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SUMMARY

This was the first Technical Committee meeting organized by the

International Atomic Energy Agency on reactivity transient accidents as a

response to recommendations made during the Chernobyl Post Accident Review

Meeting (25-29 August 1986) and the subsequent Member States Experts meeting

to review the IAEA expanded nuclear safety programme.

The Technical Committee meeting was attended by 46 representatives from

28 countries and 1 international organization. The list of participants is

provided in Annex I.

1. The objectives of the Technical Committee meeting Were:

(1) to review the state of knowledge and to assess the

remaining safety questions relating to reactivity initiated

accidents (RIAs);

(3) to share experience and information on RIA assessment and

relevant fuel experiments;

(3) to formulate conclusions on* what the consensus might be on

safety aspects of the RIAs; and

(4) to provide recommendations for sharing the technical

information and for IAEA assistance to Member States.

2. As preparatory work the IAEA prepared a draft working document entitled

"Reactivity Initiated Accidents (RIAs)". This document was distributed to the

designated members of the Technical Committee for review, comments and
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suggestions. As a result of the discussions at the meeting it was recommended

that this document should be significantly modified to reflect the conclusions

reached (refer to the "Conclusions and Recommendations" section of these

proceedings) and to compile - from the technical papers presented and the

discussion - a list of the design basis accidents and the beyond design basis

accidents that are currently being considered by various Member States. The

questionnaire in its present form should therefore be excluded. This document

should include summaries of the basic physics and reactivity characteristics

and how they provide a basis for design philosophies, and of design provisions

against the RIA aspects. The attempt should be made, therefore, to provide a

definition of credible events, taking into account the fact that all reactors

have a mechanism of adding positive reactivity, and how these can be

translated into credible accidents for design/analysis purposes (e.g.,

credible reactivity device failure mechanisms, spectrum of operating

conditions, spectrum of protective actions, spectrum of operator behaviour,

other RIA mechanisms and their defence strategy, provisions, etc.). In

addition, an attempt should be made to include similar information from Member

States not represented at this TC meeting.

3. The proceedings contain the Technical Committee's conclusions and

recommendations on RIAs, and the technical papers presented during this

meeting.
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CONCLUSIONS AND RECOMMENDATIONS

ON

REACTIVITY INITIATED ACCIDENTS

(1) Reactivity initiated accidents have been analysed regularly for all

commercial nuclear reactor designs, since positive reactivity can be

inadvertently added.

(2) The Chernobyl accident is a reminder of the potentially severe

consequences of reactivity initiated accidents (RIAs). The technical

committee recommends the systematic review of RIAs, both within the

design basis and beyond the design basis, by the Member States.

(3) Thus far, the need to modify the set of design basis accidents has not

been generally felt, with the exception of that for the RMBK, for which

modifications to design and to operating procedures have been reported

previously.

(4) All countries which have been reviewing beyond design basis RIAs want

to evaluate the responses and the real safety margins of their systems,

and to know which RIAs have severe consequences. Some countries start

from a set of physically possible accident conditions. They plan to

use engineering judgement supported by probabilistic safety assessment

(PSA) to decide which of these accidents should be addressed further.

Other countries apply engineering judgement in selecting the cases to

be analysed.

(5) On the question of the role of the operator, there was general

agreement on the need to take account of the operators' actions, but no

consensus was reached on how this should be done. Views were expressed

that the operators should be treated as a part of the system; some of
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the Member States expressed their intention of including operators'

actions in the PSA analysis. There was wide disagreement on what

should be the appropriate access level of the operator to the safety

systems. The views on the need for well trained operators were common;

the training involves understanding the reasons for procedures, and for

good and reliable information on the state of the plant.

(6) It was agreed that previously unanalysed operating configurations for

RIAs should be reviewed, but no consensus was reached on how to

identify such configurations systematically. Several countries have

started to do this and the results are awaited with interest.

(7) Host of the fuel behaviour experiments and analysis so far have been on

fast reactivity transients. Work is now extending to the analysis of

slower transients, where the relevant damage mechanisms change to clad

failure, clad fuel melting and other damage mechanisms having different

consequences. Additional data on the behaviour of fuel under slow

transients and how the fuel damage mechanisms and consequences change

as fuel becomes more irradiated will be of value in confirming models

of fuel behaviour and extending the existing database.

(8) There was general agreement on the difficulties of applying codes to

complex physical situations, particularly those in beyond design basis

accidents. Many countries expressed a need for exchange of information

- through the IAEA - on experience in the application of codes for the

extension of reactivity initiated accidents. It has been proposed that

in the longer term this could lead to a benchmark exercise and code

comparisons.

(9) It is recommended that the results of the programme plans of the Member

States be reported in about a year at an appropriate IAEA meeting, to

communicate the technical conclusions and the way in which it was

decided to deal with the accidents. At the same meeting an exchange of

actual operating experience of RIAs would be useful and desirable.

,
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Reactivity Initiated Accidents

Ontario Hydro Experience
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OUTLINE

* Protection against RIAs in CANDU

* Safety analysis & analytical methods

* Operating data

* Fuel behaviour during extreme

overpower transients

* Conclusions

GF011



PROTECTION AGAINST
RIAs IN CANDU

* RIAs have always been part of
CANDU safety design

* Three classes of events :

- Loss of Reactivity Control (0.001-1 mk/s)

- Loss of Coolant ( < 3 mk/s )

- Loss of Flow (0 to 0.5 mk/s)

* Safety design objective : Maintain

Integrity of primary pressure boundary

* Achieved by preventing :

- excessive overpressure

- fuel centreline melting

GF012



Protective Design Features

• REACTOR REGULATING SYSTEM

- monitors & controls reactor power

- automatic power reduction for

variation of selected process and

neutronic parameters beyond preset

limits

- can insert approximately 10 mk in 2s

TWO SHUTDOWN SYSTEMS

- physically independent

- diverse and reliable ( < 10-3 y/y )

- fast acting ( > 60 mk within 2 sec )

- fail-safe design

GF013



SAFETY ANALYSIS

OBJECTIVE

- to demonstrate adequacy of design

* SCOPE OF ANALYSIS

- all reactor operating modes and power

levels considered as initial conditions

- each shutdown system

assessed independently

- potential for functional crosslinks

between protective functions and

systems considered

GF014



1.03-

10
- 1

CD

o

«4- _ T

° 10 3

c
o
o

I. 10-4

O
°- - 5
_ 1 0 •
D

10
- 6

10
- 7

/ / //y / / /
11111111 ILK
11 III I1111111
11111
11111 itkr-k

111
/

1 / /

II

777/
111
I I I I
(III I

10
- 3

7T7

Neutron
Overpower

High
Log
Rate

Heat
Transport
High
Pressure

1 2
Reactivity Rate (mk/s)

SDS2 Trip Parameter Effectiveness for Loss of Reactivity
Control as a Function of Reactivity Rate and

Initial Power Level



ANALYTICAL METHODS

* Hierarchy of kinetics codes of

varying complexity have been developed

- point kinetics

- 3-D modal expansion

- 3-D Improved Quasi Static (IQS)

* Experience -> less expensive codes
adequate for safety analysis, design

and operations support: modal method

* Detailed IQS code used only
for validation purposes

* Direct coupling of system TH codes
with multi-D kinetics codes ->
Not necessary

GF015
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OPERATING EXPERIENCE

Ontario Hydro > 100 CANDU Reactor YRS

Analysis of significant events shows :

- LORC due to RRS malfunction :

Frequency < 10-2 occ/year

- Loss of forced circulation :

Frequency < 2 x 10-2 occ/year

- Large break LOCA :
Frequency < 10-4 occ/year

* Data consistent with Design Targets j
Unavailability target for the shutdown

systems is met and often exceeded

GF016
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CANDU Fuel Behaviour During
Design Basis Overpower Transients

• Large break LOCAt -> moat sever»
overpower transients

• Maximum average fuel enthalpy < 200 cal / g of UO2

Overpower-lnduced sheath failure* not expected
(CANDU fuel test In the PBF)

Fuel melting and consequent channel

failure for positive reactivity transients

with coincident toss of shutdown

Frequency < 10-6 occ/ysar

GF019



CANDU Fuel Behaviour During

Severe Overpower Accidents

Extensive Fusl Molting Recuite

In Chonrwl Failure

Enorgotlo Fiwl Fragmentation

D O M Not Occur

Futi burnup Rango of Inttrmt

Low Poww < 300 MWh/NoU

High Poww < 100 MWh/lgU

GF009



CANDU RIA Tests

Overpower Transient

Rate
Peak

Duration

•Slow"
•Low"
"Long"

Sheath Characteristics | "Thin"

Collapsed

Fuel Behaviour

Initial Fuel Melting Central

Sheath Heatup Coincident

•Fast"
•High"
•Short"

•Thick"
Free -

Standing

Peripheral

Delayed

QF008



CONCLUSIONS - DESIGN

CANDU safety analysis : includes rapid
positive reactivity insertions ->
Maximum rate : large break LOCA

