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ABSTRACT

This report presents the compilation of information obtained by various organ-
izations regarding the accident (and the consequences of the accident) that
occurred at Unit 4 of the nuclear power station at Chernobyl in the USSR on
April 26, 1986. Each organization has independer. y accepted responsibility
for one or more chapters. The specific responsibility of each organization is
indicated in Chapter 1. The various authors are identified in a footnote to
each chapter. Chapter 1 provides an overview of the report. Very briefly the
other chapters cover: Chapter 2, the design of the Chernobyl nuclear station
Unit 4; Chapter 3, safety analyses for Unit 4; Chapter 4, the accident scenario;
Chapter 5, the role of the operator; Chapter 6, an assessment of the radioactive
release, dispersion, and transport; Chapter 7, the activities associated with
emergency actions; and Chapter 8, information on the health and environmental
consequences from the accident. These subjects cover the major aspects of the
accident that have the potential to present new information and lessons for the
nuclear industry in general.

The task of evaluating the information obtained in these various areas and the
assessment of the potential implications has been left to each organization to
pursue according to the relevance of the subject to their organization. Those
findings will be issued separately by the cognizant organizations. The basic
purpose of this report 1s to provide the information upon which such assessments
can be made.
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FOREWORD

An early version of this report was issued in January 1987. It was widely cir-
culated for review and a number of comments and suggestions were subsequently
provided. Also, additional information has been developed in the area of dose
estimates associated with the accident. This final version includes the major
comments and suggestions as incorporated by the responsible organizations. It
also presents the latest information regarding current estimates of radiological
doses. The report provides the best archival record possible at this time on
the broad range of subjects relevant to the accident at the Chernobyl Nuclear
Power Station. The participants from the various organizations involved in this
report have all given considerable time and effort in providing this factual
record and have shown diligence and patience with the production of the document.
These contributions are gratefully acknowledged.
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CHAPTER 1

OVERVIEW

In response to the Chernobyl Nuclear Power Station accident in April 1986, a
group comprised of representatives from the Federal Government and the nuclear
power industry met to compile factual data and information relevant to under-
standing that ac-ident. Specific organizations, as noted below, prepared de-
scriptions of the accident. The individual inputs are herein compiled and
represent, therefore, the views of the responsible organization.

The effort drew hea2vily on three sources during the preparation of its report.
The first source is a report prepared in the Soviet Union (USSR, 1986) that was
presented to the International Atomic Energy Agency (IAEA) at a meeting held
August 25-29, 1986, in Vienna, Austria (IAEA Experts' Meeting). The second
major source of information came from discussions with Soviet representatives
attending the IAEA Experts' Meeting in August 1986. The third major source is
a report prepared by the International Nuclear Safety Advisory Group (INSAG,
1986) for the Director General of IAEA (Post-Accident Review Meeting,

August 30-Se;lember 5, 1986).

The focus of this report is limited to the factors bearing directly on the

accident at Chernobyl. It does not extend to all aspects of the design and
operation of the Chernobyl plant. As such, the report includes information
on the relevant areas of plant design, plant safety analysis, the accident

scenario, the role of operating personnel, radioactive releases, emergency

response, and health and environmental consequences.

Chapter 2 was prepared by the U.S. Department of Energy (DOE). The material
contained in this chapter reflects information available as of August 1986.

It was neither reviewed nor discussed with Soviet designers. Updated and, in
some instances, more accurate information has become available. For example,
further relevant information is contained in DOE publication DOE/NE-0076,
November 1986. It describes the unique design of the Soviet high-power, gra-
phite-moderated boiling-water-cooled reactor at the Chernobyl Nuclear Power
Station. This uniquely Soviet design evolved from early demonstration and plu-
tonium production reactors. General characteristics of the RBMK and its prede-
cessors include the use of graphite as a neutron moderator and light water as
the coolant. Pressure tubes, contained in vertical channels in the graphite,
either contain low-enriched uranium oxide fuel or are used as locations for
control rods and instrumentation.

The use of boiling water as a coolant in a pressure-tube, graphite-moderated
reactor distinguishes the RBMK design from any other reactor design. Other
distinguishing features of the RBMK design include:

Note: Vertical bars in the margin indicate where the text was changed as a
result of technical review of the published draft of this report.
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on-line refueling
single uranium enrichment level

¢ separation of core cooling into independent halves
. use of computerized control systems
¢ separate flow control for each pressure tube
positive void reactivity coefficients under most operating conditions
’ slow scram system
s steam suppression system
programmed power setbacks (rather than scrams) for various abnormal
conditions
. low coolant-to-fuel ratio

accident localization systems

Chapter 3, prepared by the Electric Power Research Institute (EPRI), is directed
at a safety analysis of Chernobyl Unit 4, one of 14 operating RBMK-1000 reactor
plants. Significant differences exist in RBMK-1000 designs, as they have
evolved from the early Leningrad design (first-generation RBMK, eight total
units) to the more modern Smolensk design (second generation RMBK, six total
units, including Chernobyl Units 3 and 4). This evolution of the RBMK design
is often difficult to discern in Soviet literature, and details of the plant-
specific differences among the 14 plants are not availavle. However, descrip-
tive material of second-generation RBMK-1000 2actors is more complete,
especially as a result of information in the Soviet report on the accident
(USSR, 1986). The safety analysis in this chapter sometimes presents a compos~
ite, or generic analysis of second-generation RBMK-1000 reactors. Where known
differences exist between first- and second-generation reactors, a brief dis-
cussion is included of the effects of those differences on the RBMK safety
analysis, but an analysis of the older design is not included in this report.
Since many of the design features unique to the second generation do not appear
to have been backfitted into the first generation, the reader is cautioned
against assuming that safety capabilities discussed here apply to the eight
older RBMK-1000 reactors.

Chapter 4 was prepared by the U.8. Nuclear Regulatory Commission (NRC). It
presents the events leading to the accident at Chernobyl Unit 4 on April 26,
1986. The events are detailed in narrative form and are summarized in

Table 4.1. The accident chronology includes relevant information on several
aspects of the plant design characteristics and operation and includes the
operator and procedural errors that contributed to the accident. These factors
were important in the sequence of events that ultimately resulted in an uncon-
trolled power excursion that destroyed the reactor and breached the integrity
of the reactor building. The focus in the chapter is on the response of the
system to the various events. Information used in reconstructing the sequence
of events was obtained from review of summary reports on the Chernobyl accident
prepared by the USSR State Committee on the Utilization of Atomic Energy (USSR,
1986) and the International Nuclear Safety Adviscry Group (INSAG, 1986).

Chapter 5, prepared by the Institute for Nuclear Power Operations (INPO), ex-
plores the role of operating personnel at Chernobyl Unit 4. During the per-
formance of a turbine generator test on April 26, 1986, Chernobyl Unit &
experienced a core-damaging accident. A severe excursion was accompanied by a
pressure surge and fire that destroyed the reactor and breached the surrounding
building. The test procedures had not been adequately reviewed from a safety
standpoint. Management control of the performance of the test was not
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maintained; the test procedure was not followed; safety systems were bypassed;
and control rods were misoperated. Operators lost control of the reactor during
the performance of the test. Chapter 5 focuses on the operator actions during
the event and on the breakdowns in management/administrative controls.

Chapter 6 was prepared by the U.S. Nuclear Regulatory Commission (NRC). It has
as 1ts first topic the magnitudes and timing characteristics of release of radio-
nuclides from the Chernobyl Unit 4 plant. Its second topic is the atmospheric
dispersion and transport of the released radionuclides resulting in environ-
mental contamination within and outside of the Soviet geographic boundary.

Radionuclide release and atmospheric dispersion and transport from Chernobyl as
described in Chapter 6 are derived from the information contained primarily in
the two reports cited (INSAG, 1986; USSR, 1986). The last seciion of Chapter 6
offers a short discussion on consistency of the estimates of the radionuclide
release provii~d in the Soviet report with the observea data from regio.s out-
side the Soviet boundary.

Chaptes 7, prepared by the Federal Eme gency Management Agency (FEMA), docu-
ments the available offsite and onsite emergency plans and preparedness meas-
ures that were in place for the Chernobyl nuclear facility. It also describes
the Soviet response to the accident, and relates it, where feasible, to the
preaccident emergency planning and preparedness activities. Where known,
emergency response organizations are identified and their roles are described.
The alert and notification system used by the Soviets is examined. The pro-
tective actions taken by the Soviets are also described, including evacuation,
sheltering, use of radioprotective drugs, and medical arrangements. Finally,
Soviet information pertinent to decontamination, relocation, and re-entry is
documenteaq.

Chapter 8 was prepared by the Environmental Protection Agency (EPA). It exam-
ines the radiological health and environmental consequences associated with the
Chernobyl accident. Radiation doses and their reported or calculated health
effects are discussed for populations at the site, within 30 km (18.6 mi) of
the site, in the balance of the European Soviet Union, in other European coun-
tries, and in the United States. Because of limitations in the exposure data,
however, most of these estimates must be regarded as tentative.

Data for the Soviet Union weie drawn chiefly from the Soviet report to the IAEA
(USSR, 1986). Estimates for other European countries were based largely on
information reported by the World Health Organization (WHO, 1986a and 1986b)
and individual European goverumental agencies. For the United States, measure-
ments made by or reported to FPA were employed.

References
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CHAPTER 2

PLANT DESIGN

The Soviet high-power, pressure-tube reactor (Soviet designation: RBMK) is a
graphite-moderated, boiling-water-cooled reactor. This unique de.ign, which

has been constructed only in the Soviet Union, evolved from early demonstration
and plutonium production reactors. General characteristics of the RBMK and its
predecessors include the use of graphite as a neutron moderator and light water
as the coolant. Pressure tubes, contained in vertical channels in the graphite,
either contain low-enriched uranium oxide fuel or are used as locations for
control rods and instrumentation.

The use of boiling water as a coolant in a pressure-tube, graphite-moderated
reactor distinguishes the RBMK design from any other reactor design. Other dis-
tinguishing features of the RBMK design include

on-line refueling

. single uranium enrichment level

. separation of core cooling into independent halves

» use of computerized control systems

. separate flow control for each pressure tube

. positive void reactivity coefficients under most operating conditions
. slow scram system

‘ steam suppression system

* programmed power setbacks (rather than scrams) for various abnormal

conditions
low coolant~to-fuel ratio
. accident localization sysiems

These features are described in detail later in this chapter.

The Soviet nuclear program has included research and development on several
types of reactors. This work has led to the construction and operation of
various prototypes. In the mid-1960s, the Soviets decided to develop two types
of power reactors: the VVERs (pressurized-water reactors) and the RBMKs
(boiling-water reactors).

The evolution of the general design parameters related to Soviet graphite-
moderated, water-cooled reactors is presented in Table 2.1 (Semenov, 1983;
Klimov, 1975). The unite at the Siberian Atomic Power Station were built as
dual-purpose reactors (Klimov, 1975) to produce both plutonium and electricity.
The Beloyarsk reactors are demonstration plants and are unique because they
superheat the steam in the reactor core.

S. Rosen, D. McPherson, and F. Tooper of the U.S. Department of Energy (DOE)
and DOE contractors, notably Pacific Northwest Laboratories (J. McNeece and
L. Dodd) compiled this chapter.
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The first RBMK was a 1000-MWe plant brought on line in 1973 at the Leningrad
Atomic Power Station. The Chernobyl Unit 4 reactor is considered a second-
generation plant because the design includes a number of safety features not
present in Leningrad Unit 1.

At the time of the accident, 14 RBMK-1000 reactors were in operation in addi-
tion to a 1500-MWe RBMK plant operating at Ignalina (Table 2.1). The RBMK-1500
design differs little from the RBMK-1000 design. The cores are essentially
identical. Plans exist to build even larger plants with electrical capacities
as large as 2400 MWe.

The Soviets had several reasons for pursuing the RBMK design. These reasons
included (Semenov, 1983)

¢ an extensive engineering experience base with graphite-moderated, boiling-
water-cooled reactors

existing manufacturing plants could fabricate major components

. the reactor size not limited by considerations related to fabrication,
transportation, or installation of components

. a serious loss-of-ccolant accident larger than that considered as design
basis thought to be virtually impossible because of the use of numerous
pressure tubes rather than a single pressure vessel

. very efficient fuel use
. use of online refueling could achieve a very high plant capacity factor

The Soviets considered the RBMK to be their "national" reactor and showed con-
siderable pride in the development of the design. A number of design issues
were identified by the Soviets and addressed in newer designs. Economies of
scale, control, and safety were three such issues:

. Economies of scale: The economics were recognized to improve substantially
by going to larger designs. As a result, one 1500-MWe RBMK is currently
operating and several more are under construction., Plans exist for
plants as large as 2400 MWe.

’ Control: The REMK-1000 was recognized to have stability problems and was
difficult to control, particularly at low power levels. The approach to
resolving these problems was to place increased reliance on automatic c¢on-
trol systems and adopt a slightly higher fuel enrichment and slightly
lower graphite moderator density in order to decrease the positive void
coefficient.

. Safety: The Soviets re-evaluated the safety systems of their reactors.
As a result, later RBMK designs, including Chernobyl Unit &4, incorporated

emergency core cooling systems and steam suppression pools.

A summary of the key design parameters of the Chernobyl Unit 4 reactor is given
in Table 2.2 (USSR, 1986).

2=3



Table 2.2 Chernobyl Unit 4 design parameters

Item

Description

General Design Characteristics

Reactor type

Refueling
Design power generation
Total reactor coolant flowrate

Core Description

Core dimensions (active zone):
Height
Diameter
Volume
Total number of fuel channels
Lattice spacing
Moderator material

Maximum allowable measured
temperature

Material density

Reflector dimensions:
Top and bottom
Sides

Graphite core weight

Fuel Description

Design
Uranium material
Cladding material

Enrichment

Vertical pressure tube, boiling water,
graphite moderated

On~-line
3200 Mwt

37,600 tonnes/hr (23,026 lbm/sec)

7.0 m (23.0 ft)

11.8 m (38.7 ft)

765.0 m® (20,655 ft?)

1661

25 cm x 25 cm (9.8 in. x 9.8 in.)
Graphite

750°C (1382°F)

1.65 g/em® (103 1b/ft3)

0.5 m (1.64 ft)
0.88 m (2.89 ft)

1700 tonnes (3.74 x 10° 1b)

Two 18-rod elements connected in series
U0,
Zr=1% Nb

2.0 wt% U-235
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Table 2.2 (Continued)

Item

Description

Fuel Description (Continued)

Fuel assembly pellet region length
Maximum cladding temperature
Maximum fuel temperature

Total uranium weight

Maximum fuel exposure

Water Recirculation System

System material
Independent flow loops
Steam drums

Pumps

Pump dynamic head

Net positive suction head

Main pump suction and discharge
header diameters

Main pump capacity
Dimensions of individual pressure
tube inlet piping (0D x wall)

Dimensions of individual pressure
tube outlet piping (OD x wall)

Fuel Channel

Number

Pressure tube diameter (OD)
Pressure tube wall thickness
Material

Connection

6.9 m (22.6 ft)

323°C (613°F)

2100°C (3812°F)

190 tonnes (418,500 1bm)
20.0 MWD/kg

Austenitic stainless steel

2

4 total, 2 per loop

8 total, 6 normally operating
1.96 MPa (284 psi)

0.6 MPa (87 psi)

90 cm (35.4 in.)

5500 to 12,000 m3/hr

(24,200 to 52,800 gpm)

9:7 % 0.35 e (2.2 % 0.16 42.)

7.6 x 0.4 ecm (3.0 x 0.16 in.)

1661

8.8 cm (3.46 in.)
0.4 cm (0.158 in.)
Zr-2.5% Nb

Diffusion welded Zr to stainless steel

joint in core zone
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Table 2.2 (Continued)

Item

Description

Fuel Channel (Continued)
Individual channel flow control
Inlet temperature

Outlet temperature (avg.)
Operating pressure

Quality

Average tube power

Axial peak/avg. power ratio
Radial peak/avg. power ratio

Steam Secondary System

Steam collector

Number of collectors

Collector (ID x length)

Steam flow rate (total)

Power generation

Heat rejection without turbine
generators

Feedwater inlet temperature to steam
separators

Control Shutdown and Safety Shutdown
System

Type

Number of control shutdown assemblies
Neutron absorption material

Control rod spacing

Manually adjusted regulating valve
270°C (518°F)

284°C (543°F)

6.8 MPa (986 psig)

14.5% (average steam), 20.1% (maximum)
1890 kWt

1.40

1.48

Primary system steam drum separators
4 total, 2 per loop

2.6 x 30.984 m (8.5 x 101.7 ft)

5800 MT/hr (3552 1lbm/sec)

1000 MWe (two 500-MWe turbine
generators)

Water reservoir (condenser)

165°C (329°F)

B4C segments encased in aluminum,
lowered and retrieved from above by a
belt cable and motorized drum

211

B4C

700 mm x 700 mm (28 in. x 28 in.) approx.
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Table 2.2 (Continued)

Item Description

Control Shutdown and Safety Shutdown
System (Continued)

Control rod travel 6.25 m (20.5 ft) except auto. control
rod - 4.5 m (14.8 ft) and axial control
rod - 7.0 m (23 ft)

Cooling method Separate water cooling system with
downward flow in individual channels of
4.3 to 5.4 m®/hr (151 to 190 ft?/hr)

Control rod full insertion time 20 seconds

90% reactivity insertion time 10 seconds
v

Ove .pressure Control System

- yigen Partial steam suppression of releases
from the reactor cavity, inlet piping
and pumps

Enclosure Reactor core inlet piping system

Function Condense steam from piping break or

rieam separator relief valves

Design pressure Enclosure areas designed for either
0.25 MPa (36 psig) or 0.08 MPa
(36 psig)

Operation Steam-water from pipe break or steam

separator relief valves directed to

standing water in bubbler pond below
reactor. Water spray above bubbler

pond helps condensation process.

2.1 Reactor, Fuel, and Fueling Machine

2.1.1 Highl.ghts

Chernobyl Unit 4 is a 1000-MWe, vertical pressure tube, boijling-water reactor
that uses online refueling. The core and reflector are in a cylinurical
graphite stack with a diameter of 13.56 m and a height of 8 m. The reactor is
penetrated by absut 2000 channels that provide locations for fuel, control rods,
and iustrumentat.on. The fuel is 2% enriched uranium oxide clad with zirconium
containing % niobium (Zr-1% Nb). Fuel elements are constructed in 18-element
clusters connected to a central support tube. There are two subassembly
clusters approximately 3.5 m (11.5 ft) long in each fueled pressure tube. The
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fueling machine is a massive piece of equipment that operates over the reactor
operating floor and is designed to load fuel while the reactor is at full power.

2.1.2 Reactor (Dollezhal, 1980b; USSR, 1986)

Chernobyl Unit 4 is a 1000-MWe, vertical pressure-tube, boiling-water reactor
that uses online refueling. The plant contains two independent primary recir-
culation coolant loops that serve separate halves of the reactor. Figure 2.1
shows a schematic cross-section of the Leningrad first-generation RBMK-1000,
which is similar to Chernobyl Unit 4. Each loop has four primary recirculation
pumps (with three functioning under normal operating conditions) and two steam
separators.

The primary coolant from these pumps discharges to a common header to which 22
group distribution headers are connected. Supply lines for individual pressure
tubes originate at these headers. Each supply line contains a manually operated
flow-regulating valve and flow meter. The coolant is directed up the 1661 fuel
channels past the fuel assemblies (see Figure 2.2). The inlet water reaches

the saturation temperature at about one-third of the length of the fuel element.
Nucleate boiling occurs over the remainder of the fuel length.

The pressure tubes in the core are made of zirconium containing 2. 5% niobium.

The Zr-2.5% Nb is diffusion welded to stainless steel piping by heating it to

600°C under a vacuum (see Figure 2.3). The joints are constructed separately

and joined to the tube assembly before installation. The top and bottom tran-

sition joints are located immediately above and below the graphite reflector.

A permissible rate of heating and cooling of 10 to 15°C per hour has been

established on the basis of thermal and strength tests.
|
|
|
|
|
|
!
|
|
|
\
1
\

Chernobyl Unit 4 has 211 control and shutdown rods. The rods are functionally
divided into manual control rods, automatic control rods, emergency power reduc-
tion or scram rods, shortened absorbing rods, and compensating rods.

The 1700-tonne graphite moderator is stacked in the shape of a vertical cylinder
11.8 m (38.7 ft) in diameter and 7 m (23 ft) high. Each column is composed of
25 cm x 25 cm (9.8 in. x 9.8 in.) graphite blocks. The main blocks are 60 cm
(23.6 in.) high, and shortened blocks are installed in the 50-cm (19.7-in.)

top and bottom reflectors for a total graphite stack height of 8.0 m (26.2 ft).
The outer side reflector is 0.88 m (2.89 ft) thick, making a total stack
diameter of 13.6 m (44.5 ft). The side reflector graphite columns are pinned
with cooled steel tubes to enhance rigidity and provide reflector cooling. The
moderator and reflector columns are capped on both top and bottom with a thermal
shield. The top caps are steel blocks 250 mm (9.84 in.) thick and the bottom
caps are also steel but 200 mm (7.87 in.) thick.

A gas mixture, nominally 80% helium and 20% nitrogen, is fed into a chamber
below the reactor where it is distributed across the bottom face of the reactor.
The gas mixture flows between the graphite columns, providing a heat-conducting
medinm for transmitting the graphite heat to the coolant channels. The space
between the tubes in the channels is fitted with graphite rings, which are
fitted alternately to the tube and graphite channel opening (see Figure 2.4). |
During reactor startup operations a pure nitrogen cover is used. The graphite
temperature can reach 750°C (1382°F) under these conditions. The gas mixture
is monitored for moisture to detect leakage from the tubes.
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Figure 2.4 Assembly of graphite
rings on pressure tube and
graphite block cooling

2.1.2.1 Reactor Core, Reactor Cavity and Vessel (Dollezhal, 1980a, b;
Dubrovsky, 1981; Dollezhal, 1977; USSR, 1986)

A cross-section of the reactor core, cavity, and vessel is shown in Figure 2.5.

The reactor is located in a cavity 21.6 m wide x 21.6 m long x 25.5 m deep

(71 ft x 71 ft x 84 ft). The reactor's graphite core is located in a sealed
cylindrical vessel formed by a 14.5-m diameter (47.6-ft) x 9.75-m high (32-ft)
steel shell. This shell is bounded at the top and bottom by upper and lower

biological shields. The shell, together with the top and bottom biological
shields, forms the closed reactor space.

The 1€-mm (0.63-in.) thick reactor vessel serves mainly as a gas barricr and
structural restraint for the graphite. The reactor vessel contains the circu-
lating helium-nitrogen atmosphere for the graphite moderator at a pressure of
about 0.0015 MPa (0.22 psig). The space outside the reactor vessel is filled
with nitrogen at a pressure of 0.0017 MPa (0.25 psig), which is greater than
the pressure in the reactor vessel.
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Figure 2.5 Cross-sectional view of reactor cavity

2.1.2.2 Upper and Lower Shields and Reactor Support (Dubrovsky, 1981;
Dollezhal, 1977; Dollezhal, 1980b; USSR, 1986)

The upper biological shield is a cylindrical shell about 17 m (56 ft) in dia-
meter and 3 w (10 ft) thick. It comsists of two circular plates welded to a
cylindrical outer shell. Additional strength is provided by vertical stiffen-
ing ribs. Openings for the pressure tubes consist of welded cylindrical tube
ducts. The space between the ducts is filled with serpentine aggregrate. The
entire assembly, which weighs 1000 tonnes (2.2x10° 1b), rests on rollers to
accommodate thermal expansion. In addition to providing for biological shield-
ing, it also supports the weight of the fuel channels, control rod drive
channels, the upper reactor outlet piping, and the removable floor covering.

The lower biological shield is 14.5 m (48 ft) in diameter and 2 m (6.5 ft)
thick. I. is similar in comstruction to the upper biological shield. This
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shield transmits the load of the graphite and lower piping to the main reactor
support immediately under it.

The main reactor support is made of two steel plates with stiffening ribs 5.3 m

(17 ft) high place’ perpendicular to each other (cruciform shape). This sup-
port transmits the weight of the lower shield and the reactor to the building
foundation.

