivalent safety systems disabled, 
however improbable that might be) would experience a power 
excursion of the type that happened at Chernobyl-4. The results 
of our investigation indicate that while reactors in the U.S. may 
be damaged they would not experience a severe power excursion as 
happened at Chernobyl-4. The basic reason is that all U. S. 
reactors are designed to be "undermoderated, II and as a result a 
decrease in coolant density (as caused by temperature rise pr 
steam formation) produces the equivalent of a poisoning effect 
(negative reactivity) which causes the reactor power to decrease. 
The reactor inherently shuts itself down under these conditions. 

Severe accidents to U.S. reactors have been postulated as part of 
extensive studies of reactor risk, beginning with the Reactor 
Safety Study (WASH 1400), and these studies of reactor risk are 
constantly being updated as new information becomes available. 
As part of these risk studies, accident sequences which postulate 
power excursions have been'. studied. Because of the 
characteristics of U.S. reactors, these accidents cannot follow 
the type of accident sequence which occurred at Chernobyl-4. 
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1. Introduction 

The purpose of this report is to address the power behavior of a 
u.s. reactor when subjected to increased coolant void fraction in 
the cQre, whether by coolant flow reduction or by loss of coolant 
inventory (LOCA) , with the reactor emergency protection' (scram) 
systems disabled, .as improbable as that may be. 

, 
Chapter 2 contains a summary description of the accident at 
Chernobyl-4 including a description of RBMK design features which 
contributed to the severity of the consequences of the accident. 
Chapter 3 contains a description of the significance of the 
various reactivity coefficients and their meaning in determining 
transient reactor power behavior. Chapter 4 provides 
applications to u.s. commercial light water reactor (LWR) 
designs. Chapter 5 provides applications to U. s. liquid metal 
reactor (LMR) designs. ·Chapter 6 covers the U.S. military 
pro~uction reactors. Chapter 7 covers the High Temperature 
Gas-Cooled Reactor (HTGR). . . 

2. Description of Chernobyl-4 Accident 

A.. . T.urbine-Generator Test 

The accident at Chernobyl-4 occurred' during a planned test which 
was being conducted at low power as Unit #4 was being taken out 
of service for maintenance. In the test, it was desired to 
verify the ability of a turbogenerator (TG) to continue to 
'provide electric power for internal operation of ECCS equipment, 
such as feedwater pumps, during a turbine rundown. This is 
interpreted to mean during loss of offsite power, where 
continuous power to vital. safety equipment is needed until the 
emergency diesel generators become operational. This test 
repeated a similar previous test at Chernobyl-4 in which the 
bus1:;>ar voltage dropped much fa'ster than the .turbine rundown. In 
the present test, an electrical engineer was directing testing of 
~ special generator field regulator designed to maintainhighe~ 
busbar voltage .for a prolonged time. The reactor power operation 
was needed only to provide steam, for initial turbine operation. 
The TG was being loaded primarily by four primary coolant pumps 
of the reactor; four addi tiona! pumps were being powered from 
outside sources so that even upon complete turbine rundown there 
would still be substantial coolant flow through the reactor for 
heat removal. 

The test procedure prescribed that ECCS be disengaged for the 
duration of the t~st. The procedure also prescribed that one of 

• the two TGs powered by unit #4 be taken out of service .as an 
initial condition. After a delay of about 9 hours, the test was 
initiated by shutting down steam flow to the remaining TG, 
initiating the rundown. According to the Soviet report, shutdown 
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of the second TG should have automatically scrammed the reactor 
which would have been appropriate since neither the reactor power 
norcontinued steam.generation should have played any further role 
in this test .. ' However I this' particular reactor scram' signal 
actuated' by' shutoff of steam flow to both TGs had been blocked 
during the previous day "to have the possibility of repeating the 
test I if the first attempt 'proved unsuccessful.'" (They were 
concerned about Xe buildup.) 

Hence the· test was entered into with the reactor con-· ':. 
tinuing to generate power rather than automatically 
scrammed as planned. 

The reactor was manually scrammed 36 seconds (1:23:40) later'when 
the operators observed the increasing' power. By that time scram 
was too late in the RBMK, the damaging power excursion was under 
way I 'fed by the positive reactivity insertion due to the' 
increasing coolant boiling with the reactor producing power and' 
the coolant flowrate coasting down. .', 

B. Conditions Contributing to the Accident 

The accident might still have been avoided,. or considerably "less:' 
severe, except for other circumstances. The local automatic 
power regulating' rods (LAR)' had been disengaged per st:andard 
operating procedure for low power operation, and hence were not 
available to ':'counteract the voiding reactivity insertion.' The' 
global automatic power regUlating rods (AR) were operational and 
were automatically inserted by the plant diagnostics and computer 
control system,' partially compensating for 'the' power rise lli'ut· 
apparently without sufficient worth. Other absorber rods had 
been completely withdrawn previously to· counteract Xe buildup' and 
overcooling effects. When finally scrammed, these rods were too 
far out of the core to be of immediate worth and moved at too­
slow insertion speed (0.4 meters per second;' about 20 seconds 
full insertion time) to terminate the overpower excursion. 

The soviets use the phrase "operating reactivity margin" 
expressed asa number of etfective control rods capable 
of protecting against plant transients. The number . 
available at the time of the test (6-8) was far below 
the normal required number (30), requiring shutdown of 
the reactor. "Nevertheless, this did not stop personnel', 
and the test began. 1I 

Due to the particular design of the Chernobyl-4 control· rod. 
assemblies, when. the absorbers were fully withdrawn the control 
assembly duct contained 5 meters of graphite displacer centrally 
located in the 7 meters core with 1 meter of water above. and 
below the graphite at the axial extremes of the core. In this 
configuration, it is calculated that the initial scram effect was 
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not negative but positive reactivity insertion due . to 
.' displacement of water I particularly at the bottom of the core. 
This circumstance probably caused a significant power shift to 
the bottom of the reactor. 

Additionally, the reactor was at very low power (7 percent) and 
very high coolant flow (> 100 percent). Hence, the initial steam 
void in the core was exceedingly small, about 2 percent average. 
The Soviet report emphasizes that in this condition a small 
change in power causes the volumetric steam content to increase 
"many times more sharply than at nominal power". It is also 
believed that the void coefficient of reactivity is itself a 
function of void fraction, being larger for smaller void 
condition. These two factors would combine to cause the void 
reactivity insertion to be particularly severe under the 
conditions during which the test was run. 

Immediately prior to the test, the operator ."sharply reduced the 
feedwater flowrate. n Hence, the temperature of water to the main 
coolant pumps and to the core inlet was increasing since suction 

· was now primarily from the steam separator drum. Increasing 
water temperature at the core inlet may have exacerbated the 
steam generation in the core. 

In summary, the circumstances leading to the accident were as 
follows: (1) the reactor was operating (though it should have 
been scrammed from the onset) I (2) the coolant flow rate was 

· decreasing leading to additional steam generation in the core, 
(3) coolant inlet temperature was increasing, leading to more 

:rapid steam generation in the core, (4) the initially overcooled 
core ,with close to zero steam content was in a particularly 
severe state with regard to void related reactivity insertion, 

· (5) the automatic power regulating system was incapable of 
· counteracting the void reactivity insertion, (6) the rods 
. available for scram were located fully out of the 'reactor core in 
.. a region of low initial worth, and .(7) the scram itself is 
calculated to have caused a sizeable reactivity insertion 
init~ally. 

:c. Transient Overpower Excursion 

Under the conditions described, a net positive reactivity due to 
increasing coolant boiling in the core, resulted in a power rise. 

~At first the rate of power rise was slow. At 1:23:40 the reactor 
. was manually scrammed, but without the desired shutdown effect. 
At 1: 23: 43 the power was reported to have exceeded 530 MW (up 
from 200 MW at beginning of test), and the "runaway period came 
to be much less than 20 seconds. II Actually the reactor. was 

· already experiencing a prompt critical power excursion at that 
time. It is stated that "only the (fuel) Doppler effect 

'partially compensated for the reactance introduced at this.time." 
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The power transient calculated by the Soviets had a peak power .of 
350,000 MW (110 x full power) and a full width at half ma~imum 

. (FWHM) of 0.8seco.nds. The Soviets indicate that the energy 
release in the fuel lIexceeded 300 cal/g." 

The effect.of the power burst is described in the Soviet report 
as follows:. 

"[The power rise] led to an intensive steam formation 
and then to nucleate boiling, overheating of the fuel, 
melting of the fuel, a rapid surge of coolant boiling 
with particles of destroyed fuel entering the coolant, 
a rapid and abrupt increase of pressure in the fuel 
channels, destruction of the fuel channels, and finally 
an explosion which destroyed the reactor and part of the 
building and released radioactive fission products to the 
environment." . 

D. Consequences of the Overpower Transient 

The '. above description suggests that fuel-coolant· thermal 
interactions CFCIs) occurred from the sudden mixing of hot UO, 
fuel and coolant in the channels, and that the subsequen~ 
pressurizations caused channels to rupture. (The plausibility of 
this was subsequently confirmed through application of ANL 

. accident analysis codes.) Rupturing the channels would :j.nitiate 
blowdown of steam and flashing water from about 6.5 MPa pressure 
to the surrounding volume(s) . The Soviet's report is silent on 
·the suspected locations of ruptures.. There are thought to. be 
'four principal locations. Upward slug expUlsion from ';the 
pressurization zone has been shown to be capable of breaching-the 
top end cap 'of the operating channel· at the refueling machine 
attachment I initiating upward blowdown and fuel dispersal into 
the uncontained region immediately below the removable refueling 
floor slabs. The zirconium-to-steel weld joints· immediately 
above and below the active fuel zone of the core are thought to 
be weak points; failures of the piping at either or both of these 
locations would cause steam blowdown into the region of graphite 
blocks in the sealed reactor space. The zirconium-alloy pressure 
tube is iikely to fail locally. at the region of the 
pressurization event due both to the overpressure itself and to 
thermal effects of fuel . impingement on the pressure tube-wall. 
This failure location would cause steam blowdown into the central 
zoneo'f graphite blocks in the sealed reactor space. It. is also 
possible that shockpressures and hammer pressures propagated 
upstream as a .result of the pressurization events in the 
operating' channels and damaged piping at the inlet side of the 
r~.~ctor i blowdown of steam and. flashing water would enter the 
containment cell. (65 psig) . designed to vent to the pressure 
suppression pool. Any or all of these types of ruptures could 
have occurred from· the initial fuel failure events. The rupt~res 

C-5 

,'. 

~ . 
. "~ 

• " 

~~ 
'.;1 
.:~ 

.'it 
I,!., .., 



of the top end caps would have caused the immediate blowdown and 
discharge of 'fuel debris upward into the refueling building and 
possibly directly into the atmosphere. Mul tiple tube ruptures 
.into the reactor space would quickly overpressurizethisregion 
since its overpressure relief protection is sized for failure of 
only one channel. Upon overpressurization this region would fail 
structurally, as is known to have occurred. Some of the graphite 
blocks were ejected, and air subsequently entered this region. 

It is reported that two explosions were heard, "one after 
another," and that "hot fragments and sparks" flew up above the 
plant, described elsewhere in the report as "fireworks of flying 

,hot and glowing fragments." The mechanism for this dispersal may 
have involved the upward-directed channel ruptures at their tops, 
the overpressurization failure of the reactor vault and 
subsequent blowdown of that region, or a subsequent explosion of 
som'e other origin. There are statements in various parts of the 
report attesting that fuel debris was ej ected into the 
atmospher~; e.g., "As a result of explosions in the reactor an 
ejection of core fragments heated to a high temperature ... 
(occurred) . " The report also speculates that a chemical 
explosion could have occurred "after unsealing of the reactor 
space." These statements are not necessarily contradictory; they 
indicate,uncertainties in the actual sequence and consequences of 
multiple events. 

E. Chernobyl Plant Features that Exacerbated Accident 
Consequences 

Although the Soviets place heavy blame for the accident on the 
individuals who planned and carried out the turbine-generator 
rundown ,test and on the reactor operators rather than on 
equipment failures or design shortcomings, it is clear that 
features of the RBMK reactor design contributed to the severity 
of the accident. 