( < 3 mk/s )

Protective design features ->
Highly redundant capability to safely
terminate reactivity transients

Operating data : consistent with
design targets

Darlington Probabilistic Safety

Evaluation (DPSE) ->

Positive Reactivity Transients
Coincident with failure to shutdown :
Frequency < 10-8 occ/year

GF017



CONCLUSIONS - ANALYSIS

* Simple space-time kinetics modelling :
Most appropriate to RIA analysis
- Rapid parametric analysis : Essential

• Scope of RIA analysis should include .-

- all reactor operating modes and powers
- search for functional crosslinks

• CANDU Loss of Shutdown :
- Channel/core disruption occurs before

extreme fuel energy deposition required
for fuel fragmentation

* With respect to Chernobyl analysis :
- identify implications for other

reactor types
- parametric analysis -> relative

importance of factors is sufficient
- detailed understanding may never be

achieved -> not necessary for
safety of other reactors
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TRANSIENTS ANALYSIS DUE TO REACTIVITY
INSERTION IN THE RECH-2 REACTOR

J. Klein

Chilean Nuclear Energy Commission
Santiago, Chile

ABSTRACT

This paper presents the results of some prelinâ
nary analyses of reactivity insertion in the
RECH-2 reactor, where the core is configured
with 30 fuel elements using 90% enriched urani-
um. The analysis has been made using the PARET
code, where it was considered the insertion of
the following ramps: (1) O.i $/sec, and (2) 1.5
$/0.5 sec. It is supposed that the reactivity
insertion rate occurs when the reactor has
reached different power levels up to 2 MW.

Other calculations were made in order to
study the behaviour and sensibility of the code.

INTRODUCTION

Analysis of reactivity accidents is an important part of the safety
study in any nuclear reactor. Thus, the total energy released, the power
peak, the maximum fuel, clad and coolant temperatures, the eventual par -
tial core melting, etc may be predicted for every probable case under con-
sideration.

Calculations were made using the PARET-ANL code (1). This code was
originally developed for the analysis of the SPERT-III experiments for
temperatures and pressures typical of power reactors. The latest version
of this code, developed at ANL, allows for the prediction of reactivity in-
sertion and loss of flow transient in research reactors; namely, iow pre^
sure and temperature.

The reactivity transients analyses have been made considering the in
sertion of two different ramps. Both ramps are recommended, in the refe
rence (2) for the analysis of accidents due to reactivity insertion in re
search reactors using highly enriched uranium fuels.
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All the results were obtained by applying the following heat trans -
fer correlations:

"Sieder - Tate Single phase flow
«Bergles - Rohsenow Onset of nucleate boiling
«McAdams Fully developed two phase flow
°Tong Critical heat flux
<>Zuber Void model

The core was represented by two regions, an average channel and a
hot channel. Isothermal data were used for reactivity feedback coeffi -
cients. The results given in this paper are those obtained for the hot
channel.

Calculations were also done to study the behaviour and sensibility
of the code in relation to parameters such as: reactivity feedback coef-
ficents, prompt neutron generation time, effective delayed neutron frac -
tion, inlet temperature, flow rate, inlet pressure and delay time before
control rods drop after trip.

TRANSIENTS DUE TO REACTIVITY INSERTION

In this section, the results of reactivity insertion transients are
shown for the following ramps:

(1) 0.1$/sec, and
(2) 1.5$/0.5 sec.

The reactivity insertion is supposed to happen when the reactor has
reached the power levels of:

(1) 1 W
(2) 200 kW
(3) 2 MW,

considering that 2 >!W is the nominal power for the RECH-2 reactor
using highly enriched uranium fuel.

It is also supposed that the overpower scram trip was set at 250 kW
when the reactor is operated at the power level of 200 kW and at 2.4 MW
for the other two cases. The delay for the control rods insertion was
taken equal to 69 msec.

The most important characteristics of the RECH-2 reactor core are
given in Table 1 and in the references (3), (4) and (5).
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TABLE 1.- REACTOR AND FUEL ASSEMBLY DESCRIPTION.

REACTOR DESCRIPTION

Reactor Type
Steady-State Power Level, MW
Number of Fuel Elements
Control Rods Material
Number of Control Rods
Core Geometry
Grid Plate
Lattice Pitch, mm2

Active Core Volume, %
U-235 Content/Core, g
Flow Rate, m3/hr
Inlet Temperature, °C
Operation Pressure, kPa
Moderator, Coolant
Reflector
Temperature Coefficient, $/cC
Void Coefficient, $/% void
Neutron Generation Time, Msec
Effective Delayed Neutron Fraction

Pool Type MTR
10*
30

Boral
4

6 x 5
9 x 9 positions
77.6 x 77.6

110.2
4050
1200 **
35

169.0
Water
Graphite
- 0.0137
- 0.2151
67.81
0.0075

FUEL ASSEMBLY DESCRIPTION

Uranium Enrichment, %
Type of Plate
Plates/Fuel Element
Fuel Meat Composition
Plate Thickness, mm
Meat Thickness, mm
Clad Thickness, mm
Water Channel, mm
U-235/Plate, g
U Density in Fuel Meat, g/cm3

90
Mtr, Straight

18
UAl-Alloy

1.53
0.63
0.45
2.69
7.5
0.39

* 2 MW for the reactor using highly enriched uranium fuel.
** This study consider the minimum of 550 m3/hr to operate

at 2 MW, reference (6).
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Slow Reactivity Insertion Transients

The transients analize.d here were obtained due to the insertion of a
0.1$/sec ramp.

Case 1; The reactor is being operated at the level power of 2 MW.with the
overpower scram trip at 2.4 MW, and with a flow rate of 550 m3/hr.

Table 2 shows the main results of this transient.

Table 2.- Tabulated Results of the Reactivity
Transient Due to the Insertion of 0.1$/sec.

Initial Power, MW
Ramp
Trip Time (2.A MW), sec
Min. Period, sec
f(tra). MW
T fuel (t), °C
f clad (t), °C
T outlet (t), °C
E(tm), MJ

2.0
0.1$/sec
A.96
.26
.A0 (5.03)

56.03 (5.03)
56.A8 (5.03)
A2.58 (5.0A)
11. A8

7.
2.

Case 2: In this case, the reactor is being operated at 200 kW, with an
overpower scram trip set at 250 kW. The core is cooled using na

tural convection. The results are given in Table 3.

Table 3.- Tabulated Results of the Reactivity
Transient Due to the Insertion of 0.1$/sec.
The reactor is cooled by natural convection

Initial Power, kW
Ramp
Trip Time (250 kW), sec
Min. Period, sec
P(tm), kW
T fuel (t), °C
T clad (t), °C
T outlet (t), °C
E(tm), M.T

200.0
0.1$/sec
7.75,
7.61

250.0 (7.81)
60.58 (7.82)
60.55 (7.82)
55.5A (9.05)
1.86

Neither cases reached boiling temperature.

Fast Reactivity Insertion Transients

The reactivity transients, here analized, were obtained due to the
insertion of a 1.5$/0.5 sec ramp.
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Case 1; The reactor is being operated at 2 MW, with the overpower scram trip at
2.4 MW, and with a flow rate of 550 m3/hr. Table A shows the tabu,

lated results for this transient.

Table 4.- Tabulated Results of the Reactivity
Transient Due to the Insertion of a
1.5$/0.5 sec ramp.

Initial Power, MW 2.0
Ramp 1.5$/0.5 sec
Trip Time (2.A MW), sec 0.069
Min. Period, sec 0,219
P(tm), MW 3.15 (0.1A0)
Ï fuel (t), °C 55.57 (0.160)
T clad (t), °C 55.12 (0.165)
T outlet (t), °C A1.63 (0.285)
E(tm), MJ 0.34

Figures 1, 2 and 3 show the evolution of the reactivity, the power of the
reactor, and the maximum fuel, clad and outlet coolant temperatures, res-
pectively.

This transient means no risk for the reactor, since the peak power
reaches only 3.15 MW.

Case 2: The transient starts when the reactor has reached a power of 1 W,
while the overpower scram trip is set at 2.A MW and the flow rate

is 550 m3/hr. Table 5 gives the tabulated results and Figures A, 5 and 6
show the evolution of the reactivity, the power, and the maximum fuel,
clad and outlet coolant temperatures respectively, during the transient.

Table 5.- Results of the Reactivity Transient
Due to the Insertion of 1.5$/0.5 sec.
The reactor is operated at 1 W with overpower
Scram Trip at 2.A MW.

Initial Power, W. 1.0
Ramp 1.5$/0.5 sec
Trip Time (2.A MW), sec 0.628
Min. Period, msec 17.87
f(tm), MW 179.62 (0.716)
T fuel (t), °C 207.12 (0.731)
T clad (t), °C 19A.53 (0.73A)
T outlet (t), °C , 90.73 (0.980)
E(tm), MJ A.88

The code prpdicts film boiling during 139 msec, but the clad temperature
does not reach the melting point.
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Case 3: To verify the safety of the reactor if one o more control rods
do not fall, the following case was studied: two out of four co£

trol rods do not fall into the core during the reactivity transient due
to the insertion of a 1.5$/0.5 sec ramp. The reactor power is 1 W, the
flow rate is 550 mJ/hr, and the overpower scram trip is set at 2.4 MW.
Table 6 shows the tabulated results.