2.1.2.3 VUpper Floor Slab (Dubrovsky, 1981; Dollezhal, 1980b; USSR, 1986)

The florr of the reactor hall is comnstructed of removable sections that allow
access to the fuel channels, instrumentation leads, and control rod drives.

The floor serves as both a radiological shield and a thermal barrier. The re-
movable sections are made of steel structures filled with iron-barium-serpentine
concrete and rest on the channel ducts of the upper biological shield. Air is
drawn from the reactor hall through gaps in the floor into the core outlet pip-
ing region below. This provides for cooling of the floor and outlet piping
region and would reduce the amount of radioactive steam entering the reactor
building in case of leaks from the outlet piping. It would not prevent the
escape of radioactive steam in the event of a pipe rupture.

2.1.2.4 Side Biological Shield (Dubrovsky, 1981; Dollezhal, 1980b; USSR, 1986)

A double-walled vessel, 16.6 m (54 ft) inside diameter (ID) x 19.0 m (62 ft)
outside diameter (OD), surrounds the reactor vessel inside the reactor cavity.
The vessel consists of 16 water-filled compartments and provides shielding in
the lateral direction. The vessel walls are 30 mm (1.2 in.) thick. The space
between the water-filled shield and the walls of the reactor cavity is filled
with sand. The space between the water-filled shield and the reactor vessel is
filled with nitrogen.

2.1.2.5 Reactor Cavity Walls (Dubrovsky, 1981; USSR, 1986)
The reactor cavity walls are made of reinforced concrete 2 m (6.5 ft) thick.

2.1.3 Reactor Hall (Dubrovsky, 1981; Konviz, 1981; Dollezhal, 1980c, e; Usik,
1984; USSR, 1986)

A cross-section of the building for Units 3 and 4 is shown in Figure 2.6. A
plan view of Units 3 and 4 is shown in Figure 2.7.

The reactor hall (the area above the upper shielding cover of the reactor) is a
large open workspace containing the refueling machine and an upper, high-bay
area with a 50-tonne-capacity overhead traveling crane. The refueling machine,
which weighs about 350 tonnes, is mounted on a traveling bridge. The inside
dimensions of the reactor hall are about 24 m wide x 80 m long x 35 m high

(79 ft x 262 ft x 115 ft). The lower bay is constructed of reinforced concrete
and has walls about 1.5 m (5 ft) thick. The massive walls and columns support
the fueling machine and provide shielding for “he steam separators located
adjacent to the reactor hall. A spent fuel storage pool is located in each
reactor hall. The high-bay poriion of the reactor hall is of steel frame
construction using precast concrete panel sheathing for the walls. The reactor
hall roof, atop the high bay, is supported by steel trusses about 6 m (20 ft)
Geep. The mass of a preassembled roof block is 50 tonnes. The reactor has
four such blocks, and each is 20 m x 24 m x 6 m (66 ft x 79 ft x 20 ft). |
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Figure 2.7 Layout of main building of Chernobyl Units 3 and &

Source: Dubrovsky, 1981, p. 95.

2.1.4 Reactor Building and Turbine Generator Hall (Dubrovsky, 1981; Konviz,
1981; USSR, 1986)

The overall dimensions of the reactor building, not including the turbine
generator hall and connecting mounting frame, are about 72 m wide x 160 m long
x 50 m high (236 ft x 525 ft x 164 ft) (see Figure 2.6). The distance from
ground elevation to the top of the high bay is 71 m (233 ft). The reactors are
separated by a wall and shared ventilation systems. A ventilation stack is
mounted between the two units directly above the general ventilation equipment .

The control rooms of Chernobyl Units 3 and 4 are separately located in a single,
large room.

The reactor building is generally constructed of reinforced concrete, most of
which is precast, but thick walls [over 70 ecm (2.3 ft)] are built by the
"precast cast in situ" method using prefabricated reinforced form panels.
[More than 200,000 m? (2 million ft2) of building surface on each power unit

has a special protective covering stated to be polyethylene, presumably for
ease of surface decontamination.]*

A turbine generator hall, about 51 m wide x 400 m long x 30 m high (167 ft x
1312 ft x 98 ft), adjoins the reactor building. The space between the turbine

*Square brackets denote information believed to be true but not found in Soviet
literature.




generator hall and the reactor building is occupied by an intermeciate building.
The upper floors are occupied by de-aerators and a pipe aisle, and the lower
floors are occupied by a central control board, unit control boards, house
switchgear, storage batteries, cable shelves, and other electrical equipment.

2.1.5 Fuel Assembly Design (Dollezhal, 1981; USSR, 1986)

The fuel assembly consists of two circular 18-rod clusters, connected by a cen-
tral rod. Each cluster is 3.644 m (11.96 ft) long and consists of an inner

ring of 6 rods and an outer ring of 12 rods, held by 9 stainless steel spacer
grids and 2 end plates. The fuel rods are composed of cladding tubes (Zr-1% Nb)
containing sintered uranium oxide pellets. The central rod is made of Zr-2.5%
Nb. A schematic drawing of the assembly is shown in Figure 2.8. Details on

the design are given in Table 2.3.

2.1.6 Fueling Machine (Dollezhal, 1980c, e; USSR, 1986)

The refueling system includes a 100-tonne crane that spans the reactor area; a
carriage that operates along the crane rails; and the refueling machine, which

is held by the carriage (Figure 2.9). The whole assembly weighs about 350 tonnes
(770,000 1b). The refueling machine can be positioned over any of the 1661

fuel channels and over the fuel storage area. The refueling machine is designed
to refuel five fuel channels during a 24-hour period while at full power.

The refueling system is designed to refuel at least 10 channels every 24-hour
period while the reactor is shut down. Refueling at full power permits replace-
ment of defective fuel elements and normal refueling without interrupting power
generation. The refueling machine can be used to move irradiated fuel assem-
blies from storage tc the reactor or from one reactor position to another.

While centered over a fuel channel, the refueling machine lowers a cylinder
that contains a seal, which fits over the outside of the fuel channel nozzle.
The cylinder, which is part of the pressure vessel, is filled with water from
an on-board water tank. The system is pressurized, at which time the nozzle
cap is ready for removal. A grab hook, located inside the pressurized cylinder
(Figure 2.10), is lowered snto the top of the nozzle plug. The jaws of the
grab hook are remotely closed around the enlarged nozzle plug extemsion. An
actuating device, which is engaged with lugs on the outside of the plug, is
then rotated. This rotation unseals the nozzle plug gasket ard releases the
ball-locking device that keeps the nozzle plug in place. The pressure in the
pressurized refueling machine cylinder is higher than the pressure in the
internal loop; thus, preventing the nozzle plug from being ejected. The nozzle
plug, the shield plug, the suspension rod, and the fuel assembly are lifted
into the pressurized cylinder of the refueling machine and retained within a
cartridge holder. The cartridge is rotated to permit insertion of a gauge
(used to check the fuel channel diameter). The fresh fuel assembly, with
attached nozzle and shield plug, is then lowered into the fuel channel.

During this entire refueling operation, water is pumped at a controlled rate
from the pressurized cylinder into the fuel channel to cool the discharged fuel
elements. After the fresh fuel is in place, the nozzle plug locki’r.g device is
again engaged, sealing the plug gasket. The refueling machine sesis are then
depressurized and the cylinder is retracted. A biological shield plug is moved
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Note that the fuel length in each subassembly is 3.43 m (11.2 ft), with a 20-mm
(0.79-in.) gap between the subassemblies. The upper and lower assemblies have |
their rod plenums at the upper and lower ends, respectively.

Figure 2.8 Schematic drawing of the 36~rod fu-l element (18 rods in each
of two subassemblies)

Source: Dollezhal, 1981.
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Table 2.3 Fuel assembly design parameters for Chernobyl Unit &

Parameter Value

Subassemblies per assembly 2

Number of rods per subassembly 18

Assembly outer diameter 9 mm (3.1 in.)

Length of assembly fuel region 6.9 m (23.0 ft)

Length of active fuel per rod 3.43 m (11.25 ft)

Plenum length 17.5 cm (6.9 in.)

Cladding tube outer diameter 13.6 mm (0.5 in.)

Cladding radial wall thickness 0.9 mm (0.035 in.)

Cladding material Zr-1% Nb

Fuel material U0,

Fuel enrichment 2.0 wt % U-235

Fuel pellet diameter 11.5 mm (0.45 in.)

Fuel pellet length 15.0 mm (0.59 in.)

Minimum pellet density 10.4 g/cc (0.376 1b/in.3)

Pellet end Dished

Fuel cladding gap 0.18 to 0.38 mm
(0.007 to 0.015 in.)

Fill gas composition He

Fill gas pressure 0.1 MPa (14.7 psi)

Water-to-fuel volume ratio 1.49

into position below the refueling machine, and the discharged fuel element is
transported to the spent fuel storage pool.

2.2 Fluid and Heat Transport Systems

2.2.1 Highlights

Three principal fluid and heat transfer systems are used in the Chernobyl Unit 4
reactor: (1) the primary cooling system, which cools the core and produces
power; (2) the control rod cooling system, which provides cooling to the con-
trol rods and the reflectors; and (3) the reactor gas circuit, which enhances
heat transfer from the graphite moderator to the pressure tubes.

2.2.2 Primary Cooling System (Sedov, 1979; Novosel'skii, 1984; Dubrovsky, 1981;
Dollezhal, 1981; Voronin, 1980; Kulikov, 1984; USSR, 1986)

The Chernobyl Unit 4 reactor contains two independent primary coolant loops,
each of which cools half of the reactor. A schematic drawing of the cooling
system is shown in Figure 2.11. Each loop has four primary coolant pumps, three
of which are normall; in use; the fourth acts as a backup. Each pump has a
capacity of 5500 to 12,000 m®/hr (about 24,200 to 52,800 gpm) and a dynamic
head of 1.96 MPa (284 psi). The discharge line from each pump also has a check
valve, to prevent ba~kflow should the pump fail, and a flow-regulating valve.
The pumps are fitted with heavy flywheels to provide a 120-seccnd rundown time
in case of a loss of electrical power to the pump, and to provide interim cool-
ing until natural circulation can be established. Natural circulation is ex-
pected to be established 30 to 35 seconds after the main pumps are deenergized.
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Figure 2.9 Cross-sectional view of the fueling ¢ -hine
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Figure 2.10 Grab hook of refueling machine

Each of these pumps has shutoff valves to isolate the pump. Two normally open
bypass valves and a check valve between the inlet and the outlet of the pump

permit natural circulation through the reactor after shutdown of the four in-
stalled pumps.

The coolant from the pumps flows to a common header and then to twenty-tiio
32.5-cm (12.8-in.) diameter distributor headers on each half of the reactor.
The individual supply pipes of 5.7-cm (2.24-in.) diameter, and 0.35-cm
(0.14~in.) wall thickness to the pressure tubes are connected to these dis~-
tributor headers. Each supply pipe contains a manually operated flow-
regulating valve and flow meter. Pressure tube coolant flow, and thereby steam
quality, is set by adjusting these flow-control valves on the basis of calcu-
lated channel power, calculated power distribution, and measured inlet temper-
ature. The coolant is directed from the supply pipes up through the fuel
channels. The full core coolant flow at 100% power is 37,600 tonnes per hour.
The inlet water, initially at 270°C (518°F), is heated to the average satura-
tion temperature, 284°C (543°F).
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At approximately 2.3 m (7.55 ft) into the active core, bulk nucleate boiling
occurs, and this process continues along the remainder of the channel. The
average exit steam quality of the core is 14.5%, and the maximum exit steam
quality is 20.19%

The steam-water mixtures from the various fueled pressure tubes are individually
carried by pipes of 7.6-cm (3.0-in.) diameter and 0.4-cm (0.16-in.) wall thick-
ness to four horizontal drum-type separators, 2.6 m (8.53 ft) in internal
diameter and 31.0 m (101.8 ft) in length. Two separators serve each loop.
Steam exits from the top of each separator into two 426-mm (16.77-in.) diameter
steam headers. Between the separator outlets and the main turbine or steam
dump inlets, these two headers join to form a single 630-mm (24.8~in.) diame-
ter header, which passes from the reactor building into the turbine gallery.
There are four 630-mm (24.8-in.) headers. These headers are cross-connected

to headers that can feed either the steam dump or one or both of the 500-MWe
turbine generator sets.

The pipe section located before the turbine maiu steam valves contains various
steam discharge devices: eight main safety valves with a throughput of 725
tonnes (1.5 million lbm) of steam per hour. four turbine condenser fast-acting
steam dump stations with a capacity of 725 tonnes (1.5 million lbm) of steam
per hour (two per turbine plant), and six service-load fast-acting steam dump
stations.




Steam at 6.46 MPa (937 psia), 280°C (536°F), and 0.1% or less moisture content
is fed from the main steam header into the first stage of the four-stage high-
pressure turbine. Some high-pressure steam is bled off upstream of the turbine
inlet valve, as well as from inter-stage taps in the high-pressure turbine, and
sent to the heating side of the reheater/superheaters, the jet pumps for the
main condenser air ejectors, and the main turbine shaft seal system.

After exiting the high-pressure turbine, the steam passes through one of the
two separator/reheaters and is dried and superheated to 0.4 MPa (58 psia) and
263°C (473°F) before entering one of the four 4-stage low-pressure turbines.
Inter-stage steam is bled from various taps in the low-pressure turbines to
service condensate reheaters and auxiliary thermal loads.

After leaving the low-pressure turbine, the steam enters one of the four sec-
tions of the main condenser where it condenses at 0.04 MPa (5.8 psia). From the
condensers, the water is pumped back to the main steam separators (using four
electric high-pressure feedpumps) via a condensate polisher (for purification
and water chemistry control), a series of reheaters, and a de-aerator with an
attached explosive gas recombiner. The feedwater enters the steam separators
at 6.964 MPa (1010 psia) and 165°C (329°F). It is mixed with 284°C (543°F)
saturated water to provide recirculation water at 270°C (518°F).

Twelve downcomer pipes are attached to the bottom of each steam separator.
These pipes connect with a common header that feeds the suction of the primary
coolant pumps. This header, and the pump discharge header described earlier,
are 90 cm (35.4 in.) in internal diameter.

Under certain (unspecified, but presumably low-power) conditions, steam from the
reactor can bypass the main turbines and be discharged to the main condensers
via a steam dumping system. This system consists of a series of reducers,

which pass the high-pressure ste2m into one of two bubble tanks where it is
cooled before being sent to the main condenser.

2.2.3 Control Kod Cooling System (USSR, 1986; Dollezhal, 1981)

A system separate from the primary cooling system is provided to cool the con-
trol rods of the Chernobyl Unit 4 reactor (Figure 2.12). The system also pro-
vides cooling to the reflector regions of the core.

Approximately 1100 m3®/hr (4850 gpm) of cooling water from a supply reservoir
(known as the emergency storage tank) at 40°C (104°F) flows under gravity to
the control rod cooling channels (and reflector cooling passages) at the top of
the reactor. The coolant in the control rod channels flows downward through
the core. The flowrate in each of these channels is approximately 4 m®/hr

(18 gpm), and orifices at the bottom prevent the rapid loss of water even if
the supply is terminated. The volume of the supply reservoir is governed by
the condition that it should supply the rated flow for 6 minutes after the
supply water from the lower circulation tank is interrupted. After flowing
through the control rod pressure tubes, the water (65°C, 149°F) is cooled and
returned to the circulation tank. Water is pumped from the circulation tank
back up to the supply reservoir. Part of the water in the reservoir is sent
through a purification system consisting of mechanical filters and ion exchange
beds.

222



Compressed ]

Air Fead H
4
- Supply
PP Reservor !
Control ""——;"'"' :
Channels N Ly
. i S —_—
‘—K -
l ] ( p Bypass Cleaning
j Unit
F’ -
£} - , ~r
N\
Reactor
! 7 To Blowdown
> Failure Detertion Compressed s
ystem
[ Channel A Feed
o { llwi . 1 {
SR e
Heat ! t l r l i Filters
Exchangers 1 _ ]
. Drain it Pumps
r Tank Circulation
l | 1 | : Tonk
g PRRAA

LLL

=

Figure 2.12 Schematic drawing of control rod cooling system
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2.2.4 Reactor Gas Circuit (USSR, 1986; Voronin, 1980)

The reactor gas circuit (see Figure 2.13) circulates a nominal mixture of 80%
helium and 20% nitrogen gas through spaces in the graphite moderator at a rate
of about 200 to 400 normal m3/hr (7062 to 14,125 normal ft3/hr). This action

improves the heat transfer from the graphite

. prevents oxidation of the graphite

¢ permits channel-by-channel monitoring of the pressure tubes' integrity
during operation

The gas mixture is fed into a channel below the reactor and distributed across
the bottom face of the reactor. The mixture then flows between the graphite
columns, providing a heat conduction medium for transmitting the heat generated
in the graphite to the process channels. Monitors are provided at the top of
each channel to sense the relative humidity and temperature of the exiting gas.
These data are used to detect any leaks that may be present in the various
pressure tubes.

The gas scrubbing system consists of a set of contact catalyzers, scrubbing and
dewatering units, and cryogenic cooling system units. In the contact catalyzer,
hydrogenation with H, takes place at a temperature of ~160°C, with the forma-
tion of water vapor and combustion of CO to CO, and the release of heat. The
reaction takes place in an oxygen atmosphere in the presence of a platinum
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catalyzer. After passing through the contact catalyzer, the gas passes through
a refrigerator and dehumidifier and then on into the scrubbing and dewatering
unit, which is equipped with zeolite and mechanical filters. Adsorption takes
place and COy, Hy, C;, and water vapor impurities are scrubbed from the helium-
nitrogen gas, which then passes to the cryogenic cooling unit. Any impurities

remaining in the gas are removed in this unit by a cold trap at a temperature
of ~185°C.

During startup, pure nitrogen cover gas is used. The graphite temperature is
allowed to increase up to a maximum measured value of 750°C (1382°F) during
this time.

2.3 Reactor Physics

2.3.1 Highlights

The unique design features of the reactor core, from a reactor physics perspec~
tive, are its graphite moderator, large size, and large core load of enriched



uranium fuel. The graphite moderator plays a significant role in defining the
characteristics of the reactivity feedback coefficients. The large core size
causes it to be loosely coupled, and the large fusl load causes it to contain
many critical masses. These special design features produce unique neutronics
characteristics and complex reactivity control requirements.

2.3.2 Reactivity Coefficients (Dollezhal, 1980a; USSR, 1986; Romanenko,
1982; Virgil'ev, 1979)

Reactivity feedback coefficients are associated with the temperatures and densi-
ties of the reactor core materials. The five primary coefficients that deter-
mine the neutronics behavior of the reacto: during both normal operation and
accident conditions are coolant density, graphite temperature, coolant tempera~-
ture, fuel density, and fuel temperature. The magnitude and sign of these
coefficients are dependent on the core loading of neutron absorbers (control
rods, supplemental absorbers and unfueled, water-filled channels) and the
isotopic content of the fuel. Because the loading of absorbers in the core and
the isotopic content of the fuel change with time, the reactivity coefficients
change with time.

Reported values for the coefficients as & function of core configuration for
1.8% U-235 fuel and for the 2% U-235 fuel for Chernobyl Unit & are given in
Table 2.4. Of the five, the effects of fuel density and coolant temperature
are minor because the ranges of possible density and temperature changes are
small. The remaining three coefficients, however, significantly affect the
reactivity state of the core. Each of these three is discussed in detail.

2.3.2.1 Coolant Void Coefficient

The coolant void coefficient is positive under most operating coaditions. This
is due to the large graphite-to-fuel ratio, which produces a well thermalized
neutron spectrum with no water in the fuel channel. The magnitude and sign of
this coefficient are strong functions of veid fraction, control rod positions,
fuel enrichment, fuel exposure, and supplemental absorber loading. Since these
factors vary considerably over the reactor volume, there is a large variation

in void coefficient. As shown in Table 2.4, the coolant void reactivity coeffi-
cient is positive in most operating conditicns, and it becomes more positive

as the reactor continues to operate. Figure 2.14 shows that the void coeffi-
cient becomes constant at approximately 1000 effective-full-power days.

2.3.2.2 Graphite Temperature Coefficient

The graphite temperature ccefficient is positive. Increasing the graphite
moderator temperature hardens the energy spectrum of the thermalized neutrons.
The net reactivity effect is a combination of decreased neutron absorption in
the water coolant (positive), increased neutron absorption by U-238 (negative),
and increased fission reactions in the plutonium isotopes (positive). The
latter effect continues to increase as the fuel undergoes burnup; thus, the
reactivity effect associated with increasing graphite temperature becomes more
positive as the reactor continues to operate (Table 2.4). Figure 2.14 shows
that the graphite temperature coefficient becomes constant at approximately
1000 effective-full-power days.
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.4 Calculated reactivity coefficients for RBMK
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temperature coefficient is the only coefficient that is negative. As
Figure 2.14, the fuel temperature coefficient becomes less negative as

+

ates, and it becomes constant at approximately 700 effective-

Control Requirements

(he reactivity control system is designed to compensate for any reactivity
changes. The number and spacing of the control rods are used to control spatial
variations in the power. The total reactivity worth is sufficient to hold the
reactor subcritical under all conditions.

During startup of the Leningrad Unit 1 RBMK reactor, local power oscillations
occurred with a frequency of approximately 24 hours In an effort to reduce
the tendency toward local power variations, the later RBMK reactors were
designed with a fuel enrichment of 2% U-235 and a reduced graphite density. An
increased reliance on automated control was also initiated to assist in reduc~-
ng power oscillations.
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The large enriched uranium fuel loac¢ creates many critical masses in the core.
The reactivity control system is designed to hold the core subcritical under
all conditions. The control rod system alone is not sufficient to hold the
core subcritical for the initial fuel loading. During the initial loading, one
supplemental absorber rod is loaded for every six uranium-fueled channels. As
the reactor operates and the initial reactivity is burned out, the supplemental
absorbers are replaced with uranium fuel. The positive reactivity coefficients

add to the dif.iculty of maintaining the reactor subcritical during accident
conditions,

As discussed earlier in this section, the values of the reactivity feedback
coefficients are dependent on the core loading of absorbers and the isotopic
composition of the fuel. The magnitude of some of the coefficients varies
considerably. From the information in Figure 2.14, the coolant void, graphite
temperature, and fuel temperature coefficients are at their maximum values at a
reactor average fuel exposure of 10 MWD/kg. (The average fuel exposure at
Chernoby! Unit 4 at the time of the accident was approximately 10.3 MWD/kg.)
Because of the control rod configuration at the time of the accident (virtually
all rods fully withdrawn), the void coefficient was 1.5 times its normal value.

The delayed neutron fraction and the prompt neutron lifetime determine the
dynamic behavior of the reactcr in response to changes in reactivity. For an

REBMK lattice with an exposure of 10.3 MWD/kg, these values are 0.0048 and 0.77
msec, respectively.

2.4 Instrumentation and Control

2.4.1 Highlights

The reactor is highly instrumented and relies upon extensive computerized
control for operation. Control rods are grouped as follows: manual, automatic
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regulation, scram, and short absorbing rods. In addition, auxiliary absorbing
rods are used during a multi-year period while the reactor is achieving an
equilibrium exposure level.

2.4.2 Core Instrumentation and Control Rod Systems (USSR, 1986)

Reactor instrumentation collects and processes data needed to control reactor
power. At least six sensor systems are used in the Chernobyl Unit 4 reactor:

¢ Beta-emission sensors are located in 12 fuel channels in the central part
of the core at seven different heights to measure the axia' distribution
of neutron flux.

. Additional beta-emission sensors are installed in 130 fuel channels to |
measure the radial flux distribution.

. Fission chambers, used to measure neutron flux when the reactor is started,
are arranged in four channels, located symmetrically around the core in
the radial reflector.

‘ Thermocouples are instslled at 3 different heights in 17 vertical channels
tc monitor graphite temperat.re.

. Gamma-spectrometer probes that measure the activity of the steam/water
| mixture in the core outlet piping at the separator inlet (near drum sepa- |
rator in Figure 2.11) are used to monitor leaks in fuel-element cladding.

¢ The relative humidity and temperature of a helium-nitrogen mixture, which
is pumped through the gap between the tube and the graphite, is used to
monitor leaks in pressure tubes.

