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12.2.3.3 High Neutron Flux Trip - Intermediate Range

This trip, Figure 12.2-3, occurs when the current output from at least one of the two
intermediate range channels indicates greater than the equivalent of 25% power.
The intermediate range trip, which provides protection against reactivity excursions
and startup accidents, can be manually blocked if at least two of the four power
range channels exceed 10% of full power (P-10). If at least three of four (3/4) power
range channels fall below the P-10 setpoint value, the trip function is automatically
reinstated.

12.2.3.4 High Neutron Flux Trip - Power Range

This trip, Figure 12.2-4, occurs when at least two of the four (2/4) power range
channels indicate greater thgn the etpoint, Two independent trips are provided:
a high setting at 109% and g J The high trip setting provides
protection against overpower during normal pnwer operations. The low setting,
which provides protection against reactivity excursions and startup accidents, can be
manually blocked when at least two of the four power range channels indicate
greater than 10 percent of full power (P-10).
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ACTIONS A.l1 and A.2

If the SDM requirement is not met, boration must be
initiated promptly. A Completion Time of 15 minutes is
adequate for an operator to correctly align and start the
required systems and components. The operator should begin
boration with the best source available for the plant
conditions. Boration will be continued until SDM is within
Timit.

Suspension of PHYSICS TESTS exceptions requires restoration
of each of the applicable LCOs to within specification.

B.1 HEa3 5% X1tA|0= MA 7|= X1} BHX| E Q|8 FXIE M|

When THERMAL POWER is > 5% RTP, the only acceptable action
is tﬂ.ﬂpgﬂ_1hE_rEiELﬂI_Lrlp_hrﬁikﬂri_iﬂlﬂil_Iu prevent

operation of the reactor beyond its design limits.
Immediately opening the RTBs will shut down the reactor and
prevent operation of the reactor outside of its design
Timits.
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Rod Spead In Steps Par Min (Spm)

AMAXIMUM

ROO SFEED
K | PROPORTIONAL
ROD SPEED ~

s L 8~72 steps
[T i WITHDRAWAL
= T MINALIM
b= _ | _ROD SPEED
% & 5 = T S ST R
N 1 by oy

[ | I | I | I I I I I
| . w 1 2z 3 4 5 B
e LOCK-UP _|

INSERT

— 72 S

& B A 2 4 0 L a 4 5 ]

I [ | l | I | I I | ] I

TOTAL ERROR SIGNAL {°F)

Figure 8.1 Rod Speed Program



8.1.4.1 Bank Selector Switch

The bank selector switch is a ten (eleven in some plants) position switch that
permits selection of individual banks, manual control, or automatic control. A
description of each position is given below.

MANUAL

In this position, the control rods are withdrawn or inserted by the use of the IN-

HOLD-OUT switch. The bank sequence and overlap program (section 8.1.5) is

maintained wit - anual rod control. The rod speed is adjustable

between 8 and 72 stepsimm ith a potentiometer located within the rod control
' ratly selected for manual operation is 48 steps/min.




712 THSE A+

NEL 2 RBMK RHAIZ, ST 2

g e
(22 ) (EA)
NEB>BHR ES UL >HEL B J|EBT > BHR LS YL > HEL UL

A Chernobyl-type nuclear reactor

A modern water-moderated nuclear reactor

To Heat Exchanger

To Heat Exchanger
“Positive Void

“Negative Void
Temp Coefficient” Temp Coefficient”

%nuch reaction,

Coolant is boiling!

A

Graphite Graphjte

Modefator i
i Uranium
i / Fuel Pins

Uranium
Fuel Pins

Reactor Core

Reactor Core



With respect to reactivity addition in a PWR, the most severe CREA would occur at HZP conditions,
i.e. at normal coolant temperature and pressure, but with nearly zero reactor power [Agee et al, 1995]
and [Nakajima et al, 2002]. This is shown in Figure 6-1 where it appears that the rod worth17
decreases with increased power level and with a decrease in control rod insertion within the core.
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Figure 6-1: Three Mile Island (TMI-1) PWR End Of Cycle (EOC) control rod 7a worth variation with power level, bank 5 position,
and calculation procedure [Diamond et al, 2001].
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Figure 3-1: Effects of a RIA on fuel [Le Saux et al, 2007].
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Types of Reactor Power
In general, we have to distinguish between three types of power outputs in power reactors.