Table 6.- Tabulated Results of the Reactivity
Transient Due to the Insertion of 1.5$/0.5 sec.
Two out of four Control Rods do not Fall into
the Core.

Initial Power, W 1.0
Ramp 1.5$/0.5 sec
Trip Time (2.4 MW), sec 0.628
Min. Period, msec 17.86
P(ttn), MW 229.52 (0.718)
T fuel (t), °C 237.63 (0.731)
T clad (t), °C 227.04 (0.734)
T outlet (t), °C 100.26 (0.994)
E(tm), MJ 5.59

Figures 7, 8 and 9 show the evolution of the reactivity, the power, and
the maximum fuel, clad and outlet temperatures, respectively.

The results predict film boiling during 188 msec but, as in the ca-
ses already analized, clad temperature does not reach melting point.

Case 4: Finally, self-shutdown case is analized. It is assumed that the
reactor is operated at 2 MW and the flow rate is 550 m3/hr. When

the reacrivri tv insertion starts the power diverges with all safety systems not
allowed to intervene, leaving the control of the reactor to the feedback
mechanisms, where the basic shutdown mechanism should be of thermal origin.
The results predicted by the code are given in Table 7.

Table 1.- Tabulated Results Due to a Self-
Shutdown of the Reactor

Initial Power, MW 2.0
Ramp l,5$/0.5 sec
Min. Period, msec 44.21
P(tm), MW 113.76 (0.441)
T fuel (t), °C 171.69 (0.446)
Î clad (t), °C , 157.56 (0.456)
T outlet, °C 115.58 (sat.)
E(tm), MJ 6.40
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Figure 10 shows the evolution of the reactivity and it can be observed
that the reactivity insertion does not reach the maximum of 1.5$, mainly
because of the action of the feedback mechanisms, such as: Doppler effect
in the fuel, uniform heating of the core, fuel plate thermal expansion,
moderator thermal expansion, steam generation in the channel, and geome -
trie change in the configuration.

Figures 11 and 12 show the behaviour of the power, and the maximum fuel,
clad and outlet temperatures, respectively.

RESULTS SENSIBILITY DUE TO VARIATION OF SOME PARAMETERS

All the calculations were done on the basis of a 1.5$/0.5 sec ramp,
a flow rate of 550 m3/hr, and the reactor power of 1 W with the overpower
scram trip set at 2.4 MW. The reference case results are given in Table 5.

Feedback Coefficients.

Table 8 provides some results due to changes in the normal values of
some of the feedback coefficients by ± 10%. Not any of these changes re-
present a large difference in the results compared with those in Table 5.

Table 8.- Changes with the Feedback Coefficients

Coefficient P, % T fuel, % f clad, % T out, %

Moderator Temp. -0.91 -0.52

Coefficient (+10%)
Moderator Temp. +0.92 +1.20
Coefficient (-10%)
Void Coeff. (+10%) -0.65 -0.96
Void Coeff. (-10%) +0.66 +1.03

The reactor uses highly enriched uranium fuel (90%) and, consequent-
ly, the Doppler coefficient is not important. Thus, sensibility studies
using Doppler coefficient are not included.

Kinetics Parameters^

Some calculations were also done in order to determine the influence
of changes in ±10% on the prompt neutron generation time and on the ef-
fective delayed neutron fraction. Table 9 shows that the variation gene-
rated by these parameters is larger than those produced by the feedback
coefficients, especially in the peak power.

- 0 .

+ 1 .

- 1 .
+1.

81

36

09
22

-0.14

+0.29

-2.34
+0.10
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Table 9.- Changes with the Prompt Neutron Generation
Time and the Effective Delayed Neutron
Fraction for the 1.5$/0.5 sec Insertion.

Parameter P, % T fuel, 7. T clad, % T out,

peff (+10%)
Beff (-10%)
A (+10%)
A (-10%)

Changes with the Flow Rate

Table 10 shows the results obtained by changing the flow rate ±30%.
These changes have little influence in the peak power and in the peak tern
peratures, since the resulting differences are less than ±5%.

Table 10.- Changes with the Flow Rate

Parameter P, % T fuel, % T clad, % T out,

+39.09
-32.26
-29.77
+44.00

+13.37
-16.55
-14.32
+14.99

+14.90
-17.26
-15.97
+16.71

+ 3.10
-10.74
- 9.16
+ 4.82

Flow
Flow

Rate
Rate

(+30%)
(-30%)

+ 0.
- 0.

06
12

-1
+2

.92

.96
-2.
+4.

91
10

-2.
+2.

15
09

Changes with Inlet Temperature

Not any of the changes in this case seems to introduce important va-
riation in the results. Table 11 gives the relative changes compared with
the results in the reference case, where the inlet temperature is 35°C.

Table 11.- Changes with Inlet Temperature

Inlet Temp., °C P, % T fuel, % T clad, % T out,

25
45

+0.
-0.

85
70

-0.
+4.

88
25

-4
+6

.42

.27
-11.
+ 10.

16
48

Changes with Control Rods Drop Delay Time

Calculations were made in order to determine the influence of changes
in the delay time before control rods drop into the core after trip. Ta-
ble 12 shows the results obtained by changing this parameter -20%.
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Table 12.- Changes with Control Rods Drop Delay Time

Parameter P, % T fuel, % T clad, % T out,

Delay Time (-20%) -49.65 -24.73 -23.46 -28.40

From the results given in Table 12 it can be concluded that changes in the
delay time of control rods drop produce strong variations in the values
of peak power and maximum temperatures for the 1.5$/0.5 sec insertion.

CONCLUSIONS

These studies confirm that fast reactivity insertions could be able
to produce serious damages to the fuel elements, specially when the reac-
tor is being operated at very low power (near 1 W) with an overpower scram
trip set at 2.4 MW (20% over the nominal power). In these cases, the clad
temperature at the hot channel barely exceedes the temperature of onset
of nucleate boiling (ONB).

When the reactor is operated at 2 MW and the overpower trip is set at
2.4 MW, the reactivity insertion of 1.5$/0.5 sec produces clad temperatures
below the ONB temperature.

For fast reactivity insertion with two out of four control rods block-
aded while the reactor is critical at 1 W and with an overpower scram
trip at 2.4 MW, the clad temperature reaches 227 °C. During the develop-
ment of the transient, film boiling is produced for 188 msec.

The results obtained for fast reactivity insertion with self-shutdown
show a maximum clad temperature of 158 °C. After some fluctuations, the
clad temperature smoothly increases, but up to levels below the maximum.

For fast reactivity insertions, the power and the fuel temperature
could overtake the peak values in a few milliseconds. Particularly, in
the case of self-shutdown peak power of 113.8 MW was reached in only
441 msec and the pressure in the hot channel increased up to 14 kg/cm2 in
about 10 msec producing a significant differential pressure across the core.
This transient could produce deformation in the fuel plates, narrowing some
channels and melting some plates due to absence of coolant. Therefore, se-
veral reactivity transients could produce eventual partial core melting ,
not predicted by the PARET code which always assumes integrity of core and
fuel geometry.

Sensibility studies due to variations in some entrance parameters of
the PARET code, demonstrate that changes in the kinetics parameters and in
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the control rods drop delay tiree produce the most important variations iti
the values of peak power and maximum temperatures. Nevertheless, changes
in the feedback coefficients, flow rate of coolant, and in the inlet tem-
perature do not produce relevant differences in the results with respect
to those of the reference case.
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INTRODUCTION

The reason for this work was Dr Rajamëki's conjecture that

fragmentation of nuclear fuel in a transient could lead to

an increase in reactivity due to improved cooling of the

fuel. In most cases it can be taken for granted that, with

the fuel temperature constant, fragmentation of nuclear fuel

leads to decreased reactivity due to the increase in

resonance absorption caused by the decreased self-shielding.

However, the increase in the surface to volume ratio of

fragmented nuclear fuel enhances cooling, and so does loss

of the cladding and the fuel-cladding gap. If the fuel is

hot - as it presumably has to be for fragmentation to take

place - this improved cooling can release much of the

reactivity bound by the Doppler coefficient. RajamSki

conjectured that for large fragment sizes this

temperature-caused increase in reactivity could overcome the

decrease caused by geometric effects, and that this

phenomenon may have contributed to the Chernobyl accident by

keeping the reactivity high after the fuel started to

disintegrate. To check this possibility some calculations

described below were carried out.