1. The speed of insertion of the scram rods (AZ) appears too 
slow to provide adequate protection against emergency 
si tuations such as arose during the accident. The Soviet 
approach is that large numbers of rods compensated for their 
slow rate of insertion. The- -insertion rate is, stated" to be 
0.4 meters per second, and since the the total core height is 
7 meters, it takess about 18 seconds for complete scram rod 
insertion. 

The comparable scram time for u.S. PWR and BWRs range 
from 3 to 5 seconds. 

2. There was no· positive stop on the absorber rods to limit 
their withdrawal. The rods were so far out of the core that 
they did not immediately insert negative reactivity as 
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scrammed. 
position 

major 

depended upon when the reactor was 
contrary, the rod design and initial 
"positive scram; .. i.e., there was a 
insertion upon scram, rather than shutdown. 

To "the 
caused, 'a 

reactivity 

The "positive scram" appears to be unique to the,RBMK 
and to the particular state of the reactor; there is 
no positive scram in U.s. reactors. 

:.;" 

3 . Many 'parts of the reactor piping system pass through areas 
where there was no containment whatsoever. This includes.the 
top sections of the operating channels, steamwater ,lineS? 
(PVK), steam line piping, and parts of the feedwater ang 
returnline piping.' It is indicated that fuel' debris wa~ 
::c:eleased directly to the atmosphere at Chernobyl-4 as a, 
result' of pipe ruptures and blowdown into uncontaine4, 
regions. 

u. s. PWRs and BWRs all have substantial containments" 
as one of a series of barriers to prevent accidental 
release of radioactive materials into the atmosphere'. , 

" 

4. The pressure relief line from the sealed reactor space was 
sized to handle blowdown from only one channel rupture; 
Hence, multiple ruptures into this sealed space did not have 
adequate relief to prevent over pressurization. Furthermore~ 
the free volume of the reactor space was very small so tha~ 
with inadequate pressure relief the volume would rapidly. 
overpressurize and the region would become "unsealed"'" by 
s,tructural failure. 

u.s. containments are designed with combinations 
of features involving large volume, high containment " 
strength, and large-capacity pressure suppression 
systems to maintain containment integrity fqr 
accident conditions. 

5. The zirconium-to-steel transition welds are throught, to b~ 
weak points in the RBMK piping system, although it i~ 
uncertain whether this played any role during the accident. 
The welds have a heatup rating limited to 15 degrees C/hou~ 
which may have been exceeded during the accident. sinc~ 
rupture of the piping at the welds would cause b1owdown into 
the sealed reactor space, they are a potential cause of 
failing the vault during the accident involving multiple 
ruptures. " 

There are no comparable weld joints in U.s. BWRs 
or PWRs. EVen if such joints existed, their 
failure would not pose a threat to vessel integrity 
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which is a unique characteristic of the pressure 
tube reactor design. 

3. Reactivity Coefficients and Reactor Transient-Behavior 

A. Reactivity Effects of Power and Flow Conditions 

It is often convenient to characterize the dynamics or safety 
properties of a nuclear reactor in terms of - reactivity 
coefficients associated with the measurable (and controllable) 
r~actor variables, power, coolant flow rate, and coolant inlet 
temperature and pressure. Thus, in terms cif a power coefficient 
of reactivity I <tp, a power to flow coefficient, - ap IF, an inlet 
temperature coefficient, ct;n, and a primary system pressure 
coefficient, ap , the incremental change in reactivity associated 
with a change from equilibrium of the process variables is given 
by a simple summation of the process variable incremental changes 
times their reactivity coefficients: 

6p = a oP + a 6P IF + a 6T + a 6p 
P P IF in in p 

This simple expression prescribes the reactivity change which 
results from the change in process variables. 

That reactivity increment will lead to a subsequent change in 
reactor power level; a positive reactivity, 6p I will- cause the 
power to increase; a negative op will cause it to decrease. This 
inherent reactivity increment may be overcome by movement of 
control rods during normal operation of the reactor to follow 
load changes prescribed by the balance of plant. Alternately, in 
the event of severe accident sequences in which control devices 
are inoperative, the signs (positive or negative) and the 
relative magnitudes of the reactivity coefficients and the 
relative time delays between the incremental changes in the 
process variables determine the course of the reactor response i~ 
the accident. -

The case at hand is a loss of'~oolant flow without control rod 
scram (LOF/WOS). In that case, the coolant inlet temperature and 
coolant pressure initially remain constant r and the reactivity 
expression simplifies to: 

6p = a 6P + a 6P IF 
P P IF 

Upon loss of flow (for example from loss of electric power to the 
pump drive motors) the coolant flow rate (F) begins to decrease 
so that ~/F is positive. Thus for the LOF/WOS accident 
sequencer a negative power to flow coefficient of reactivity I 

ap IF I is sufficient to cause a negative reactivity which will 
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lead to a power decrease. (While the power to flow. mismatch may 
cause the core components to overheat and experience severe 
damage, the reactivity is negative, nonetheless, and a power 
excursion is avoided.) 

Even if the power/flow coefficient is zero or slightly positive~ 
the reactor may still be controllable and safe if. the power 
coefficient, ~, is sufficiently negative and sufficiently 
prompt. As the power increases, the uranium and/or plutonium 
fuel' itself rises in temperature faster than does the' coola~t 
because the heat is deposited directly in the fuel, whereas it 
must be conducted to the coolant from the fuel. The incremental 
temperature rise of the fuel relative to the temperature of the 
coolant introduces a reacti vi ty component of ap which is prompt 
and negative for every existing reactor type (the fuel Doppler 
coefficient). . 

Thus, even in a reactor for which the power/flow coefficient· is ' 
zero or slightly positive, the power increase will always be 
ultimately limited by the heating of the fuel, and it only 
remains to determine the amount of energy deposited in the fuel 
t~ heat it enough to terminate the power rise. This depends on 
the engineering details which control the introduction of the 
positive and negative reactivity components' such as the tIme 
delay of transferring heat from the fuel to the coolant and the 
speed with which the pumps coast down (i.e. decrease coolant.flow 
rate). . . 

To assess these details requires identification of the specific 
physical. components of the power and power to flow reactivity 
coefficients--which is the subject of the subsequent section~, . 

To summarize the simple results of this section: 

a) If the reactor is designed with a negative power to flow 
coefficient of reactivity, it is evident by inspection that a 
loss of flow without scram will lead to a negative reactivity 
and will avoid a power excursion. 

b)' Alternately, if the power/flow coefficient of reactivity' is 
positive, but the prompt component of the power coeffici~nt 
is sufficiently negative, a severe power excursion canstilr 
be avoided. 

An examination of the reactor types deployed in the u.s. shows 
that they all have a negative power/flow coefficient of 
reactivity (because they are designed to be undermoderated) and 
so, in conformance with item (a), they are immune to a power 
burst upon loss of flow without scram. 
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B.Physical Components of the Reactivity Coefficients 

Reactor core designers have 'consciously " selected core' 
configurations which will lead to' desi~ible reactivi~i 
coefficients, CIp,. CIp/F, (lin, and (lp. In order to understand the 
implications of these design choices it is useful to ~dentify the 
physical components which make up the reactivity coefficients. 
These physical components derive from density and temperature 
changes of the three generic components of a reactor core--fuel, 
coolant, and moderator. Further, they are qualitatively 
categorized as. prompt (associated with fuel temperature or 
coolant pressure), fast (associated with coolant temperature) and 
delayed (associated with moderator temperature)~ 

B.l ~oolant Inlet Temperature Coefficient Components 

The coolant inlet temperature coefficient is described first. At 
constant power I flow rate, and. coolant pressure, an incremental 
change in coolant inlet temperature t will lead to that same' 
temperature increment in all core components. When the fuel 
temperature increases, the two principal reactivity effects 
derive from fuel axial expansion and Doppler broadening of the 
U238 capture resonances. Both effects are negative reactivities, 
and the Doppler effect is the more important in large commercial 
and military production reactors. 

When the reactor-average coolant temperature increases, the 
coolant becomes less dense, its neutron slowing down properties 
are diminished, and its neutron transmitting properties are 
increased permitting neutrons to more easily move away from the 
fuel. The net effect on reactivity involves a balance of neutron 
leakage and neutron spectrum related effects, some of which are 
positive and some of which are negative and all of which depend 
not only on the lattice geometry and core size but also on the 
instantaneous values of fuel burnup, burnable and soluble poison 
concentration, xenon concentration, and control rod pattern. 
Several generalities can be stated, however. First, the neutron 
leakage effect is always negative--Ieading to loss of neutrons 
out of the core or into more absorptive parts of the lattices 
(such as parked control rods). Second, the soluble poison effect 
is always positive--less poison density, less neutron absorption. 
Third, if the lattice is designed to be undermoderated at all 
operating burnup and poison levels, then the spectral component 
will also be negative, as a reduction in coolant density will 
lead to still further undermoderation. Finally, in those reactor, 
designs which have. a moderator which is separate from the 
coolant, when the moderator temperature increases, again, like' 
the coolant I both spectral and leakage effects come into play.' 
And, again as in the case of the coolant, these effects can be 
designed to be negative if the lattice is undermoderated, at, all 
operating burnup and poison states. 
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In general, the penalty paid for undermoderation. is higher 
enrich~ent, shorter refueling interval, or the need for a 
physically larger core with more fuel inventory. There may bea 
r:eactivity effect associated with thermal dilation of .core 
support structures. This is generally small, but would be 
positive in undermoderated lattices. 

The components of the coolant inlet temperature coefficient which 
derive from fuel and coolant are associated with a time constant 
comparable to the coolant residence time in the core. In eases 
with separate moderator regions, the components due to heating or 
cooling the moderator are delayed because of the bulk and low 
cooling surface to volume ratio of the moderator regions: The 
component associated with thermal expansion of core support 
structures is slow in that it requires heatup of massive struc­
tural members. 

Taple C-l summarizes the several components comprising the coolant· 
in~et temperature reactivity coefficient. 

Table C-l 

Summary of Reactivity Coefficient Components* 

React I vi ty Fuel Fuel Axial Cool ant Steam Hoderator Structural 
Coefficient Doppler Expansion Density Fraction Temperature TemperaturE 

Coolant Inl et F F f F 0 0 
Temperature 

., 

Cool ant P p 
Depressurization 

Power P p 

PowerlFlow F F F F 0 0 

Sign of Coeff. always negative can be made negative may be pos it he, but· 'I 
Component by undermodulation very slow acting 

.p • prompt } 

F • fast 

o • del ayed 

qualltitative time constants o(.~eactfviy effects 

B.2 Coolant Pressure Coefficient components 

At constant power, flow rate, and coolant inlet temperature I •. a. 
decrease in coolant pressure will decrease the coolant density, 
and in the case of water cooled reactors will lead to increased 
steam fraction, which strongly decreases effective coolant 
density. The effects are as discussed above for coolant 
temperature. In general, design of an undermoderated lattice 
will lead to a negative reactivity upon pressure decrease .. 
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This "coefficient is fast. in the sense that a 
effective throughout the core on a time scale 
divided by the speed of ·sound·inthe coolant. 
these ef f ects .. 

pressure change is 
of the core height 
Table 1 summarizes 

B.3 Power Coefficient Components 

At 'co'nstant flow rate, coolant inlet temperature, and coolant 
pressure,' an increase in power leads to an increased heat flux 
out: 'of ,the fuel pins and an increased coolant temperature rise 
across the core~ The second effect wL.I . be discussed in the 
following section with the power/flow coefficient; the increased 
heat flux from the fuel to coolant leads to an incremental 
inc~ease in the fuel temperature relative to the boolant 
t~mperatur.e. The higher fuel temperature leads to two negative 
rea<?tivity components--fuel Doppler and fuel axial expansion. 
Both' C?f these are prompt in that they respond' with a time' 
characteristic of the' fuel pin thermal diffusivity. 