*Nuclear Power. Since the thermal power produced by nuclear fissions is proportional to
neutron flux level, the most important, from reactor safety point of view, is a measurement of
the neutron flux. The neutron flux is usually measured by excore neutron detectors, which
belong to so called the excore nuclear instrumentation system (NIS). The excore nuclear
instrumentation system monitors the power level of the reactor by detecting neutron leakage
from the reactor core. The excore nuclear instrumentation system is considered a safety
system, because it provide inputs to the reactor protection system during startup and power
operation. This system is of the highest importance for reactor protection system, because
changes in the neutron flux can be almost promptly recognized only via this system.

Thermal Power. Although the nuclear power provides prompt response on neutron flux
changes and it is irreplaceable system, it must be calibrated. The accurate thermal power
of the reactor can be measured only by methods based on energy balance of primary circuit
or energy balance of secondary circuit. These methods provide accurate reactor power, but
these methods are insufficient for safety systems. Signal inputs to these calculations are, for
example, the hot leg temperature or the flow rate through the feedwater system and these
signals change very slowly with neutron power changes.

*Electrical Power. Electric power is the rate at which electrical energy is generated by the
generator. For example, for a typical nuclear reactor with a thermal power of 3000 MWth,
about ~1000MWe of electrical power is generated in the generator.
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Qgp = Qp + Qy + Qpyr + Qeonst

where
Qgp: Reactor thermal power;
Qpg: Power to boilers/steam generators;
Qe Power to the moderator;

Qpur: Power to the heat transport purification (also called feed and bleed) system;

Qeonst: Constant term.

[ Steam heat

Constant
heat term

Heat to Heat from | Heat from
coolant coolant coolant and
bleed feed other pumps

Q

Bm%frf steam generator

RHD

heat

Feedwater
heat

—— QRP Heat to moderator PQM ~ 3_4 %

Qeonst ™ 1%

QPU R ~ 1 %G. 3. Primary heat sources and heat sinks in a typical NPFP arrangement.

|IAEA NP-T-1.3
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4 | Control rod ejection accidents in PWRs

Table 7-1 summarizes computational studies of postulated CREAs, in which calculated results on the
distribution of energy and failed fuel rods across the reactor core are presented. All studies in

Table 7-1 were done for end-of-cycle core conditions, and with two exceptions, they all pertain to
CREAs that initiate from hot zero power reactor conditions.

Table 7-1: Summary of computational studies of postulated control rod ejection accidents, in which calculated
distributions of energy and failed fuel rods are reported.

EOC HZP 1.89 247 0 Nakajima [2002]
EOC HZP 0.88 30 0 Dias et al. [1998]
EOC HZP 1.30 71 0 Dias et al. [1998]
EOC HZP 1.58 143 3.6x107 Lee etal. [1995]
EOC HFP 0.15 83 9.0x10-3 Lee etal. [1995]
EOC 30% of FP 1.58 112 9.0x10-3 Gensler et al. [2015]
ANT Intemational, 2016
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Post-DNB Failure Scenario in PWR Conditions
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Table 2.1 Specifications for the PARCS hModel for TMI-1

Fuel Cycle ECC

Full Power Level (FE) 2772 nOWTth
Hot Zero Power (HZF) Level 10E4 % FP <
Murnber of Fuel Assemblies (FAD 177
Murnber of Eeflector Assemblies &l

Fuel Assembly Size and Pitch 21.8 cm
Active Core Height 3571 cm
Thickness of Reflector 21.8 cm
Position of Fully Inserted Control Rod Relative to Bottom of Reflector 36.2 cm
Step Bize for Control Eods 0.353 cm
Delayed Neutron Fraction (Beta) 0005211
Numnber of Delayed Groups &