PHASE 1: CALCULATIONS ON LWR FUEL

When using the CASHO-HEX program, the only way of studying

the effects of fuel fragmentation short of full

homogenization is to represent the fuel fragments as fuel

pins of small diameter. Specifically such a pin is

neutronically more or less equivalent to an arbitrarily

shaped fragment with an average chord length equal to the

pin diameter. For a preliminary survey of the problem it was

decided to keep the system as simple as possible, which

meant calculations on single pin cells with a fuel pin of

the desired diameter surrounded by water, keeping the ratio

of the cell and pin radii constant to maintain a constant

water to fuel volume ratio. No cladding was included. This



simple cell can be considered reasonably representative of

fuel fragmentation in an LWR but is not appropriate as a

description of RBMK reactors, thus the results are more

applicable to LWRs than to RBMKs.

The calculations were carried out using CASMO-HEX with the

ENDF/B-III-based E3LI69B data library, the pin cell option

and 36 macrogroups. Probably a much smaller number of

macrogroups would have been sufficient, but we did not want

to waste time on determining the minimum number of

macrogroups needed. The ratio of cell to pin radius was

fixed at 1.6, giving a water to fuel volume ratio of 1.56,

close to the value in a WER-440 reactor. 3.6 % enriched

fresh UO. fuel with a density of 10 g/cm was used. The

water had a temperature of 557 K and 3 alternative

densities, namely 0.740, 0.458 and 0.177 g/cm . No boron was

included. Likewise 3 fuel temperatures were used. The fuel

temperature was either fixed at 557 K (the coolant

temperature) or 3073 K (taken to be the melting point of

UO-J or allowed to vary as Tw + Cr^ , where Tw is the

coolant temperature and r_ the fuel pin radius with C a

constant chosen to give a temperature of 3073 K at the

largest radius. Five different radii were used as shown

below:



Table 1: Radii and variable fuel temperatures

Case Pin radius Cell radius Fuel temperature

(cm) (cm) K

1 0.575 0.92 3073

2 0.3775 0.604 1641

3 0.2 0.32 861

4 0.1 0.16 633

5 0.05 0.08 576

Cases 1 and 2 correspond to intact RBMK and WER-440 fuel

pins, respectively.

Table 2 shows the results, specifically kB as given by the

1-dimensional macrogroup calculation in CASMO-HEX.

Table 2: km for single fuel pin cell

Fuel temp. Water dens. Fuel radius (cm)

(g/cm3) 0.575 0.378 0.2 0.1 0.05

557 K 0.740 1.384 1 363 1.335 1.314 1.301
0.458 1.292 1.271 1.248 1.234 1.223
0.177 1.077 1.066 1.056 1.050 1.043

variable 0.740 1.312 1.320 1.319 1.309 1.300

0.458 1.206 1.222 1.231 1.229 1.222

0.177 0.982 1.013 1.037 1.045 1.042

3073 K 0.740 1.312 1.282 1.246 1.219 1.201
0.458 1.206 1.179 1.151 1.132 1.120
0.177 0.962 0.969 0.958 0.951 0.944



The absolute values are not germane to this investigation,

only the trends need be considered.

It can be seen that for fixed fuel temperature the

reactivity declines with increasing fuel fragmentation as

expected. On the other hand, when the fuel temperature is a

function of the fuel radius, RajamSki's conjecture is

confirmed. The highest reactivity is reached at intermediate

lump sizes. Decreasing the water density shifts the maximum

towards smaller sizes.

The above shows that under certain circumstances it may be

necessary in LWR safety analyses to study the reactivity

effects of fuel fragmentation using a range of fragment

sizes. It cannot be taken for granted that fuel

fragmentation always leads to a loss of reactivity as

compared with hot, intact fuel, and neither can it be

assumed that the reactivities occurring in an accident

leading to fuel fragmentation are bounded by the

reactivities of hot, intact fuel and fully homogenized fuel

at the coolant temperature. However, as far as they go, our

results support the assumption that the reactivity of intact

fuel with a temperature equal to that of the coolant does

represent the upper limit of the achievable range, so if

such fuel is subcritical, no further investigation of the

reactivity is needed, unless the degree of subcriticality

must be known.

The temperature span considered in this investigation is

rather extreme, with the average temperature of the fuel

stretching from the coolant temperature to the melting point

of UO-. However, such an extreme range may well be relevant

to situations where the fuel may disintegrate. One may also

ask how fast the fuel temperature could sink to the value

assumed here, but the thermal time constants for smallish

fuel fragments can be rather small.



PHASE 2: CHERNOBYL ACCIDENT SIMULATION WITH INTACT OR FULLY

HOMOGENIZED FUEL

In this phase a simple attempt to simulate the Chernobyl

accident with CASMO-HEX was carried out. In fact, a similar

series of calculations had been carried out earlier, but the

macrogroup structure used at that time has subsequently been

found inadequate, so it was considered necessary to repeat

this series. In effect, we started with a CASMO-HEX

calculation on a channel cell of the reactor in the state it

was in at the start of the transient and then applied one

change at a time. First the void content was increased from

0 to 40 %. Next the fuel temperature was raised from 588 K

to 3073 K. Then the fuel pins and the zirconium of the

cladding and tie rod were homogenized into the water

(homogenizing the tie rod iB unrealistic but necessary due

to program limitations) and the channel cell was treated as

a large pin cell. Three different temperatures were used for

the homogenized mixture, namely the component temperatures

of 3073 K and 557 K and an intermediate temperature of 1562

K, since it is not known what temperature would be

appropriate. Next the density of the mixture was decreased

to simulate the effect of the water boiling and streaming

out of the core, sweeping the fuel and zirconium with it.

Since the UO, and Zr are denser than water - not to mention

steam - they would tend to lag behind, so it was also

considered necessary to carry out calculations on the

homogenized state with a decreased water density, and for

this the limiting case of no water at all was chosen.

The results are shown below, expressed as the change in ke££

relative to the initial state, either as such or expressed

in dollars for a delayed neutron fraction of 0.004473. The

absolute values of keff are not relevant, but if anybody is

interested in them, they can be reconstructed from the- fact

that the calculated kftff of the initial state was 1.06630.

There are several reasons why this value is higher than the

correct value of 1. Some of them are given in previously



published reports on Chernobyl calculations /I, 2/, and in

this case an additional contribution of about 0.02 comes

from the use of a simplified composition for the fuel at an

initial enrichment of 2 % and a burnup of 10.3 MWd/kgU. Of

the 38 burnable nuclides in the burnup calculation, only the

18 most important were retained to simplify the task of

homogenizing the fuel into the coolant.

Table 3: Simple simulation of the Chernobyl accident.

Heterogeneous cases

Void (%)

0

40

40

Homogeneous cases

Relative density

1

1

1

1/2

1/3

Homogeneous cases

Relative density

1

1

1

1/2

1/3

Tf (K)

588

588

3073

, water

mix l

3073

1562

557

557

557

, water

Tmix (I

3073

1562

557

557

557

ûkeff

0

+0.00730

-0.02061

present

R) Akeff

-0.01218

+0.00166

+0.00290

+0.02380

+0.01331

absent

O Akeff

+0.00152

+0.01648

+0.03565

+0.06013

+0.04664

ûkeff

0

+1.63

-4.61

ûkeff

-2.72

+0.37

+0.65

+5.32

+2.98

ûkeff

+0.34

+4.13

+7.97

+13.44

+10.43

As can be seen, the increase in void results in increased



reactivity, but the increase in fuel temperature more than

cancels this. So far, this is quite unremarkable. Then, with

the homogenization of the fuel into the coolant, we get an

increase of reactivity rather than the decrease one would

expect. This is probably due to the increase in temperature

of the water in the homogenized mixture. (He must also

remember that the calculation method is changed at this

point, with unknown effects on the error in the

calculations. However, comparing the second and sixth cases

in Table 3 indicates that the change in reactivity caused by

the homogenization itself is about -i $, at least at low

temperature.) The temperature of the water is raised from

557 K' to 3073 K, which in an RBMK reactor increases the

reactivity. This rise in temperature is not, however,

realistic. No attempt has been made to estimate the actual

temperature of the UO^-Zr-H-O mix, but it would probably be

nearer 557 than 3073 K. This means less reactivity from

raised water temperature but more from lowered fuel

temperature, and the latter effect dominates, so that at

realistic temperatures we get a slightly supercritical

system. As the mixture expands and streams out of the core,

the decrease in resonance absorption initially leads to a

substantial further increase in reactivity, making the

reactor prompt supercritical by a wide margin. As the

density decreases further, the increasing scarcity of

fissile material naturally decreases the reactivity,

presumably finally terminating the transient but not until

the reactor has been destroyed. Taking into account the slip

of the water and steam relative to the heavier UO2 raises

the reactivity still further, although the assumption of

complete absence of water in Table 3 i6 exaggerated.

As was pointed out, the calculations above are greatly

simplified. For instance, they assume that the same things

happen everywhere in the reactor simultaneously. However,

they do indicate that there is a considerable potential for

reactivity increases in RBMK reactors if the fuel

disintegrates, without taking into account the effect of
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finite fragment sises.