" 

B.4 Power/Flow Coefficient Components 

At .cqnstant power, coolant inlet temperature, and coolant 
pressure, a decrease in coolant flow rate leads to an increased 
cootant temperature rise across the core, as is also the case for 
incr'eased power ,at constant flow. It is convenient to combine 
both'effects into. a power/coefficient flow whose reactivity 
effl.?c't· derive's ~rom ,'an increased average core temperature and (as' 
appropriate) an increased steam volume fraction. The reactivity 
components are identical to those discussed for the coolant inlet 
temperatures coefficient. The components associated with the 
coolant and fuel temperatures (and steam volume fraction) have a' 
time constan,t characterized by the coolant residence time in the 
cor.ef:'the· component associated with separate moderator region' 
hea,ting is' delayed. ' 

B.S' summ'ary 'of 'Reactivity Coefficient Components 

Tabl,~.l summa:r;izes the, components and their characteristic,time,' 
cons:ta'nts of each of the reacti vi ty coefficients described above,. 
As :~eEin~' the power to flow and coolant depressurization' (void) 
coe:(ficients are made negative by design of an undermoderated·, 
lat:t.ice.', AS' discussed below, this is the case for all U. S.' 
readt~r~~ , 

C. Validation of Predictions of Reactivity Coefficients 

wh£iethe predic~ions pf reactivity coefficients and of the time 
evo'lut10n of accident scenarios are based on calculational 
models, ,'the, veracity ot ,the physical effects rests on' a vast" 
hist'ory of experimental tests. The calculational models must be 
shown to the satisfaction of the NRC to'correctly reproduce :the' 
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values and trends seen in the experiments .in order to beac;::cepte.d 
as a basis for licensing. The measured results include not. only 
cri tical experi~ents and specifically designed the'rmal hydraulics, 
and system tests (such as LOFT) but also actual reactor. operating 
data. ' 

In the areas of validation of lattice physics code predictions of 
,the reactivity effects of coolant density, metal to water ratips, 
etc., each individual reactor vendor has provi4ed the utilifJ,es. 
and the. NRC with evidence of the validation of his ,in":'.house 
(proprietary) codes based on comparison with the lattice critical 
experiments and operating reactor plant data. 

utilities often undertake to specify reload cores, often llsing,a 
different set of computer codes than was used by the original 
vendor. Again, the utilities must provide evidence.to tlie NRC. of' 
the ability of ,their analysis procedures to correctly predict. 
reactivity effects. EXalTiples of utility validation of physics' 
analysis methods can be found in references 6 through 13. · ." 

4. U.S. Commercial LWRs 

united States commercial light water reactor plants are (with the 
exception. of a few very early plants) in the 500 to 1300 MWe 
range" and are of two reactor types: pressurized water' react.6,rs 
(PWRs) manufactured by Westinghouse, coinbustion Engineering, arid', 
Babcox and Wilcox, and boiling water reactors (BWRs) manufactured, 
by ,General Electric Company. In both types the coolant' is the . 
moderator and no separate moderation region exists. 

~ -. > 

A. PWR Reactivity Coefficients 

All PWR vendors design their lattices to be undermoderated' 'so~s 
to yield negative power/flow and depressurization coefficients. 
Enrichments of 3 to 4.5 percent are required depending 'on 
refueling interVal. Soluble poison is used in the mod4ara~or to." 
reduce control rod requirements; this positive component 'reduces ' 
the magnitude of the negative power/flow and depressurization. 
coefficients. In older designs - this formerly led to a!;m~Jl' . 

. positive coefficient early in core life. Modern designs mak~( \1se : 
of fixed burnable poison in rods to lessen the soluble poison' 
requirement and thereby to assure negative power/flow, arid' 
depressurization coefficients throughout life. The promptpQwer : 
coefficient is always negative. A negative power coefficient is 
now an NRC requirement. 

For modern PWRs, the sufficient condition for avoiding ,a power 
burst in a LOF/WOS ,accident (Le. negative power/flow 
coefficient) is met by the undermoderated lattice design and the 
use of fixed burnable poison. A loss of flow would introduce a 
negative reactivity, and the power would decrease. , 
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B. BWR Reactivity Coefficients 

The BWR lattices are Uhdermoderated so as to. yield negative 
power/flow and depressurization coefficients.' The lattice 
employs enrichment grading with enrichments ranging from natural 
to 4.2 percent. Core-average enrichments are in the range 2.0 to 
3.4 percent. The void (steam volume fraction) reactivity 
coefficient is strongly negative leading to favorable features 
such as spatial xenon stability, use of coolant flow to load 
follow, and flattening of the radial power distribution through 
local void poisoning. 

The negative void coefficient dominates a small positive 
subcooled coolant temperature coefficient which develops late in 
core life as the withdrawal of control rods increases the coolant 

. volume fraction in t.he nonboiling length of the channel to a 
slightly overmoderated level. The prompt component of the power 
coefficient (fuel Doppler) is always negative. 

The sufficient condition for avoiding a power burst in a LOF/WOS 
accident (i.e., negative power/flow coefficient) is met by the 
undermoderated lattice design of BWRs in the u.s. A loss of flow 
would introduce a negative reactivity, and the power would 
decrease. 

C. Analysis of Chernobyl Scenario for u.S. LWRs 

C.l PWR 

All PWRs in the u.s. are required by NRC technical specifications 
to have a negative moderator coefficient. with the power 
coefficient established as being negative, it would require the 
insertion of rods rather than the withdrawal of rods to establish 
the steady state of 7 percent power with the fixed' speed reactor 
coolant pumps runriing at the 100 percent conditions and in the 
abs~nce of a buildup of xenon resulting from a delay in 
conducting the test. If the same sequence had been applied to a 
PWR in the u.S. and the turbine trip test had been initiated with 
the scram system bypassed, then the following scenario would have 
occurred. Upon turbine trip the turbine stop valves would close 
momentarily reducing the steam flow out of the steam generator. 
Tpis reduction in . steam flow would lead to a heating up of the 

, primary side which would be alleviated by the opening of the 
turbine bypass valves to the condenser. At the low power there 
would he ample bypass capacity. In this sample scenario, the 
trip of the reactor coolant pumps as the test proceeded and the 
resulting loss of flow in the core would add to the heatup of the 
pri'Inary side. The moderator coefficients, primary coolant 
heatup, and any voiding would all act together to decrease the 
rate of power production. The power would stabilize, without 
going through a Chernobyl-type burst, at a level given. by the 
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balancing of the moderator and Doppler reactivities and the 
equilibration to natural, convection conditions. Heat would be 
rejected directly to the condenser with the feedwater being 
operated manually as in Chernobyl-4. Eventually I even with the 
scram system bypassed I the reactor' could be brought to. a hot 
shutdown condition by adding boron to the core via th~ che~ical 
volume control system charging pump flow. 

C.2 BWR 

A u.~. BWR performing a turbine trip test at low power would not 
be operated .in the same manner as was the.Sovi~t pl?int. Because 
of its negative moderator coefficient i ,a. u.s ... BWR would have 
control rods inserted rather than withdrawn to achieve a 7 
percent power steady state (with recirculatio,n flow of greater 
than 100 percent in the absence of xenori buildup.) . If the 
Chernobyl-4 sequence of safety system bypass actions had been 
applied to a u.s. BWRI. the same low power state had been 
obtained, and the test had been initiated W'H::h the scram system 
bypassed then the following scenario would have occurred. On 
turbine trip, the turbine stop valves would have shut, generating 
a pressure wave that would be transmitted down the steam line and 
attenuated by the steam dryer and separator in the dome region 
oefore entering the core. Simultaneously, the signal would . be 
sent to open the turbine bypass valves to the condenser which 
would further dampen the pressurization. Ample bypass capacity 
is available at the low reactor power. No scram signal would be 
required nor sent as the transient pressurization at the low 
power condition would be in~ufficient to trigger eitherth~ high 
flux or the high pressure trip. A power burst would not occur. 
The simultaneous coastdown of the recirculation pumps would cause 
additional steam generation (voiding) ih the core, and this would 
reduce the power further and effectively rend.er the transient 
benign. Even without a scram, the negative moderator coefficient 
of the u.s. BWR would rule out the power burst which led to much 
of the disruption in the Chernobyl-4 accident. 

stability margins of the plant would also be enchanced at the 
high recirculation flow rate. Since reactor core stability 
applies for a wide range of power conditions on the natural 
circulation line, coastdown of the core flow at 7 percent power 
form the steady state condition should be within the stability 
range. This should also hold for the channel hydrodynamic 
performance with the feedwater being operated manually as in 
Chernobyl-4. 

The power would stabilize, without going through a burst, at a 
level given by the balancing of the moderator arid Doppler 
reactivities and the equilization of . natural convection 
condi tions; the steam production would be rej ected directly to. 
the condenser. Eventually utilization of the standby· liquid 
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control system to inj ect boron into the primary system would be 
used to initiate a controlled cooldown to hot st~ndpy conditions. 

5. U.S. Liquid Metal Reactors (!..MRs) 

A. EBR-II 

The Experimental Breeder Reactor-II (EBR-II) is aliguid­
metal-cooled reactor (LMR)" power plant. It has a peak thermal 
power of 62.5 MWt and a corresponding electrical output of 20 
MWe. It has been operated for 22 years. EBR-II is cooled with 
liquid sodium. The temperature of the sodium coolant leaving the 
reactor is 880 degrees F. The temperature at which sodium boil~' 
is .1650 degrees F, thus there is a large margin to boiling in the, 
reactor. ' 

While a loss~of-coolant flow with failure to scram is extremely 
unlikely, the response of EBR....;II to thi~ event'has been examined 
in detail. In contrast to Chernobyll "EBR-II has a strongly 
negative,coolant temperature coefficient of about 0.2¢/degree F. 
Thus if EBR-II experiences a flow reduction without action of the 
control system, the reactor shuts itself down ,rather than 
experiencing a power burst of the type that apparently happened' 
at Chernobyl-4. This behavior has been experimentally veri'fied 
at EBR-II. On April 3 1 1986 two tests to demonstrate this 
behavior were carried out at EBR-II. The two tests were a loss 
of flow without scram" f'rom 100 percent power followed by a loss 
of heat sink without scram from 100 percent power. The tests 
showed that inherent reactivity feedback due to thermal expansion 
of reactor material shuts the reactor down, and' thermal 
convention of tJ?e primary sodium coolant m,aintains cooling. ,"No 
damage to the reactor occurred and the reactor was available 
immediately to be returned to service. 

No boiling occurred in these tests but even if core voiding were 
somehow to occur, the negative coolant void coefficient would 
shut the reactor down. 

B. Fast Flux Test Facility (FFTF) 

The Fast Flux Test Facility, (FFT_F) is a 400" MWt sodium cooled 
fast, reactor. It uses a uranium-plutonium oxide fuel. The 
temperature of the sodium leaving the reactor core is 
9PO degrees F. The temperature at which sodium boils is 
1650 degrees Fi thus there is a large margin to boiling in the 
reactor. While a loss-of-poolant flow with failure to scram is 
extremely unlikely, the response of FFTF to this event has been 
examined in detail. , In contrast to Chernobyl-4, FFTF has a 
riegative coolant temperature coefficient, thus if ,FFTF 
experiences a flow reduction without action of the control 
system, the reactor power goes down rather than experiencing a 
power burst of the type that apparently happened at che~nobyl-4. 
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'The overall sodium void coefficient for ,th$ '+"eactoris' negat,iv~; , 
that is, if sodium were removed from the core' by some me'chanfsm, 
a negative reactivity would result overall. 

The sodium void coefficient for FFTF is spatially dependent anq 
is strongly negative at the periphery of the core but' positive 
for some regions of the center of the cO,re. This' situation was 
examined thoroughly for FFTF and extensive des;ign 'features: were 
incorporated and tested to ensure nO,voiding of this regIon could 
occur. 