Boron Concentration 2 ppiTl

Inlet Coolant T emperabure 278°C

Inlet Coolant Flow per Fuel Assemnbly 89.5 kgls
Mumber of Radial Neutronic Nodes S

Mumber of Axial Neutronie Modes

28 (26 care, 2 reflectors)

Murmber of Eadial TH Nodes

177 (rore cnly)

Mumber of Axial TH Nodes

26 [core only)

Initial Postion for Banles 1 to 4

Withdrawn (571 steps)

Trutial Postion for Banks 567

Inserted ( O steps)

Initial Position for Bank 8 (APER)

Withdrawn (571 steps)

=7 =9
0.0001%
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Table 15.4—1

TIME SEQUENCE OF EVENTS FOR INCIDENTS WHICH CAUSE
REACTIVITY AND POWER DISTRIBUTION ANOMALIES (Sheet 1 of 2)

Accident Event Time (zee)
Uncontrolled RCCA bank| Initiation of uncontrolled 0.0
subcritical or low RCCA withdrawal from 107° of
power atartup nominal power
condition (15.4.1)

Power range high neutron flux 7.6
low setpoint reached

Peak nuclear power occurs KB
Rods begin to fall into core 8.1 +
Peak heat flux occurs 9.9
Minimum DNBR occurs 3.9
Feak average clad temperature 107
oCccurs

Peak average fuel temperature 11,0

OCCurs

- >0
SUEE-ETY

o
- HAIZEX|
Mo{E SotAl %
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“Starvation kills people, not
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Returning resident to the town of
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CHERNOBYL ACCIDENT

© M. Eagheh
lor1ale
“Starvationkills people, not radiation™
Retming resident to the town of Pripyat
INTRODUCTION

The accident on April 26, 1986 at unit 4 of the RBWE-1000 reactors plant at
Chernobyl in the Ulkraine is considered as the worst accidert in the history of nuclear
power generation. An expenment designed to test the safety equipment of the power
plant went away and caused a fire in the grphite core modemtor which lasted for 10
days. & plume carrying radicactive particles drifted for thousands of rriles over Evrope.

RBIE is an acronym standing for: “Fealtory Bolshoi Woshchnosti Kanalynye,”
ot “High Power Pressure-Tube Eeactors” In some English-language publications, the
RBME reactors are designated as LWGR, for Light Water Graphite-moderated, pressure
tube Feactors with boiling, light-water coolant.

Ironically, the accident resulted from the hunan eror violations of the safety
miles during none other than an intended safety iest. The safety test was cartied out to
deterrnine if one of the trbo-generators could supply power to the feed -water purnps
until the standby diesel generators came on line in the case of alocal power failure.




5. National Reactor Testing Station, 22 July 1954%70.7.72

BORAX reactor, aluminum-uranium alloy, water moderated; single excursion; insignificant exposures.

[ " O A

control rod completely is |
tank (Flgure 59). Very extenswe mel‘ﬁ 0

Figure 59. The destructive excursion in BORAX, 22 July 1954.



8. National Reactor Testing Station, 3 January 1961747

SL—1 reactor; aluminum-uranium alloy; water moderated,; single excursion,; three futalities.

The best available evidence (circumstantial, but convincing) suggests that the
central rod was manually pulled out as rapidly as the operator was able to do so.
This rapid increase of reactivity placed the reactor on about a 4 millisecond period;
the power continued to rise until thermal expansion and steam void formation
quenched the excursion.

The peak power was about 2 - 10* megawatts, and the total energy release was 133
+ 10 megajoules.

The subsequent steam explosion destroyed the reactor and killed 2 men instantly;
the third died 2 hours later as a result of a head injury.