PHASE 3: RBKK CALCULATIONS WITH FINITE FRAGMENT SIZES

An attempt was made to study the effect of fuel

fragmentation into fragments of finite size in RBMK reactors

by subdividing the fuel into greater numbers of pins with

-smaller radii, increasing the overall number of pin cells to

retain the correct amounts of all materials in the channel

cell. In this context it was not considered meaningful to

try to retain the correct spacing between fuel pins, which

otherwise is important in RBMK calculations, so instead of

using what we call "geometry 1", which does this /3/, we

switched to "geometry 2", which keeps the water and graphite

in separate cells at the expense of increasing the pin

spacing..To be able to compare the results of this phase we

therefore first carried out a calculation which was

identical with the third case in Table 3 except for the use

of geometry 2 instead of 1 (this is not shown in Table 4).

The change in * e f f was -0.00707, and the remaining

calculations were corrected for this bias.

In the. 6econd calculation, the fuel was retained intact but

the cladding and the fuel-cladding gap were homogenized into

the.jwaterrfThis naturally improves the cooling, and an

arbitrary 400 K decrease of the fuel temperature was applied

to account for this. Next, fuel radii of 0.332 cm and 0.1917

•cB^vete used (the normal value is 0.575 cm), with the

temperature difference between the fuel and the water

proportional to the square of the fuel radius and with all

materials remaining in the core, i.e., with the number of

pins inversely proportional to the amount of UO, per pin.

Finally, in an attempt to simulate the sweep-out which above

was found to increase the reactivity, we performed a

calculation with a pin radius of 0.1917 cm and a number of

pins equal to 1/3 of what this radius would imply if the UOj

were conserved. The density of the zirconium-water-mixture



was similarly reduced to one third of its normal value. The

results are shown below, again expressed as changes in k --

relative to the*first case of Table 3 and corrected for the

bias introduced by the change of geometry.

Table 4: Effects of fuel fragmentation in RBMK (adjusted for

bias)

Fuel pins

(cm) (K)

ûkeff ûkeff
($)

18 0.575 2673 -0.01955 -4.37

54 0.332 1262 -0.01219 -2.73

162 0.1917 792 -0.01017 -2.27

54 0.1917 792 -0.01463 -3.27

All the above cases are subcritical, so it appears that for

an RBMK fuel disintegration into finite fragments does not

give higher reactivities than full homogenization. He have

not yet tried to find the reason (or reasons) for this.

Sweep-out of fuel from the core apparently decreases the

reactivity when the fuel is subdivided into finite

fragments, and this observation has an obvious explanation.

Since the finite-sized fuel lumps retain a significant

degree of geometric shielding of resonance absorption, the

decrease of this absorption resulting from the loss of fuel

does not suffice to compensate for the lesser amount of

fissile material.
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ABSTRACT

After placing the development work on reactivity accidents in the

various actions decided upon further to the Chernobyl accident, this

note describes the first results obtained and the further develop-

ments.

As a general rule, the Chernobyl a accident has not provided, from a

strictly technical viewpoint, any fundamentally new material which

had previouly been unkown. Analysis have made it possible to more

clearly establish the safety importance of certain operating rules,

in particular concerning handling whithin coolant system pumps. They

have not show the need to modify the design of the french PWR.s.

This development work must be continued to gain a fuller understan-

ding of the behaviour of fuel, specially after irradiation and power

cycling.
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1 . THE ACTIONS INITIATED AFTER THE CHERNOBÏL ACCIDENT

After the Chernobyl accident, the minister in charge of Industry

requested the two French operators of nuclear reactors (Electricité

de France and Commissariat à l'Energie Atomique), as well as the

Institute for Nuclear Safety and Protection of the Commissariat à

l'Energie Atomique which provides the governement authorities with

technical support in matters of safety, to examine the nature of the

different studies on measures which it would appear to be appropriate

to initiate to draw from the Chernobyl accident information liable to

concern the safety of French nuclear reactors.

The materials supplied by these three organizations was the subject

of a first synopsis in July 1986, which was supplemented after the

INSÂG meeting in September 1986.

As a general rule, the Chernobyl accident has not provided, from a

strictly technical viewpoint any fundamentally new material which had

previously been unknown. This confirmed French policy, which is

based, on one hand, prevention backed up by the implementation of

additional measures to render acceptable the consequences of

situations previously considered to be "outside design limits" and,

on the other hand, the implementation of simple arrangements for

limiting consequences. One of the results of the accident have been

the intensification of the efforts made to make all the arrangements

operational as soon as possible. In this field, additional study has

been initiated on the modes of failure of pressurized water reactor

containments by explosion (steam explosions and hydrogen explosions).

In the field of human error, the Chernobyl accident has led to

additional consideration being given to two points. The first is the

safety culture of the operating staff, the second is the arrangements

made to avoid any accidental manoeuvres which may inhibit certain

safeguard actions.



The lessons essentially relate of the problems of managing crisis

situations. In particular, re-examination of the internal emergency

plans of the installations has been carried out for the principal

purpose of confirming their operational nature, in the event of heavy

contamination of the site.

As concerns reactivity accidents (RIA) in pressurised water reactors

the examination has covered both prevention (in particular the

maintaining of the integrity of the control rod mechanism housing),

the margins available in the calculations of the consequences and the

response of the reactor in the event of ejection of a number of

clusters or other severe reactivity accidents.

This presentation of the post-Chernobyl program shows that re-exami-

nation of reactivity accident has not been only action taken, or even

that to which the most work was devoted.

2. REACTIVITY ACCIDENTS

For pressurised water reactor units, the scenarios reliable to lead

to a reactivity accident have been studied from the beginning and the

results are shown in the safety analysis reports. These studies are

partially remade every year to confirm the possibility of refueling

the core in the planned manner.

Incidents and accidents which lead to the most significant and rapid

increases in reactivity are the following.

. uncontrolled dilution of boric acid,

. uncontrolled control rod cluster group whithdrawal,

. withdrawal of a control rod cluster,

. ejection of a control rod cluster,

. steam line break



The reactivity insertion rates during these accidents are very

different, from 10 pern per second for steam line break to 5 to 600

pem in 0,1 s for control rod cluster ejection.

The actions decided upon in 1986 related to two complementary

approaches.

The first approach consists in :

. examining all accidents studies in PWR safety reports to determine

for each parameter (value of control rod cluster ejected, coefficient

of reactivity for example) the impact of a variation of this

parameter on the consequences of the accident.

. analyzing the means implemented to limit the initial statement

variation of the parameter to within the acceptable range (e.g. the

precautions taken to keep the control rod clusters whithin to top of

the core to limit the consequences of accidental whithdrawal) and to

verify that the reliability of these means is compatible with the

potential consequences of an excursion from the authorized range.

This first approach has the advantage of being comprehensive but

takes a long time to complete and the last results should be obtained

by mi-1988.

It was decided to carry out in parallel a second study limited to the

accidents liable to lead to fuel fragmentation in the coolant. This

second sudy was intended to determine the conditions in which the

fuel could be dispersed in the coolant and the immediate precautions

to be taken to limit the risk.

The first study was carried out by Electricité de France and the

second by Nuclear Safety and Protection Institute.

• m • / • • •



The first results obtained, the difficulties encountered and the

future developments in the work of the Institute for Nuclear Safety

and Protection are described below.

3. CONTROL ROD CLUSTER EJECTION

In the event of control rod cluster ejection after a coolant leak in

the top of a control rod roechanim housing the reactivity released in

the core can be greater than the fraction of slow neutrons (500 to

600 pern) and the reactor core then becomes prompt critical. The

lifetime of the prompt neutrons (approximately 20 micro seconds) is

such that only the Doppler feedback can halt the reaction. In this

type of accident, the parameter which determines the behaviour of the

installation is the energy stored in the fuel.

The behaviour of fuel under these conditions has been experimentally

studied, mainly in the USA (SPERT and PBF tests) and in Japan (NSRR

tests). The results have shown that for non-irradiated rods :

. the fuel is no long sealed (cracking of the cladding by interaction

between it and the pellets) for an enthalpy of the order of 205 or

225 cal/g or U02.

. the rod is badly damaged and distorted from 280 cal/g and cooling

of the core may become problematic,

. above 300-325 cal/g fragmentation of molten fuel appears.

The studies included in the safety analysis reports use a criterion

of 230 cal/g for new fuel and 200 cal/g for irradiated fuel. The

results show that there is a margin of at least 20 cal/g with regard

to this criterion in 1300 MWe units. For 900 MWe units, the margin is

even greater.

••«/•••



Examination of the corresponding studies shows that the hypotheses

used are extremely conservative but that two points nevertheless need

to be examined in greater detail.

3.1. Confirmation of the criterion concerning the everage enthalpy

not to be exceeded

All the experimental results have been obtained with new or weakly

irradiated fuel (30.000 MVWD/Mtu)and no tests have been carried out

on fuel which has undergone power cycles comparable to those

resulting from load following and frequency adjustement as carried

out in French power stations. As concerns the pheomenon of

fragmentation of the fuel, the fact that the cladding may or may not

have undergone a number of power cycles should not be a fundamental

parameter. It is nevertheless necessary to confirm this hypothesis

experimentally.