.~. t \ .; 

6. U.S. Military Production Reactors 
" 

United states mi1'itary production reactors are locat'ed ih Han'ford 
and Savannah River. :: l'-' : '-:1 

The N-reactor (located' at Hanford), is' a~ graphite:-lnodera.ted,··' 
pressure~tube, ,light-water-cooled re'act()r~hich" df' aLli, U:~s~· 
reactors, 'most nearly Yesemb1es Chernoby1"':4 ~ 'However i 
modifications from earlier production <reactor' , d,esigns, have 'been 
incorporated in "the lllore ,;modern N.i.react6l::' to increase 'i ts 
stability and sa.fety. ,',Of prima:r;:y impot:tance', the' "'reactor' 'Is 
undermoderated and thereby, has negativ~ moderat,or:"void: and' 
power/flow coefficients. 'The " negative r'eCicti v,i ty : insiar'tion' 
resulting from total voiding is. equiyal*?,ntto ful~ insertion of 
the entire system of ,cont~ol rods. " " , " 

, I 

The N-reactor has a' negative coolant ':coefficient, 'a negative .. 
power fuel (Doppler) coefficient, and the graphite: moderator 
coefficient also 'becomes negative wi ~hout' the' 'c'oorant:.. " The 
necessary condition for avoiding a power burst upon loss' ,of flow 
without scram is met by the undernioderated N"';react.or"design., 

, • • ." ~,; 1 • 

Savannah Riverreacto~s are, heavy-wate~-cooled and moderated 
thermal re~ctors. Assembly charges for ,the" Sava'hnah River 
re'actors are designed such th'at the 'net temper?tture coefficient 
of reactivity (Doppler, coolant, moderator," power coe'fficlents) 
resul t in stable reactor are under moderated which leads to a 
negative void coefficient. Again;' this assuresavoid'ance, of a 
power burst upon ,~oss offlow without scram. 

7. High Temperature' Gas;';'Cooled Reactor, (HTGR) 
") ~ 

The High'Temperature Gas-Cooled Reactor' (HTGRr: is signifi,cantly" 
different from · the RBMK. 'The HTGR' use's" ceramic;;.coated 
uranium-carbide fuel, inert helium gas' as a coolant', and graphite 
a's a moderator and core structural material.' The'- fuel> is : in',' the; 
form of microspheres clad with high temperature' pyroloric c carbon, 
and silicon carbide. The reactor uses"an, indirect 'cycle ,'which' 
isolates the primary coolant from the ·turbine generator.< 

.. 

>"-: 
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Of "principal significance in relation to the accident at 
Chernobyl-4 are the following: 

• TheHTGR has a strong negative reactivity feedback effect 
due to temperature. Thus, any power increase is 
automatically terminated. In addition, there is no 
positive reactivity effect due to loss of helium coolant, 
and no coolant phase change is possible. 

• In the HTGR, the helium coolant is inert and does not 
react with the graphite, fuel coatings, or other system 
components. 

• Tests have shown that even in the highly unlikely event 
of air gaining access to the reactor core, it is 
difficult to induce a self-sustaining burning of the 
d~nse, massive graphite blocks in the HTGR. Since the 
HTGR is housed either in a thick, prestressed concrete 
pressure vessel or in a below ground silo, a large 
sustained air-g+aphite reaction is next to impossible. 
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ASSESSMENT OF ACTIONS IDENTIFIED BY THE SOVIETS TO IMPROVE 
THE SAFETY OF RBMI< REACTORS 

In the aftermath of the Chernobyl-4 accident, the Soviet Union 
identified several planned actions to improve the safety of RBMK 
type plants~ An assessment was performed of safety related items 
that were actual or potentially significant contributors to the 
Chernobyl-4 accident. These are summarized in figure 0-3. This 
assessment did not use detailed plant modeling or transient 
analyses. The assessment was based on review and evaluation of 
the analyses done by the Team, analyses of basic effects, and the 
reasoned judgement of these experts based on, the information 
currently available. 

The key safety related items are" divided into two catego~ies for 
examination: 

1. HUman Factors \ 

2. Design 

Human Factors Safety Items 

The Soviet report of the accident placed considerable emphasis on 
the role of the operators. Numerous operator actions (described 
as "operator errors") that led to the accident were identified 
and have been described in section 3 of this report. 

The human errors invol ved procedural and other management and 
operator errors. A single large contributor to the accident was 
the dedication to completing the safety-related test before the 
reactor was shut down. It is obvious that the people working on 
the Chernobyl-4 reactor for at least the three shifts that 
proceeded and included the accident were highly motivated to 
complete the test before the reactor snut down. This stead­
fastness of purpose was obviously a result of management action. 

The Soviets have taken a number of actions to address the human 
factors aspects of the accident. These include institutional, 
management, and operational initiatives. 

The Soviet report does not, however, provide sufficient infor­
mation to allow an assessment of the impact of these actions on 
the safety of RBMK type reactors. 

Design 

The planned design changes are to the RBMK type reactors 
identified by the Soviets are associated with preventing a 
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Chernobyl-4 type accident. In addition to assessing the 
effectiveness of these changes in meeting- this . objective, the 
Team considered their impact on the overall safety of the RBMK. 

'. ! ,', 

The reduction or elimination of the positive void coefficient may 
improve the safety and the stability of the RBMK ,type reactors at 
all power levels. However, one consequence of increasing 
enrichment (to decrease the positive void coefficient) is to 
increase power and flux peaking over the entire power range of 
operation. 

Increased power and flux peaking would exacerbate the' effect of 
power and reactivity transients on the fuel temperature. The 
normal operating margins would be reduced an~ the potential for, 
and extent of, centerline fuel melting, and fuel failure 
mechanisms associated with exces~ive fuel temperatures could be 
increased. Due to the smaller margins that exist this will be a 
bigger problem in the RBMK-1500 than in RBMK-1000 reactors since 
the latter have a larger thermal margin. It would require 
extensive three-dimensional analyses to further assess this i~em 
and to qualitatively identify the impact of the item .on th~ 
safety of the RB~K type plants. 

Overall the design changes identified by the soviets will 
increase the safety of the reactor in some respects, but reduce 
safety margins in other respects. The conditions where' the 
safety improvements are most effective are below 700 MWt (where 
the plant is not normally operated). The conditions where the 
safety margins are reduced are those at which the plant ;is 
normally operated. Lacking information on the details of the 
analyses used by the Soviets to make this trade-off, and lacking 
the requisite three-dimensional analyses to independently assess 
this trade-off, the Team could reach no quantativ~ conclusion_ on 
the overall effect of these changes on safety. 

A number of . additional items regarding actions to improve RBMK 
safety were identified. 

• It is not clear as to the time scale on·, which the" fuel 
" enrichment will actually be increased. It may be ,years 
before existing fuel supplies are· exha:usted,' and the 
plants are fueled on 2.4 percent enriched uranium. 

• Increased. enrichment may increase the likelihood ,of 
local criticality control problems. If. the Soviets 
increase burn-up, . the problem with the positive void 
coefficient may also recur. 

• The soviets. place most of the blame for the accident on 
the operators and ,on the operator's failure to, follow 
procedures.; Yet many of the fixes appear to rely on· 
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the operators following additional, perhaps more 
complex, procedures established' as a result· of the 

«') accident." 

• I.t appears that it is extre:mely easy to bypass, to 
'cutoff', or to 'otherwise' render' RBMK safety systems 
irioperative. It 'is 'not,' apparent ,how the: actions 
identified will address this item~ , " 

'. The reliability of these fixes depends heavily on' the 
method used. For example, will the control rods,' be 
limited in how far they can come out of the core by 
adjustable limit switches or by' physical', barriers?, The 
fix of inserting the control rods '1.2 'meters in; the 
core should be effective if' assured by a mechanical 
stop or other ,form o~ 'physical barrier. The', informa­
tion provided by the Soviets does not' provide, a 'basis 
for confidence 'in relying upon 'procedures to' implement 
this fix. ' 

'i 

I.n addition to the above,' the soviets have: : provided 'no 
informatiori regarding 'the potential tole of the pressure tube 
transition joints in' the accident, nor' any" actions, to address 
this issue. 

The pressure tubes in the core are made of zirconium' (Zr) . that 
contains 2.5 percent 'niobium. These pressure tubes'are diffusion; 
welded to the stainless steel coolant sys,tem piping by heating 
(to 600 degrees C) under a vacuum. Figure 0-1 shows the design 
of these transition joints. . 

The joints are made separately' and joined to the tube asseIilbly 
before installation. Figure 0-2 shoW's,the'RBMK fuel channel and 
the'locations of the t'ransition joint. These joints are' located 
inside the reactor vault immediately above and below the'graphite 
reflectors. A maximum permissible rate of heat-up and cooling of 
15 degrees C per'hour has been'established based 'on thermal, and 
strength tests conducted by the Soviets. ,", 

This operating limit was exceeded by the transients that occurred 
during th accident.' 'It· is ,apparent that the' design c'apabili ty of 
these transition joints was exceeded., ' 

" 

The fuel channel transition joint thermal transient capability 
does not appear to be consistent with the ,thermal 'transient's that 
can occur under accident conditions. ' 

Since it may not appear to be practicable to liinit thermal 
transients to less than 15 degrees C per hour under all accident 
conditions , it would appear to be prudent, 'to either use a 
transition joint with a greater capability to' accommodate thermal 
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tra,l),sients I' or to provide some inherent physical protection to 
th~, ,tr~nsition joint to prevent its exposure to such transients ... 
Wh~l~,;:,it, is not ,obvious that transition joint failures were a 
cal.:!:~e~' or, :.contributor to the acciden~, they easilY",c::ould have 
be~.;:: l;l,on~ ,o.f ~nepl<;ir:me(tj3,ctiqDs address ,this item. 

since the thermal transient capacity of these fuel channel 
tr?l;npition,'j.ointsis limited, the thermal transients associated' 
with. ,accident and ,off normal conditions could provide a basis for 
a 'common~ci:lUse failure that could lead to the failure of more 
tha:f!..,.,:,one. ,of, ~hese transition joints. (There is no apparent 
f~ct.t;,ure, tha:t, precl~des this from happening.) The impact of such,· 
a I'l!,uJ..tiple ",of ,·.coolal)t channel Loss of Coolant Accident has both 
containment and control system implications: 

,j' ,:~,~j .:Th~reactor vallI t is, de~;ignedto accommodate a single 
Gop,lant chC!-nnel. failure. A: multiple qhannel failure,. 

," '.' <C,,', ,;would:Ca,ilthe, reactor's vault ,and could, lead to other 
, , , ",C9nsEl!quences, that, could exaqerbate the consequences of 

;,t:he initial. accident . 
. i " 

". The control system <;ioes not appear to have the negative, 
reactivity insertion rate capability needed to 
accommodate the positive reactivity insertion that 
could be associated with a multiple coolant channel 
failure. 

None of the planned actions appear to address these items. 

In addition to analyzing the Chernobyl-4 accident, the Team 
performed some limited analyses in the related areas of 
similarities between RBMK-1500 and RBMK-1000 reactor systems. 

The RBMK-1500 design is quite similar to the RBMK-1000 (figure 
D-4). In order to get 50 percent greater power, the new, design 
uses "ribbons" on the fuel rods to improve the heat transfer and 
bigger pumps to overcome a larger two-phase flow pressure drop. 
ThUS, the reactor is run at a higher power level, with a higher 
core design average void fraction. 

When the RBMK-1500 void fraction is checked against the void 
coefficient curve _~ed from the Chernobyl-4 analysis, a void 
coefficient of 10 6 K/% void is consistent. Thus, the 
RBMK-1500 is normally operated in a "slightly" over-moderated 
condition. However, if the operators were to perform the same 
actions on the RBMK-1500 units that were performed at 
Chernobyl-4, the positive void coefficient problem would be 
comparable to that at Chernobyl-4. 

While operating the RBMK-1500 at high void fractions is advanta­
geous with respect to the void coefficient, there are 
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disadvantages to this mode of operation. First, even with the 
"ribbon" heat transfer enchancement, the cooling of the fuel rod 
surface is probably quite poor at the outlet of hot channels. 
This, a significant reduction in flow could result in more fuel 
failures in the· RBMK-1500 relative to the RBMK-1000 '·due to 
undercooling. 

Second, with significant voiding in the upper 75. percent of the 
core, the thermal-hydraulic and neutronic coupling ,could be, much 
stronger in the RBMK-1500 than in the RBMK. Thus, although the 
RBMK-1500 has a small advantage in that the void c:oefficient 
under normal operations is not as positive as that for the 
RBMK-IOOO, problems appear to remain with respect to operational 
complexity and safety. 