2.4.3 The Monitoring and Control System (Dollezhal, 1980d; USSR, 1986)

The monitoring and control system is composed of two basic subsystems: the

control and protection system, and the reactor process monitoring system. The

latter contains the centralized monitoring system (Soviet designation: Skala).

l 2.4.3.1 The Combined Control and Protection System

The control and protection system (Soviet designation: SUZ) regulates both the
power and tlie power distribution in the reactor. It also provides automatic
emergency protection if the power level exceeds set limits (see Section 2.7).

The control and protection system provides

. control of the power level (based on the neutron-flux) of the reactor and
its period under all operating regimes from 8x10-12 to 1.2 times full

power
4 startup o{ the reactor from the shutdown state to the required power level
. automatic regulating of the reactor power at the required level and

changes in that level
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manual (from the operator's control desk) regulating of the power density
distribution throughout the core and regulating of the reactivity to com-
pensate for burnup, reflection, and other effects

. automatic stabilization of the radial-azimuthal power density distribution
in the reactor

¢ preventive protection, i.e., rapid controlled reduction of the reactor
power to safe levels (protection level 1 is 50% of full power, protection
level 2 1s 60% of full power)

X emergency protection when the parameters of the reactor or generating unit
change as a result of an accident (protection level 5)

Overall power control can be divided into three groups: manual, automatic, and
emergency. Local power control can be divided into two groups, automatic and
emergency. Each group is described briefly. Overall power control is provided
by 211 control rods (earlier reactors had 179). The rods are functionally
divided into manual control rods (Soviet designation: RR), two sets of auto-
matic control rods (Soviet designation: AR and LAR), emergency power reduction
or scram rods (Soviet designation: AZ), and shortened absorber rods (Soviet
designation: USP). In addition, numerous supplemental absorber rods in the
core are used to hold down the initial excess reactivity. These additional
absorber rods are gradually replaced with fuel during burnup. The nuwher and
function of these various types of rods are listed in Table 2.5.

Table 2.5 Types of control rods

Name Symbol Number Function

Manual control RR 139 Operator controlled - a portion
iv used to shape power and a
rortion is reserved.

Local automatic regulation LAR 12 Maintain power shape by using
signals from four lateral
ionization chambers.

Automatic power regulation AR 12 Maintain total reactor power.
Three sets of four ganged rods.

Scram AZ 24 Suram rods - normally withdrawn
from core.
Short absorbing USP 24 Used to control axial power

shape - manually controlled, and
enter fcom bottom of reactor.

Total 211
Auxiliary absorbers DP 240 Replaced by fuel during burnup.
installed temporarily to Compound of boron steel (2% boron).

hold down reactivity
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The absorbing material of the rods is boron carbide fabricated in a sleeve
design (see Figure 2.15 and Table 2.6). The boron carbide is enclosed in a
sealed annular element formed from an aluminum alloy. The RR, AR, and AZ rods
are assembled from six absorbing sections. The USP rods are assembled from
three absorbing sections. All rods are lowered into the core from the top,
except the USP rods, which are raised from the bottom.

With the exception of the AR rods, all the rods have sections %o displace water
and, thus, erhance the effectiveness of the control rods. The displacer
sections are cylindrical and are formed of aluminum alloy with sealed end caps.
The five displacer sections are filled with sleeves and cylindrical graphite
blocks. When a control rod is fully withdrawn, the displacer is located
symmetrically with respect to the core so that the 1-m rod channel sections

on either end are filled with water (see Figure 2.16).

These 1-m (3.2-ft) water-filled sections are strong neutron absorbers. During
the initial insertion of fully withdrawn cortrol rods (scram), the water in
the bottom section is replaced by the weakly absorbing graphite displacer.

The result is a local, positive reactivicy increase in the bottom meter of the
core. The magnitude of the reactivity increase is dependent on the number of
rods fully withdrawn.

Manual control is provided by manual control (RR) rods. These rods are divided
into four groups. One group is located in the periphery of the core, and the
remaining three are located centrally in the core. The central rods are divided
into three regular, intermixed lattices. Control of excess reactivity is accom-
plished by the RR rods in one of these central groups and by the peripheral rods,
which are moved up or down to equalize the current in the peripheral ionization
chambers. The rods of each central group are moved sequentially to maintain the
position withiu 20.5 m (20 in.) of each other. The rods of the two other

central groups are at the extreme upper or lower positions depending upon the
reactivity reserve,

The overall power control system consists of three identical sets of automatic
regulators. Each set consists of four ionization chambers placed around the
reactor. information from these chambers is used in synchronizing the movement
of the four automatic regulating rods. The use of ionization chambers of
different sensitivity enables these sets to work im either the low=power range,
from 0.5% to 10% of full power, or in working-power range, from 5% to 100% of
full power. In the low-power range there is one automatic regulator (3AR); in
the working-power range there are two (1AR and 2AR). One of the working-range
regulators is switched on; the second is in "hot" standby. The second
regulator is automatically switched on if the first regulator malfunctions.

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.
1f an emergency signal is generated, the emergency control rods are lowered.
This action protects the reactor as a whole from power excursions, and it also
protects the reactor from peripheral local power excursions.

The power densiiy distribution in the reactor is stabilized by the local

futomatic regulating system and by the local emergency protection system. The
former is designed on the principle of independent power regulation in 12 local
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Table 2.6 Control rod specifications

Component

Composition and dimension

Control material
Cladding material
Control length/section

Total length/section
Displacer length/section

Boron carbide (B4C)
Aluminum (Al) alloy
98.4 cm (38.7 in.)

102.4 cm (40.3 in.)
100 em (39.4 in.)

Outer B4C diameter 6.5 cm (2.6 in.)
Inner B4C diameter 3.75 com (2.3 1n.)
Outer cladding diameter 7.0 cm (2.8 in.)
Outer cladding thickness 0.2 cm (0.08 in.)
Inner cladding diameter 5.0 em (2.0 in.)
Inner cladding thickness 0.2 cm (0.08 in.)
Boron Carbide
Poison \\\\\
200 mm
TopofCore LR34 i
1 1 mI ' - H20
+ "J\ H.0 &
,; \
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Figure 2.16 Schematic drawing of fully withdrawn and fully inserted

control rods
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zores of the reactor by means of 12 regulating rods. The local automatic regu-
lating system rods are controlled by two detectors positioned in the core around
the local automatic regulating rods at a distance of 0.63 mm from the rods.

The local automatic regulating system is switched into tne automati: mode in the
power range after the required power density distribution has been achieved. In
transitional regimes, the local automatic regulating system has considerable
advantages, because it not only measures and regulates the overall power, but it
also smoothes out power distortions caused by local perturbations in tiae
equipment .

The local automatic regulating system is the primary system used to automati-
cally regulate overall power in the power range from 10% to 100% of full power.
The automatic regulating system for overall power is used for standby and is
automatically switched on when the local automatic regulating system
malfunctions.

The insertion/withdrawal speed of the automatic control rods is limited to about
0.3 m/sec so that movement does not exceed the limits established by the Nuclear
Safety kegulations for the rate of addition of positive reactivity when 12 rods

of the local system are moved at the same time (0.7 Beff/sec). A built-in limi-

tation prevents the continuous withdrawal of the automatic regulatory rods for
more than 8 seconds.

When a power-overshoot alarw signal appears in one of the channels 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
protection rods are lowered into this zone of the core until at least one of
the emergency signals disappears. In this case, the overall power of the
reactor is reduced by automatically lowering the power transducer settings at
their operational rate change.

The withdrawal of more than 8 to 10 of the manual regulating and emergency pro-
tection system or shortened absorber rods upon any malfunction is prevented by
a "power blocking" circuit. This circuit automatically determines the number
of rods that may be withdrawn. If this number is greater than 8 to 10, the
circuit is automatically disconnected from the servo drive power supply scurce
and no additional rods can be withdrawn from the core. Three power blocking
channels process the signals by a two-cut-of-three logic.

2.4.3.2 Reactor Process Monitoring System

The Chernobyl Unit 4 type RBMK reactor process monitoring system provides the
operator with information in visual and documentary form on the values of the
parameters that define the reactor's operating regime and the conditon of its
structural elements (e.g., process channels, control channels, reflector
cooling, graphite stack, and metal structure).

The following systems relate to the process monitoring system:
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channel-by-channel coolant flowrate monitoring in the process and control
channels

¢ temperature monitoring of the graphite stack and the metal structure

channel integrity monitoring from the temperature and bumidity of the
surrounding gas

. physical power density monitoring system
¢ fuel cladding failure detection

Skala central monitoring system
Information from the reactor process monitoring system is collected and pro-
cessed by the Skala central monitoring system and by individual instruments or
independent systems (channel failure detection, physical power monitoring sys-

tem, fuel cladding failure detection) for some of the more important parameters.

The Chernobyl Unit 4 type RBMK reactors have the following numbers of monitoring
points:

’ fuel channel flowrate measurement -~ 1661 points

. contrcl channel flowrate measurement - 227 points

. temperature measurement of the metal structure and biological shielding -
381 points

. measurement of the graphite stack and plates - 46 points

radial and vertical power measurement - 214 points
gas temperature measurement - 2044 points
measurement of coolant activity - 1661 points

The results of computer calculations are given in the forw of cartograms of the
reactor. A cartogram is a computer printout organized to be geometrically simi~-
lar to the layout of channels in the reactor. The cartogram lists the parameters

for each channel (e.g., the type of cell charge, the rod position) and also
identifies the hottest regionms.

2.4.4 Description of the Rod Drive Mechanism (Plyutinsk.y, 1983)

The rod drive mechanism is used to raise, lower, and monitor the position of
the control rods (Figure 2.17). The mechanism has 2 dc motor with a built-in
electromagretic brake that stops rotation of the shaft when voltage is applied.
The moto: 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 excita-
tion winding of the electric motor are de-erergized; voltage is applied to the
electromagnetic brake; and the drum, which holds the belt-cable end rod,

remains m~tionless. When a command to extract the rod is transmitted, voltage
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Figure 2.17 Functional diag.am of a contrcl rod drive mechanism

is removed from the b.ake, the drum is released, and the electric motor raises
the rod. Motion continues until either a stop signal is given or the upper
limit switch is activated.

Rods are inserted into the core in one of three ways:

(1) When & signel 1o lower the rod is received, the electromagnetic coupling
is de-ecerpized and, because of 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 voltag” is
applied to the excitation windiig. The brake is de-energized and, be-
cause of the weight of the rod, the drive initiates a lowering movement in
Aynamic braking mode with a weak current.

(3) It is also possible to use the motor to initiate the lowering of th+ rod,
thus reducing the transition time. In this case, full voltage is ayplied
to the armature circuit and to the excitation windiug, and powsr is cut
off from the electromagnetic brake. The drive initiates a lowering move-
merl in the motor mode. Then power is cut off from the armature winding
but. not from the excitation winding. The rod coatinues to fall, but its
motion is slowed by the presence of electrical current in the excitation
vinding of the motor.

The safety system has five different levels of response to reduce the power
level. These levels of response are discussed in Section 2.6.
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2.5 Electrical Power System

2.5.1 Highlights

The electrical systems used at Chernobyl Unit 4 included normal working supplies
and reserve supplies for power. Two types of emergency power sources (batteries
and automatic diesel generators) were available immediately in the event the
primary sources failed.

The eyuipment is grouped into one of three categories depending on allowable
power-interruption times: fractions of a second, fractions of a minute, and
extended.

2.5.2 Categories of Electrical Equipment (Plyutinskiy, 1983; USSR, 1986)

Many mechanisms and devices within the reactor operating system require electric
power for normal operation. These include feedwater pumps, motors of electric
drives, various control valves, and numerous monitoring and control systems.

All electrically driven equipment within the plant is categorized into one of
three "dependability categories":

2.5.2.1 Category 1

Equipment in this group cannot tolerate an inter~uption in power supply or can
tolerate only very brief interruptions of betwee. “ractions of a second and
several seconds. A power supply is absolutely ess. tial for this group after a
scram. The power users in this group and in the Category 2 group are sub-
divided into "safety-related process systems users" and "whole-unit users" for
which a power supply is absolutely essential, even when the plant's in-house
power supply has been totally shut off.

Category 1 safety system users include the isolating mechanism for the accident
localization (containment) system and hydrogen removal system, the fast-acting
valves and gate valves on emergency core-cooling system lines and monitoring,
protection and automatic control devices of safety systems. Whole-unit users
include the Skala central monitoring system, the control and protection system,
the dosimetric monitoring systems of the reactor, the turbine and generator,
and the fast-acting pressure-reducing mechanism. The emergency power for these
systems comes from storage batteries with static transformers to provide 0.4-kV.

2.5.2.2 Category 2

Equipment in this category can tolerate interruptions in the power supply from
tens of seconds to tens of minutes. A power supply for this equipment is abso-
lutely essential after a scram. Safety systems that use Category 2 equipment
include mechanisms of the emergency core cooling system and the accident local-
ization (containment) system. Whole-unit users are mechanisms of the auxiliary
turbine generator systems, certain suxiliary reactor systems (intermediate cir-
cuit, cooling systems of the fuel cooling pond, blowdown and cooling system,
etc.). [he backup power source for this category of equipment is provided by a
diesel generator.
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2.5.2.3 Category 3

All othor equipment that is not Category 1 or Category 2 is considered Category 3.
Use of flywheels on main recirculation pumps allows these pumps to be classified
as Category 3. Category 1 and Category 2 equipment are powered by different power
sources. Such sources possibly include internal transformers powered by the
power supply system; special internal power generators turned by the main gen-
erator shaft; the main turbine generators, which are disconnected from the power
supply system when mishaps occur; diesel generators, which are started up auto-
matically and are capable of providing power within 15 seconds of a mishap
occurring in the power supply system; storage batteries; and medium power gen-
erators at nearby hydroelectric power plants (or thermal electric power plants)
that are not connected to the power system but are operating only to supply the
internal networks of the given nuclear power plant. The following power supply
networks are used to supply internal plant electrical loads:

a 6-kV, 50-Hz network supplying main circulating pumps and other large
electric motors, and 6/0.4-kV step-down transformers

a 380/220-V, 50-Hz network supplying electric motors of up to 20 kW, and
welding and lighting systems

a 6-kV and 380/220-V, 50-Hz Category 2 dependable pewer supply network
a 380/220-V, 50-Hz Category 1 dependable power supply network

a 380/220-V, 50-Hz Category 1 network providing power to the control
computer system

2.5.3 The Diesel Generator Station (USSR, 1986)

Three diesel generators provide backup power to both Chernobyl Units 3 and 4.
These generators, each with a capacity of 5500 kW, were used as an independent
power supply for the 6-kV emergency power supply sections. The diesel generators
start up automatically but take up the load in stages upon receipt of an acci-
dent signal. The time for each stage to be taken up is 5 seconds. The diesel
generators were located in separate compartments, each with its own supply of
fuel, oil, and air and its own electrical connections. Diesel generators were
used to supply power to the most important equipment during the entire time of

a complete voltage loss from all sources except storage batteries.

2.6 Safety Systems (USSR, 1986)

2.6.1 Highlights

The Chernobyl Unit 4 type RBMK reactor safety systems provide for

. emergency core cooling

. main coolant loop overpressure protection
* reactor space overpressure protection

. mitigation of radioactive releases

. steam pressure suppression

. hydrogen gas removal
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In addition, protection against abnormal operating conditions is provided for

by automatic power reductions and full reactor shutdown by insertion of control
rods.

2.6.2 Reactor Emergency Core Cocling System

The emergency core cooling system (ECCS), shown in Figure 2.18, is designed to
provide cooling of the reactor in the event of accidents resulting in damage to
the core inlet cooling system.

The ECCS is brought into operation by the opening of a fast-acting e.ectric
gate valve. Power is supplied by storage batteries.

The nitrogen from the ECCS tanks is prevented from reaching the reactor through
the automatic ciosing of two gate valves.

The ECCS was designed to satisfy the following main requirements:

(1) 1t must supply water to the damaged and undamaged halves of the reactor in
quantities that will prevent melting, massive overheating, and cladding
failure of the fuel elements.

(2) The ECCS must operate automatically on receipt of the "maximum design-basis
accident signal"” (a break in the main coolant pump discharge piping). The
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Figure 2.18 Schematic drawing of the reactor emergency cooling system
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basis for distinguishing between the damaged and undamaged halves of the
cooling system are

(a) an increase in pressure in compartments containing primary coolant
piping (indication of pipeline rupture)

(b) coincidence with either of the following two signals (showing selec-
tion of the damaged half):

drop in water level in the steam separators of the damaged half
of the reactor

. decrease in the pressure differential between the main circula-
tion pump pressure header and the steam separators of the damaged
half of the reactor

(3) The speed of operation of the ECCS must ensure that water is supplied to
the damaged half of the reactor within 3.5 seconds.

(4) There must not be an unacceptable reduction in water supply to the reactor l
channels as a result of a pipeline rupture. 1
|
1
|
l
|
|
|
|
|

(5) The system must perform its safety functions in the event of any failure
independent of the source event, in any active or passive element having
moving mechanical parts.

(6) The system must comprise a number of independent channels (subsystems) and
must function with the required effectiveness in the event a failure occurs
independently of the source event, in any one channel (subsystem) of this
system.

(7) In the event of drainage of the ECC5> vessels, nitrogen from the vessels
must not be allowed to reacn the reactor.

(8)" The ECCS must operate a» intended in the event of a maximum design-basis l
accident coinciding with a loss of internal power from the power unit.

In order to comply with the above essential requirements, the E2CS comprises
three independent channels (subsystems), each of which ensures not less than
50% of the required output. Each channel (sub-ystem) includes a fast-acting
section and a section providing prolonged afterheat removal. The fast-acting
section supplies water to the damaged half of the reactor during the initial
stage of the accident. The afterheat removal section comes into operation
after the fast-acting section has ceased to operate. The fast-acting ECCS
channels consist of two 50% systems of tanks filled with water and nitrogen at
a pressure of 10.0 MPa (1450 psi), connected by pipelines and headers to the
distributing group headers of the primary coolant system.

Each of the two fast-acting sections consists of six tanks of 25 m® (880 ft3)

volume each. The total initial volume of water is approximately 80 m® (2800 ft?),

and of nitrogen, approximately 70 m® (2500 ft®). Each section supplies not

less than 50% of the required quantity of water to the damaged half of the

reactor over a period of not less than 100 seconds. The period of operation

depends on the magnitude of the coolant leak. o

*The object of the test in progress when the accident occurred was to test this
capability.
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The fast-acting section of the third ECCS channel supplies water from the
electric feed pump, which ensures & supply of not less than 50% of the required
amount of water to the damaged hal{ of the reactor. In the event a maximum
design-basis accident coincides with a loss of internal power, the supply of
water from the electric feed pump is assured for a period of 45 to 50 seconds
while the pump runs down in tandem with the turbine generator. (This feature
was being tested at the time of the accident.)

The prolonged afterheat removal section provides cooling to both the damaged
and undamaged parts of the ceactor. It comes into operation no later than the
moment at which the fast-acting section of the ECCS ceases to operate. Each of
the three ECCS channels is fed by pumps driven by emergency diesel generators.

The long-term pumps for the damaged half of the reactor of each of the three
ECCS channels consists of two pumps connected in parallel--one high head and one
low head. These pumps ensure a supply of water at a rate of approximately

500 tonnes/hr (300 lbm/sec), that is, not less than 50% of the required rate for
the damaged half in the event of a maximum design-basis accident. The water is
drawn by the pumps from the pressure suppression pool of the accident localiza-
tion system, is cooled by the service water in the heat exchanger mounted on the
common intake line of the two pumps, and reaches the ECCS headers through the
discharge lines. Flow restrictors are installed on the discharge lines of the
pumps and are designed to ensure the steady functioning of the pumps in emergency
situations characterized by a sharp drop in pressure of the reactor's coolant
circuit resulting from a ruptured pipe.

Each of the ECCS channels contains one pump and supplies water at & rate of
approximately 250 tonnes/hr (150 lbm/sec), that is, not less than 50% of the
flow required for the undamaged half in a maximum design-basis accident. Water
is drawn from the tanks containing clean condensate and flows to the headers of
the cylinder section behind the quick-opening gate valve. The flow restrictors

in the discharge lines of the pumps perform the same functions as do those in
the damaged half of the reactor,

2.€.3 Main Coolant System Overpressure Protection

This system is designed Lo enture that the permissible pressure level is not
exceeded. This is done by providing a path for steam into the pressure sup-
pression pool. The system includes relief valves and a system of pipes and
headers that conduct the steam into the pressure suppression pool of the acci-
dent localization system.

The system was designed with the objective of satisfying the following main
requirements:

pressure in the main cooling system not to be exceeded by more than 15%
of the working pressure

be operational when the pressure in the coolant circuit reaches the
minimum operating value

to close the main safety valves




to work under conditions of cyclic dynamic loads upon operation of the
main safety valves

to introduce steam into the water of the pressure suppression pool at
speeds that are less than that of sound, even when one main safety valve
is in operation (this is necessary for shock-free steam condensation)

A schematic drawing of the system for discharging steam from the main safety
valves into the pressure suppression pool of the accident localization system

is shown in Figure 2.19.

The system consists of eight main safety valves with a total output of

5800 tonnes/hr (3500 1bm/sec), under nominal circuit pressure, i.e., an output
which 1s equal to the nominal steam output of the reactor installation. Con-
trol of each main safety valve (with an output of 725 tonnes/hr (440 lbm/sec))
is by a directly acting pulse valve (lever-gravity type), equipped with an
electromagnetic drive unit for opening and closing. Steam from the main safety
valves is discharged underwater into the pressure suppression pool through
submersible nozzles, each with an exit diameter of 40 mm (1.6 in.) (approxi=
mately 1200 nozzles in all).
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when an overpressure condition is detected, the systems are intended to operate
in the following sequence:

76 kgf/cm® (1081 psi) 1 main safety valve operates
77 kgf/cm® (1095 psi) 2 main safety valves operate
78 kgf/cm® (1109 psi) 1 main safety valve operates
81 kgf/cem? (1152 psi) 4 main safety valves operate

Staff working in the unit control room and in the reactor control room can have
the capability to manually open the main safety valves.

2.6.4 Reactor Vault Overpressure Protection

This system ensures that the permissible pressure in the reactor vault is not
exceeded in an accident involving the rupture of a single fuel channel. (The
system is not designed to handle multiple ruptures.) Protection is achieved by
drawing the steam and gas mixture from the reactor space into the steam and gas
discharge compartment of the pressure suppression pool and subsequently into
the pressure suppression pool itself (see Figure 2.20).

The system is designed to satisfy the following requirements:

prevents the excess pressure in the reactor vault from exceeding 1.8 kgf/cm
(abs) (25.6 psia) 1n the event of a double-ended break of one fvel channel
(e.g., failure of one transition joint)

prevents water from the steam and gas discharge compartment of the pres-

sure suppression pool from entering the reactor vault in the event of a
design-basis accident

ensures that the reactor vault is reliably jsolated from the atmosphere

The reactor vault is connected to the steam and gas discharge compartment of the
pressure suppression pool by a set of pipes. (This is a special compartment of
the pressure suppression pool systems having a water depth approximately 1 m
(3.25 ft) greater than the rest of the pool.) Two sets of four 300-mm
(11.8-in.) exit pipes (four at the top and four at the bottom of the reactor
space) connect to two 600-mm (23.6-in.) pipes that g0 to ihe steam and gas
discharge compartment. The ends of the 600-mm pipes are 2 m (6.5 ft) below

the surface of the water. That is, under normal operating conditions, the
reactor space is separated from the atmosphere by a 2-m seal.

In the event of a risce in pressure in the reactor vault to 1.2 kgf/cn2 (abs)
(17.6 psia), the seal opens and the steam and gas mixture enters the pressure
suppression pool through the steam discharge pipes. When the pressure in the
above-water part of the compartment reaches 1.1 kgf/cm® (abs) (15.6 psia), the
check valves open and the steam and gas mixture enters the steam distribution
corridor. The steam and gas mixture then enters the water of the pressure
suppression pool by means of the steam discharge pipes. The gas from the
reactor space, bubbling through the layer of water in the compartment/pressure
suppression pool, is cooled and maintained in the compartments of the accident
localization zone. After a necessary holding and cleaning period, the gas is
discharged into the atmosphere by the hydrogen disposal system.
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Figure 2.20 System to protect the reactor vault from excess pressure

The reactor vault overpressure system is not de-igned to accommodate multiple
pressure tube failures. Multiple failures wil! cause overpressurization of the
reactor space. If the pressure exceeds 0.3 MPa (44 psi), the upper biological
shield will 1ift up. Since the fuel ch=nnels are welded to the upper shield,
its upward movement will lead to massive tube failures. Furthermore, since the
control rod channels are also connected to the upper shield, the control rods
will be lifted out of the core.