The development program provides for :

. recalibrating the PHYSURA design code (appendix 1) with the NSRR

experimental results,

. contact with research workers in charge of the NSRR program to

examine the possibility of studying the behaviour of fuel at a high

burnup and the fuel cycle,

. and the possibility to confirm the emission ratio of fission

products in case of LOCA, with the PHEBUS PF results (Appendix 2).

This experiment should give indications on the possibility to gain

reactivity by expulsion of gazeous fission products which are

neutrons absorbers.

3.2. Effectiveness of the ejected control rod cluster or clusters

The calculations show that to obtain a stored energy of 300 cal/g, it

is necessary to rapidly inject reactivity of the order of 1.200 pern.
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Under normal operating conditions (observance of limiting insertions

imposed by the technical operating specifications) and in view of the

worst Xenon distribution cases, it can be demonstrated that the

effectiveness of an ejected control rod cluster is less than 700 pcm.

This value is thus significantly below the limit.

This leads us to two questions : must allowance be made for

ejection of a control rod cluster when inserted, under the insertion

limit for phy3ic tests at the beginning of the cycle for example, and

must the ejection of several control rod clusters be considered ?

The Institute of Nuclear Safety and Protection considered that, in

view of the difficulty in establishing the uncertainty concerning the

probability of combinations of events of such low frequency, the

decision should not be made on a probabilistic basis alone. It was

therefore decided to calculate on a "realistic" basis the

effectiveness of an ejected control rod cluster including that liable

to be ejected during the test periods at the beginning of each cycle.

The results, which should be available at the end of 1987, will make

it possible to confirm whether it is possible to continu to carry out

the tests at the beginning of each cycle.

The Institute for Nuclear Safety and Protection decided to

investigate combinations of two control rod clusters liable to be

present at the same in the core of which the total reactivity is

1.200 pcm or more. The results of these studies should be available

at the end of 1987.

As concerns the ejection of a number of control rod clusters, it must

be noted that if they are to be effective the control rod clusters

must be ejected at the same time (within 0.1 s). Indeed, if the

second control rod cluster is ejected after the first has heated the

fuel, the effect is not cumulative.

•«•/••*
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In the field of prevention, a study has been begun of hazards liable

to result in simultaneous fracturing of a number of control rod

mechanisms housing. The first spin off of this analysis will be a

formal basis for a rule already applied in French nuclear units. This

rule consists in forbidding any handling of heavy loads in the

reactor building, specially that of the anti-missile slab, when the

reactor coolant system is under pressure.

The possibility of improving in-service checking of control rod

mechanism housing is also being studied.

H. INTRODUCTION OF DILUTED WATER INTO THE CORE

The second type of study has consisted in investigating situations in

which there is a risk of borate-free water being suddenly introduced

into the core. In this type of scenario, borate-free water is first

accumulates in the reactor-coolant system loops, while the core is

moderated by borated water, then when pumps restart, borate-free

water is suddenly introduced into the core.

During the first phase, flow in the loop must be very slow or null,

which means that the primary pumps must be stopped and natural flow

must be very slight. If dilution of the loop is added to these two

conditions, it becomes clear that we are dealing with situations

which are plausible but are highly ulikely.

At the present time, two scenarios are being analyzed.
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Scenario No.1 assumes :

1. Total loss of the electrical power supplies and failure of the

equipment involved in procedure H3 to start (standby turbo-alter-

nator, primary pump seal injection pump and turbine-driven feedwater

pump) for one hour.

2. Restarting of one steam generator auxiliary feedwater pump one

hour after the start of the accident.

3- Electrical power available a few minutes later and startup of a

primary pump.

The calculations carried out show that during phase 1 boiling takes

place, during phase 2 condensation occurs and water with a low borate

content accumulates in the crossover leg ; restarting of the pump

in phase 3 sends this water into the core.

The second scenario envisaged concerns the case of a new reactor

(without residual heat) which during dilution (ie for example 10

m3/hour for the first criticality) looses the primary pumps, the

operator then failing to stop dilution and restarting the primary

pumps, without taking precautions, a few moments later.

The purpose of these studies is to determine which precautions should

be taken before restarting the first primary pump. The only conclu-

sion which can be drawn at the present time is that it has not been

possible to demonstrate that it is impossible to form a plug of water

of low borate content and for it to be suddenly send into the core.

• ••'•••
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Until the results confirm or Infirm the risk, associated with this

kind of scenario, EdF has confirmed to the operators, the need to

stop any dilution when reactor coolant pumps are out of service.

5. STEAM LINE BREAK

Sudden draining of the secondary part of one or more steam generators

whould lead to significant cooldown of the reactor coolant system

and if moderator temperature coefficient is highly negative for an

increase in core reactivity.

In a 900 MWe PWR (three loops) draining of one steam generator

Introduces 2.000 pcm, and draining of two steam generators injects

4.000 pcm in 200 and 300 s.

The number of control rod clusters available for scram must be

sufficient to avoid fuel damage when the core return to power.

The steam generator draining accident determines the total number of

control rod clusters and establishes maximum control rod insertion

when the core is critical. The insertion limits must also limit the

consequences in the event of ejection of a control rod cluster. The

hypotheses used in this type of study are extremely conservative, in

particular those concerning the stuck control rod cluster, but two

events could change the consequences of the accidents :
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. draining of more than one steam generator,

. draining of a steam generator while the control rod clusters are

inserted below their insertion limits at the end of cycle.

Studies of draining of two steam generators have been carried out for

900 MWe and 1.300 MWe units. The hypotheses have been chosen on a

"realistic" basis, in particular it was not considered a stuck

control rod cluster. Using these hypotheses, it is demonstrated that

the consequences are not greater than those with draining of a single

steam generator under conservative hypotheses.

The likelihood of an accident occurring when the reactor is under

testing at the end of a cycle is extremely remote as the tests are

normally carried out at the beginning of the cycle during restarting.

The occasion might nevertheless arise of tests being made at end of a

cycle to check certain safety parameters. The Institute for Nuclear

Safety and Protection considered it necessary to determine the

consequences of an accident occurring under these conditions in order

to be able to make a decision as to the appriateness of continuing to

authorize such tests.

In the event of cooling caused by the draining of one or more steam

generators, the rate of variation of reactivity is of the order of

some tens of pcm per second. If the effectiveness of the control rod

clusters was not sufficient, the core would go in power, the DNB

could be acheived and if cooling then continues there is a risk of

melting of the cladding and/or the fuel. Calculations with a simple

point kinetic model have shown that the rates of reactivity variation

considered, it is only possible to reach a high stored energy (300

cal/g) value after the melting point of the cladding has been

exceeded.

• • • / • • •
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To study the behaviour of fuel during this phase, it is necessary to

have a fuel behaviour model linked to a thermo-hydraulic model. An

initial study has been begun to provide the PHYSURA code with a

suitable thermohydraulic model.
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APPENDIX 1

DESCRIPTION OF PHYSURA CODE

MODEL FOR FAST BREEGER REACTOR FUEL

EEHAVIOUR UNDER LOSS OF COOLING



1. BASIC APPROACH

In an undercooling accident in a fast breeder reactor, the fuel pins

are subjected to power transients leading to failure of the cladding

and movement of materials. As such movement of materials results in

variations of radioactivity, it is important for it to be accurately

described.

The approach adopted by CEA in this field is to establish experiments

making it possible to understand the fundamental phenomena without

the tests necessarily involving prototypes. The purpose is to

separate the parameters and develop models which can be applied to

accident situations, the principal requirements for such models being

simplicity and satisfactory experimental validation. These models,

once developed and tested, are then linked together to constitute the

PHYSURA code.

This code is described in the following three sections :

. pre-irradiation,

. phenomena preceding cladding failure,

. phenomena following cladding failure.

2. PRE-IRRADIATION

Before making calculations for transients, it is important to

determine the initial condition of the fuel pin. This is carried out

with the TOSURA model which calculates the geometry of the pin, the

axial and radial distributions of plutonium and oxygen, the retention

of fission gas and the porosity up to the end of the pre-irradiation

period. The results of TOSURA are then introduced into PHYSURA as

input date.



3. PHENOMENA PRECEDING CLADDING FAILURE

Calculation models of PHXSURA code are able to :

. calculate for transients the temperature changes in the fuel, the

cladding, the sodium (to boiling point) and the structure,

. determine axial and radial expansion of the fuel, loading of the

cladding and contigent failure,

. calculate the behaviour in transients of the fission gases,

particularly their availability for fusion,

. calculate the hydraulics, the boiling of the sodium and drying out

of the cladding,

. calculate the axial movement of the molten fuel within the central

cavity of the pin (if there is one).

All these models can be considered to be validated for fast breeder

reactors. Extension of their validation to PWR calculations is in

progress.