In conclusion, there exist reas9nable grounqs to be· skeptical 
about the effectiveness of the planned activi~ies to improve the 
overall safety of RBMK type reactors. until a detailed systems 
analysis of the planned action is available it may be that 
certain of the actions, while reducing the potential for, or 
consequences of a Chernobyl-4 type accident, may increase the 
severity and probability of other accidents. 
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Figure D -2. 
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ONGOING OR PLANNED IMPROVEMENTS IN SOVIET SAFETY PROGRAMS 
(As set forth in Soviet Report on Chernobyl, pp. J5. 6~) 

o Institutional Improvements 
- Formation of All-Union Ministry of Nuclear Power 

Enqineering. 
- Intensified Government supervision of safety. 
- Enhanced international programs for safe development 

nuclear power. . 
- Reorder priorities for R&D. 

o Ma.naqement and Operator Improvements 
- Organizational changes to improve plant discipline 

and quality of operations. 

o Safety Analysis Improvements 
Analyses of plant behavior in all modes, including 
beyond desiqn bases. 

- Studies of passive safety systems for future 
applic::ation. 

- Probabilistic:: risk asses~ments and other "principles" 
for optimizinq radiation. 

o Desiqn Features Improvements 
- Increase fuel enrichment to 2.4 percent U-235. 

Additional pump sensors to increase protection 
against cavitation and loss of flov. 

- Automatic system for computinq reactivity reserve and 
tie-in to scram system. 

- creation of a rapid. shut·dovn system which can act 
within 1-2 seconds. 

- Reset control rod limit switches so that fully 
withdrawn rods are inserted 1.2 meters into the core. 

Figure D -3. 

Comparison of RBMX-IOOO and RBHX-1500 Parameters 

Net Efficiency 
Coolant Flow Rate (t/nr) 
Avg. Linear Power 
Avq. Power Density 
Max. Fuel Exposure 
Power of Max. Channel 
KCP Delta P 
Steam Drum Prod. Rate 
Orum Exit Steam Press. 
TUrbogenerator Power 
FUel Temp. Coe!i. (Negative) 
(At FUll Power and 
Average Fuel Exposure) 
Void Coefficient 
C~K/' Void) (At Full 
Power and Average Fuel 
Exposure) 
Approx. Core Average Void , 

(Assuming No Subcooled 
Boiling) 

Core Outlet Quality t 

RBMK-1000 

29.9\ 
37500-42000 
315 wIg 
4.2 wlcc 
22.3 GwDIMtu 
3.25 Mw 
1.61 MPa 
1450 t/h 
6.86 MPa 
2 I! 500/c.MW 
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A DESCRIPTION OF CHERNOBYL-4 

o Chernobyl-4 is a 1000 MWe reactor of unique design, 
constructed only in the Soviet Union. 

o The design evolved from early demonstration and. plutoniu:pt 
production reactors. 

o There were 14 RBMK-1000 plants that provided about one half 
of the Soviet Union's nuclear electric generating capacity. 
The first RBMK-1000 began operation at Leningrad in 1973. 
Chernobyl-4 was the newest of these plants. Two more such 
plants were under construction at Chernobyl. 

o An RBMK-1500 plant is in operation at Ignalina. This plant 
differs very little from the RBMK-1000, but has a 50 percent 
higher power level. 

o General characteristics include the use of graphite as 
moderator, boiling light water as coolant, and online 
refueling. Pressure tubes, contained in vertical channels in 
the graphite. Specific design parameters are provided in tpe 
attached charts. 

o The core is cylindrical graphite stack with a diameter of 
38.7 feet and a height of 23 feet; penetrated by about 2000 
channels that provide locations for fuel, control rods, and 
instrumentation. 

o The fuel is 20 percent enriched uranium oxide clad with a 
zirconium-l percent niobium alloy. The fuel elements are 

. constructed in 18 element clusters connected to a central 
fueled pressure tube. 

o This type 
coefficients 
system, and 
computerized 

of reactor has positive void reactivity 
under most operating conditions, a slow scram 
makes extensive use of a relatively simple 

control system. 

o The plant uses a steam suppression bubbler pond/confinement 
system, as opposed to containment structures that, can 
withstand internal pressure such as are used in LWR's in the 
U.S., the USSR, and other countries. 
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SOVIET DESCRIPTION OF THE CHERNOBYL RBMK-1000 REACTORS 
(Direct From Soviet Report) 

The basic design features of RBMK-1000 reactors are as follows: 

(1) vertical channels with the fuel and the heat-transfer agent, 
which permit local reloading of fuel with a w'orking reactor i 

(2) fuel in the form of bundles of cylindric fuel elements of 
uranium dioxide in zirconium shell tubes; 

(3) a graphite moderator between channels; 

(4). a low-boiling heat-transfer medium in the forced circulaion 
recirculation mode (KMPTs) with direct feeding of steam to 
the turbine. 

These design decisions, in combination, condition all the basic 
features of the reactor and the AES, both advantages and 
shortcomings. Advantages include: 

the absence of reactor vessels, which are awkward to produce 
on the poweplant maximum capacity and on the production Qase; 

the absence of a complex and expensive steam generator; 

the possibility of continuous reloading of fuel and a good 
neutron balance; 

a flexible fuel cycle, which is easily adapted to variations 
in the fuel market conditions; 

the possibility of nuclear superheating of the steam; 

high thermodynamic reliability of the thermal equipment and 
viability of the reactor due to the controlling of the flow 
rate for each channel separately, monitoring of the integrity 
of the channels, moni toring of the parameters and radio 
activity of heat-transfer- medium of each channel and 
replacement of damaged channels while running. 

Shortcomings include: 

the possibility of the development of a positive void 
coefficient of reactivity due to the phase change in the 
heat-transfer agent which determines the transient neutronic 
behavior; 

high sensitivity of the neutron field to reactivity 
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disturban'ces of' different kinds, necessi tating a complex 
control system for stabilizing the distribution of the 
release of energy in the active zone; 

complexity of the inlet-outlet piping system for the 
heat-transfer agent of each channel; 

a large amount of thermal energy accumulated in the metal 
structures, fuel elements and graphite block structure of the 
reactor; 

slightly radioactive steam in the turbine. 
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Chernobyl-4 Design Parameters 
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SOVIET STATEMENT OF CAUSES OF ACCIDENT 
(From Soviet Report) 

In the process of preparing for and conducting tests of a 
turbogenerator in a rundown mode with a load of system auxiliaries 
of the unit, the personnel disengaged a number, of technical 
protection devices and violated important conditions of the 
operating regulations for safe performance. 

The table presents a list of the most dangerous violations of 
operating conditions committed by personnel of the fourth unit at 
Chernobyl. 

No. Violation 

1. Decrease in the operting 
reactance reserve signifi­
cantly below the acceptable 
value. 

2. Power dip below value 
envisaged by testing 
program. 

3. Connection of all main 
circulation pumps to 
reactor with exceeding 
of flow rates established 
by regulations in regard 
to individual pumps. 

4. Blocking of reactor 
protection on signal 
for shutdown of two 
Turbine Generators. 
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Motivation 

Attempt to get 
out of "iodine 
pit". 

Operator error in 
disengagement of 
control rods. 

Fullfillment of 
requirements of 
testing program. 

Intention to 
repeat experiment 
with disengagement 
of Turbine Gen­
erators if 
necessary. 

Results 

Emergency 
protection 
of reactor 
proved in­
effective. 

Reactor 
proved to 
be in hard­
to-control 
state. 

Temperature 
of heat­
transfer 
medium of 
forced cir­
cUlation 
ducts came 
close to 
saturation 
tempera­
ture. 

Loss of 
possibility 
of auto­
matic shut­
down of 
reactor. 



No. Violation . 

5. Blocking of protection 
in regard to water level 
and steam pressure in 
separator drum. 

6. Disengagenlent of system 
for protection against 

,maximum theoretical fail­
ure (disengagement of 
Emergency Cooling System). 
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Motivation 

Attempt to conduct 
tests despite 
unstable operation 
of reactor. 

Attempt to avoid 
false response of 
Emergency Cooling 
System during per­
formance of 
testing. 

Results 

Protection 
of reactor 
in regard 
to thermal 
parameters 
was disen­
gaged. 

Loss of 
possibility 
of reducing 
scale of . 
accident. 



/ J 
. RELEVANCE OF PLANT CHARACTERISTI,CS 

. TO ACCIDENT 1 . 

, " 
e',' 

; ", ~"," ' . 

The·.R~MK-1,OO.0 typ.e plants have stability problems a,nd have beeri 
found to 'be difficult to control," piarticularly at low power 
levels. The reactor does not have sufficient excess of the core' 
override xenon. The in-core fission detectors are slow and the 
ex':'core detectors insensitive to fast transients ... , ", '>" ,.,' ... ., 

The ,reactor, ;i.'s. neutronically looselycouple,g, acts like several 
reactors" 'a,rid 'uses tour different tYPes of r<;:>ds I ,six signals I and 
con\'i;)Ut~l;' CQI1;t:i"ol to' maintain control an<:i flux distribution ... 

The1l16d~rat~~ temperature arid coolant void 'reactivity coefficient~. 
are positive over a wide range of conditions ,and vary with 
position, burnup, and power level.- Upsets are not self correcting 
and must be controlled by active rod insertions. The scram rod 
speeds are slow. The shutdown reactivity margins are small. 

The excursion could have been localized because of the decoupled 
nature of the core, and possibly because of the differences in 
chane 1 tube inlet valve positions. The core has 1,661 channels, 
each of which has an inlet valve that must be set to match the 
power in the channel. A localized excursion would be muh more 
damaging because the same power would be concentrated over a 
smaller volume. 

The zirconium pressure tubes are joined by difussion welds to 
stainless steel tubes at the inlet and the outlet of the core. It 
is known that the temperature transietns allowed on these under 
startup and shutdown conditions are small (10 to 15 degree Cjhr). 
The pressure tube strength would degrade as a result of a 
temperature excursion. The stress would increase as a result of 
the power excursion. Failure of the pressure "tube due to an 
overstress condition and of the transition joint due to thermal 
shock could be repeated. 

The reactor vault which has a design pressure of 26 psi, is 
designed to withstand the failure of one pressure tube. The upper 
biological shield supports the- weight of the fuel channels, 
control rods and drives, and the upper reactor piping. Gross 
motion of this structure can lead to common mode multiple' 
failures. Also, the graphite to the pressure tubes act like 
labyrinth seals. Al ternate rings are joined to the surrounding 
graphite. This configuration would resist downward flow of steam 
released from pressure tube rupture to the suppression pool for 
failures near the top of the core (where they are more likely). 
The result l.£:i an upward disruptive force, wi th . the upper vault 
diaphragm bearing most of the load. 
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The reactor contains large amounts of zirconium in the fuel 
cladding and the pressure tubes, that may react exothermally with 
water to gnerate large amounts of hydrogen and energy. The 
graphi te co,uld react with water vapor to form CO and hydrogen, 
both of which are explosive under a wide range of concentrations 
and temperature. . 

The Local Area 'Compartmentalization Approach used is designed to 
contain only limited parts of the primary system. If operative, 
suppression pools can be expected to retain significant fractions 
of fission product aerosols from the gas stream passing thr9ugh 
them. The 'Chernobyl-4 'suppress~on pool is designed to accommodate 
releases from only' the lower portions of the reactor coolant 
system. There is no containment in the context of that provided 
on U.S. LWRs. 

-' 
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THE SOVIET POWER REACTOR PROGRAM 

o Background 

The Soviet nuclear power program was initiated in the 1950's. 
Although the Soviet Union has sUbstantial non-nuclear energy 
resources, development of nuclear power was believed 
necessary because of the geographical mismatch between its 
energy resources and its populat:l.on concentrations and 
because of the belief that nuclear power is less damaging to 
the environment than available al ternati ve energy sources. 
The Soviets currently have a nuclear power generating 
capability of over 20 GWe. Over 10 percent of electricity 
generation within the Soviet union is supplied by nuclear 
plants. Most of the plants are located in the European part 
of the Soviet union. 