2.6.5 Accident Localization System

The accident localization system is designed to mitigate radioactive releases
during accidents involving failure of certain piping of the reactor cooling
system. Piping within localization zones includes

y primaiy pump suction headerr

. primary pump outlet pressure headers
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the group distribution headers
the coolant supply pipes between the group distribution headers and the

fuel channel inlets

Piping not within localization zones includes

’ fuel channels (they are enclosed in the sealed reactor vault)

sections of the fuel channels above the upper biological shield not
enclosed within the sealed reactur space

‘ steam-water crossover pipes from the fuel channel outlets to the steam
separators

steam separators
steamlines from the steam separators to the turbines
. downcomers from the steam separators to the pump inlet headers

The accident localization system consists of a set of sealed compartments and
rooms interconnected by valves and piping. The main system components are

two compartments with a design pressure of 0.25 MPa (36 psig) each enclos-
ing four main ~ooling pump inlet and outlet headers (items 1 and 2 in
Figure 2.21)

the steam distribution corridor, with a design pressure of 0.25 MPa
(36 psig) (item 5)

the pressure suppression pools, with a design pressure of 0.25 MPa
(36 psig) (items 6 and 8)

the portion of the building with & design pressure of 0.08 MPa (12 psig)
enclosing the group distribution headers and the fuel channel inlet piping
(items 3 and 4)

A schematic diagram of the accident localization system is shown in Figure 2.21.

The various compartments and rooms of the accident localization system are con-
nected by three types of valves:

. check valves (Figure 2.21, item 9), installed in the openings of the cover
separating the inlet piping and the steam distribution corridor

. release valves (Figure 2.21, item 10), installed in the openiags of the
cover separating the air space above the pressure suppression pool and
the two primary pump compartments

. panels of check valves (Figure 2.21, item 11), installed in the partitions
separating the ste.m distribution corridor and the two primary pump
compartments

The two primary pump compartments and the steam disiribution corridor are con-
nected to the pressure suppression pool by steam outlet channels (Figure 2.21,
item 17).
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Figure 2.21 Schematic diagram of the accident localization system

Source: USSR, 1986.

In emergency situations the system functiors in the following manner. If a
failure occurs in the primary pump inlet or outlet header, the resulting steam
formation leads to a pressure rise in the affected compartment. The check
valves between the compartment and the steam distribution corridor (Figure 2.21,
item 11) open at a pressure differential exceeds 2 kPa (0.29 psi). When the
pressure reaches a value sufficient for displacing the liquid column from a
steam outlet channel, the steam and air mixture begins to flow into both
elevations of the pressure suppression pool. By bubbling through the water,
the steam condenses and the air is collected in the space above the water.

When the pressure in the air space exceeds 5 kPa (0.°. ¢81), the release valves
between the air space and the other primary pump compartment open and part of
the air flows into that compartment. Thus, its volume is used to reduce the
pressure in the compartment sustaining the pipe break. During the course of
this accident, the check valves (Figure 2.21, item 9) remain closed.

If a failure occurs in the group distribution headers or in the supply pipes be-
tween the group distribu . n headers and the fuel channel inlets, the resulting
pressure rise opens the check valves leading into the steam distribution corri-
dor. From the corridor, via the steam discharge channels, the steam-air mixture
goes into the water volume of the pressure suppression pool's central region.
When the pressure in the air space above the water exceeds 5 kPa (0.73 psi) the
release valves connecting the air space with the two primary pump compartments
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open. In this situation, the volumes of both primary pump compartments are used
to reduce pressure in the rooms containing the ruptured piping.

To prevent the spread of radioactive material outside the regions of the
localization system, the walls, floors, and ceilings are equippped with special
seal penetrations at the places where they are traversed by pipes or electrical
cable. In addition, a cutoff and sealing valve system ensures isolation of the
localization zones by cutting off the communication lines between the sealed
and non-sealed locations.

2.6.6 Pressure Suppression System
The purpose of this system is to condense steam formed

during an accident involving failure of some sections of the primary
coolant system

¢ during the actuation of the main safety valves

during leaks through the main safety valves under normal operating
conditions.

The system is a dual-elevation, reinforced concrete tank with a metal lining
(see Figures 2.19, 2.20, and 2.21). The space in each elevation is divided by
longitudinal partitions into four corridors and by traverse partitions into
three sections: two lateral (under the primary pump compartments) and one cen-
tral (under the steam distribution corridor). The longitudinal and transverse

walls have openings for water and air. The lower elevation is filled with water.

The depth of the water layer is 1.2 m (3.9 ft). The total volume of water in

the two elevations is¢ 3200 m® (113,000 ft3), and the volume of the air space
is 3700 m® (131,000 £:3),

Steam goes iato the water volume through the steaw discharge channels. The num-
ber, diameter, and spacing of the steam distribution pipes and their depth

under waier are determined from tests on a large-scale model. These pipes
ensure full condensation of the steam in the water volume.

The accident localization system also includes a system for heat removal and a
system for hydrogen removal.

Heat from the sealed locations of the accident localization system is removed

by a sprinkler cooling system, and by surface-type condensers located in the
steam distribution corridor.

2.6.7 Hydrogen Removal System

The hydrogen removal system creates a negative pressure in the accident locali-
zation zones, then measures the concentration of hydrogen and removes the hydro-
gen upon its occurrence. The hydrogen removal system consists of an electric
heater, a contactor, a condenser, a moisture separator, and a gas blower.

Under normal operating conditions the gas-air mixture passes through the elec-
tric heater, contactor (in the presence of hydrogen), condenser and moisture




separator, and, by means of the gas blower, through the filtration plant, and
is discharged into the atmosphere.

2.6.8 Emergency Shutdowns

The reactor is protected against emergencies by the automatic insertion into
the core of all absorber rods (except for the shortened rods).

Twenty=-four SUZ rods uniformly distributed throughout the reactor are selected
for the emergency protection mode from the total number of manual regulating

and emergency protection rods. When the reactor is started up, the 24 emergency
protection rods are the first to be raised to the upper-limit switches. The
withdrawal of any other rods is automatically prevented until the emergency
system rods have been raised.

The reliability of the emergency protection system and the reliable functioning
of the manual control system is achieved by having six independent groups of 30
to 36 control rods each distributed uniformly over the reactor. Each rod is
moved by its own servo drive under the control of its individual power and
logic block. The failure of one or even several servo drives or control blocks
1s not serious, since there are 187 rods. Since each SUZ rod is surrounded in
the reactor by rods of different groups, the failed rod is always surrounded by
neighboring reds in working order.

The design of the SUZ drive mechanism ensures automatic insertion of all SUZ
rods (except the shortened rods) into the core in a power failure. The relia-
bility of the protection system is ensured by functional redundancy (redundant
monitoring channels) for each parameter and equipment redundancy (redundant
channels for logical processing of the signals)

In view of the large contribution of nuclear power plants with RBMK reactors to
the general power grid, it is necessary to reduce to a minimum the outages of
such plants. A differential approach to emergency situations in the reactor
and generating unit has, therefore, been adopted in organizing the emergency
protection system. Depending on the nature of the emergency, there are a
number of different categories (regimes) for emergency protection.

. emergency protection with complete shutdown of the reactor (AZ-5)

. emergency protection acting until the emergency situation has passed
(partial AZ-5)

. preventive controlled reduction of reactor power at an increased speed
to safe levels (AZ-1, AZ-2, and AZ-3)

The safe power levels for various emergency situations and the speed of preven-
tive power reduction are determined by calculation and confirmed experimentally.

The highest level of emergency protection is AZ-5, which is achieved by insert-
ing all the SUZ rods (except the shortened absorber rods) into the core up to
the lower cut-off switches. This regime is entered in the following situations:
. a power overshoot of 10% of full power

. a reduction in the period to 10 seconds
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‘ a drop or excess in the level in the drum separators

. a drop in the feedwater throughput

. a pressure excess in the drum separators

. a pressure excess in the accident localization compartments, drum
separators, or lower water lines
a pressure excess in the reactor cavity
a fall in the level in the SUZ coolant tank

¢ a reduction in water flow through the SUZ channels

. trip of two turbine generators or of the only operating turbine generator

¢ trip of three of the four operating main circulation pumps in any pump
room

’ voltage loss in the plant auxiliary power supply system or indication of

one of the protection level regimes (AZ-3, AZ-2, or AZ-1) without its
being carried out, or order from the command units (AZ-5 button, declutch-
ing key) at the control desks and at a number of other locations in the
plant

In the event of an emergency power overshoot, a partial AZ-5 is ordered. The
resulting rod insertion stops when the original cause of the emergency has dis-
appeared (when the power has been reduced to the appropriate level). This
makes it possible to keep the unit in a power regime if the power overshoot
signals have been caused by power distortions and the emergency situation

can be removed by rapid partial reduction of the reactor power. The same is
true in transitional operating regimes and in the case of significant local
perturbations. The partial AZ-5 regime can only operate for a short time, for
if the SUZ rods are lowered to a siguificant extent into the core during a
partial AZ-5 event, the reactor will be completely shut down just as in an
AZ-5 regime.

The AZ-3 regime (reduction to 20% of full power) is ordered when there is an
emergency load rejection

. by two turbine generators, or
. by the only operating one

The AZ-2 regime (reduction to 50% of full power) is ordered when there is

an outage of one of two turbine generators, or
* an emergency load rejection of one of two turbine generators

The AZ-1 regime (reduction to 60% of full power) is ordered when

. One of the three operating main circulation pumps in any pump room is
switched off.

¢ The water flow in the primary circuit falls.
The feedwater flow falls.

s The water level in the drum separators falls.

. The group closure key for the throttle regulating valves is actuated.

In AZ-1, AZ-2, and AZ-3 regimes the reactor power is automatically reduced at
a rate of 2% of full power per second to levels of 60%, 50%, and 20% of full
power, respectively, by the online automatic power regulating system. The
emergency rate (speed) of power reduction and reactor operation stabilization
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Figure 2.22 Evolution of reactor parameters during startup

power is reduced to the after-heat level and the unit turbine generators are
disconnected from the grid and shut off. When reactor power is reduced to the
20% level, the capacity of the main circulation pumps in service is reduced to
6000 to 7000 m%/hr (27,000 to 31,000 gpm). The coolant loop is cooled down to
a temperature of 120 to 130°C (248 to 266°F) by gradually lowering coolant loop
pressure by discharging steam in a controlled manner from the steam separators
to the turbine condensers or to the process condenser. To achieve a greater

degree of cooling, a special shutdown cooling system composed of pumps and heat
exchangers is used.

Thermal stresses in the metal structures of the reactor limit the cooling and
heating rates. During shutdown cooling, the rate of temperature reduction in
the coolant loop is determined principally by the rate of controlled steam dis-
charge from the separators. Therefore, it is not difficult to keep the cooling
rate at the prescribed level under these conditions.
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2.7.3 Operation at Power

Up to a power level of 500 MWt, coolant is circulated through the reactor by
the main circulation pumps operating at 6000 to 7000 m®/hr (27,000 to 31,000
gpm). At a power of 500 MWL, the throttle-regulating valve is opened and the
capacity of the main circulation pump increases to 8000 m®/hr (35,000 gpm). At
power levels above 500 MWt, the reactor operates at a constant main circulation
pump capacity. When the power level exceeds 60% of rated power, no fewer than
three main circulation pumps should be operating on each side of the reactor.
The hydraulic distribution of an RBMK reactor core is such that, when rated
capacity is reached, the throttle-regulating valves are fully open and the
total flow through the reactor is 48,000 m®/hr (212,000 gpm) .

2.8 References

Cherkashov, 1981 Cherkashov, Y. M., et al., "Mathematical and Experimental
Study of Emergency Cooling of RBMK-1500 Reactor in Case of

Maximum Credible Accident," Atomnye Ehlektricheskie Stantsii,

Vol. 4, July 1981.

Cherkashov, 1984 Cherkashov, Y. M., "Safety Design of the RBMK-1000 Reactor,"
IAEA-SM-268/84, Operational Safety of Nuclear Power Plants,
Proceedings of an IAEA symposium in Marseilles, May 2-6,
1983, IAEA, Vienna, 1984.

Dollezhal, 1977 Dollezhal, N. A., et al., "Design of the RBMK-1000 Reactor,"
Paper presented at Risley under the SCUAE/UKAEA Agreement
for Exchanges of Information on Pressure Tube Reactors,
Atomnaya Energiya, February 1977.

Dollezhal, 1980a Dollezhal, N. A., and 1. Y. Yemel'yanov, "Physical
Characteristics of the Core," Chapter 2 of Channel-Type
Nuclear Energy Reactor, Atomizdat, Moscow, March 1980.

Dollezhal, 1980b Dollezhal, N. A., and I. Y. Yemel'yanov, "Design of a

Reactor Plant," Chapter 3 of Channel-Type Nuclear Energy
Reactor, Atomizdat, Moscow, March 1980.

Dollezhal, 1980c Dollezhal, N. A., and I. Y. Yemel'yanov, "The Recharging
Machine," Chapter 5 of Channel-Type Nuclear Energy Reactor,
Atomizdat, Moscow, March 1980.

Dollezhal, 19804 Dollezhal, N. A., and I. Y. Yemel'yanov, "Control
Devices," Chapter 6 of Channel-Type Nuclear Energy Reactor,
pp. 119-123, 131-138, Atomizdat, Moscow, March 1980.

Dollezhal, 1980e Dollezhal, N. A., and I. Y. Yemel'yanov, "The Recharging
Machine," Chapter 10 of Chaanel-Type Nuclear Energy Reactor,
Atomizdat, Moscow, March 1980.

Dollezhal, 1981 Dollezhal, N. A., "Graphite-Water Steam-Generating Reactor
in the USSR," Nuclear Energy 20(5):385-390, 1981.




Dubrovsky, 1981

Egiazarov, 1977

Isayev, 1984

Klimov, 1975

Konviz, 1981

Konviz, 1984

Kulikov, 1984

Levin, 1983

Markov, 1984

MCCE, 1986

Novosel 'skii, 1984

Plyutinskiy, 1983

Pushkarev, 1979

[Mibrovsky, V. (ed.), "Construction of Nuclear Power Plants," |
Mir Publishers, Moscow, 1981, |

Egiazarov, M. B., and A. N. Kuz'min, "Startup and Familiar-

ization With an RBMK-1000 Reactor Power Plant (Experimental
Investigation of Core Physics and Physical Startup of an |
RBMK Reactor)." Paper presented at seminar at Risley, |
under the SCUAE/UKAEA Agreement for Exchanges of Informa- |
tion on Pressure Tube Reactors, [Atomnaya Energiya]), |
February 1977 (EPRI Ref. No. 77-021).

Isayev, N. V., et al., "Unloading Additional Absorbers
From the RBMK-1000 Core," Atomnaya Energiya 56(5):280-282,
1984,

Klimov, A., Nuclear Physics and Nuclear Reactors, Mir
Publishers, Moscow, 1975.

\
Konviz, V. §., "Work Continues on Construction ‘
Chernobyl'skaya AES," Moscow Energeticheskoye Stroitel'sno ‘
|
|

4:2-6, 1981.

Konviz, V. §., and L. V. Golubkov, "Chernobyl'skaya AES
Third-Phase Construction Begins," Moscow Energeticheskoye
Stroitel 'sno, 1984.

Kulikov, E. V., "State of the Art and Development Prospects
for Nuclear Power Stations Containing RBMK Reactors,"
Atomnaya Energiya 56(6):359-365, 1984.

Levin, Y. M., and Kremen', M. G., "Particulars of Startup, |
Adjustment on Third Generating Unit of Chernobyl AES," |
Russian 6:50-54, 1983.
1
|

Markov, Y. P., et al., "Emergency Localization System at
Third Unit of Chernobyl AES," Moscow Energeticheskoye
Stroitel'sno 1:61-63, January 1984.

Motor Columbus Consulting Engineers, "Accident at the
Chernobyl Plant," Unpublished analysis, Columbus, Ohio,
1986. |

Novosel 'skii, 0. Y., V. B. Karasev, et al., "Tests on
Improved Steam Separators in the Third Unit at the Chernobyl
Nuclear Power Station," Atomnaya Energiya 57(12):382-385,
March 1984.

Plyutinskiy, V. 1., and V. I. Pogorelov, "Automatic Control
and Safety of the Thermal Power Generation Components of
Nuclear Power Plants," Energoatomizdat, 1983.

Pushkarev, V. 1., et al., "Weys of Altering the Coeffi-

cients of Reactivity in RBMK Reactors," Atomnaya Energiya
46(6):386-389, 1979,

232



cal ke e e

Romanenko, 1982 Romanenko, /. 8., and A. V. Krayushkin, "Physical Charac-
teristics of an RBMK Reactor in the Transitional Period,"
Atomnaya Energiya 53(6):367-273, 1982.

Sedov, 1979 Sedov, V. M., et al., "Corrosion Products in Main Tech-
nological Systems of Atomic Power Plants With an RBMK-1000
Reactor During Operations," Atomnaya Energiya 46(1):23-28,
1979.

Semenov, 1983 Semenov, B. A., "Nuclear Power in the Soviet Uniomn," IAEA |
Bulletin 25:(2), June 1983.

Usik, 198¢ Usik, A. M., et al., "Progress Report: Chernobyl'skaya
AES' 4th Power Block," Moscow Energeticheskoye Stroitel'sno
12:8-11, 1984,

USSE, 1986 USSR State Committee on the Utilization of Atomic Energy,
"The Accident at Chernobyl Nuclear Power Plant and Its Con-
sequences," Information compiled for the IAEA Experts' Meet-
ing, August 25-29, 1986, Vienna, 1986.

Virgil'ev, 1979 Virgil'ev, Y. S§., "Thermal Expansion of Structural Graphite
and the Effect of Neutron Irradiation," Atomnaya Energiya
47(5):305-308, 1979.

Voronin, 1980 Voronin, L. M., "Nuclear Electric Power Plants," Atomnaya
Energiya, July 1980.

Yemel'yanov, 1981 Yemel'yanov, I. Y., "Design Measures To Ensure Operability
of Nuclear Electric Plants With RBMK Reactors Under Emer-
gency Conditions," Atomnaya Energiva 50(4):251-254, 1981.

Yemel'yanov, 1984 Yemel'yanov, I. Y., et al., "Study of Operating Conditions
of Power-Generating Unit With RBMK Reactor With False
Turning on of Reactor's Emergency Cooling System," Soviet
Power Engineering 3:10-13, March 1984,




CHAPTER 3 ?

SAFETY ANALYSIS

This chapter presents a summary of Soviet safety analysis of the RBMK-1000
reactor, as well as an independent review of RBMK-1000 safety. The base line
for this chapter is the Chernobyl Unit 4 generation of RBMK reactors. Sec-
tion 3.1 summarizes the descriptive material contained in Soviet literature.
Section 3.2 explains how the KBMK~1000 reactor responds to a variety of credible
challenges, to the degree adequate detailed technical information on the plant
is available. As such, the independent review section should be viewed as an
extension of Chapter 2 ("Plant Design'"): explaining how the RBMK-1000 reactor
responds as a system to transients and accidents. Many interim reports by
Western countries since the accident have attempted to analyze RBMK reactor
safety. Such Western reports are referenced when used, but Soviet source docu-
ments are used whenever possible.

The Soviet report on the accident at Chernobyl (USSR, 1986), and earlier Soviet
literature, contain extensive information about RBMK reactors. Most of that
information 1s descriptive, and not analytic. Hence, there exists a rather
complete body of knowledge from which to assemble Chapter 2 ("Plant Design");
there is less information about Soviet safety analysis. The available informa-
tion on Soviet safety analysis is very general in nature, is not plant specific
or site specific, and presents the qualitative results of generic analysis,
usually not quantitative details.

Chernobyl Unit 4 was one of 14 operating RBMK-1000 reactor plants. Significant
differences exist in RBMK-1000 designs, as they have evolved from the early Lenin-
grad design (first-generation RBMK, 8 total units) to the more modern Smolensk
design (second-generation, 6 total units, including Chernobyl Units 3 and 4).
This evolution of the RBMK design is often difficult to discern in Soviet liter-
ature, and many details of the plant-specific differences among the 14 plants

are not clear. The descriptive material of the RBMK-1000 second generation, is
much more extensive than information about the current status of first-generation
RBMK-1000 reactors. Soviet literature does not discuss whether the design fea-
tures unique to the second-generation RBMK have been backfitted into the first
generation. Therefore, safety capabilities discussed here may or may not apply
to the & older RBMK-1000 reactors. Also, since the single operational RBMK-1500
unit (Ignalinsk Unit 1) operates with less safety margin to "boiling crisis"
[critical heat flux limits] than RBMK-1000 reactors, & similar caution applies

to assuming this discussion can be applied to the RBMK-1500 reactor.

3.1 Introduction
3.1.1 Purpose of Thie¢ Chapter

Chapter 2 described the Chernobyl Unit 4 reactor plant design, and Chapter 4
explains what happened at Chernobyl in April and May 1986. This chapter will

G. Vipe of the Electric Power Research Institute (EPRI) compiled this chapter.
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help explain why it happened, by giving the reader an understanding of plant
response to frequently occurring transients and credible accidents. Many of

the transients discussed in this chapter actually did occur during the Chernobyl
accident. Reviewing them individually helps provide a better understanding of
what happened in the complex Chernobyl accident.

In addition, some Western countries may choose to develop "lessons learned from
Chernobyl" for their own countries and own nuclear power industry. A safety
review of Soviet reactors is an important part of this process. For example, an
accident such as the one at Chernobyl could raise questions about the original
safety analysis and the design basis of the plant. Even if the accident was

due partly to operator error or management breakdown, it is prudent to review
the plant safety analysis to assure ourselves that a contributing design over-
sight does not exist that could have a parallel in our own safety analysis.

A broad investigation of Chernobyl reactor safety is mnecessary for this purpose.

Finally, 13 RBMK reactors remain in operation, many with fewer safety features
than Chernobyl Unit 4 had. Several of these reactors are sited close to inter-
national borders. A factual review of the safety of the RBMK design can help
answer questions about Soviet corrective actions.

This chapter does not pass judgment on the design or operation of the Chernobyl
reactor. This chapter is intended to be factual and constructive, and is based
on published information from the Soviet Union wherever possible. A major
source of information is the Soviet report on the accident at Chernobyl (USSR,
1986). An independent safety review of Chernobyl based on Western approaches
is included to help us understand the design performance from a more familiar

perspective. A comparison of the relative merits of U.S. and Soviet reactors
is not the objective of this report

3.1.2 Summary of the Safety Review

Chernobyl Unit 4 is one of the newer RBMK-1000 reactors, and as such has bene-
fitted from the evolutionary improvemes's in RBMK reactor safety since the
original Leningrad design. As a second-generation RBMK reactor, Chernobyl
Unit 4 had an accident localization system (ALS) underneath the reactor, de-
signed to condense steam and prevent the release of radioactivity from large
pipe breaks in lower reactor recirculation piping. Such breaks are considered
by the Soviets to be the "maximum credible accident." The reactor protection
system and the emergency core cooling system include features to shut down the
reactor, cool the core, and prevent fuel damage in such an event.

Ho other "maximum credible accidents" are defined in Soviet literature, but a

number of transients are studied, such as loss of feedwater, turbine trip, and
recirculation pump trip. The Soviets attempt to keep the reactor critical at

reduced power during many such transients. The reactor protection system pro-
vides automatic power reductions to 60%, 50%, and 20% power for selected tran-
sients in order to avoid full plant shutdowns.

Since the emergency core cooling system and accident localization system are
designed for a single maximum credible accident, other credible accidents are
not discussed in Soviet safety analysis, presumably because they are considered
to be of sufficiently low probability to justify disregarding them in the
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design basis. Examples of credible accidents with potentially sericus conse-
quences not discussed in Soviet literature include: runtures of reactor exit
piping, main steam piping, and main feedwater piping; rapid reactivity excur-
sions; and some accidents initiating in the core region itself, such as a
blocked flow channel or multiple channel ruptures (see Section 3.3 for further
discussion). Many of these accident sequences not addressed by Soviet saiety
analysis were part of the Chernobyl accident. An important result of the deci~
sion to consider only pipe breaks below the reactor as credible is that there

is no containment surrounding reactor outlet piping above the reactor (see
Figure 2.6).