4. PHENOMENA FOLLOWING CLADDING FAILURE

At the time of loss of pin geometry, three separate situations

require consideration :

. channel unstressed : sodium channel drained, cladding melted,

. channel stressed : sodium liquid, cladding intact,

. channel semi-stressed : boiling of sodium but cladding intact.

Models have been ajusted for each situations.
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1• BASIC OBJECTIVE

The purpose of the PHEBUS fission product program is to carry out, in

the PHEBUS installation of CEN/CADARACHE, experiments for overall

validation of calculation tools used for assessment of the "source

term" in the event of a severe accident in a PWR.

2. SPECIFIC OBJECTIVES

The principle of the experiments consists in studying, in a pile and

on a cluster of 21 pre-irradiated fuel rods (20 to 30.000 MW j/t) the

principal phenomena governing tr'anfer of fission products as far as

the containment in a postulated accident involving dryout of the core

without avaibility of standby cooling systems.

The phenomena studied are more specifically :

. The kinetics of the release of fission products as a function of

the fuel temperature,

Accumulation of fission products in a system simulating the reactor

coolant system of a reactor for different values of the principal

parameters governing damage to the core when dry, power per unit

length, flow rates of steam and hydrogen, temperature and pressure of

mixed gases.

Identification of the physicochemical natures of the fission

products,

Behaviour of fission products discharged into an enclosure

simulating the containment of a reactor.



3. EXPERIMENTAL INSTALLATIONS

This consists of two principal parts

experimental circuits.

the Phebus reactor and the

The Phebus reactor is provided with a cooling tower and will be able

to operate continuously at a power level of the order of *)0 MW. It

includes, along its axis, a cylindrical irradiation cavity for the

test fuel.

The test fuel is an assembly of 21 rods of which one simulates

components of a control rod. The fuel is U02 already irradiated in a

reactor which is representative of a power reactor under normal

operating conditions. Also, it will undergo additional irradiation in

Phebus in order to reconstitute the stock of short life fission

products. It will be housed in a structure which enables it to be

manipulated in the pile and its containment, whatever its degree of

degradation.

The experimental system (or fission product system) includes :

. a reactor coolant system simulation : horizontal length, relative

position in elevation and component unchanged,

. a tank simulating the containment,

. a tank enabling depressurization of the preceding tank, making it

possible to reproduce :

- a containment failure at various time after the accident

- leaks,

- programmed venting with or without filtration before release to

the atmosphere.

A pressurized water system (280°, 80 bark) for externally cooling the

test device.

• • • / • • •
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PRELIMINARY EVALUATION OF THE INITIATION

PHASE OF THE TSCHERNOBYL ACCIDENT

1 . INTRODUCTION

A brief event description and a first preliminary evaluation of the ini-

tiation phase (up to the power excursion) is given on the basis of the

information obtained during the Vienna meeting from August 25 to 28,

1986. The brief description of the event is based on chapter 2 through

4 of the Russian working document for the post accident review

meeting, part 1, general material (English version) / 1 / and on addi-

tional information obtained during the presentations and discussions of

the meeting. A more detailed event description in chronological order

is given in / 2 / . The evaluation of the event takes into account some

design details contained in annex 2 of / I / and results of own core

dynamics calculations performed before and during the Vienna meeting.

The evaluation can only be preliminary and incomplete due to the lack

of information on details of the design (e.g. control system, protection

system, other safety systems) and a complete lack of information on

test and operating procedures. Furthermore the evaluation of the tran-

sient behaviour of the Chernobyl plant is very difficult due to the lack

of information on results of design calculations.

For the sake of a clear structure of the evaluation the event is de-

vtded into four phases (see also f ig. 1):

Phase 1: Reactor power reduction (April 25, 1.00 h to midnight)

Phase 2: Preparation of the experiment (April 26, 0.00 to 1.23.04 h)

Phase 3: Performance of the-experiment (April 26, 1.23.04 to 1.23.40 h)

Phase 4: Excursion (April 26, 1.23.40 to 1.23.45 h)
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It should be noted that the four phases are very different in time

duration, while phase 1 lasts 23 hours, phase 4 is over in a few

seconds.

The planned operation was a regular shutdown of the plant in com-

bination with a test at one turbo-generator (the Chernobyl 4 plant has

two turbo-generators). The purpose of this experiment was to test the

possibility of utilizing the mechanical energy of the rotor in a

turbo-generator during rundown. The energy should be used to power

one subsystem of the reactor's fast acting emergency core cooling

system (ECCS). Similar tests had already been performed at the Cherno-

byl plant. However, it is stated that the working program for experi-

ments on this turbo-generator of the Chernobyl nuclear power plant

was not properly prepared and had not received approval. Details of

this working program for experiments are not known, but apparently

this program has been specified without serious consideration of safety

aspects.

2. COURSE OF THE EVENT

2.1 Reactor Power Reduction

2.1.1 Description

On April 26 at 1.00 h a normal power reduction for reactor shutdown

was started. At about 13.00 h (power level about 50%) a first turbo-

generator was switched off. All electric equipment was switched to the

second turbo-generator. At 14.00 h the emergency core cooling system

was disconnected from the main coolant loops. Because of grid demand

the power reduction was interrupted for about 9 hours before further

power reduction continued (23.10 h). The power reduction was planned
to continue to a power level of about 25% (700-100 MWth).
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2.1.2 Evaluation

The most significant aspect of this phase of operation was the discon-

nection of the emergency core cooling system (it was stated that this

was in agreement with the test specification). It is not known whether

the disconnection of ECCS is a simple switching procedure or requires

more complicated operator actions and blocking of safety system

signals. Due to the grid demand the shutdown was interrupted and

power was generated at a level of about 50% for more than 9 hours with-

out having the emergency core cooling system available. This was a

dangerous state of operation, however, this condition had no effect on

the initiation of the event, as no ECCS initiation signal was generated

during later phases up to the excursion.

Another effect of the interruption of the power descent was the poison-

ing (Xenon) which had an influence on the reactivity balance during

the later phases of the event.

A further evaluation of the operating conditions during the shutdown

period of the plant is not possible because of lack of more detailed

information (e .g . part load diagram). It is supposed that during the

power reduction period plant conditions may exist which are more un-

favorable as initial conditions for certain incidents and accidents than

the full power conditions. The most critical conditions are the ones

with low neutron power and high coolant fiow.

2.2 < Preparation of the Experiment

2.2.1 Description

During this phase the operators tried to establish the initial conditions

for the experiment. For several reasons the operators did not manage

to meet si; initial conditions. For about 1 1/2 hours they tried to

establish a rather steady condition from which they could start the ex-

periment. The most important facts and actions are mentioned here brief-

ly-
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28 Minutes past midnight the power suddenly dropped to about 1%

during the transition from autoivxtic local power control to automatic

global power control. Thib is an action forseen at low power levels,

however, it failed due to the omission of setpoint balancing between

the two control modes. Within 30 minutes the power was brought back

to about 7%, however, due to the poisoning of the reactor this was

only possible by pulling more rods than permitted in the operating pro-

cedure. It was; stated that the regulation requirement with respect to

minimum operational excess reactivity was violated. After the power

level of 7% had been achieved the operators started two more main

coolant pumps (during full power operation 6 main coolant pumps are

running, for the experiment it was specified to operate all 8 main

coolant pumps).

During this period of time the plant behaviour was rather unstable,

maximum permissible flow rate for the main coolant pumps was exceeded

and the steam separator water level and pressure were dropping below

the scram levels. The operators locked the scram signals for low water

level and low pressure. Due to low feedwater flow and very high main

coolant flow (compared to the reactor power) the main coolant system

was very close to saturation in the downcomer and the pump area. The

feedwater flow was increased in order to increase the drum level. This

caused a reduction in void content in the reactor core due to the in-

crease of cold water supply. Consequently negative reactivity was

added due to the positive void coefficient. This was compensated by

the automatic control system by further rod removal (though the rods

were already further out than allowed). At 1.21.55 h the feedwater

flow was reduced quickly and drastically because the drum level had

already increased. The feedwater flow was reduced too much compared

to the balance value for this power level. At 1.22.30 the reactivity

margin was only 50% of the permissible value. This would have re-

quired (according to the procedures) a manual reactor scram, which

was not carried out.
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2.2.2 Evaluation

During this period several operator errors and violations of regulations

occured (omission of balancing of setpoints of the power control

systems, locking of scram signals from low water level and low

pressure, poor manual feedwater control, operation of the plant with

reduced operational excess reactivity, omission of manual reactor scram

after the reactivity margin was less that 50% of the permissible value).

These are very serious errors and violations of the operators, how-

ever, a final evaluation can be performed only on a more detailed know-

ledge of those procedures and of the hardware. It is e.g. very impor-

tant to know how easy it is for an operator to block a scram signal.