The reactor building and especially the reactor room were very seriously
contaminated by the reactor water, which carried fission products with it. Initial
investigations were hindered by the high radiation field (500 to 1000 R/h) in the
reactor room.
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H2r X2t A1, 1986

DESCRIPTION OF REACTOR PLANT

The Chernobwl power station is composed of 4 reactor units. Uit nurrber 4,
completed in 1954, was inwdved in the accdent  Two other units, 5 and 6, were under
construction at the time of the accident. TTnitz 3and 4 shared the same building:

The flow diagram shows the power cycle and the pressure tubes embedded in the

oraphite moderated core. Light water as a coolant boils in the pressure tubes and rises to
a steam drum where the steam 12 separated and sent to the turbine plant wihile the liquid
coolant iz punped baclzto the pressure tubes by the reactor coolant putmps.

The four RBRE-1000 units at Chemobyl represent 30-year old tectnology. The
1000 indicates a 1,000 MegaWatts electtical (0WWe) nominal power production

capahility.
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Figure 2 Cutout of the RBIE-1000 reactor design: Source: JAEA Bulletin,

The reactor had a power of 3,140 LOWth and 1,000 MWe Itz coolant flow rate
was 37.5 = 10° thhrand a steam capacity of 5.4 = 107 t/hr.



Critical Final Stages Leading 10 the Explosion
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Early on the morning of April 26 with the reactor power level reduced to about 7 percent of full
power, the operators started the test. Because the reactor conditions resulting from the unexpected
delay differed significantly from those anticipated when the special test was written and approved,
problems were soon encountered. Workers realized that the test was going badly and depressed

pushbuttons to halt the test by rapidly inserting the control rods into the reactor core.

~-—— APRIL25 | APRIL 26 —»

D1:00 OPERATORS BEGIN
" pOWER Dascsml

|
14:00 POWER DESCENT
DELAYED FOR 3 HOURS
BY LOAD DISPATCHER
ECCS QFSC?NNECTED

3200

_.._h

01:12 OPERATORS PULL RODS
BEYOND ALLOWARBLE LIMITS TO
REACH 200 MWih

01:19 OPERATORS BLOCK
REACTOR TRIP SIGNALS
ON STEAM SEPARATOR
LEVEL AND PRESSURE

1600

13:00 TG #7
DISCONNECTED

OPERATOR
DISCONNECTS
REACTOR TRIP
OoN T/G TRIP

23:10 POWER
DESCENT RESUMED

REACTOR POWER LEVEL, MWt

12:28 OPERATORS \_
SWITCH OFF LOCAL
- . OPERATORS STAAT 2
30| AUTOMATIC CONTROL o e s I
PUMPE, FLOW LIMITS
VIOLATED

TIME ——
Inot to scale)

Figure 4.1 Chronology of the accident at the Chernobyl Nuclear
Power Station (not to scale)

Fig. 3. (Source: Nuclear Regulatory Commission)
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. The reactor was powered down for a test sequence to determine whether one of the
tutho genetators could supply power to the feed-water pumnps until the standby diesel
generators catne ot line in the case of a local power filure. The test sequence involved
the following steps:

a. Instead ofthe design based reduction to 22-32 percent of full power, the power
was itadvertently lowered to just 1 percent of full power, an unstatle situation
because of the postive void coefficient. The operator failed to reprogram the
cotmputer to maintain the power level at the planned 700-1,000 IWEAT .

b. All the control rods were pulled out of the core, to the point where they could 22_32% A|- O | 0” A-I
not shut dowm the reactor mpidly if needed. This step was talcen to get the power Al > _OLH Ol: '('5|_ |_|.
back up, but it only reached 7 percent, still well below the design parameters for =

thetest. The reason the power could not be brought back up was that the reactor 1 E |:|- LIS

dead titne resulting frorn the zenon poisoning effect Xenon is a decay product of A

%% and iz a strong neutron absorher which poisons the fission reaction. It reaches 7%0-” A—I Al 'c'>'o

an equilibrinm lewel at normal operating power levels by being burned away by
nevtron absorption and by radicactive decay. When the power level was
decreazed from the 1,600 MMWth level, there existed a large amount of the 157
fission product to decay into xzenon, tuat a low neutron fluz incapable of burning it
out; 5o it built up rapidly.

c. In order to keep the reactor from automatically shutting dowm under these
conditions, the operators disconnected the automatic emergency core cooling
systern and seweral of the automatic scrarn circuits.

d. All eight cooling water punps were munning at the low power level, compared
with a notmal six even at full power, so there was nearly solid water with almost
o woid fraction, which increased the wulnerability to any power excursion which
produced hoiling.