3.2 Soviet Safety Analysis of the Chernobyl Unit 4 Reactor

This section will summarize the bulk of information available on the Soviets'
own assessment of their RBMK reactors, with empliasis on the second-generation
RBMK design and Chernobyl Unit 4. The sources of Soviet safety analyses are
primarily the Soviet report on the accident at the Chernobyl nuclear power
plant (USSK, 1986), Soviet technical papers on their RBMK-1000 reactor, and

& few Soviet textbooks available in the West.

A review of these Soviet documents indicates that some fundamental differences

exist between Soviet and Western approaches to safety analysis. Some of these
differences include:

(1) The Soviets place heavy reliance on system testing to verify that safety
criteria are met. For example, the Soviets have conducted extensive in-
plant experimentation, and have recently developed one or more scaled test
facilities that can duplicate RBMK-1000 functions without the use of nu-
ciear fuel. The Soviets state their analytic capabilities are good, but
theii capacity for computer-assisted analysis may be more limited than in
Western countries. Soviet technical literature contains less pretest pre-
dictive modeling and less post-test code validation than is in U.S. tech-
nical literature. The Soviets' empirical approach to safety analysis may
be adequate for studying routine operations ana the ability to cope with
routine transients. It is likely, however, that their approach has placed
limitations on their ability to predict plant performance in abnormal
regimes beyond those which can be treated by extrapolaticn of test results.

(2) Requirements for complete documentation of all safety analysis calculations
typical of the Western licensing process are not as extensive in the Soviet
Union. Also, Soviet safety criteria generally emphasize overall safety
objectives, without specifying the detailed criteria or methods to be used.

(3) Available Soviet safety analysis of the VVER (PWR) design is more complete
than available RBMK analysis. Soviet VVER safety requirements are gener-
ally more stringent than RBMK safety requirements. The VVER is the Soviet
export design, whereas the RBMK is not exported outside the USSR. Hence
VVER designs tend to be more compatible with Western safety criteria; and
Soviet safety analyses of the VVER often rely on Western studies. This
Western influence on the VVER has led to some recent Soviet applications
of VVER safety approaches to the RBMK.



(4) Soviet safety analysis tends to place greater emphasis on prevention and
early mitigation of selected design-basis accidents than it dues on the
consequences and mitigation of severe accidents beyond the design basis of
the plant. As a result, comparatively little analysis appears in Soviet
literature on issues such as the prevention and mitigation of reactivity
excursious, or coping with the stored chemical energy in the RBMK (graphite,
zirconium, H; generation in an accident, etc.)

3.2.1 Soviet Design Philosophy
(This section is based on information in 1981-1983 Soviet literature.)

The following requirements form the basis of safety for Soviet nu-
clear installations (Cherkashov, 1984):

a. the plant must be designed and built in such a way that the
probability of accidents is kept to a minimum;

b. at any time, even during an accident, no radioactive substances
or radiation from them should enter the serviced areas of the
nuclear power station or the surrounding environment ;

-3 the personnel servicing the nuclear plant must possess adequate
knowledge and experience of operation.

The overall safety of nuclear power plants in the Soviet Union in-

cludes a wide spectrum of measures, the most important of which

are (Cherkashov, 1984; Sidorenko, 1981):

a. securing high quality manufacture and installation of components;

b. checking of components at all stages;

c¢. development and realization of effective technical safety mea-~
sures to prevent accidents, to compensate for possible malfunc-

tions, and to decrease the consequences of possible accidents;

d. development and realization of ways of localizing radioactivity
released in case of an accident;

e. realization of technical and organizational measures to ensure
safety at all stages of construction and operation of nuclear
power plants;

- it regulation of technical and organizational aspects in securing
safety; and

g. introduction of a system of state safety control and regulation.
3.2.2 Soviet Nuclear Safety Regulation

(This section is based on information in Soviet literature published in 1983
(Semenov, 1983).
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The regulation of safety by official documents is one of the main
tools for ensuring the salety of nuclear power plants in the USSR.
The state supervision of nuclear power plant safety [as it was
structured prior to the accident] was accomplished by:

4 The State Committee on Supervision of Safe Operations in Indus-
try and Mining, urder supervision of the Council of Ministers of
the USSR (Gosgortekhnadzor of the USSR), which supervised com-
pliance with Regulations and standards of engineering safety in
design, construction, and operation of nuclear power plants;

' The State Nuclear Safety Inspection (Gosatomnadzor of the USSR),
which supervised compliance with rules and standards of nuclear
safety in design, construction, and operation of nuclear power
plants;

. The State Sanitary Inspection of the USSR, under the Ministry ot
Public Health, which supervised compliance with rules and stan-
dards of radiation safety in design, comstruction, and operation
of nuclear power plants.

The established system of three supervisory bodies largely determined
the structure of the whole complex of regulatory documents on nuclear
power plant safety.

A regulztory document on nuclear power plant safety in the USSR, "General Regu-
laticns To Ensure the Safety of Nuclear Power Plants in Design, Construction
and Operation," was introduced in 1973. In 1982, the "General Regulations"
were revised. The new document is titled "General Safety Regulations of Nu-
clear Power Plants During Design, Construction, and Operation" (GSR, 1983).
This document ccvers all types of commercial reactors operating or under con-
struction in the USSR. In this approach, requirements are presented in a
general way, without concrete details. In most cases the General Regulations
only prescribe tasks which have to be solved to ensure safety (what must be
done); they do not determine the solutions (how it should be done).

Other regulatory documents (codes, guides, rules, procedures) develop
further and specify more concretely the "General Regulations," estab-
lishing the basis for activities of designers and corresponding
supervisory boldies. One of the main documents in the field of engi-
neering safety is "Regulations for Design and Safe Operation of Com-
ponents for Nuclear Power Plants, Test and Research Reactors, and
Installations."

The basi: document in Gcsatomnadzor's activity, "Nuclear Safety Regu~
lations for Nuclear Power Plants," was in‘roduced in 1975. It regu-
lates nuclear safety, governing not only criticality problems in
reactcr operation, but also refueling, transportation and storage of
fuel assemblies. It contains the main technical and organizational
requirements to ensure nuclear safety in the design, construction,
and operation of nuclear power plants, and the training requirements
for personnel associated with reactor operation.
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In the field of radiation safety, the basic document by which the
health and inspection protection bodies are guided is "Radiation

Safety Standards" (RSS-76).

principles of their application.

These standards were worked out on the
basis of recommendations of the International Commission on Radiolog~
ical Protection (ICRP) and establish the system of dose-limits and

The "Health Regulations for Design

and Operation of Nuclear Power Plants," issued in 1978, further de-
velop and specify the basic RSS-76 document to include siting, moni-
toring, and inspection problems.

The system of regulatory documents on nuclear power plant safety is
complemented by the system of state standards developed and estab-
lished by the State Committee on Standards (Gosstandart of the USSR).
The system of standards rxtends the system of regulatory documents by
ensuring nuclear plant safe.y through establishing requirements for

many components, materials, processes, etc.

Figure 3.1 is taken from Semenov's study (1983).

State Nuclear
Safety Inspection Ministry of Public Health
State Sanitary Inspection

State Engineering
Safety Inspection

General Safety Regulations

\

e -

Nuclear Safety Rules

Radation Safety
Standards

- ——————— — ———— - — — -

Design and Operation
Rules

e

Figure 3.1 Nuclear safety regulatory bodies and documents

in the USSR

Source: Semenov, 1983
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3.2.3 RBMK-1000 Compliance With General Safety Regulations

The 1982 "General Safety Regulations" (GSR, 1983), discussed in the previous
subsection, establish a broad set of compulsory regulations for all nuclear
power plants. The regulations are more comprehensive than those established

in 1973. The provisions for bringing existing nuclear power plants into con-
formity with the revised regulations were to be established in each specific
case by the Soviet regulatory bodies. It is not known whether Chernobyl Unit &

had been brought into conformity with the revised safety regulations before the
accident.

should exist for Chernobyl:

The design of the nuclear power plant should contain a special volume
"Technical Substantiation of Construction and Operating Safety of
Nuclear Power Plants" (TOB), compiled by the general contractor,
chief designer, and scientific director, according to the "standard
content of the TOB."

l

|
The regulations (GSR, 1983) discuss some design and regulatory documents that

|

i

The main document that ensures the operating safety of the nuclear
power plant is the technological regulations containing the rules and
main procedures for safe operation of the plant, the general proce-
dure for performirg operations related to nuclear power plant safety,
and also the limits and conditions of safe operation.

The regulations are worked out by the board of directors of the nu-
~lear power plant with participation of the scientific director,
chief designer and general designer, and is confirmed by the operat-

ing organization." ({This suggests local regulations with no higher
approval. |

None of the above documents have been made available to the International Atomic

Energy Agency (IAEA) to assist in understanding the design and operation of the
Chernobyl Unit 4 reactor.

With respect to compliance with the 1982 regulations, it is very difficult to
assess the conformity of Chernobyl Unit 4 to those regulations. The available
Soviet literature on the RBMK-1000 design does not provide a complete under~
standing of how some of the general requirements are met. Documents that might
demonstrate that Chernobyl Unit 4 complied with the general regulations would
be of great value to safety engineers in reaching an understanding of the

accident. To date, the Soviet Union has not provided these documents to the
IAEA.

The evidence from the accident suggests that Chernobyl Unit 4 was noi in com-
pliance with the following specific requirements in the 1982 regulations:

2.1.4. The systems and devices of nu..ear power plants important to
safety should be designed, manufactured, and installed with regard to
possible mechanical, thermal, chemical, and miscellanevus effects

that arise as a result of planned accidents.
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2.1.9. The systems and devices of nuclear power plants important to
safety should be subject to a periodic check throughout the entire
service life of the nuclear power plant and after repair. The main-
tenance and checks should not lead to a reduction of the safety level.

2.2.2. The fast power coefficient of reactivity should usually not

be positive in any operating modes of the nuclear power plant and in
any states of the system for dissipation of heat from the coolant of
the first circuit. If the fast power coefficient of reactivity in any
operating modes is positive, the reactor safety in steady transient,
and emergency modes should be ensured and substantiated in the design.

2.3.1. At least two independent reactivity control systems (two
independent members or two independent groups of members), preferably
based on different principles should be provided.

2.3.2. At least two of the provided independent reactivity control
systems should be capable of converting from any normal operating
state to the subcritical state independently of each other and should

maintain this state at the operating temperature of the coolant and
moderator.

Conversion to the subcritical state should occur rapidly enough to

prevent damage of the fuel elements above the permissible limits at
any considered initial event.

2.3.3. At least one of the provided independent reactivity control
systems should ensure conversion from any normal operating state to
the subcritical state under any temperature conditions and during
transition precesses of the considered initial events.

Conversion to the subcritical state should occur rapidly enough to
prevent damage of the fuel elements above the permissible limits at
any considered initial event according to the principle of single
failure in a given system, including that during failure of the most
effective reactivity control member to respond.

The total range of variation of reactivity in the indicated transi-
tion processes can be divided into several temperature and mode
ranges, using part of the indicated system for each range (part of
the members and some groups of members) with application of the prin-
ciple of unit failure for each part of the system.

2.3.4. At least one of the provided independent reactivity control
systems should ensure conversion from any normal operating state to

a subcritical state and should maintain this state with regard to
possible release of reactivity during prolonged shutdown cooling
under any normal conditions and those that take into account initial
events according to the principle of unit failure in the given system
and with failure of the most effective reactivity control member to
respond.

2.3.5. The reactivity control system, together with the core charac-
teristics, should ensure the absence or rapid suppression of such
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power fluctuations and energy release distribution, as a result of

which the fuel elements may be damaged above the limits for normal
operation during the operating period of the core.

2.3.6. The reactivity control system, if there is a single disturb-
ance in the monitoring and control system, should ensure suppression
of positive reactivity related to the control members being brought
to reactivity (within the design rates) without damage to the fuel
elements above the limits for normal operation.

2.3.7. The maxirum efficiency of the reactivity control members and
the maximum possible rate of increase of reactivity in the case of
erroneous actions of personnel or of single disturbance of any device
of the nuclear power plant should be linited so that the effect from
a _subsequent increase of power does not lead:

to excess maximum permissible pressure in the first circuit;

to impermissible deterioration of the efficiency of heat dis-
sipation or meltdown of the fuel elements.

2.8.1. Localizing systems should be provided to confine radioactive
materials that have escaped from the reactor installation during an
accident within the bounds provided by the design.

2.8.2. The first circuit should either be located entirely in con~
tainment buildings or, as in the case of planned accidents, localiza-
tion of released radiocactive materials within the boundaries of
containment buildings should be ensured. Directed discharge of
radioactive materials into the environment is permissible in indivi-
dual cases if it is substantiated in the design that nuclear power
plant safety is ensured with this discharge.

<.8.4. Localizing systems should perform their functions during
accidental leaks of coolant of the first circuit with regard to the
possible mechanical, thermal and chemical effects.

3.3.1. The following should be carried out before permanent opera~
tion [startup]:

conformity of the nuclear power plant structures to the design
should be checked;

starting-adjusting operations should be completed (including
tests of individual equipment systems);

complex testing of the nuclear power plant should be completed
(including physical and power startups of the reactor).

The procedure for putting the nuclear power plant into operation is
carried out in the order established by existing regulations for the
corresponding enterprises and according to these "General Regulations.

3-9
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3.3.3. Documents that regulate starting-adjustiny operations should
contain a list of the operations that are poteatially hazardous from

the vievpoint of safety (for example, operations which may wircntrol-

lably convert the core to a supercritical state) and a list of the
measures that prevent the occurrence of accidents.

3.2.4 RBMK-1000 Desigo-Basis Transients

The 1982 requirements (GSR, 1983) establish the maximum damage to fuel elements
for normal operation at 1% of fuel elements with defects of the gas leak type,
and 0.1% of fuel elements for which direct contact of the coolant aud nuclear
fuel occurs. The requirawents then specify that

An excess of these limits is not permissible upon a single one of
the following violations of normal operation:

malfunctions of the reactor control and monitoring system;
loss of power supply to the main circulating water pumps,
switching off of turbogenerators;

complete loss of external power supply sources:

leaks of the first circuit, filled by standard makeup
systems.

PaoanNn o

The R3MK-1000 design provides for automatic power reductior or shntdown (scram)
for some but not all the 2bove violations (see Section 2.6.8). The protection

scheme for each of the above design-basis violations of normal operation is
discussed below.

One 1983 Sovie. report (Cherkashov, 1984) states that

The followin, are considered the most likely transient conditious
resulting from failure of equipment:

’ emergency shutdown of power station turbogenerators
malfunction of coolant circulation pumps

failures in the feedwater supply system

total loss of power of the nuclear power plant

The criterion of nuclear power station safety assumed for the above

emergency conditions is the absence of dryout on the fuel pin
surface.

which correlates to the fuel element defect criteria of the general require~

ments. Each of the above "most likely transient conditions" is discussed
below.

3.2.4.1 Protectioa for Design-Basis Transients

The Soviet protection system for most transients is designed to initiate a power
reduction, but not to shut down (or scram) the reactor. One 1981 Soviet textbook
(Voronin, 1981) differentiates between transients and accidents as follows:

Under transient conditions, the primary goal is to keep the power
unit in operation at the admissible power level with observation of
all requirements with respect to reliability of heat transfer from
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the reactor core and safety of the nuclear power plant. Under emer-
gency conditions, the primary goal is timely shutdown of the reactor
and the power unit in order to exclude damage to the nuclear fuel in
the reactor and basic equipment and the pipelines of the nuclear
steam generating plant.

(1) Malfunctions of the Reactor Control and Monitoring System

One of the worst reactor control and monitoring system malfunctions would be a
continucus rod withdrawal accident. Such an accident would increase reactor
power to an unsafe level. A high reactor power scram on power overshoot of 10%
of nominal power is listed in the Soviet report on the accident at Chernobyl
(USSR, 1986). However, the ability of the high power scram to respond with
adequate speed to a rod withdrawal accident and to prevent fuel damage is not
clear. A 1981 Soviet textbook (Dollezhal, 1980) indicates that the number and
efficiency of scram rods are based on "the maximum possible rapid variation of
reactivity." Two conditions were considered: dryout of the fuel channels in a
cold reactor late in core life, and collapse of steam in the core and cooling
of fuel elements early in core life when the void coefficient of reactivity is
negative. However, the rate at which these reactivity variations would occur
is less severe than the rate experienced in the Chernobyl accident. Also, the
list of most likely transient conditions does not include reactor control and
monitoring system malfunctions.

(2) Loss of Power Supply to the Main Circulating Water Pumps

Section 2.6.8 lists the following automatic actions in relation to this
transient:

AZ-5: Emergency shutdown of the reactor (scram) on shutdown of three or more

main circulating pumps in one loop.

AZ-2: Reduction to 50% of rated power because of loss of one cf two turbine
generators and its associated main circulating pumps (MCPs).

AZ-1: Reduction to 60% of rated power of both the reactor and generator be-
cause of shutdown of one of three main circulating pumps in one loop, or when
the water throughput is reduced in the primary circuit. The reactor protec-
tion system also initiates an automatic trip of one recircula‘ on pump in the
opposite loop, so flow through the core will be balanced. This prevents power
oscillations and thermal transients. One 1983 Soviet report (Cherkashov, 1984)
discussed investigations in which the output of the remaining pumps increased

from 8000 m®/hr to 11,000 m3/hr on shutdown of one pump and reduction in steam
quality.

Shutdown of a coolant circulating pump is listed as one of the most frequent
transient conditions.

Note that loss of two out of three main circulating pumps per loop is not
covered by the protection logic. Based on protection logic described in the
Soviet study on the Chernobyl accident (USSR, 1986), loss of two out of three
MCPs in either loop will not reduce power below 50%. However, "Operation
and Maintenance of Nuclear Power Plants" (Voronin, 1981) indicates the plant
would trip on loss of two out of three pumps per loop.
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(3)

Switching Off Turbine Generators

Section 2.6.8 lists the following automatic actions in relation to this
transient:

AZ-5: Emergency shutdown (scram) on loss of both turbine generators (including
loss of on-site ac power)

AZ-3: Reduction to 20% power, on load rejection by both turbine generators.
AZ-2: Reduction to 50% of rated power on loss of ome turbine generator.

Emergency shutdown of power station turbine generators is listed as a quite
frequent transient condition. Ia the case of a simultaneous load rejection
from full power by both turbine generators, power is reduced to 20% .o carry
in-house loads, and it is likeiy that one or more safety valves will 1lift.

(4) Complete Loss of External Power Supply Sources

Section 2.6.8 lists no automatic actions in relation to this transient. It
does list "loss of in~house electric power" as a condition resulting in an
emergency shutdown (scram). This use of the term "loss of in-house electric
power" indicates that all plant ac loads are powered normally from turbine
generator output. (One Soviet report lists this transient as an "accident.")
The following description of a "loss of power to internal equipment" appeared
in a 1984 Soviet report (Smolin, 1984).

When the internal equipment in a nuclear power station is deprived of
current, the main circulation pumps stop along with the feed pumps,
while the emergency shutdown equipment operates and the automatic
shutoff valves ahead of the turbines are closed, which causes the
pressure to increase and the safety valves to open. Then the pres-
sure in the loop begins to fall, and the safety valves should close.
After about 3 min, the emergency feed pumps are switched on. It has
been found with a simulation system and checked on the reactor that
stable conditions are “h~.a set up in the loop by natural circulation,
and cooling the core does not cause any complications.

(5) Leaks of the First Circuit, Filled by Standard Makeup Systems

Section 2.6.8 lists three conditions relating to recirculation system (Soviet

designation: first circuit) leaks which cause an automatic emergency shutdown
(scram):

. uncompensated coolant leak greater than 55 kg/sec
decrease in steam separator water level outside set limits in either half
. high pressure in reactor piping spaces (leaktight compartments)

Each of these three conditions is indicative of a large leak. The regulation
on transients is directed at smaller leaks that are within standard makeup
capability (no need for emergency cooling actuation). It appears from Sec~
tion 2.6.8 and from "Operation and Maintenance of Nuclear Power Plants"
(Voronin, 1981) that smaller leaks do not require an immediate plant shutdown
unless the leak is in the graphite region, and therefore leaks within makeup
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system capacity will not cause an automatic scram. The operators have the
option of rewucing power, isolating the leak if possible, and pursuing online
repair of isolable leaks. The rupture of a single channel lower (inlet) line
or steam-water (outlet) line would not cause an automatic scram. Section 2.6.8
lists five specific conditions which are indicative of a leak inside the reac-
tor vault (e.g., moisture in graphite, excess pressure in graphite), all of
which should be monitored by the operator and would require a manual scram if
observed.

(6) Partial or Total Loss of Feedwater

Although not listed above as a design-basis transient, failures in the feed-
water supply system are listed as a likely transient condition. Other Soviet
documents list loss of feedwater as a design-basis transient, possibly because
it is an outcome of either a loss of offsite power or a loss of both turbine
generators. The normal power supply to the main feedwater pumps is turbine
generator output. All five RBMK-1000 feedwater pumps are ac motor driven. In
addition, all main feedwater pumps can be powered by external ac power sources,
as well as by the normal turbine generator output. The Soviet report on
Chernobyl (USSR, 1986) states that a drop in feedwater flow causes both a power
runback to 60% (AZ-1), and an emergency shutdown, without specifying a feedwater
setpoint for either action. Section 2.6.8 states that a loss of 50% or more of
feedwater flow causes the emergency shutdown.

One 1983 Soviet report (Cherkashov, 1984) discusses the complications associated
with a loss of feedwater flow to the steam separators.

In this situation the emergency safety system is triggered, com-
pietely stoppiig the fission chain reaction, and the reactor power
is reduced to the decay heat removal level. The turbogenerators
[turbine generators] are unloaded on receipt of a pressure reduction
signal from the separators, with the rate of unloading under these
conditions being greater than with normal operation under pressure
regulation conditions or with the triggering <f protection devices
bringing the reactor to a lower power level. The increased rate of
unloading the turbogenerators prevents any significant reduction of
pressure in the circuit. When the feedwater supply is cut off there
is a possibility of supplying water to the separators by means of
emergency feedwater pumps with a total output of about 10% nominal.
These pumps are switched on automatically about 10 ser: ' after the
start of the loss of normal feedwater. [If the 1085 01 wwin feed-
water is caused by loss of in-house electrical power, then about 2
to 3 minutes are required to get emergency feedwater pumps loaded on
the emergency diesel generators.)

A feature of the transient is that the coolant circulation pumps are
switched off after triggering of the emergency safety system. This
feature permits a reduction of water level in the separators and
prevents steam from being trapped in the downcomer system. Trapped
steam could lead to cavitation of the coolant circulation pumps and
to a deterioration in the conditions for convective circulation in
the circuit. After shutdown of the pumps, decay heat is removed from
the reactor by convective circulation of the coolant.
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3.2.4.2 Analysis of Design-Basis Transients

As stated above, most of the design-basis transients are provided for by auto-
matic or manual scrams or power reductions. However, no quantitative analysis
could be found in Soviet literature that documents how automatic actions will
keep fuel element temperature within liuits. Specific examples o transients
that appear to be within the RBMK-1000 design basis, but do not appear to be
analyzed for safety in the Soviet literature are

(1) The leak or rupture of a single fuel pressure tube in the graphite regioun
is the limiting design-basis event for the RBMK-1000 reactor vault. Detec-
tion and manual reactor shutdown are prescribed in procedures, but effects
of tube rupture on surrounding graphite and the gas pressure boundary are
uncertain. The reactor vault pressure boundary might be breached in such
an event 1f operator detection and manual action are delayed.

(2) The RBMK-1000 reactor should be protected against the leak or rupture of
a single pressure tube steam outlet pipe, located below the refueling
floor but above the upper biological shield and gas boundary. Although
makeup capacity is adequate to handle this event, the escaping steam and
water are not contained. Such a rupture has not been analyzed in the
available literature for its effects on adjacent outlet pipes, on con-
trol rod drive mechanisms subjected to high-pressure steam, or on newrby
refueling operations in progress.