The course of development of nuclear power for electricity 
production has followed two different paths resulting in the 
deployment of two substantially different types of thermal 
reactors: the VVER and the RBMK reactors. Additionally, the 
Soviets have an extensive research and development program 
for liquid-metal-cooled fast reactors and other special 
purpose reactors. 

o VVERs Pressurized Water Reactors 

The VVER reactors are pressurized water reactprs (PWRs) 
generically.similar to many reactors developed elsewhere in 
the world including the united States. VVERs have been 
deployed domestically and· have been exported to Eastern 
European countries and to Finland, and Cuba. The first two 
VVERs were sized at 210 MWe (Novo Voronezh, 1964) and 365 MWe 
(Novo Voronezh, 1970). They are currently constructed in two 
sizes: 440 MWe and 1000 MWe. Although, these reactors are 
similar in some ways to Western-designed PWRs there are 
sUbstantial design differences which, to a large extent, 
reflect differences in approach to safety. These differences 
are most evident in the design of containment systems.· It is 
evident that Soviet philosophy concerning reactor safety is 
continuing to evolve. Later VVERs have more robust safety 
and containment systems than earlier models. Success in 
exporting the VVER can be at least partially attributed to a 
willingness to adapt the designs to meet the need of the 
purchaser (e. g., containment system design on the Finnish 
VVER) , and a willingness to involve the purchaser in both 
design and construction efforts. 
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o RBMKs, Graphite-Moderated, water-Cooled Reactors 

The soviet RBMK reactor is a graphite-moderated, boiling 
water-cooled reactor (GWR) and represents a unique design 
used only in the Soviet Union. The design is an outgrowth of 
experience with their first demonstration powe reactor 
(Obninsk l 5 MWe, 1954), dual-purpose (plutonium production as 
well as electricity generation) reactors (Siberian Atomic 

'Power Station, 100 MWe, 1958), and early graphite 'moderated 
, reactors (GMRs) (Beloyarsk, 100 - 200 MWe, 1964). RBMKs have 

been deployed in sizes of 1000 MWe (14 operating) prior to 
the Chernobyl accident) and 1500 MWe (1 operating)' :'and plans 
e~ist for sizes as large as 2400 MWe. The RBMK design also 
reflects evolving changes in Soviet philosophy c'oncerning 
reactor safety. Containment/confinement systems'in ,Tater 
'models have a number of improvements including the' use of a 
suppression pool' (bubbler -pond). RBMKs have ,not, been 
available for export. 

o BNs, Liquid-Metal Cooled, Fast Breeder Reactors 

The BN reactors are liquid sodium cooled, fast breeder 
reactors' (LMFBRs). The soviets have built a number of 'small 
research LMFBRs and there are currently two plants producing 
electricity. The BN-350 plant on the Caspian Sea produces 
electricity and, process heat for desalinating water. The 
BN-GOO plant at Beloyarsk is a 600 MWe plant. ,Plans exist 
for deploying a half-dozen or more 800 MWe LMFBRs before':: the 
end of the century. 

o Specialized Reactors 

The Soviets use a number of their existing power reactors to 
'produce a 'relatively small amount of heat for,district 
heating as well as for producing electricity. Construction 
is now underway on specialized plants that ,will" be used 
exclusively for district heating. These plants are boiling 
water reactors utilizing a three-loop thermal exchange 

"system.' Additionally, several combined district 
heating/electricity production plants are under construction 
that are based on a modified-VVER-l000 design that sacrifices 
a significant portion of the electrical produbtion capability 
for district heating capability. 

o Fuel Cycle 

The Soviets are actively involved in' all parts of the' fuel 
cycle including uranium' mining, uranium enrichment,' fuel 
fabrication, fuel reprocessing, and waste disposal. 

'Reprocessing of VVER fuel commenced in the mid-1970's. 
Reprocessing of RBMK fuel is being indefinitely deferred. 
Export agreements associated with reactor sales includes a 
stipulation that the Soviets will supply the fuel and that 
fuel will be re'turned to the Soviet union for reprocessing. 
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CHE~OBYL-4 VOID COEFFICIENTS AND NEUTRON 
KINETICS PARAMETERS 
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CHERNOBYL-4 VOID COEFFICIENT 

Much effort has been expended by various u.s. groups to duplicate 
the Soviet mathematical analysis of the Chernobyl accident. The 
Soviets provided much information in the form of calculated. 
results (the famous figure 4), but little information on the input 
parameters used in their study. The purpose of this report is to 
provide information on the void coefficient used by the Soviets in 
their model. 

Determination of the void coefficient for an RBMK is not an easy 
task. The coefficient is a complex function of fuel enrichment, 
fuel exposure, control rod positions, supplemental absorber 
loading: and coolant void. faction. All these· parameters vary 
considerably over the reactor volume. In the Soviet literature, 
the void coefficient is usually given as a single value "at the 
operating point". The operating point defines a single void 
fraction (approximately 30%), typical inserted rod worth (30 rods 
equivalent) and average exposure (approximately 10 GwD/MtU). 

In Vi~nna the Soviets were asked to give the value used in their 
analysis. The soviet reply was that a void coefficient of 
0.0002/% void was used in the physics calculations based on 30 
rods excess reactivity. with all rods out, as during the accident 
a value of 0.0003/% void was quoted. No further details were 
provided. It is not clear from this response if they used 0.0002 
or 0.0003. 

The void coefficient used by the Soviets can be determined from 
studying the results presented in their figure 4. Since this 
figure shows a curve of total reactivity (curve B·) along with 
reactor average void fraction (curve P), the void coefficient can 
be deduced from the relationship between the two curves during a 
time when no other factors are affecting the total reactivity. 
There· are two such time intervals. From 1:23:40 until 1:23:43 
there is a significant change in the void fraction and little 
change in any other parameter (there is some control rod motion 
but it is not believed to affect the total reactivity). Also, in 
the fraction of a second near the end of 1:23:44 there is again a 
large change in void coefficient and little or no change in any 
other parameter affecting reactivity. 

Of this two intervals, the fraction of a second near 1: 23: 45 
provides the best choice for use in calculating the void 
coefficient. The time interval is very short thus limiting any 
other effects on the total reactivity. The attached figure F-1 
shows a blow-up of Soviet figure 4 in the region near 1: 23: 45. 
Only the void fraction and total reactivity curves are showt;. 
Using the scales provided, 5 mk/division and 0.1, vOl.d 
fraction/division, the change in reactivity is approxl.mately 
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15.6mk and' the change in void' 'fraction is approximately 0 • 51'. , 
Dividing .0156 (15.6 mk) by 57% (0.57' void fraction) gives a voiq' 
coefficient of 0.000274/% void. This is very nearly equal to ,th~ 
soviet stated value of 0.0003 for the conditions at the time ot., 
the accident. The small difference is attributed to difficulty ip., 
reading precise values from the curves. ". ' 

The reason for not choosing the time interval from 1:23:40 to 
1:23:43 is our belief that at 1:23:40 an external reactivity 
insertion simulating the positive reactivity from the scram rods 
is included in the model. This insertion is 'estimated to be 1.0 
to 1.5 mk/sec. During this time interval- the void fraction 
changes from 0.25 to 0.34 and the reactivity changes from 1~4 mk 
to 8.0 mk. For all this reactivity increase to be caused by' 
voiding alone, the void coefficient would have to be' 0.00073~ . 
This is far in excess of any calculated or quoted value. 9learly 
something else is going on that af~ects the reactivity. ' 

If a void coefficient of 0.0003 is applied to this time interval 
the reactivity increase resulting from voiding alone can be 
calculated. subtracting the calculated void reactivity from the, 
total reactivity curve gives the external reactivity ramp that: 
begins at the time of the scram. This is shown in the attached 
figure F-2. The difference between the total reactivity and the 
calculated void reactivity is seen to be a ramp starting at 0.25 
seconds after the scram and having a slope of 1.5 mk/second. ~his 
result is consistent with our assertion that a positive reactivity 
ramp of 1.0 to 1.5 mk/second occurs as a result of the control rod 
followers displacing the water in the rod channels. 

Based, on the above arguments we believe the soviets used a 
constant void coefficient of 0.0003/% void in their analysis ~ 
They did not use a void coefficient that varies with void 
fraction. Also, they' inserted an external positive reactivity 
ramp with a slope of 1.5 mk/second starting 0.25 seconds after the 
scram to simulate some form of external positive reactivity 
insertion (the effect of scramming the rods from their fully 
withdrawn position). 

NEUTRON KINETIC PARAMETERS FOR CHERNOBYL 

Accurate values of delayed neutron fraction (Beta) and prompf 
neutron lifetime (1*) are required to perform analyses of' the 
Chernobyl-4 accident. There exists little information in the 
soviet literature about these parameters for the conditions at the 
time of the accident (2 percent enriched fuel, 10.3 GWD/Mtu 
exposure). Values for Beta given in Dollezhal's book on channel 
tube reactors are for 1.8 percent enriched fuel and the Soviet's, 
experimentally determined value for 1* (0.89 milliseconds) is 'for 
2 percent enriched fuel at beginning of life and cold conditions. 

F-2 

.... , .. :. , •. ..~ .~" .... 



There are two methods for obtaining more relevant values. for, Beta 
and 1*. ,Values can be obtained from RBMK lattice calculations or 
they can be deduced from' the results of the Sov.iet mathematica~ 
model of the Cher~obyl-4 accident. The purpose of this report;is. 
td,' compare 'the values of Beta and 1* obtained by these two 
methods. 

Calculated Neutron Kinetics Parameters 

Values for Beta and' 1* can be calc~lated from the results o'f' ~n 
RBMK unit cell lattice analysis. Beta can be determined from a 
detailed fission reaction rate edit of the fissionable nuclides 
and 1* can be calculated 'from the multigroup, ce'i! averaged 
ma9rosc,!pic cross sections and, corresponding group neutron 
velocities. 

using'the results from a WIMS calculation, the values'for Beta and 
1* are found to be 0.0048 and 0.77 milliseconds respectively. 
Thes$ values are for' a fuel exposure of 10 GwD/MtU, average 
temperatures and void fraction, and equilibrium fission product 
concentrations. Table F-1 gives calculated values of Beta for a 
range of fuel exposures, and enrichments of 1.8, 2.0, and 2.4 
weight % U-235. 

comparison of the Beta values in table F-1 against the s(;>viet 
published values for 1. 8 percent fuel (table F-2) shows good 
agreement., No published data is available for the 2. o and; 2.4 
percent fuel. ' ' 

Validation of the method of using WIMS calculated multigroup cross 
s~ctiQns to derive the neutron lifetime can be made by comparing 
the calculated lifetime for a cold, green unit. cell with the 
Soviet experimental value of 1* based on the millisecond for these 
Same conditions. "For this case the value of 1* based on the WIMS 
cell averaged cross sections is 0.83 milliseconds (this value is 
the sum of the thermal neutron lifetime and an assumed value of 
0.15 millisecond slowing down time). A second data point for, 
validation is to use N-reactor as a model. Its' experimentally 
determined lifetime, is 0.54 milliseconds. Based on the WIMS 
calculated cross sections for an N-reactor unit c~ll, the 
calculated 1* is 0.58 milliseconds.' In both cases, the values 
based, on WIMS calculations agree with the experimentally reported 
values with 10 ,perpent. ' 

Therefore, 'based on the above calculated ,results the' expected 
values ,for Beta and 1* used in the analysis of the Chernobyl-4 
accident are 0.0048 and 0.7.7 milliseconds. 

Parameters Deduced From Figure 4 

Beta and 1* used by the Soviets can be' deduced from their results 
presented in figure 4 of the Chernobyl-4 accident report. The 

; ; 
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value of Beta can be simply read from the total reactivity curve 
at the times when the power curve has zero slope. ' Using this 
value of Beta, the prompt neutron lifetime can be determined by 
finding the value that allows reproduction of their power and 
temperature versus time curve. The calculation requires only a 
simple point kinetics model using the Soviet total reactivity as 
input and no thermal hydraulic feedback (the Soviet analysis was 
performed using a point kinetics model). 