2. The turbo-generator was tripped to initiate the test, which caused the switching off of
four of the eight recirculation putnps.  This would have nonmally tripped the reactor if the
autommatic scratn circuit had not heen disconnected.

3. The reduced coolant flow caused voids to form rapidly in the pressure tubes, increasing
the reactivity hecause of the positive woid power coefficient.

4. Within seconds, with mpidly rizsing power, an emergency manual scram was ordered,
but the almost fully withdrawn tods could not insert sufficient negative reactivity fast
enough bhecause of their sow speed. Also, an unexpected displacement of water from the
control rod tubes occurred, further adding to the positive reactivity.

5. The control rods wete reported to hawe graphite followers. Inserting the fully
withdrawm rods with their graphite followers would have initially added reactivity rather



than decreasing it. These followers probably were part of the shielding of the top of the
reactor for access during online operation.

fi. The core went into prompt criticality, owerheating and shattering fuel rods and flashing
the coolant into stearn. The fuel channels were tuptured.

7. The built-up stearn pressure blew the 1,000-tonnes steel and cemert-filled biological
shield off the top of the reactor, severing all 1, 600 pressure tubes and exposing the hot

coreto the atmosphers.
8. The reactor power level reached 100 times its operating masitum and the explosive 100% EE! 9—'
energy release was equivalent to about 1 ton of THT. 100 HH E % E—:|| % 7 |_

Hojs MUz =4 3718 Y= &+ SlgACE.

01:23:40: The operator noticed a sudden increase in power and the emergency
reactor trip button (AZ-5) was pressed by the operator. The control rods
started to enter the core. The insertion of the rods from the top
concentrated all of the reactivity at the bottom of the core. It was,
however, too late: the control rods could not move guickly enough to

e o hercaer Taercastng o -expomenial power doubling fime
under one second. A short ime afterwards, the power doubling time was
down to around one mllisecond.

MELE AL E9 Y

https://www.youtube.com/watch?v=KIwpT-
8RQbw







INES

THE INTERNATIONAL NUCLEAR AND RADIOL OGICAL EVENT SCALE

GENERAL DESCRIPTION OF INES LEVELS

Accident with
Local Consequences
Level 4

Serious Incident
Level 3

Incident
Level 2

+hincr elkeaze of radicactive matarial
unlikely ta result in implementation of
plnned countermeasures cther than
loza | fiood controls.

+At lpazt one ceath fram radiation.

*Expesum in excess of tan times the
statutary annual limit for werkars.

+ Men -lethal deterministic health efiect
[2.q., bums) fiamn radiaticn.

+Expesume of 3 membar of the public
inexcazs of 10 mSv.

*Expesume of 3 weotker in excass of the
statutary annual limits.

+ Fual mek or damage tea fuel meulting
in mere than 0.1% release of core
imvanitary.

+ Rolkase of significant quantities af
tadicactie mataial within an
installation with a high prabability ef
significant public expasus.

+ Bxposute ates of maome than 1 Swihin
an cparaEting ara.

+ Sevare contarmination in an ama
et expacted by design, with a
kxw preabability of significant public
EXPCEUR.

+ Badiation kvalks in an operating amea
of mara than 50 mSwh.

+ Significant contaminatian within tha
facility ints an ama ot expectad by
dasign.

+Mear accident at a nuclear power plant
with nosafaty pravisions emaining.

* Lest ar stealen highly radicact ve
zeakd souce.

+ il izdaliveed highly rdisactive
seakd souce withaut adeouate
predures in ploe o hande it

+Significant failures in safety pravisins
but with nex actual consequances.

+Found highly mdisactive seaked
crphan soumce, davice ar transpot
package with safety pravisions intact.

+|nadecuate packaging of a highby
radisactive saaled soutce.
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SCHAELL
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