(3) With a positive void coefficient, and complex systems and procedures for
maintaining adequate heat transfer margin to critical heat flux (CHF)
limits in each individual tube, the plant operators face demanding re-
sponsibilities. It is not clear what measures exist to assure they are
capable of detecting and selecting the proper course of action for each
of the large spectrum of credible malfunctions in the reactor control and
monitoring system.

3.2.5 RBMK-1000 Design-Basis Accident

The Soviets employ the concept of "maximum credible accident" (MCA) or maximum
permissible accident (MPA) in their approach to designing the RBMK-1000 safety
systems. The MPA is defined as the largest credible pipe break in the primary
circuit. The size of that largest "credible" break has evolved over the years
to the size of the main circulating pump inlet and outlet pipitg (900-mm
diameter). Early RBMK-1000 designs (first generation) did not consider large
pipe breaks as credible accidents.

The existence of an emergency core cooling system to cope with pipe breezks was
mentioned in 1975 (Konstantinov), and general descriptions of this system
appeared in 1977 (Yemel'yanov). However, the emergency core cooling of this
period consisted of the high-pressure tanks and pumps only, without a tie-in to
a bubbler pond (or steam suppression pool), whick did not yet exist as a source
of emergency makeup water or as a heat sink for pipe breaks (see Figure 2.1).

A 1979 Soviet textbook (Dubrovsky) discussed a 300-mm (12-in.) pipe break as
the maximum credible accident, although other references shortly thereafter
discussed a 900-mm (36-in.) break. Soviet documents in that same time frame
(e.g., Margulova, 1978) discussed "bubblers" and "technological condensers"
that were installed in the turbine building to condense main steam safety valve
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discharges only (not steam blowdown from pipe breaks). The first Soviet docu-
ments to describe the accident localization system (ALS, the bubbler pond sys-
tem installed beneath the reactor building) and its design basis (the 900-mm
break), appeared in 1979 (Dubrovsky), four to five years before the first
RBMK-1000 reactor went into operation with the ALS installed (see Figure 2.6
from Dubrovsky, 1979;. Therefore, for nearly a decade, the 900~mm pipe break
represented a "semi-design basis accident" for operating RBMK-1000 reactors:
It was the basis for injection capability to protect the reactor fuel from

overheating, but it was not the basis for any containment function, which did
not yet exist.

Soviet literature during the late 1970s and early 1980s concerning emergency
core cooling and accident localization is much more ambiguous about first-
generation than second-generation RBMK reactors. Soviet literature reveals
the following about the first-generation RBMK-1000 systems:

(1) High-pressure injection to cool the core in the case of pipe breaks is
provided. Soviet references state clearly that second-generation RBMK-
1000 emergency core cooling systems are designed to handle the largest
recirculation pipe break (900-mm or 36-in. diameter), and suggest that
first-generation injection systems are now equivalent.

(2) "Bubbler" vessels were installed to quench safety valve discharges. These
"bubblers' were small in comparison to the bubbler ponds to be installed
later on second-generation RBMK-1000 reactors. The older RBMK-1000 plants
had two bubblers, each a vessel about 10 ft in diameter and 70 ft long.

They did not have the capacity or the physical connections to condense
the steam from large pipe breaks.

(3) Originally, first-generation recirculation piping was installed in "strong
boxes" designed to withstand up to about & atmospheres pressure (about
60 psi). But these strong boxes or vaults had no means of relieving
steam pressure from a pipe break to a condensing system (first-generation
RBMK-1000 reactors do mot have a bubbler pond beneath the reactor). Hence,
only small amounts of leakage could be "contained." However, the litera-
ture and a comment by academician Legasov in Vienna during the postaccident
review meeting seem to indicate that tunnels ¢:om these strong boxes to
additional "external" bubblers subsequently ma, have been provided. No
Soviet reference could be found that states whether or nmot such tunnels
are backfitted on all first-generation RBMK reactors, or whether such
localization systems are capable of handling a 900-mm break. Therefore,
older (first-generation) RBMK-1000 reactors may still have a limited
ability to cope with the largest break size: ECCSs apparently have been
upgraded to provide adequate core cooling, but breaks may not be contained
and could vent to the atmosphere. Bubbler ponds beneath the reactor could
never be backfitted on older~generation EBMK-1000 reactors.

(4) Extensive Soviet literature appeared in 1979 (Dubrovsky) that described
emergency core cooling systems, bubbler pond design and testing, and the
capability of the RBMK-1000 design to handle a 900-mm (36-in.) pipe break.
However, the literature did not differentiate between first- and second-

generation REMK-1000 systems, and could be misinterpreted as implying that

all RBMK systems were designed to localize large pipe breaks.



The lead plant for the new accident localization system (ALS) design underneath
the reactor was Smolensk Unit 1. Descriptions of the ALS featuring Smolensk
appeared in 1979 (Dubrovsky), but Smolensk did not go into commercial operation
until 1983. In fact, the first RBMK-1000 plant to go into operation with an
ALS was Chernobyl Unit 3. Since Chernobyl Unit 3 was ready for startup before
Smolensk Unit 1, the first ALS test program was conducted at Chernobyl Unit 2,
and was reported in 1984 (Markov). Chernobyl Unit 4 was built with these im-
proved large-break loss-cf-coolant-accident (large-break LOCA) capabilities,
and therefore was designed to handle a 900-mm break.

A 1984 Scviet paper (Cherkashov) described the following testing and analysis
of the 900-mm pipe break event:

The design of the safety system is based on the premise that the most
serious emergency situations may occur with the fracture of the large
pipework of the primary circuit. The RBMK power unit design provides
technical means to prevent the discharge of a steam-gas mixture into
the service areas and particularly beyond the power station boundary.

The fracture of a large pipe is highly unlikely. Experiments on
full-scale models have shown that at a pressure of 8.5-9.0 MPa the
fracture of a pipe with a diameter of about 800 mm is possible if the
depth of fatigue cracks is approximately 0.75 of the wall thickness
and the crack length exceeds 470 mm. Operational monitoring of the
state of the metal ensures the exclusion of the sudden fracture of
pipework since the critical defect size is large and is reliably
revealed during planned shutdowns of the unit. During inspections,
the metal is examined and inspected using special methods (ultrasonic
defectoscopy, acoustic emission). Despite this, the nuclear power
station design provides measures to ensure its safety in the event

of the instantaneous transverse rupture of the largest pipe.

The leak rate is initially about 6 m®/sec in the event of the com-
plete instantaneous rupture of a 300-mm-diameter pipe, and 40 m®/sec
with the same fracture of a 900-mm-diameter pipe. As a result of the
analysis of emergency situations, two independent signals have been
chosen for the actuation of the reactor emergency cooling system:

an lncrease in pressure in compartments containing circuit pipework,
and a reduction in level in any separator down to a value exceeding
the departure from the nominal value for transient conditions.

The most dangerous pipework fracture is in the discharge line of the
main coolant circulation pump, since this instantly cuts off the
coolant delivery to the channels in the half of the reactor in which
the emergency has occurred. It is this hypothetical accident which
determines the characteristics of the reactor emergency cooling sys-
tem, including its rapid action and maximum output (about 1.1 m3/sec).

Water from the emergency cooling system enters each group distribu-
tion header. Non-return valves are provided in the pressure header
at the inlet to the group distribution header to prevent the useless
discharge of water through the fracture. The reactor emergency cool-
ing system consists of two subsystems: (1) the basic subsystem with
water tank unit; (2) decay heat removal subsystems with special pumps
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and water reserves in tanks. The cooling water is fed from pressure
tanks (and after their discharge, with the aid of pumps) to the emer-
gency cooling system header of each half of the reactor and from
there through pipework to each group distribution header. High-speed
valves on the water supply lines to the headers open on receipt of
the signal that the emergency cooling system has been switched on.
The procedure for switching on the basic subsystem of the emergency
cooling system guarantees the decay heat removal from the core in the
event of a complete or partial large diameter pipe break and pre-
cludes false trips in the event of emergencies not related to a cool-
ant circuit rupture.

In the initial period of an emergency with a full pipe break in one
pressure header there is no coolant flow through one-half of the
core, the residue of water evaporates and is discharged through the
heated part of the fuel channels [Soviets estimate complete dryout

in one second]. This is followed by a rapid heatup of fuel pin clad-
ding. At the moment of restoration of coolant flow from the emer-
gency cooling system, the cladding will have heated up to 650-700°C.
Further increase in temperature of the cladding is slowed down and

is then completely stopped by the transfer of heat to the steam-water
mixture and steam under non-equilibrium conditions.

Maximum cladding temperature is very semsitive to the interruption time of

cooling watcr. A Soviet calculation (Kabanov, 1983) of peak cladding tempera-

ture with a 5-second interruption was over 1100°C. With only a 3-second

interruption, peak temperatures can be 200°C lower. (The Soviet criteria for

fuel performance following an accident are given in the safety regulations
(GSR, 1983) as:

. maximum fuel rod temperature, < 1200°C
¢ maximum zircaloy-water reaction in the core, < 1%
maximum depletion of fuel cladding thickness, < 18%)

The investigation of this emergency situation required a series of
experiments to study the heat transfer in the fuel channels under
conditions of water extraction and repeated supply of coolant. The
results of these experiments were then used to calculate the thermal
conditions of the fuel pins. It was shown that even in such a hypo-
thetical situation there was no penetration of water into the fuel
pins.

All equipment and pipework of the recirculation loop of the reactor
is located in closely sealed compartments preventing the discharge

of a steam-gas mixture from the nuclear power station into the atmos-
phere in the event of pipework ruptures, since the steam-gas mixture
is removed via special tunnels into a localization unit where the
steam is condensed. The compartments are designed to withstand an
overpressure of 0.4 MPa, which is not exceeded even with a full
instantaneous rupture of the largest pipework.

3.2.5.1 Other Design-Basis Accidents

Soviet literature discusses other design considerations and less severe events
including transients, various equipment failures, and human errors. A few large
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pipe breaks in locations other than the main circulation pump discharge are
discussed briefly and not analyzed because they are judged less severe (e.g.,
distribution headers, MCP suction pipes). The only other pipe break discussed
in detail in the available Soviet literature is a break in a 53-mm pressure
tube inlet line. This small pipe rupture is treated uniquely in the design,
because the smaller size of these lines permits a lower pressure confinement
area beneath the core that is not subjected to the energy from large breaks in
adjacent confinement areas.

No other design-basis or beyond-design-basis accidents are discussed in the
Soviet literature that has been reviewed. For example, control rod malfunc-

tions are discussed, but reactivity insertion accidents are not defined or
analyzed.

Main steamline breaks and main feedline breaks are examples of important pipe
breaks that do not appear to be analyzed as design-basis accidents. The de-
scription in Chapter 2 of the boundary of the primary piping confinement areas
shows that the steam separators and their inlet and outlet piping are not part
of the confinement/bubbler pond system. The main steamlines and main feedlines
do not appear to be equipped with main steam isolation valves or main feed
isolation valves at the steam separator room boundary. These factors seem to
indicate that the Soviets do not consider main steamline and main feedline
breaks in their decign basis. The analysis of these accidents is important for
a complete understanding of RBMK-1000 safety for the following reasons:

They represent credible pipe breaks of large size.

They would discharge steam outside a confinement area and outside the
bubbler pond designed to condense steam from pipe breaks. They would be

unisolable breaks allowing radioactive steam to reach spaces that could
contain vital equipment.

They would cause a rapid steam demand and steam pressure decrease that
would in turn create rapid and severe voifing in pressure tubes. Not only
would this create CHF concerns for fuel assembly heat transfer, but it

could initiate a severe power transient because of the positive void
coefficient.

’ Since emergency shutdown setpoints are established on the basis of recir-
culation pipe breaks instead of feedline or steamline pipe breaks, it
is not clear which setpoint will initiate a shutdown or power reduction,
or how long it will take. Since the void coefficient pover excursion
would probably react much more rapidly than protective action, the tran-
sient could permit an excessive amount of reactivity insertion vefore
power could be reduced.

. Finally, main steamline and main feedline breaks in the steam separator
room would not initiate emergency core cooling systems, since initiation
criteria would not be met.

(Note that Section 3.3, this chepter, discusses these accident sequences in
greater detail.)
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- an increase in the automation by virtue of the creation of
a branched system for regulation of the reactor; and

- a purposeful change in the composition of the nuclear fuel.

(1) Increased Automation

Improved automation and control can be grouped into four areas. First,

A qualitatively new system of local automatic regulation of the
energy distribution (LAR) and local emergency protection (LEP) which
operates from intrazonal detectors has been created and introduced
into opera-tional practice. The LAR system fulfills the function

of automatic stabilization of the lowest harmonics of the radial-
azimuthal energy Aistribution. Maintaining a specified capacity of
the reactor, this system can, by virtue of auxiliary elements operat-
ing in the individual mode, automatically regulate the capacity in
individual regions of the active zone. The LEP system accomplishes
emergency power reduction in the case of local bursts of power, which
can arise due to the failure of LAR elements or for other reasons. A
structural peculiarity of the LAR and LEP consists of the use, for
regulation of the capacity and protection of the reactor, of groups
of (from 7 to 12) slave mechanisms with a regulating rod uniformly
positioned in the active zone and surrounded by two LEP detectors

and four LAR detectors. The average correction signal of the LAR
detectors is used to control the rods. Triaxial chambers located in

the central hermetic sleeves of the HGA serve as the detectors of the
LAR-LEP system.

The Soviets claim "the LAR-LEP system has exhibited high reliability and effec~
tiveness, based on operating experience."

Second, nuclear monitoring of the radial power distribution, which works on the
power level of 130 fuel assemblies uniformly distributed over the core, using
in-core detectors. The vertical monitoring system measures the neutron density
at seven points along the length of each of 12 fuel assemblies. The detector
signals are passed to a computer in the control complex.

Third, a data-processing program which calculates the power of all fuel assem-
blies from the detector signals and from calculated reactor physics data, the
safety margins to maximum allowable power for the particular flow through each
channel, the maximum permissible levels of the detector signals, the void frac-
tion, the power generation of each channel, etc.

Fourth, a computer at a center outside the reactor installation, which periodi-
cally carries out nuclear and optimization calculations.

(2) Increased Fuel Enrichment

Computational investigations have shown that when the initial enrich-
ment of the fuel in U-235 is increased, not only do the dynamic pro-
perties of the reactor improve, but its economic indices also in-
crease due to an increase in the depletion depth and a decrease in
the specific consumption of nuclear fuel. An important dependence
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(3)

(4)

of the variation of the time constant of the first azimuthal harmonic
of the deformation of the energy distribution (1p;) on the steam
reacti. ly coelficient has been established. The smaller the value
of the positive steam resctivity coefficient, the higher the stabil-
ity of the energy distribution and the simpler the monitoring of the
reactor. Tne most rational method for decreasing the steam coeffi~
cient is an increase of the ratio of the comcentration of U-235 nuclei
and the moderator nuclei in the active zone. A decrease in the steam
coefficient due to a change to a fuel of 2% enrichment is estimated

to be approximately 1.3 B, where B is the effective fraction of
delayed neutrons. These [Soviet] conclusions have served as the

basis for the adoption of the solution of increasing the enrichment

of the RBMK-1000 fuel to 2%.

Results

The Soviets believe that

The 8-year operation of systems which provide for the control and
regulation of the energy distribution in RBMK-1000 has confirmed the
correctness of the engineering solutions which have been taken as the
basis for their development. The combined and consistent function~-
ing of the three systems - the monitoring and protection system
[MPS], which operates off lateral ionization chambers; the system for
physical control of the energy distribution (SPCED) with respect to
radius and height of the active zone, which uses P-emission neutron
detectors of the cable type; and the Skala system for centralized
control (SCC) - has facilitated the reliable control and regulation
of the energy distribution in all operating modes of the reactor.

The accumulated experience of the assimilation and subsequent opera-
tion of the monitoring and control systems has permitted developing
and incorporating measures directed at a further increase in the
reliability of their operation. Among these measures one can count
the conversion of the logic portion of the MPS to more reliable inte-
grated circuits, which have permitted appreciably developing its
functional possibilities with a reduction by several times in the
dimensions of the electronic equipment, the replacement of the cable
link in the slave mechanisms of the MPS by a belt link to increase
their operational reserve, and the introduction of noncentact
thyristor circuits for strong control of the MPS servomechanisms.

The service term of the detectors for control of the energy distri-
bution with respect to the radius of the active zone exceeds the
operating time of the HGA in which they are mounted. In order to
increase the reliability of operation of the detectors, soldered
connections have been replaced by welded ones. The detector assem-
blies for control of the energy distribution with respect to the
height of the active zone preserve their effectiveness for 4 years.

Testing and Analysis

A great deal of attention has been devoted to the perfection of ther-
mal automation and emergency protection systems in the interests of
increasing the reliability and safety of the operation of RBMK-1000
nuclear power plants. The equations of kinetics, hydrodynamics, and




heat transfer, and algorithms of the operation of the equipment and
systems for automatic regulation of the parameters of a nuclear power
plant are used in a mathematical model which has been developed for
the investigation of transition and emergency conditions. Some
Soviet references discuss new computer programs with two-dimensional
channel-by-channel modeling capabilities. Upon comparison of the
results of calculations with the data of the dynamic processes in
RBMK-1000 operating units, it has been established that the model
satisfactorily describes the dynamics of the power unit. Some emer-
gency conditions associated mainly with the transition to natural
circulation of the coolant have been studied on special test stands.
In order to justify the reliability of the cooling of the active zone
under conditions of natural circulation, three series of experiments
have been performed under natural conditions on the first and third
Leningrad units and the second Kursk unit in steady-state and tran-
sitional regimes.

3.2.6.2 Problems With Emergency Core Cooling for Recirculation Pipe Breaks

As previously discussed in Section 3.2.5 (this chapter), a rupture of the
largest recirculation pipe (900-mm diameter) is considered the maximum credible
accident for the RBMK-1000 reactor. The second generation of RBMK-1000 plants
has been designed to handle this event. The Soviets state they have done much
testing and analysis to verify that their improved emergency cooling injection
and bubbler pond pressure suppression will perform as intended.

Improvements in the ECCS iesign have been made since the initial design. These
improvements are summarized below.

(1) The capacity of the ECCS injection and pressure suppression svstems was
studied. Apparently, the limited steam condensing capacity of the bubbler
ponds led to the addition of a surface condenser using a freon-type cool-~
ing system, directly under the core. This surface condenser and added
pool spray systems augmented the thermal capacity of the water in the
pools. The ability to cool the bubbler pool water with a system of heat
exchangers appears to have been a part of the initial bubbler pool design,
although pool cooling capacity may have been increased.

(2) The response of the bubbler pond to simulated pipe break events in various
locations was modeled in a test facility and reported in 1984 (Turetskiy).
The response to recirculation pipe breaks was considered adequate. Test

results were also presented in the Soviet report on the Chernobyl accident
(USSR, 1986).

(3) Soviet documents indicate that the ability to discharge steam from the
main steam safety valves to the external bubbler vessels and sub-reactor
bubbler ponds was part of the original design for first- and second-
generation RBMK reactors, respectively. However, receat reports indicate
improvements have been made in the number and modes of operation of these

safety valves. Such improvements may have created the need for increased
bubbler pond thermal capacity.

Also, a 1984 Soviet report (Smolin) discussed a test that was conducted to
simulate a stuck-open safety valve following a simulated loss of ac power.
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(4)

This complex test simulated a loss of recirculation flow, loss of feed~
water flow, and natural circulation cooldown of the reactor. These tests
demonstrated that depressurization caused by safety-valve actuation will
lead to boiling in the loop and disruption of core cooling when pressure
drops below 550-650 psig. Auxiliary feedwater must be initiated or main
feedwater restored for adequate core cooling.

One of the most difficult ECCS problems was the challenge of how to control
the power oscillations that result from inadvertent actuation of the ECCS
into one-half of the reactor. A 1984 Soviet report (Yemel'yanov) detailed
a series of calculations that studied the power flash-ups and left-half/
right-half power imbalances that follow inadvertent ECCS actuation caused
by the positive void coefficient. It is important to recognize that Soviet
operating philosophy emphasizes maintaining power operation throughout
these transients.

Power excursions in excess of 50% above or below the initial 100% power
condition were calculated. Power excursions were calculated for void
coefficients typical of initial loading (new fuel) and fuel at steady-
state overload (maximum burnout). A variety of combinations of automatic
control rod responses were modeled. Excerpts from that report are
presented below:

There is finite probability of false response of the emergency
cooling system (SAOR) with malfunctions in automatic devices or
with erroneous actions of the operator. Here the most probable
case is the feeding of water from the SAOR into one-half of the
reactor. False response of the SAOR results in a sudden change
in boiling conditions in the reactor, which via the reactivity
steam effect can cause a sudden disturbance of neutron power.
The nature and amount of the reactivity disturbance are deter-
mined by the sign and magnitude of the steam reactivity
coefficient, a¢.

The action of the control and protection systems (SUZs) plays an
important role in the progress of this situation. Reactors of
the RBMK series are furnished with an automatic power regulation
(AR) system which operates on signals from lateral ionization
chambers (BIKs). The operation of the AR is aimed at maintain-
ing the resultant signal of four symmetrically placed chambers
equal to a specific value and is implemented by the synchronous
moving of a set of four rods. When the rods of the working AR
reach end cutoff switches, the automatic changeover to the
standby AR takes place. Disbalance interlocking of the ARs is
provided for the case of failure in the AR (spontaneous with-
drawal of the set of four rods of the AR because of a failure in
the synchronization system; false appearance of negative dis-
balance because of a break in the chamber's circuit). For the
purpose of suppressing power flash-ups caused by sudden changes
in reactivity with the compensation of which the AR cannot cope,
the RBMK is furnished with an emergency power protection (AZM)
system. Upon a signal from the AZM, all rods present in the
reactor (except the shortened absorber rods) are entered into
the reactor. The operation of the AZM ceases when a signal
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arrives, indicating that the emergency power setpoint has been
exceeded.

In addition to ARs, RBMK reactors are also furnished with a sys-
tem of local automatic controls (LARs) which simultaneously
control the power and suppress the most rapid distortiors of the
form of radial-azimuthal energy release. A 12-channel LAR sys-
tem has been provided and implemented in the design of SUZs for
phase 2 (second~generation) reactors. This LAR version was also
modeled. Disbalance interlocking has been implemented in each
LAR channel in all LAR versions. A local emergency protection
(LAZ) system has been implemented within the framework of the
LARs in addition to an AZM.

False turning on the SAOR as the result of a change in the rate
of flow and enthalpy of the heat transfer medium initially re~
sults in a sudden drop in the steam content in the core. Then,
following an increase in the supply of water from the SAOR
vessels (for 4 to 5 seconds, maximum), '"deexcitation'" of this
system begins, the supply of water from the SAOR is reduced, and
in 32 seconds it is completely stopped.

Cases of the feedirg of water from the SAOR into one-half of the
reactor were considered.

Maintenance of power is accomplished either by the AR system or
the LAR-LAZ system, and the emergency power protection system
takes part in suppressing power flash-ups.

Because of a delay in the circulation loop for the first 30 to

35 sec, the enthalpy in the inlet does not depend on the behavior
of the pressure and the operation of the regulator for the water
level in separator drums.

With a negative reactivity effect with regard to steam content,
turning on of the SAOR is accompanied by the addition of posi-
tive reactivity and involves a power flash-up. If a, < 0, then,
on the other hand, the first reaction to turning on of the SAOR
is a power dip. The automatic power regulation system tries to
compensate the reactivity disturbance and to maintain the power
at a specific level. Following the flash-up, the drop in the
rate of flow from the SAOR requires from the power regulation
system a sharp response in the opposite direction.

Thus, with a, < 0 the leading edge of the SAOR discharge pulse
is potentialTy dangerous, and with a, < 0 the discharge drop
following the first flash-up leads tg a power surge. It was
established in the process of calculations that potentially
dangerous situations arise in the triggering of the SAOR. This
situation is caused by the response of the AR system, and
negative reactivity disturbances which are asymmetric with
respect to the halves of the reactor.

The Soviet analysis was conducted for the following conditions:
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(1) AR system only, without taking into account the operation of the AZM and
disbalance interlocking

(2) LAR-LAZ system only, without taking into account the operation of the AZM
and disbalance interlocking

(3) AR system with the assistance of the AZM (scram system), but without
disbalance interlocking

(4) LAR-LAZ system with the assistance of the AZM (scram system), but without
disbalance interlocking

In the first two conditions, power flash-ups were as high as 140-150% power from
an initial 100% power condition. In the second two conditions, the scram system
helped suppress the flash-ups, but only operated until power was restored below
the triggering setpoint. Other rods (AR or LAR-LAZ) were adjusted to maintain
full-power conditions while the AZM system was operating.