The determination of Beta is based on the fact that for a prompt 
critical system' in which the delayed neutron precursors cannot 
keep up with ,.the, power increase, the time rate of change in the 
power is given by: 

dn/dt=(Reactivity-Beta)/Prompt Neutron Lifetime. 

Therefore, when the time rate of change of the power is zero 
reactivity must be equal to Beta. 

The attached figure F-1 is an enlargement of the Soviet figure 4 
showing the last four seconds of the transient. There are two 
times at which the power curve (curve D) has zero slope with the 
reactor prompt critical; just before 1:23:43 and at 1:23:45:5. At 
the first of. these two times the reactivity cure (curve B) is 
approximately 0.0045 which agrees with the expected value of 
0.0048. However, at the second time the corresponding value of 
reactivity is 0.0. This is not reasonable. 

A possible explanation is that the power curves on figure 4 were 
hand dr~wn without adequate attention to the exact shapes of the 
peaks., In the calculations we have performed the power peaks are 
Gaussian-shaped. The Soviet peaks are not. There are 
discontinuities in the slope, particularly just after the peaks 
begin to turn over. Small errors in drawing in the peak shapes 
can lead to large errors in determining the corresponding values 
of reactivity. This is particularly true at the second peak ,where 
the reacti vi ty curve has a very large slope. Based on these 
finding, figure 4 cannot be used to provide a reliable estimate of 
the value of Beta used in their analysis. 

The value of 1* used in the Soviet analysis can be determined by 
finding the value that allows duplication of the Soviet calculated 
powers, fuel temperatures and accident timing. Using a six 
delayed group point kinetics code with a Beta of 0.0045 and an 1* 
of 1.75 milliseconds we were able to match the fuel temperatures 
and time sequence of the power transients, but we were not able to 
match the power peak magnitudes. The soviet values are four times 
higher than bur calculated values. 

One possible explanation for the differences is the number of 
delayed neutron groups used in the point kinetics model. Our 
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model used six delayed groups. Brookhaven National Laboratory 
(BNL) has made a similar calculation using only one delayed 
groups. BNL's results for 1*=1.8 millisecond and Beta=0.0045 show 
a peak power in the first excursion that is approximately 40 
percent' larger than the soviet calculation (much better agreement 
than our six group calculation) . 

Based on this evidence, it appears reasonable to assume the 
Soviets used a single delayed group and a neutron lifetime of 
slightly less than 1.8 milliseconds. However, there is still a 
problem--fuel temperature. Our calculated fuel temperature agrees 
with the Soviet value even though our powers are lower by a factor 
of four. If we change 'the neutron lifetime to get the'peak power 
to agree with the Soviet's, our calculated fuel temperatures 
become unrealistically large. This is shown in the attached 
figures F-2 and F-3 which show the effects of using different 
lifetimes on peak power and fuel temperature. (BNL did not 
calculate fuel temperatures in their one group model); ,Thus, 
there appears to be an error in either the Soviet ten '~ature or 
power scale. 

If we assume the temperature scale is in error, and us~ lifetime 
much shorter than 1.75 milliseconds to get the ix group 
calculated power magnitude to agree with the Soviet vall ! than the 
time sequence of power versus reactivity does not agree with the 
Soviet figure 4. The attached figures F-4 and F-5 show the effect 
of using 1*=1.0 millisecond and 1*=1.75 milliseconds on the timing 
of the power peaks. To preserve the time of the accident events, 
the neutron lifetime must be on the order of 1. 75 milliseconds. 
Therefore, ignoring the Soviet temperature scale and using a 
lifetime that produces agreement with the power peak magnitudes is 
not reasonable. 

The'othei choice is to assume the Soviet power scale i~ wrong. 
Rescaling the Soviet calculated power by a factor of four (0-12000 
percent instead of 0-48000 percent) allows the six group 
calculated power peak magnitudes, fuel temperatures and timing to 
all agree with the Soviet figure 4. Rescaling the power curve on 
Soviet figure 4 appears to be more reasonable tha:n assuming the' 
temperature scale is wrong. Perhaps the Soviets rescaled the 
power curve to show the effect of power peaking. That is, the 
power' 'shown is not the total reactor power but in some way 
represents the power increase in the lower portion of the core. 

Conclusions 

Calculated values of Beta and 1* obtained from WIMS modeling of 
," experimental lattices (both RBMK ,and in the U. S.) have shown good 

agreement with the measured results. The calculated values for 
Beta and 1* for the conditions at the time of the accident are 
0.0048 and 0.77 milliseconds.' 
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Attempts to arrive at these same values by deducing the values 
from Soviet figure 4 were not successful. At the two times· 'on the 
curve where the power curve has zero slope with the reactor .prompt 
critical, the corresponding values of Beta are 0.0045 and 0.0. A 
possible explanation is that the power curves were hand.' drawn 
without careful attention to maintaining the relationship between 
power and reactivity. Using a Beta of 0.0045 the value of 1* that 
reproduces the fuel temperature and power peak timing is 1.75 
milliseconds (more than twice as large as expected). Although the 
fuel temperature and timing are reproduced using these values, the 
peak power is not. The calculated power is four times lower than 
the Soviet value. Perhaps the Soviets included a power peaking 
factor in the power scale. 

The study of figure 4 raises more questions than it answers. Why 
don't the power and reactivity curves agree with the mathematics/ 
Why was such a large value of neutron lifetime used? Why don't 
the fuel t~~1.l!Perature and power agree? 

Table F-l. Calculated Delayed Neutron Fraction for Various 
Fuel Enrichments 

Fue1 Enrichment 
Exposure(GwO/MtU) 1.8 2.0 2.4 

0.0 0.0065 0.0065 0.0065 
5.0 0.0052 0.0055 0.0056 

10.0 0.0046 0.0048 0.0050 
15.0 0.0040 0.0043 0.0046 
20.0 0.0036 0.0038 0.0042 
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Table F-2.. Soviet Reported Delayed Neutron Fraction for 1.8% Fuel' 

Exposure(GwDlMtU) 

0.0 
~.l 
5'.2 
9.0 
9.9 

10.8 
l4.0 
l4.8 
15.5 
i6.9 
17.6 

Beta 

0.0065 
0.0056 
0.0050 
0.0044 
0.0043 
0.0042 
Q.0039 
0.0038 
0.0037 
0.0036 
0.0036 
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Figure F-l. Enlargement of Soviet Figure 4. 
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RBMK CONTROL ROD SYSTEM 

The control rod system consists of 211 movable rods. The rods 
are functionally divided into manual control rods (RR), two sets 
of automatic control rods (AR and LAR), emergency power reduction 
or scram rods (AZ), and shortened absorbing rods (USP). The 
number and function of these various types of rods are listed in 
Table G-1. 

Description of Control Rod Design 

The absorbing material of the rods is boron carbide fabricated in 
a sleeve design (see figure G-1). The boron carbide is enclosed 
in a sealed annular element formed from an aluminum alloy. The 
RR, AR, LAR, and AZ rods are assembled from five ab,sorbing 
sections for a total length of 5.12 meters. The USP rods are 
assembled from three absorbing sections and have a total length 
of 3.05 meters. All rods are lowered into the core from the top, 
except the USP rods, which are raised from toe bottom. 

with the exception of the AR and LAR rods, all the rods have 
sections to displace water as the absorber sections are withdrawn 
from the core. This enhances the effectiveness of the rods by 
preventing the rod channel from being filled with water coolant 
which is a strong neutron absorber. The displacer is made up of 
five, one meter long cylindrical sections formed of aluminum 
alloy with sealed end caps. Each section is filled with graphite 
sleeves and cylindrical graphite blocks. When a control rod is 
fully withdrawn, the five meter long displacer is located symmet­
rically with respect to the core such that the one meter rod 
channel sections on either end are filled with water (see figure 
G-2). . 

Specifications for selected control rods are given in table G-2. 

Description of Rod Drive Mechanism 

The rod drive mechanism is used to raise, lower, and monitor the 
position of the control rods (see figure G-3). The mechanism has 
a direct current motor with a butrt-in electromagnetic brake that 
stops rotation of the shaft when voltage is applied. The motor 
transmits rotation through a geared transmission link to a drum. 
A belt-cable wound around the drum supports the control rod. 
Rotation is monitored by a selsyn sensor. Cams driven by a screw 
move when the rod moves. Limit switches activated by the cams 
indicate when the control rod has reached its extreme upper or 
lower position. 

In the absence of motion commands, the circuits of the armature 
and the excitation winding of the electric motor are deenergizedi 
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vol tage 'is applied to the electromagnetic brake; and the' drum, 
which holds the belt-cable and rod I remains motionless. When"a 
cOmmand to extract the rod is transmitted, voltage is removed 

"1 from the brake, the drum is released, and the electric motor 
'raise's'the rod. Motion continues until either a stop signal, is 
giv~n' or the upper limit switch is activated. 

'Rods, are inserted into the core in one of three ways. 
, " 

l. When a signal to lower the rod is received, the electromag­
,. netic coupling is deenergized and, due to the weight of the 

rod, the drive initiates a lowering movement, working in a 
self-exciting dynamic braking mode. 

2. The drives can also initiate a lowering movement mode when 
voltage is applied to the excitation winding .. ," The brake is 
deenergized and, due to the weight of the rod, the drive 
,initiates a lowering movement in dynamic braking mode with a 
weak current. 

3. ,l~ is, also possible to use the motor to initiate the lower­
ing of the rod, thus reducing the transition time." In this 
case, full voltage is applied to the armature circuit and to 
the excitation winding, and power is cut-off from the 
electromagnetic brake. The drive initiates a lowering 
movement in the'motor mode. Then the power is' cut off from 

,; the armature winding but not from the excitation winding. 
, The rod continues to fall, but its motion is slowed by 'the 
" presence' of electrical current in the excitation winding of 

'1 

1 

" , 

: ..... 

the motor. 

Table G-l. Types of Control Rods 

Name 

Manual Control 

Local Automatic 
Requlation 

Automatic Power 
Requlation 

Scram 

Short Absorbing 

SYmbol 

RR 

LAR 

AR 

AZ 

USP 

G-2 

Number 

139 

12 

12 

24 

24 

Function 

Operator controlled 
for power shaping. 

Maintains radial 
power shape. Twelve 
rods moved 
independently. 

Maintains total 
reactor power. 
Three sets of four 
ganged rods. 

Scram rods. 
Normally withdrawn 
from core. 

Used to control 
axial power shape. 
Manually controlled 
and moved upward 
into the core from 
the bottom. 



Operation of the Control Rod System ,'"1: " 

• ;' .,1 l 

Manual control is provided. by manual control (RR) rods~ . 'these 
,rods, are divided into four groups as a function of theirloc~t,ion 
in the reactor. One group is located in the periphery,of" ~he 
core, and the remaining three are located centrally in the core. 
The central rods are divided into three regular, int~rmix~d 
lattices. Control of excess reactivity is accomplished by the RR 
rods of· one of these c,entral groups and by the peripheral rods I 
which are moved up or down to equalize the current .in the ,periph ... 
eral ,ionization chambers. The rods of each central group ar~ 
moved sequentially to maintain the position within + 0.5 m (20 

, .' ',j 

in.) of each other. The rods of the two other central groups ar~ 
: at:- the, -extreme upper or lower positions depending upon tJ:).~ 
reactivity reserve. ' « 

~. ..' . i ~ 
The average ppwer control system consists of three identical set~ 
of automatic regulators. Each set consists of four" ionization 
chambers placed around the reactor and provides information on 
the basis of which four, automatic regulating rods are: moved 
synchronously. The use of ionization chambers of d~fferent 
sensitivity enables, these sets to work in different ranges: tli~ 
low-pqwer range from 0.5 to 10% of full power arid the 
wor,king-power range from 5 to 100% of full power.'~n, th~ 

, low-power .range there is otle automatic regulator (3AR);' in th~ 
working-power range there are two (lAR and 2AR). ' ,One .c:>f th~ 
working regulators is switched on, while the secpnd is in "hoti!' 
s,tandby.' The second regulator is automatically' swi tcJ;:l.~d. <;:m if 
the first regulator is switched off automatically as a result qf 
a mal function. " 

" An emergency signal is generated if the set limit of a chamber is 
exceeded and the signal is recorded on at least two measuring 
channels of different groups. If an emergency signal is generat* 
ed, the emergency control rods are lowered. This action protects 
the reactor as a whole from power excursions, and it also pro­
tects the reactor from peripheral local power excursions. ' 

Stabilization of the power density distribution in the reactor i~ 
achieved by the ldcal automatic regulating and local emergency 
protection systems. The former --is designed on the principle o:t. 
independent power regulation in 12 local zones of the reactor by 
means of 12 regulating rods. The local automatic regulating 
system rods are controlled on the basis of information from two 
detectors positioned in the core around the local automati# 
regulating rods at a distance of 0.63 rom from the rods. 