Other tests were run which included disbalance interlocking. This interlocking
caused a full reactor shutdown in 30-40 seconds because of the power imbalance.
The interlock prevents AR and LAR-LAZ rods from being pulled out to compensate

for the partial insertion of scram rods.

The study concluded that the transients were acceptable. The option of main-
taining power (primarily with the LAR-LAZ system) was judged the best option
foi maintaining full-power operation during inadvertent ECCS initiations.

3.2.6.3 Materials Problems

Early problems were reported with the transition weld between zirconium pres-
sure tubes and the stainless steel inlet and outlet piping. Welding technology

was improved, and those transition welds are now designed to withstand limited
temperature transients (up to 15°C per hour).

The reliability of fuel-assembly comstruction has been increased. Based on the
results of the startup adjustment operations, experimental investigations, and
operating experience, some changes in the construction of the individual reactor
subassemblies and the equipment of the circulation loop have been introduced.

A 1981 Soviet report (Sidorenko, 1981) discussed improvements in quality con-
trol:

At the present time engineering standards requi.ements are being
worked out for all pieces of equipment which are important for
safety. A component of this problem is the development of scienti-
fically substantiated intervals between inspections for each class of
equipment. Another problem is that of developing methods of conti-
nuous or quasi-continuous monitoring of equipment (acoustic and
neutron noise, stress waves, etc.). The development and introduction
of such methods to the full extent will make it possible to go over
to a qualitatively new level of monitoring during operation and may
possibly lead to a review of equipment failure taken into account in
atomic power plant projects today.




R R SRR U e R R i

3.2.6.4 Steam Separator Problems

A 1984 Soviet report (Novosel'skii) discussed the change in steam separator

diameter from 2.3 m to 2.6 m (~7.5 ft to 8.5 ft). This change provided addi-
tional operating margin between high levels (that could result in moisture

carryover to the turbines) and low levels (that could allow cavitation of re-
circulation pumps on loss of feedwater on pipe breaks). Increasing the steam
separator diameter permitted more time to respond to transient conditions and
provided additional system inventory during various transients and accidents.

Also, the pipelines of the steam-water communications were being redesigned,
the steam pipes in the space of the separator rooms were being rearranged, and
optimal shimming of the steam-discharge fittings of the separators had been
introduced for equalization of the steam loads and elimination of misalignments
of the levels lengthwise and between adjacent separators.

Finally, improvements were made in the automatic control system for maintaining
steam separator pressure and level. The structure of the regulation system as
well as hardware was improved.

3.2.7 Soviet Use of Probabilistic Analysis Techniques
The following information is taken from a 1983 Soviet report (Sidorenko):

In the early period of the development of the Soviet atomic power
industry, the formulation of safety requirements was characterized
by purely intuitive and engineering approaches. At the present time
the quantitative-probabilisti. approach is increasingly becoming the
basis. The studies being developed and expanded in the Soviet Union
on quantitative-probabilistic analysis are directed primarily toward
these goals. The elaboration of additional safety requirements

for atomic heating plants has been based in great measure on the
quantitative-probabilistic approach.

For reliable application of quantitative-probabilistic analysis of
safety in the design stage, it is necessary to have the pertinent
statistical data. Such data can be obtained in sufficient number for
most natural phenomena. However, statistical data about the relia-
bility of specific equipment used in the atomic industry are limited
at this time. This, in the main, is responsible for the determinis-
tic approach in the design/construction/operation stage. Certain
elements of the quantitative-probabilistic approach, however, do
exist here and they are laid out in the standards-technical
documents.

As a rule, the parameters of the natural phenomena taken into account
in the design are chosen on the basis of a quantitative-probabilistic
analysis. For example, the design for the construction of an atomic
power plant makes provision for an earthquake with an average
recurrence period of up to 100 years, and the maximum design earth-
quake is assumed to have parameters which, according to the calcu-
lations, have a probability of 10-4 yr-!. The choice of the design
values for the wind, snow, and other loads when taking the meteor-
ology into account is also based on statistical data. (Some reports
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attribute greater protection against natural phenomena such as earth-
quake to the VVER (PWR) design than to the RRMK design.)

There are direct indications for the use of the quantitative-
probabilistic approach during designing of power plant equipment and
systems. Thus, the "General Regulations" envisage a quantitative
analysis of the reliability of the systems, which leads to a search
for the most reliable schemes, quantitative analysis of the proba-
bility of damage to the equipment, and realization of various failure
situations considered in the design stage. Special procedures have
been developed for these purposes. In addition to the postulated
failures, the atomic power plant design may not take account of fail~-
ures of systems (elements) whose reliability is fairly high according
to estimates.

As statistical data are accumulated and the pertinent methods are
approved, the domain of application of the quantitative-probabilistic
approach in the process of APP designing and monitoring on the part
of the supervisory organs will grow.

3.3 Independent Safety Review

This section presents an independent sa®:ty review of various transients on the
RBMK-1000 reactor plant. It reviews a broad range of credible accident ini-
tiators, utilizing a consistent format. The organization of the transients and
accident initiators considered in this section is patterned generally after
Western approaches.

Computer models of the RBMK-1000 have been developed. Quantitative analysis has
been performed for the sequences of greatest relevance to the accident. Through
the use of analytic modeling techniques, valuable insight was developed concern-
ing the specific behavior of RBMK-1000 reactors during a Chernobyl-type acc.dent
sequence, and about the characteristics of RBMK-type reactors. One set of anal-

yses was performed using computer codes and models that heve been developed under

DOE and NRC research programs for analysis of LWRs and fast reactors. Safety
analysis packages integrating nmeutronics with thermal-hydraulic and structural
response were used by a team from Argonne National Laboratory, Brookhaven Na-
tional Laboratory, Oak Ridge National Laboratory, and Pacific Northwest Labora-
tory. These analyses succeeded in modeling the behavior of the accident. These
results are reported separately in DOE-NE-0076, "Report of the U.S. Department
of Energy's Team Analyses of the Chernobyl-4 AES Accident Sequences." Another
set of Chernobyl analyses is in progress at EPRI.

Most of the information contained in this section comes directly from Soviet re-
ports or can be inferred from information provided by the Soviets. For example,
an RBMK transient that involves an increase in core voiding will result in a
power increase by virtue of the positive void coefficient. Conclusions are
avoided when the outcome of a particular transient is not obvious based on first
principles, or the conclusion is speculative. Quantitative results are not
presented because models, design details, and plant data on RBMK reactors are
insufficient to permit quantitative analysis of transient response. Success
criteria also are qualitative: Sequences that are expected io approach signif-
icant fuel damage, and sequences with the pctential to overstress, bypass, or
cause significant damage to the partial containment and/or pressure suppression
systems are considered unacceptable.
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Most sequences are considered from an initial normal full-power (100%) condi-
tion. TIn addition, any sequence for which the outcome might be significantly
different or potentially more severe in a low-power condition is considered at
both full power (100%) and low power (typically 10-20%). The degree of average
fuel burnup or "core life" assumed for most of these analyses is equivalent to
that for Chernobyl Unit 4 at the time of the accident (about two effective full-
power years, or about 10 GwD/t burnup).

Tracsient and accident sequences are categorized by their initiating cause via
the process variable whose change may have a deleterious effect on the nuclear
fuel. Each postulated initiating incident is assigned to one of the following
seven categories:

(1) Transients involving increases in heat removal. This category of over-
cooling events includes, among other things, increased steam flow tran-
sients. Increased steam flow causes increased voiding in the channels
and thus increases reactivity and power, which could threaten fuel
cladding from overheating.

(2) Transients involving decreases in heat removal. This category of under-
cooling events is primarily composed of loss-of-heat-sink events. These
events lead to increased temperatures and pressures, and typically reduce
channel voids, thus adding negative reactivity. However, these events
present a threat to fuel integrity if heat removal cannot be restored.

(3) Transients involving increases in reactor flow rate. This category in-
cludes transients involving increases in recirculation flow rate, including
credible reactor inlet temperature changes (and resulting reactivity
changes) as a result of the increased recirculation flow. These events

typically involve an initial improvement in power-to-flow ratio, and thus
less voiding.

(4) Transients involving decreases in reactor flow vate. This category in-
cludes transients involving decreases in recircu ation flow rate, primarily
due to losses of main circulating pumps (MCPs). rIhese events typically in-

volve an initial degradation in power-to-fluw ratio and thus fuel element
heatup and increased voiding.

() Transients involving reactivity and power distribution anomalies. This
category of events includes a variety of control rod withdrawal events,
control failures, reactivity imbalances, etc. This category is primarily
a result of errors in the positioning of control rods or fuel, and
includes errors in on-line refueling.

(6) Transients involving increases in coolant inventory. This category in-
cludes events that might increase total coolant inventory to the point
that excessive steam separator water levels occurred, which could threaten
the turbine generators with turbine blade damage from water entrainment in
the steam system. Since the RBMK is a boiling water reactor, these events
will generally not result in increased system pressure.

(7) Transients involving decreases in RCS inventory. This category includes
all events that decrease coolant inventory (i.e., loss of steam separator
level), other than excessive steam demand events. This category primarily
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consists of a range of credible loss-of-coolant accidents from small to
large breaks.

The transients covered in this section are listed below, grouped in accordance
with the above categorization scheme:

(1) Increases in Heat Removal

Main steamline break (from full power and low power)*

. Stuck-open safety relief valve (for multiple stuck open SRVs¥¥)

. Excesuive steam demands from full and low power (steam pressure
regulator failed open or rapid turbine generator loading; turbine
bypass failed open)¥**

g Loss of feedwater heaters or other reductions in feedwater temperature

$ Inadvertent initiation of decay heat removal

(2) Decreases in Heat Removal

. Single turbine generator trip; partial load rejections
¢ Simultaneous trip of both turbine generators
Turbine generator trip(s) without bypass
Loss of feedwater
' Loss of offsite power
Station blackout (loss of all offsite and onsite ac power)¥*
Loss of decay heat removal

(3) Increases in Reactor Flowrate

Startup of an idle main circulating pump (MC¥)
MCP startup with idle coolant pump branches at abnormal temperature

(4) Dect ses in Reactor Flowrate

. Single MCP trip from tull power

¢ Loss of all forced MCP €low from full power, low power
MCP throttle valve flow control failure (failed shut)

. MCP seizure¥¥

. MCP shaft break®™*

Complete loss of flow in one channel (flow blockage, inlet isolation
valve shutoff)*

(5) Reactivity and Power Distribution Anomalies

Continuous rod withdrawal accident - single rod (full power and low
power)

*These transients are not discussed in the Soviet literature and are judged

to be beyond the design capabilities of the plant or beyond the ability of
operators to control.

**These transients appear to present a difficult challenge to the plant. Prompt
operator action (within a few minutes) is necessary.
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. Continuous rod withdrawal accident - rod banks (full power and low
power)*
Miscellaneous control rod withdrawal errors and misoperation-

. Refueling errors including improper fuel placement (e.g., improper
enrichment )¥¥

. Rod drop out bottom of reactor (short absorber rods only)¥* or **

Y Loss of inventory in control rod ceooling system

(6) Increases in RCS Inveantory

i Inadvertent ECCS actuation®*
4 Excessive feedwater flow

(7) Decreases in RCS Inventory

Large-break LOCA of recirculation pipe (MCP outlet)
. Large-break LOCA of group distribution header
- Large-break LOCA of steam separator downcomer or MCP suction header

. Main feedwater pipe break’*
¢ Small break in channel inlet liae (* or ** for certain break
size)
Small break in channel outlet line or refueling connection® or #¥
. Pressure tube ruptures inside reactor vault (graphite region)* or #*

3.3.1 Other RBMK-1000 Safety Reviews

This particular approach to safety review is not the only acceptable approach.
Other organizations in the United States and overseas have used different for-
mats for RBMK-1000 safety review. The U.S. Department of Energy's team analysis
of the accident sequence provided that team with the opportunity to develop an
understanding of RBMK safety characteristics. The U.S. nuclear industry has
developed a position paper on the Chernobyl accident that summarizes some of

the more important design characteristics of the RBMK reactor. The IAEA and

NEA also have conducted safety reviews of the accident and reported their
results,

3.3.2 Recurring Elements of RBMK-1000 Safety Analysis

A number of reactor core phenomena, potential failure modes, and other elements

of RBMK-1000 safety analysis recur frequently in the individual transient anal-

yses. These elements are summarized in this section to avoid repetition in indi-
vidual transient analysis sections.

3.3.2.1 Graphite

In the RBMK-1000 design, the graphite moderator heat is removed by cunduction
heat transfer to the fuel channels during normal operation. The hea!. generated

*These transients are not discussed in the Soviet literature and are judged

to be beyond the design capabilities «f the plant or beyond the ability of
operators to control.

**These transients appear to present a difficult challenge to the plant. Prompt
operator action (within a few minutes) is necessary.
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in the graphite during normal full-power operation due to neutron moderation is
approximately 5.5% of the core power, or 176 MWt. The graphite normally oper-
ates at a temperature in the range of 600-650°0, with a maximum temperature of
750°C. Thus, following an accident, in addition to decay heat, there is a sig-
nificant quantity of stored heat in the graphite which must be removed. Even
vhen an event commences from low power, stored heat in the graphite 1is still
high, despite the lower neutron flux in the graphite. At low power, primary
flow is reduced to maintain proper steam quality, so heat removal from graphite
to coolant in the pressure tubes is reduced accordingly. Also, at low power

the helium-nitrogen cover gas is changed to a nitrogen-only cover gas with much
poorer heat transfer properties.

The graphite moderator has the potential for graphite-steam reactions and
graphite-air (oxidation) reactious. The graphite-steam reaction is a high-
temperature endothermic reaction that produces hydrogen and carbon monoxide
("coal gas" or "water gas"). The high-temperature graphite-air oxidation
reaction is highly exothermic, but requires very high temperatures and large
amounts of oxygen to get started. Provisions are made in the RBMK design for
exclusion of air from the graphite by means of the helium-nitrogen cover gas
in the reactor vault area. The cover gas is monitored for water and steam
during normal operation. The presence of excessive moisture in the cover gas
during normal operation can result in depletion cf the graphite beyond the
design basis, thus increasing the thermal conductivity gap resistance for heat
transfer from the graphite to the fuel channel coolant. No provisions are
evident in the design of the RBMK-1000 reactor to mitigate the potential con-

sequences of flammable gas production as a result of an accident invelving
graphite reactions.

The dimensional scability of the graphite in the presence of high neutron
fluences is an important design issue. A British review of the RBMK reactor
(NNC, 1976) reported that dimensional changes on the order of *2% may occur
during reactor operation with high-quality graphite. Lower quality graphite
would be expected to experience greater dimensional changes. The dimensional
changes are important to safety because the ability to transfer the heat
generated in the graphite to the fuel channel coolant must not be degraded by
alignment problems. Changes in the dimensions of the graphite may result in
increased gaps in the graphite interfaces which represent a barrier to con-
ductive heat transfer. This barrier would cause localized increases in graphite
temperature which may lead to a greater rate of depletion of the graphite during
normal operation; this could result in even greater conductive heat transfer
resistances. These higher temperatures can contribute to greater rates of
hydrogen and carbon monoxide production following an accident which admits

steam to the graphite in the reactor vault.

The close-packed design of the graphite pile and the pressure-retaining ability
of the reactor vault create problems in the event of one or more pressure tube
ruptures. The reactor vault has very little free volume, a small-capacity gas
treatment system and limited relief capacity. Therefore, in accidents which
release large volumes of gas or steam into the graphite region under pressure,
there is a potential for graphite blocks to be damaged, for the graphite pile
to be "blown apart,” and for the pressure boundary to fail.
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3.3.2.2 Zircalloy Reactions

In the RBMK-1000 design, the fuel rod cladding and the channel tubes employ
zirconium=-piobium alloys ("zircalloy"). These metals, when exposed to steam or
water at high temperatures, undergo an exothermic reaction and produce hydrogen
and metal oxides. The rate of reaction increases exponentially with temperature
and becomes appreciable at temperatures in excess of about 1100°C. Following a
loss-of=core-cooling event it is anticipated that zircalloy-water reactions
would originate in the zircalloy fuel rod cladding because of the heatup of the
cladding by the decay heat from the fuel pellets. Zircalloy-water reactions in
the fuel channel pressure boundary could then occur because of the heatup of the
fuel channel material by radiation heat transfer from the fuel rods (5 mm away),
or by having fuel rods slump against the pressure tube. The zircalloy-water
reaction would be limited by the availability of both water and zirconium. The
water inventory in the core can be depleted before all the zirconium reacts.
This situation (limiting total hydrogen production by starving the reaction of
water) may have occurred in the Chernobyl accident.

3.3.2.3 Zirconium-Niobium Pressure fube Strength

The pressure tubes inside the reactor vault area are constructed of 97.5%
zirconium and 2.5% niobium. In the event of a loss~of-core cooling event, the
pressure tube temperature would begin to increase immediately from the steam-
water saturation temperature of approximately 285°C to the graphite operating
temperature of 600-650°C. Additionally, radiation heat from the nearby fuel
rods as they also begin a heatup transient would raise the temperature of the
zirconium pressure tubes to even higher temperatures. The passage of super-
heated steam through the pressure tube during this time period would have a
slight cooling effect on the pressure tube inner surface.

Zirconium-niobium alloys have little strength above 750°C. In the event of a
loss of cooling, it is expected that the pressure tubes would fail within the
graphite vault area because of the combination of nocmal pressures (70 bars)
and elevated temperatures. The loss of cooling to several pressure tubes would
result in the rapid overpressurization of the reactor vault since the vault
rupture discs are designed to accommodate the rupture of only one pressure tube
in the reactor. The overpressurization and rupture of the vault due to steam
addition would result in the admission of air to the graphite. If temperatures
are sufficiently high, an exothermic air-graphite oxidation reaction could
result.

Thus loss of cooling to several fuel channels could result in a severe accident
condition if core cooling is not re-established within a very short time period.
As mentioned in Section 3.2.6.3, various Soviet reports have discussed the dif-
ficulty in creating a strong transition weld between stainless steel and zirc-
alloy. A transition diffusion weld is used at the top and bottom of the fueled
portion of each pressure tube inside the reactor vault. The weld is designed
to handle temperature changes up to 15°C per hour. Many metallurgical experts
consider this weld to be the weakest point in the RBMK primary system. The
Soviets discussed problems with this weld in the 1970s, but later reported the
problem solved.
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3.3.3 Transients Involving Increases in Heat Removal

This category of overcooling events includes, among other things, increased steam
flow transients. Increased steam flow causes increased voiding in the channels
and thus increases reactivity and power, which could threaten fuel cladding be-
cause of overheating.

3.3.3.1 Main Steamline Break

This accident is not discussed in any Soviet literature. The rupture of a main
steamline in an RBMK-1000 reactor would be an unisolable loss-~of-coolant acci-
deut that bypasses the suppression pool. The rapid steam demand would result
in voiding in one-half uf the core. This voiding would cause a power surge and
fuel heatup transient in the affected half of the reactor, driven by the posi-
tive void coefficient. The pressure drcp would cause bulk boiling in the
primary loop, necessitating the loss of forced circulation. The pressure drop
also would interrupt natural circulation flow and exacerbate core cooling
problem (see Turetskiy, 198%)

Since the steam separators are not in one of the accident localization system
(ALS) strong boxes, there would be no ALS pressurization signal to actuate the
ECC systems (the ECC logic must see simultaneous loss of steam separator level
and ALS pressurization in order to open the ECC injection valves). The failure
to inject colder ECC water at this point would allow the channel voiding to con-
tinue and the neutron power to continue to rise from positive void reactivity.
Without protective action, this uncontrolled reactivity excursion would cuntinue
until very high fuel temperitures added sufficient negative reactivity fcom the
fuel reactivity coefficient to stop the power rise. Extensive CHF violations
would be likely. It is possible that manual or avtomatic start or emergency
feedwater would occur, but this provides 10% of full feed flow, not enough to
control the power excursion or handle the inventory makeup demands of a main
steamline break.

The steam released from a main steamline break in either steam separator room
would fill the space above the upper biological shield, and below the shield
blocks covering the pressure tube refueling connections. Steam would escape to
the refueling floor via the gaps between the shield blocks. The steam would
impinge on control rod drive mechanisms and could damage the control rod drive
motors sufficiently to prevent operation. If steam blowdown is rapid, some
shield blocks could be ejected off the floor.

Since emergency shutdown setpoints are established on the basis of recircula-
tion pipe breaks instead of steamline pipe breaks, it is not clear which set-
point will initiate a reactor shutdown or power reduction, or how long it will
take. Since the loss of coolant is in the form of steam instead of water, the
rate of water level drop in the atfected steam separator(s) would be slower

than in the case of a recirculation pipe break. Without detailed information

on scram setpoints, it is difficult to predict the means of scram. It appears
that if the event starts from high power, the scram would occur on high neutron
flux. However, if the event started at low power, the low steam separator water
level setpoint might be reached before the high neutron flux setpoint.

A main steamline break from low power appears to be worse than an equivalent
accident at high power for four reasons. First, the magnitude of the positive
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void coefficient is much larger at low power, which leads to a more severe

reactivity excursion. Second, at low power, the transient proceeds for a longer

period of time before automatic protective action would begin to reverse the
positive reactivity excursion. Third, recirculation flow is reduced by turning
off selected MCPs and throttling MCP flow to maintain the desired channel exit
steam quality. The RBMK design does not appear to be equipped with the capa-
Lility Lo increase recirculation flow quickly in response to rapid steam demand
or power increases. Steamline breaks at low power would create a severe power-
to-flow mismatch that would permi. extensive fuel overheating before automatic
protective action At high power, an automatic scram would be initiated before
severe powerto-flow mismatch would occur. Fourth, nuclear instrumentation has
limitations in accuracy and response time at low power, again permitting the
event to progress rapidly before instrumeutation detects a problem.

A review of the Soviet literature indicates that the RRMK-1000 plant is not
equipped with main steam isolation valves or main steam check valves. This
means that a main steamline break is unisolable; and that because of cross-
connections between steam separators and apparent steamiine cross-connections
to both turbine generators, a single main steamline break will probably lead to
the blowdown of all four steam separators. It is possible that some steamline
break locations (e.g., in the turbine hall) are isolable, or at least can be
partially isolated so that all four steam separators do not blow down. However,
blowdown of only the steam separators on one side of the reactor, with no auto-
matic protective action, would lead to severe power excursions and left-half/
right-half power oscillations. The available Soviet reports provide very

limited information on the RBMK main steam system design, valve placement, and
normal lineups.

Indications available in the control room include a loss of steam separator
level, an initial decrease in steam pressure and outlet feeder tube temperature,
and an increase in steam guality and neutron flux. Immediate actions would be
required by the operator, who must manually scram the reactor if an automatic
scram does not occur, and initiate EFW and ECC injection. This accident could

result in a rapid power excursion and rapid fuel heatup before a scram would
occur.

Since the break flow and ECC flow would be directed to the steam separator area,
the turbine hall, or connecting pipe rooms, none of which are conn:cted to the
suppression pool, long-term recirculation cooling of the core with suppression
ponl water would not be possible. This appears to be a safety issue not
addressed by the design of the plant.

3.3.3.2 Stuck-Open Safety Reiief Valve

A stuck-open safety relief valve (SRV) is an unisolable steam discharge similar
in some respects to a small steamline break. The plant response would be simi-
lar to that discussed above for a steamline break, with a few important excep-
tions. First, severity would probably be less because the size of the safety
valve opening is less than the size of 2 main steamline break. Second, SRVs
discharge to the suppression pool, so the questions of pressure suppression,
offsite release, and availability of water for long-term cooling are not issues.
Third, most stuck-open SRV sequences would be initiated by other events (e.g.,
load rejection) that cause a reactor scram. Thus, the transient resulting from
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a stuck-open SRV is bounded by a main steamline break transient, and prompt
protective action is more likely.

A stuck-open steam safety valve is a condition that could occur after turbine
trip or load rejection events from high power. These events would require
steam pressure relief via turbine bypass or SRVs. This SRV failure is analyzed
and presented in Soviet literature (Turetskiy, 1984) and is seen to be a poten-
tial problem area, according to the Soviets.

A stuck-open relief valve would result in loss of inventory, increased channel
voiding and reactivity, and eventual depressurization of the main circulating
system. The event may not result in the actuation of the ECCS (discharge rate
may be insufficient to actuate both low steam separator level and containmert
pressurization setpoints simultaneously). The likely initiating event (load
rejection) would result in the tripping of the MCPs, main feedwater pumps
(MFWPs), and the reactor. During the early phase of the 3-minute interval
until emergency diesels can supply power to the emergency feedwater pumps, core
cooling is assisted by pump coastdown of the MCPs and natural circulation. The
effectiveness of cooling by natural circulation is affected by the rate of
depressurization of the circulating loop. The Soviets have investigated this
on a test loop and found that for relief rates greater than 0.2 MPa/min, effec-
tive cooling cannot be assured without restoring feedwater flow.

This event requires rapid operator response, but should be a benign event for
the case of one stuck-open relief valve if feedwater is not lost; more than one
stuck-open SRV could result in inadequate core cooling (see Turetskiy, 1984).

3.3.3.3 Excessive Steam Demands From Full Power and Low Power

This event is very similar to the main steamline break accident and could be
initiated if the steam pressure regulator failed open, if a turbine generator
loaded rapidly, or if the turbine bypass valve failed open. Rapid depressuri-
zation and channel voiding would result, causing a power excursion due to the
positive void coefficient. A plant response as severe as the main steamline
break would occur if the path for steam bLlowdown is large enough. However,
some of these blowdowr paths can be isolated, so this transient might be
terminated earlier than the equivalent steamline break.

This event raises the same concerns for failure to achieve timely automa'ic
protective action that were discussed for the main steamline break. Extensive
CHF violations would be likely because of protective action delays, power-to-
flow mismatch, and voiding. The potential exists for a significant power
transient with no immediate scram, escalating into a serious transient that
could result in significant fuel overheating. Prompt operator action is essen-
tial in terminating this event, by stopping the steam blowdown if possible and
by initiating a scram, EFW, and ECC injection. It is possible that even with
prompt operator action, core damage could occur in this sequence.

As in the case of the main steamline break, this event would have more severe

consequences if initiated from conditions of low power or low power-to-flow
ratio.

3-35



3.3 3.4 Loss of Feedwater Heaters or Other Reductions in Feedwater Temperature

This overcooling transient is much less severe than those discussed above.
Reduced subcooling of MCP inlet may necessitate a power reduction, but fuel
damage from this sequence is very unlikely.

3.3.3.5 Inadvertent Initiation of Decay Heat Removal (DHR)

This overcooling event is one that might occur if the RBMK-1000 design is vul-
nerable to the inadvertent initiation of the shutdown decay heat removal system
while the plant is operating at power. Not enough is known about DHR system
design and operations to address this potential vulnerability.

3.3.4 Transients Iavolving Decreases in Heat Removal

This category of undercooling events consists primarily of loss-of-heat-

sink events. These events lead to increased temperatures and pressures, and
typically will reduce channel voids, thus adding negative reactivity. However,
these events present a threat to fuel integrity if heat removal cannot be
restored.

3.3.4.1 Single Turbine Generator Trip, Partial Load Rejections

The trip of one turbine generator results in the following automatic actions by
the plant:

decrease in plant power level to 50% at a rate of 4% per second

¢ opening of steam dump or turbine bypass valves to relieve excess steam due
to slow rod insertion and decay heat

o continued feedwater flow and main circulating pump flow to reactor

Since onsite ac loads are normally powered by turbine generator output, it is
likely that a loss of one turbine generator would cause a loss of about one-half
of all onsite ac loads. (However, a single turbine trip may not cause the loss
of sufficient numbers of MCPs (two or more in one loop) or MFWPs (loss of 50%
or more of feedwater flow) to cause an emergency shutdown. This indicates that

some MCPs and MFWPs (at least one MFWP and one MCP per loop) might be powered
from off site.

A normal trip of one turbine generator would require the regulation of the
remaining feedwater flow and main circulation pump flow in order to reestablish
the proper power-to-flow ratio, and thus maintain proper steam quality in the
reactor outlet piping and adequate steam flow to the other turbine. Since the
four steam separators appear to feed both turbines, the circulating flow to the
reactor must be decreased quickly to a level supporting a 50% power level. It
is not apparent from the Soviet literature how this is accomplished. One MCP
supports 40% power, and two MCPs support 80% power. Therefore, if the turbine
trip caused the loss of one MCP in each locp, flow would decrease to roughly
80%. The remaining MCP flow from two MCPs in each loop would have to be throt-
tled rapidly to 50% flow to match the new 50% power level. Without this de-
crease in recirculation flow rate, voids would collapse, and steam quality
would fall, resulting in a decrease in steam production. This condition would
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This event is a design-basis transient for the RMBK reactor, and should not be
a safety problem if systems respond as designed.

3.3.4.3 Turbine Generator Trip(s) Without Bypass

This event is similar to the single or simultaneous turbine trips discussed
above. The RBMK combined safety relief valve capacity appears to be large
enough to handle a full load rejection if turbine bypass fails to operate.

3.3.4.4 Loss of Feedwater

The loss-of-feedwater event is a design-basis transient in which either a
partial loss of normal feedwater or a complete loss of normal feedwater is
postulnted. For the case of a loss of one out of four main feedwater pumps
(MFWPs ), conflicting information exists in Soviet literature on the ex’.“ence

of automatir protecticon. Some Soviet references suggest that following the

loss of one MFWP, the decreased flow to the steam separators is sensed, and the
turbine power output and reactor power is automatically decreased to either 50%
or 60% of normal full power. If this automatic power reduction is not provided,
then the loss of a single MFWP (if unnoticed) probably would lead to an auio-
matic shutdown (scram) on low water level in one or more steam separators.

For the case of a loss of 50% or more of main feedwater flow, the mair circulat-
ing pumps (MCPs) are automatically tripped in the affected loop. This trip is
required in order to avoid cavitation of the MCP suction due to loss of sub-
cooled feedwater. Pump cavitation could damage the MCPs, and might interfere
with the establishment of natural circulation for loug-term cooling of the
reactor, if MCP discharge loop seals fill with steam ur gases out of solution.
The loss of 50% feedwater flow also results in a reactor scram signal and the
initiation of the emergency feedwater system to provide feedwater flow to the
affected steaw separators. Long-term cooling of the reactor is via natural
circulation. Natural circulation is aided by the bypass line around the main
circulating pumps.

For the case of a .»upie e loss of normal feedwater flow, the automatic plaat
response is very s.ui..r to the "loss of 50% of feedwater tlow" case. The
initiation of reactor scram and MCP trip, and the stertup of the emergency
feedwater pumps is performed automatically. Following the scram, steam pres-
sure will be relieved via safety valves to the suppression pool. Feedwater
must be supplied to provide adequate core cooling. If a safety valve sticks
open, the depressurization can interrupt natural circulation cooling of the
core.

This event is listed in many Soviet reports as a design-basis transient. The
eveut appears to be capable of being mitigated by the automatic actuation of
emergency systems, but would require immediate operator action, if a safety
valve stuck open or auxiliary feedwater did not start.

3.3.4.5 Loss of Offsite Power

This event is very similar to a simultaneous turbine trip ur full-load-rejection
event. Onsite ac power loads are normally powered from the turbine generator
output, instead of from a transformer powered from the grid. The loss of off-
site power wou'd not normally cause the loss of onsite loads directly, but
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could initiate a load rejection which could in turn drop all onsite loads as a
result of the turbine trips.

If turbine generators can handle a load rejection transient without dropping
onsite ac loads, then reactor power is reduced automatically to 20%. If onsite
power is lost (turbine generators trip), the reactor would scram automatically.
All main circulating pumps, all feedwater pumps, and condenser vacuum would be
lost. The emergency diesel generators will start and supply power to the
emergency feedwater pumps within about 3 minutes. Natural circulation will be
established following the MCP coastdown period of about 30 seconds. System
pressure will increase because of the decreased heat removal, causing turbine
bypass actuation. Safety relief valves (SRVs) will actuate if initial power
level exceeds bypass capacity. SRVs relieve steam to the suppression pool,
where it will be condensed and remain aveilable for continued long-term cooling.

As previously discussed in Sections 3.3.4.1 and 3.3.4.2. it is possible that

some onsite ac loads may be powered from off site via an auxiliary transformer.
If so, the most likely loads would be one MCP from each loop, and at least one
MFWP. 1In this situation, one might define "loss of offsite power" (LOSP) dif-
ferently, considering LOSP to be oniy the loss of offsite power to onsite loads
(via an auxiliary transformer). With that definition, a LOSP would not cause a
load rejection or turbine trip, but instead would cause the loss of the suggested
one MCP per loop, and one or two MFWPs. In this case, the plant response would
be similar to a single turbine trip, with a power reduction to 60% or as low as
50% power.

The event appears to be addressed by the automatic actuation of emergency sys-
tems and does not require immediate operator action.

3.3.4.6 Station Blackout®

The loss of all station ac power results in immediate plant behavior similar

to that for the loss of offsite ac power. However in this event, the electri-
cally driven emergency feedwater pumps and ECC pumps are not available because
of the failure of the diesel generator units. With no makeup water to the
primary system, inventory will be lost via SRVs. Natural circulation will con-
tinue at least until the primary circuit reaches bulk boiling. Adequate core
cooling via degraded natural circulation may continue as long as there is ade-
quate water in the steam separators. The time to exhaust the steam separator
water inventory is a function of initial power level, and assumed values of
RBMK decay heat and graphite sensible heat. After steam separators are empty,
natural circulation cooling of the core is lost. However, assuming electrical
power still has not been restored, decay heat removal can continue for another
short period of time in a "percolating" mode. Boiling continues as long as
water exists in the core region. Water in the steam separator downcomers at an
equivalent elevation will flow into the core region via recirculation piping in
a "manometer mode". When system water inventory is depleted to a level near
the midpoint of the core, steam cooling of the upper core region will no longer
be adequate, and the reactor fuel elements would begin to dry out and undergo
heatup. Fuel temperatures exceeding the fuel design temperature under accident
conditions of 1200°C can be expected.

*Loss of all offsite and onsite ac power.
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Au important safety concern is the possibility of a return to criticality be-
cause of core boiloff and the positive moderator characteristics of the reactor.
One Soviet textbook (Dollezhal, 1980) indicates in general terms that adequate
control rod shutdown margin exists in a completely voided core.

The RBMK plant is not equipped with any steam-driven feedwater pumps or injec-

tion pumps to prevent this sequence from leading to fuel damage when water
inventory is depleted.

This event is capable of causing core damage if ac power cannot be restured
from either onsite or offsite sources.

3.3.4.7 Loss of Decay Heat Removal (DHR)

This event could cause fuel damage if long-term shutdown decay heat removal
systems are lost for a sufficient period of time. Few details are known about
RBMK long-term DHR systems, and this postulated event represents different
initial plant conditions than those in effect at the time of the accident.

3.3.5 Transients Involving Increases in Reactor Flow Rate

This category includes transients involving increases in recirculation flow
rate, including credible reactor inlet temperature changes (and resulting reac-
tivity changes) as a result of the increased recirculation flow. These events

typically involve an initial improvement in power-to-flow ratio, and thus less
voiding.

3.3.5.1 Startup of an Idle Main Circulating Pump (MCP)

This event will increase total core flow and reduce channel voids, adding some
negative reactivity. An idle pump would typically be started up to support
higher power demands. The pump start would then be followed by increased demand

for steam flow, which would restore normal channel voids and exit steam quality
to its previous value.

Controlling large swings in void fraction and exit steam quality following MCP
startup appears to be done by throttling MCP flow to maintain a consistent
power-to-flow ratio. For example, operators might have procedures (or even pump
starting interlocks) that require the discharge throttle valve ou each MCP to

be shut before pump start. The throttle valve could then be opened at a suffi-
ciently slow rate to balance the flow increase with increased steam demand ,

thus avoiding swings in reactivity. From the Soviet literaturz, we have no
indication that this procedure is followed, and no indication that the MCP
throttle valve is designed for this use. On the other hand, we have no indi-
cation that MCP startup has created any operational problems.

This transient is part of the normal anticipated operating requirements of the

plant on ascension to full power, and should not be a safety problem if systems
respond as designed.

3.3.5.2 MCP Startup With Idle Coolant Fump Branches at Abnormal Temperature

Even if an idle pump branch were allowed to cool down slightly, it is unlikely
that any core reactivity problems would result from pump start because the RBMK
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reactor does not have a large negative temperature coefficient that could
create a reactivity excursion from injecting colder water into the core. In-
Jecting hotter water into the core would increase voids and add reactivity, but
this situation is considered very improbable, especially since it is unlikely
that large temperature increases could originate outside the core of a boiling
water reactor.

It appears the largest temperature excursion from idle coolant could occur if
an individual pump branch could be isolated and cooled down for maintenance
while the reactor remains in operation. If that cold pump branch were uniso~
lated and restarted suddenly without rewarming, a sudden slug of cold water
would be injected into the reactor. This event would cause a large negative
reactivity insertion, and could initiate power oscillations similar to an
inadvertent safety injection, as described in Section 3.2.6.2. It also would
Cause a severe thermal transient on the temperature-sensitive traasition welds
at the bottom of the zirconium pressure tubes.

3.3.6 Transients Involving Decreases in Reactor Flow Rate

This category includes transients involving decreases in recirculation flow
rate, primarily due to losses of main circulating pumps (MCPs). These events
typically involve an initial degradation in power-to-flow ratio and thus fuel
element heatup and increased voiding.

3.3.6.1 Single MCP Trip From Full Power

This event is a design-basis transient for the RBMK-1000 reactor and initiates
an automatic power runback to 60% and a trip of a single pump in the opposite

loop. This event is handled by the automatic actuation of safety systems, and
does not appear to require any immediate operator action.

3.3.6.2 Loss of All Forced MCP Flow From Full Power, Low Power

This event would progress much the same as a turbine trip or loss of offsite
power. It is unlikely that a t-tal loss of flow would occur for reasons other
than loss of offsite power, load rejection, or turbine trip. A total loss of
forced MCP flow would result in an emergency shutdown (scram), and trip of both
turbine generators. Core cooling would be provided initially by flow coastdown
driven by the MCP flywheels. After about 30 seconds, natural circulation would
take over as the primary means of decay heat removal. Turbine bypass valves
would open to relieve excess pressure created by the loss of heat sink. At high
power, safety relief valves (SRVs) would open to relieve this pressure to the
suppression pool,

Failure to scram on total loss of flow would create an immediate boiling crisis
because of the serious violation of balanced power-to-flow operation. It is
likely that CHF violations would occur in all fuel channels, followed by over-
heating, rapid voiding, further reactivity increases, and damage to fuel.

Since these effects would occur within seconds on loss of flow, the Soviets
have focused much attestion on this area. Very large MCP flywheels provide
good coastdown characteristics. Also, there is a quick-response reactor scram
signal based on sensing the loss of two or more circulating puaps in one loop
(instead of requiring the detection of a loss of all MCPs or instead of depend-
ing on other signals such as turbine trip, to initiate the scram).
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Since the automatic protection system will initiate a scram and turbine trip

on loss of flow, this even can be considered to Ye a design-basis transient be-
cause of its close similarity to the simultaneous turbine trip or loss-otf-
offsite-power transient. Therzfore, this transient appears to be mitigated by
the automatic actuation of safety systems, without immediate operator action.

3.3.6.3 MCP Throttle Valve Flow Control Failure (Failed Shut)

The inadvertent closure of one MCP discharge throttle valve would create a
partial loss-of-flow event similar to a pump trip. It has the potential to be
worse than a pump trip for two reasons. First, if the throttle valves are
quick acting, their closure would halt flow rapidly without the advantage of
the MCP coastdown. Second, if the loss-of-flow logic to the protection system
only senses MCP operation, a throttle valve closure would go unrecognized,
Creating an adverse power-to-flow mismatch in one-half of the reactor. Excess
voids and higher steam quality would be created in that half, adding positive
reactivity. Flow from the remaining pumps would increase somewhat. Increased
neutron flux would probably be detected, and control rods would be inserted to
prevent CHF violations and fuel overheating. Operators would detect the valve
closure by valve position indication, pump flow or discharge pressure indica-
tion, or excess reactor power or steam quality indications.

The automatic protection system, or alarms and indications to the operator,
would result in a power reduction to 60%. Because of the similarity of this
transient to a single MCP trip event, it is likely that this event would not
present a safety problem.

3.3.6.4 MCP Seizure

This event is similar to pump trip, except that flow coastdown wou.d mot occur.
Also, the RBMK loss-of-flow logic may not monitor actual flow rate, so automatic
actions are uncertain. The effects of this event, if undetected, are discussed
above in Section 3.3.6.3 (pump discharge throttle valve failure). Power should
be reduced to 60% in this event. If detected and responded to rapidly, it would
not present a safety problem. If undetected, some fuel damage might occur.

3.3.6.5 MCP Shaft Break

This event is similar "o the MCP seizure discussed above. The same comments
about flow coastdown and uncertainty about detection and automatic response
also apply to this event. Power should be reduced to 60% in this event. If
detected and responded to rapidly, it would not present a safety problem. If
undetected, some fuel damage might occur.

3.3.6.6 Complete Loss of Flow in One Channel*

The complete loss of cooling flow in one pressure tube could result from the

closing of the manually operated inlet pressure tube regulating valve (which
can be fully closed).

*Flow blockage, inlet isolation valve shutoff.
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The immediate impact would be the rapid dryout and heatup of the affected fuel
channel and a local power increase caused by the increased voiding. This power
increase could propagate to other fuel channels in the immediate matrix,
although not to the degree as in the affected channel.

Steam binding and counte.-current flow limitations would prevent cooling of the
affected channel from the steam separator. Soviet literature indicates that
cooling in the "reverse (bubbling) mode" (planned shutoff of a pressure tube
inlet on a shutdown reactor) during maintenance is only allowed after 72 hours

of shutdown. Before this, decay heat levels are too high to permit effective
cooling.

The incore instrumentation and automatic control systems for control rod posi-
tioning may respond to this event by driving rods into the core in the vicinity
of the affected channel in order to maintain the preset power level.

The event should be detected by the cladding leak detection system. The opera-
tors should initiate a manual scram based on these indications.

Based on an adiabatic heatup at full-power conditions, the time interval be-
tween termination of flow and fuel cladding damage is measured in seconds. The
fuel would reach melting temperatures within 1 minute. This time frame is very
short compared to the time that would be required for detection and possible
manual actions to reopen the valve. (Even if the valve were reopened, severe
fuel damage is likely to occur because of the sudden quenching.) Also, the
severity of this event appears to be beyond the capability of local reactivity
control systems to mitigate the local pewer excursion.

It is probable that this event would result in fuel damage in the affected
channel. Extensive fuel meiting would probably cause a rupture of the affected
pressure tube, and a single pressure-tube LOCA into the graphite region. Adja-
cent tubes could be adversely affected by the heatup and local reactivity excur-
sion. Escaping steam and hydrogen from a ruptured tube could damage adjacent
graphite. Additional pressure-tube ruptures are possible as these effects prop-
agate. Multiple tube ruptures are beyond the design capability of the reactor
vault and would eventually cause the vault pressure boundary to fail.

This event is beyond the design basis of the plant and would likely cause severe
damage to the reactor.

3.3.7 Transients Involving Reactivity and Power Distribution Anomalies

This category of events includes a variety of control rod withdrawal events,
control failures, reactivity imbalances, etc. This category is primarily
dedicated to errors in the positioning of control rods or fuel, and includes
errors in on-line refueling.

3.3.7.1 Continuous Rod Withdrawal Accident - Single Rod*
This event is not analyzed in the available Soviet literature and is not indi-

cated to be a design-basis event. The uncontrolled withdrawal of a single con-
trol rod would result in a local power increase in the reactor core. This power

*Full power and low power.
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increase would lead to increased void fraction and steam quality in adjacent
fuel channels. Since the core has only 211 full-length control rods for 1661
fuel channels, the withdrawal of one control rod might affect 8 or more fuel
channels. Because of the positive void coefficient, the control rod withdrawal
would result in further local power increases in the local core region, which

probably would result in violating the CHF limit in those affected fuel
channels.

Because of the pc.itive void coefficient, this event is not self-terminating.
The RBMK reactor must rely on the response of slow control rods and the fuel

Doppler reactivi y coefficient to mitigate rod withdrawal accidents. The uncon-

trolled withdraw.l of one control rod would likely result in the insertion of
adjacent control rods by the automatic power distribution control system.

Information in Soviet literature on control rod worths and the neutronics
coupling of the fuel channels is insufficient to analyze this event. It is
postulated that termination of this event would require the complete shutdown
of the reactor by either the automatic systems (e.g., 110% nominal core power
reactor trip) or operator action. Some fuel channels could experience dryout
and heatup of the fuel during this event, with the potential for some fuel ele-
ment damage. Because of the core's loose neutronic toupling, it is not clear
that insertion of adjacent control rods, even if done promptly, can avoid a
dangerous situation in the local region surrounding the withdrawn rod.

If the automatic control systems are capable of detecting and mitigating the
continuous withdraval of one control rod, them it is likely that the limiting
(worst case) sequences would be ones that initiate from low power. The amount
of positive reactivity inserted and degree of voiding would be greater by the
time the local high-power condition was detected, because of poor instrument
response at low power.

3.3.7.2 Continuous Rod Withdrawal Accident - Rod Banks*

This event is not analyzed in available Soviet literature and is not indicated
to be a design-basis event. The event is difficult to define, because it
appears that large numbers of control rods are not operated in a group or bank
mode. The large number of manual control rods (RR and USP) appear to be moved
individually and sequentially, so a large group withdrawal of RR or USP rods
appears unlikely. A withdrawal of the scram rods (AZ) is an unlikely accident,
because the scram rods are maintained in a fully withdrawn position during
critical operations. The group withdrawal of the 12 or more automatic regulat-

ing rods (ARs) appears the most likely, yet these rods may be moved individually

instead of in bank during normal operation. It is also possible that multiple
withdrawal of AR rods is more likely in groups of 4 rods because of the way the
control system is designed. One Soviet report mentioned a possible synchroniz-
ing error that could withdraw four rods.

The effects of a continuous rod withdrawal accident of a bank of rods would be
very similar but more severe than the single rod withdrawal accident discussed
above (Section 3.3.7.1). The group withdrawal accident would be worse for two
reasons. First, much more reactivity would be inserted; and second, it is un-
likely that automatic control actions would be effective, siuce che automatic

*Full power and low power.
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regulating rods that could compensate for a single rod withdrawal are most
likely the rods being withdrawn in a group withdrawal.

Since automat(c compensation is unlikely, this event would proceed rapidly until
terminated by an automatic scram on high power, or by a manual scram. It is
likely that CHF violations, fuel cladding overheating, and fuel damage could
occur before the power excursion could be terminated. Again, the positive void
coefficient would multiply the effects of the reactivity excursion. Also, as
discussed above in the single rod withdrawal event, this accident would pro-
bably be worse if initiated at low power.

This event is very difficult to analyze because of its complexity and lack of
detailed core information. On the basis of a preliminary review and available
Soviet literature, it appears to be beyond the design basis of the plant, and
beyond the capability of operators to control.

3.3.7.3 Miscellaneous Rod Withdrawal Errors and Misoperation

During normal reactor operation, the coolant void fraction must be maintained at
a specified level by operator action. The operator does this by adjusting the
control rod positions and/or regulating the coolant flow to individual fuel
channels. The instrumentation system measures the flow rate at the inlet of
each pressure tube, and the individual assembly power and steam quality at the
outlet of each pressure tube. From the literature, this measurement and calcu-
lation cycle occurs on a continual basis with a time interval of 5 to 10 minutes.

Failure of the operator to recognize a CHF violation, or failure nf the mea-
suring instrumentation to identify approach to critical heat flux boiling in
the reactor, can lead to a local power transient. The event results in in-
creased voiding in the affected fuel channel with a resultant power increase in
that channel. Because of the weak meutronics coupling of the fuel channels,
the increased power level in the affected fuel channel would result in an in-
crease in power level in adjacent channels. The adjacent channels would then
experience increased voidiug which would further increase the power level of
the adjacent channels. This condition would propagate through the core until
the nuclear instrumentation detected an unacceptable p