The local automatic regulating system is switched into the 
automatic mode in the power range after the required power 
density distribution has been achieved. In transitional regimes, 
the local automatic regulating system has considerable 
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advantages, since it not only provides measurement and regulation 
of the overall power, but also smoothes out power distortions due 
to local perturbations in the equipment. 

The local automatic regulating system is the main system for 
automatic average power regulating in the power range from 10 to 
100% of full power. The average-power automatic' regulating 
system is used for stanqby and is automatically switched' on when 
the local automatic regulating system is switched off as a result 
of malfunction. 

The speed of movement of the automatic control, rods is limited to 
0.3 meters/sec so as not to exceed the limits established.by the 
Nuclear Safety Regulations for the rate of insertion of positive 
reactivity when 12 rods of the local system are moved at the same 
time. There is a built-in limitation on the continuous withdraw­
al of the automatic regulator rods for over 8. seconds. 

When a power overshoo~ alarm signal appears in one 'Of' the chan­
nels of the local emergency protection zone, the withdrawal of 
the local automatic regulating rods is automatically' blocked. 
When emergency power overshoot signals appear in both channels of 
the local emergency protection zone, two local emergency protec­
tion rods are lowered into this zone of the core until at least 
one of the emergency signals disappears. In this case the 
average power of the reactor is reduced by automatic lowering of 
the power transducer settings at their operational rate change. 

The withdrawal of more than 8 to 10 of the manual regulating and 
emergency protection system or shortened absorber rods upon any 
malfunction is prevented by a "power blocking" circuit. This 
circuit' automatically determines the number of rods in whose 
servo drive armature circuit a voltage for rod withdrawal is 
given. If this number is greater than 8 to 10, the circuit is 
automatically disconnected from the servo drive. power supply 
source and no additional rods can be withdrawn from the core. 
There are three power blocking channels that process the signals 
by a two-out-of-three logic. 
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Table 0-2 . Control Rod Specifications 

Absorber Material 
Absorber Density 
Clad Material 

. Absorber Length/Section 
Total Length/Section 
outer B4C Diameter 
Inner B C Diameter 
outer Ciad Diameter 
Outer Clad Thickness 
Inner Clad Diameter 
Inner Clad Thickness 

Control Section 

Displacer section 

Displacer Length/Section 
Displacer Material 

. Cladding Material 
Clad Diameter 
Clad Thickness 

M. ... AI ..... 
• a.c_ -_. a _ 

_ ... ---
IUl.AZ ..... UP" .... . - . ....... "*-M -

Figure 0-1. Control Rod Design 
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Boron Carbide 
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Aluminum Alloy 
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102.4 em 

6.5 cm 
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0.2 cm 
5.0 cm 
0.2 cm 

100 cm 
Graphite 
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7.4 cm 
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Figure G-2. . Control Rod Displacer positioning 
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Figure G-3. Functional Diagram of a Control Rod Drive 
1 - Kinematic Drive; 2- Limit Switches. Upper 
and Lower; 3- Cams; 4 - Motor D. C.; 
5 - Gears; 6 - Drum; 7 - Absorber Rod; 
8 - Selsyn Transmitter 
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THREE-DIMENSIONAL TRANSIENT cALCULATIONS 

In order to evaluate the impact of spatial effects on the 
transient dynamics and fuel failure energetics, three-dimensional 
RAMONA-3B [1] calculations were performed in parallel with the 
point kinetics MINET analysis. The RAMONA-3B calculations have 
focused on two questions: (1) the role of three-dimensional 
effects on the course of the Chernobyl-4transiertt and (2) the 
possibility of a positive reactivity insertion as a result of a 
reactor scram. 

Due to the lack of detailed information concerning the reactor 
state at th~,time of the transient, certain assumptions were made 
concerning the fuel loading and exposure distribution, channel 
flow distribution and initial conditions. In, addition, there are 
known differ~nces between the RAMONA-3B and 'Point Kinetics input 
data, and detailed comparisons between the three-dimensional and 
point kinetics results should not be made. 

The RAMONA-3B model for the Chernobyl-4 reactor consists of a 
quadrant symmetric reactor core represented by 118 neutronic and 
30 hydraulic channels totalling to 1,416 neutronic and 360 
hydraulic computational cells corresponding to 12 axial nodes. 
Each neutronic channel in the RAMONA-3B' model represents either 
four Chernobyl-4 fuel channels or three fuel channels and one 
control rod channel embedded in four blocks of graphite 
moderator. 

The model cross sections were developed using the WIMS [2] 
multi-group collision probability code. The cross sections were 
adjusted in order to match the void reactivity coefficient 
(aC=3~10-2 Akl,k/Aa at a void fraction of a = 0.4) published in the 
Soviet report [3]. 

The Chernobyl-4 reactor thermal-hydraulics model ,included the 
downcomer piping, core, riser piping, a steam separator which 
represents four plant steam separator drums, a'nd a steam line 
equipped with Main steam Isolation Valve, (MSIV), bypass valve, 
and safety/relief valves. Distributed channel inlet orifieing 
was introduced in order to maintain approximately the same 
power-to-flow ratio in all hydraulic channels at steady state. 

In:i,tial conditions in the RAMONA-3B calculation corresponded to 
the reactor state as of 1: 23: 00 on April 26. The reactor 
parameters were as follows: thermal power - 200 MWt, core flow -
120 percent of nominal, and initial steam separator pres~ure - 63 
MPa~ The transient was initiated by a linear core flow reductio.n 
to 85 percent of the initial value in 45 seconds (as indicated in 
figure 4 of the Soviet report). 
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Results and Analysis 

Three RAMONA-3B calcplations were performed. In each calculation 
the MSIV was opened . and· the time of reactor scram· was varied. 
The cases included:. Case A - no scram, Case B - scram at a power 
level of 539 MWt (corresponding to the power level at which the 
scram was activated, and a time of 39 seconds in the present 
calculations), and Case C. - scram at 41 seconds accounting for 
the expected initial delay in rod motion. 

The RAMONA-3B calculation for Case B (scram on power· at 39 
seconds) indicates that a scram initiated sufficiently early in 
the transient shuts the reactor down before any significant power 
excursion takes place. The results of the Case C calculation 
which approximates the Chernobyl-4 accident are presented in 
figures·H-l - H-10. 

The· global system parameters and the corresponding reactivity 
components are presented in Figures 1 and 2, respectively. . The 
peak thermal power attained is about 160,000 MWt at 43 seconds 
and is still increasing. The scram reactivity in the first-3 
seconds is small «50 cents) and is not sufficient to appreciably 
offset the large ($3.3) positive void reactivity (figure-H-3). 
The core axial void distribution is shown in Figure 3 with apeak 
exit void fraction of -.6 at 43 seconds. As a consequence, 
significant changes in. the axial power and. fuel temperature 
distributions occur at the time of the power excursion. These 
effects are shown in figures 4 and 5 . for a ~ot channel located 
radially about 4 meters from the core center. . 

The RAMONA-3B predictions also show a SUbstantial radial power 
redistribution during. the course of the accident. The initial 
radial power shape is shown in figure 6 and indicates a center 
peaked distribution with a slight octant asymmetry due to the 
control rod pattern. The radial power distribution is shown iri 

lAn open MSIV in this context refers to a steam flow proportional 
to pressure boundary conditions in the steam line calculations. 
It is noteworthy that a preliminary calculation with a constant 
steam flow boundary condition resulted in only a mild transient 
due to the core void collapse under increasing system pressure. 

2In these calculations the axial power shape was a typical 
cosine, however, RAMONA-3Bcalculations were also performed for a 
double-peaked axial power shape (as described in the Soviet 
report) and the axial power was observed to shift slightly 
towards the top of the core during the power excursion. 
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figure H-? and indicates the presence of two well ~efined 
diametrically opposed high-powered regions at the' time of the ' 
power excursion (43 seconds). The rapid growth of this flux 
shape (and associated power pea,king) at the time of the excursion, 
is a result of the inherent radial-azimuthal flux instability of 
the RBMK design. (It is noteworthy that the growth of the first, 
harmonic is expected to be faster and result in even stronger 
local peaking than observed in these calculations. However"due 
to the symmetry implicit in the quarter-core representation used 
in the present calculations, these modes are not excited). 'In 
figure H-8, the resulting radial power shift from the center of 
the core to the core periphery is presented; the peak power 
location shifts to the group of channels located approximately 4 
meters from the center of the core. 'As shown in figure H-9, this 
spatial power redistribution results in locai "hot spots" 
consisting of up to one hundred fuel assemblies in which, the fuel 
centrline temperatureooexceeds the core average centerline 
temperature by - 200 C. These lead assemblies would be 
expected to undergo early fuel failure during the accident and, 
in the case in which the initial power excursion is terminated by 
doppler and/or scram reactivity before significant fuel damage 
occurs, may have provided the thermal-hydraulic and mechanical 
mec~anism (see description of fuel energetics in section 4) which, 
initiated a second power excursion (as indicated .in figure 4 of 
the soviet report) resulting in the ultimate core damage. 

As discussed in section 4, certain features of the Chernobyl;-4 
design have the potential for contributing a positive component 
to the scram reactivity. In order to determine the magnitude of 
this effect RAMONA-3B three-dimensional scram reactivity 
calculations were performed. The calculational model included an 
explicit representation of the control rod, graphite displacer 
rod and water regions above and below the displacer rOQ (figure 
12) for all, the: scram rods. The scram reactivity was ,determined 
~sa function of rod insertion for select~d .. reactor,~tate' points 
ranging from? ,p~rc.ent to 100" percent. of:rated 'p'o~er. 'In fj,.gu,re 
H-l0 the scram react'ivity curve Is' presented' fora' case at 20 
percent of rated power, and indicates a very sligh~ .increas~ (em 
the order of a few cents) during the initial meter of ro~ 

,.insertion;followed. by a strong negative 'J, re<!,ctivity, iJlsertj,.on. 
,~1;L calcu.lat,ions wer~, gfmerally consistent, 'j,n,dicati'ng' that \ the 
iri:lt:,l.al pOsl.tivereactivity insertion due to, ~eactor' scram' is < 16 'cents. ' '," ,,' "', ' 

" 

3,,' , 
·It ;should be not'edthat the scram reactivity curve' 
rfapresents the oVerall 'core 'reactivity, 'which determines' the 
tempor~l' .dependeri:ce" 9f ,the total', core' power,' and does not 
repre~~nt, ~he ,Iqcal reacti~ity distribut'ion wh'ich determines the 
time dependence 'of the core power distribution. ,.' ',-
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Conclusions 

Based on the RAMONA-3B three-dimensional calculations and the 
various assumptions implic~t in' the Chernobyl-4 modeling the 
following conclusions can be made •. 

o The steam flow I to a large extent I determines the core 
pressure and void generation, and the severity of the 
transient. 

o For the assumed initial conditions and flow coastdown, 
the core undergoes a prompt critical power excursion as 
a result of positive void reactivity insertion. 

o If the scram had occurred earlier, the negative 
reactivity. insertion would have been sufficient to 
suppress the transient. 

o During the transient, the core power distribution 
undergoes a strong radial-azimuthal shift from the 
center of the core towards the periphery, in which the 
hot channel fuel temperature leads the central core 
fuel temperature by -2000 C. This power redistribution 
will lead to early fuel failure in these lead fuel 
assemblies. 

o The positive reactivity insertion associated with a 
reactor scram is negligible « 10 cents). 
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