The reactor plant was • at a very dangerous state at that time because

of the low power and the high coolant flow. The main coolant being

very closed to saturation in areas where it should have a substantial

subcooling, the neutron power is extremely sensitive to small changes

in coolant system parameters such as pressure, flow and core inlet en-

thalpy. Small reductions in coolant flow or system pressure or a small

increase in core inlet enthalpy (e.g. due to feedwater flow reduction)

can generate a large and quick increase in reactivity due to the posi-

tive void coefficient.

In this case the operators have managed to arrive at those conditions

by violating rules and by blocking scram signals. However, these or

similarly dangerous conditions can be reached without blocking scram

signals. There is no evidence of a scram signal which avoids plant ope-

ration with low power and high coolant flow.
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2.3 Performance of the Experiment

2.3.1 Description

At 1.23.04 h the experiment was started by closing the turbine valves.

At that time the power was at about 7% and 8 coolant pumps were run-

ning. Under normal conditions the scram would have been initiated

after the trip of the second turbine. However, this signal had been

blocked earlier in order to be able to repeat the experiment if it

should fail. As 4 of the main coolant pumps were "running down" to-

gether with the turbine generator, the coolant flow through the reac-

tor decreased, which caused a power increase due to the positive void

coefficient which initially was compensated by the automatic control

system. However, the speed of the control system and the effective-

ness of the rods were not sufficient to compensate the power increase.

About 35 seconds after the beginning of the experiment the manual

scram was initiated after the power had increased to .about 10 - 11%.

Only a few seconds later high power and short period alarms occured

indicating the fast power increase.

2.3.2 Evaluation

With respect to the plant conditions the same comments as for the pre-

vious phase are valid. Normally a scram would have occured after the

trip of. the second turbine. However, this signal had been blocked ear-

lier. A blockage of this signal is easy and possible from the control

room because this signal has to be blocked during the startup of the

reactor.

The onset of the void reactivity insertion was mainly due to the reduc-

tion of core coolant flow because four out of eight main coolant pumps

were running down slowly after the trip of the turbogenerator

(powered by this turbogenerator).
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2.4 Excursion

2.4.1 Description

There Is no detailed information available on this phase of the accident

from the plant itself. The curves presented by the Russians are calcula-

tions. From the plant itself there is only the information that a few

seconds after the initiation of the scram a shift foreman felt several

shocks and that the control rods had stopped moving. Upon this the

operator cut off the current to the rod drives which makes them fall

into the reactor by their own weight. According to outside observers

two explosions occured within a few seconds.

In the post-analysis presented by the Russians a transient calculation

indicates that there is a first power peak with a maximum of about 100

times nominal power. In a very short period of about 1 s the power is

reduced by the Doppler effect. However, shortly afterwards under the

assumption of fuel rod failures and consequently an improved heat

transfer to the coolant, a second and much higher peak is calculated.

2.4.2 Evaluation

The evaluation of this part of the accident will be extremely difficult

because of lack of information and because of the complex interaction

of different physical processes. In order to understand the accident

behaviour" during this phase two approaches in combination are neces-

sary: a "forward approach" by analyzing the core behaviour starting

from the last set of measured initial conditions in the plant and con-

tinuing with a simulation of the intact core (neutron physics, fluid

dynamics) up to the core damage, and a "backward approach" using

information of the reactor conditions after the accident (location and

state of different materials) and information from radiological mea-
surements. Only the aspects of the f irst approach are considered in
the following section.
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3. ANALYSES PERFORMED IN SUPPORT OF THE EVALUATION

The first evaluation of the excursion phase is supported by various

GRS-calculations which have been performed before the Vienna meeting

on the basis of information which was available in July and on calcu-

lations which were performed during the meeting with the initial and

boundary conditions as they had been given in the meeting. Not '

knowing the initial core mass flow, it had been assumed that at a

reactor power of 7% the core flow was about 10%. The effect of various

disturbances (coolant flow reduction, pressure decrease) which cause

positive void insertion have been analyzed with these boundary condi-

tions.

The result was that disturbances due to a fast pressure reduction

(e .g . sudden opening of a turbine bypass or a leak in the coolant

system) have the potential of the highest and fastest reactivity in-

sertion and it has been shown that prompt criticality could occur a few

seconds after the initiation of the event.

With the thermohydraulic initial and boundary conditions as given by

the USSR scientists in Vienna, own calculations have been performed,

and comparable values have been calculated with respect to the first

power peak. A more detailed evaluation of the Russian results, especial-

ly after the first excursion, would require more information on the

models and the assumptions (e .g . for heat transfer) which are present-

ly not known. In f ig. 2 nuclear power is shown as calculated by the

USSR.- The results of GRS calculations are shown for comparison. The

effect of the magnitude of the moderator coefficient is also shown.

GRS calculations also indicate that, starting from the initial conditions

of the Chernobyl plant at the time when the experiment was started, a

pressure transient could produce a faster excursion than the coolant

flow transient had produced. The same is true for a loss of off site

power with a coast down of all main coolant pumps (in contrary to the

Tschernobyl case, where 4 pumps were running and 4 pumps were coast-

ing down slowly due to the electrical coupling with the generator).

Nuclear power and reactivity are shown for these cases in figures 3

and 4 respectively. Boundary conditions and additional results are

listed in tables 1 and 2.
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These calculations have been performed to demonstrate the potential of

very fast reactivity disturbances under low power conditions. They

may not give the exact behaviour of the RBMK reactor because of lack

and uncertainties of data, especially with respect to the action of the

control and safety system. J-lowever, the results indicate that faster 5

reactivity transients are possible than the Tschernobyl case and that a

scram system must act very quickly to avoid a quick power increase. '

Results of accident analyses for the RBMK reactor from low power con-

ditions (LOCA, pump filures, opening of turbine bypass etc.) are not

available and questions at the meeting with regard to those analyses

have not been answered so far. Therefore it is not worthwhile to carry

on the analyses.

Finally it must be said that some uncertainty in the results remains

due to the fact that these preliminary results have been obtained with

a rather simple point kinetic model. The fluiddynamic model for the

coolant channel is onedimensional. It is obvious, that, especially for

a large core and for a transient in which major changes in the spatial

neutron flux distribution are expected, space dependant calculations

are necessary for detailed analyses. However, even with very simple

models the main effects can be shown and investigated.
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4. SUMMARY OF THE EVALUATION

Within the Russian description and evaluation of the accident / 1 / it is

repeatedly stated, especially in section 4, that the accident was caused

by human errors (poorly prepared test procedures, operator errors,

blocking of scram system signals, violation of procedures). Looking

closer at the details of the event and taking into account the special

features of this reactor and the design of the safety systems (as far

as the details are known) one is faced with a more complex scenery

and additional questions arise with respect to the following areas:

Operator training, reasoning and motivation for the operator be-

haviour, structure of responsibilities within the plant,

Inherent plant behaviour, design of safety systems, accident

analysis.

In this paper only the second group of aspects is treated. It is true

that the operators have performed serious errors and violations of

existing rules. On the other hand it is recognized that there are no

automatic safety system actions which prevent the transition of the

plant into the dangerous partload conditions of low power and high t "

flow (condition before the start of the experiment). There is also no \

automatic reactor scram, if the limit value of minimum operational ex- •$' ..•

cess reactivity is reached. Under the assumption of those dangerous

initial conditions (which are apparently not prevented by automatic

safety • system measures) disturbances are possible which can quickly

introduce positive void reactivity of more than 1$.

Analyses carried out in GRS are indicating that, starting from the

fluiddynamic plant conditions similar to those at the beginning of the

experiment (end of phase 2) very quick reactivity insertions of more

than 1$ can be achieved by disturbances in the coolant system due to

the positive void reactivity.

Examples of preliminary results are given in tables 1 and 2. They in-

dicate that for fast pressure transients prompt criticality can be

reached very quickly. The void reactivity effect of a pressure reduc-

tion of 10% or 6.5 bar is already more than 1$, not taking into account
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the further void reactivity increase due to the subsequent power in-

crease. Based on these (preliminary) results one can conclude that the

Chernobyl plant has significant design deficiencies, at least in the area

of low power operation. Consequently it has been tried to get more in-

formation on this subject during the conference, however the Russian

delegates did not provide results of analyses which would disprove our

supposition.

From the information presently available the preliminary conclusion can

be drawn, that the Chernobyl accident was initiated by severe viola-

tions of procedures and regulations. However, the extreme consequen-

ces have been caused by both the violations of procedures and design

deficiencies of the plant.

In parallel to these evaluations which refer only to a few aspects of

the accident, a more comprehensive treatment of all important aspects

has been initiated in Germany, with emphasis on the radiological conse-

quences due to the fact that Germany was affected considerably by the

fallout after the accident.

In addition the dynamic behaviour of nuclear reactor operation in Ger-

many has been compared to that of the Tschernobyl reactor, especially

for reactivity disturbances, tn f ig. 4 the principle difference in core

behaviour after primary pump speed reduction is demonstrated for a

core with a negative void coefficient (typical BWR value) and a po-

sitive void coefficient (RBMK value). In a BWR the power decreases

and levels off on a lower value. This feature is used for power con-

trol via coolant pump speed changes. In the RBMK reactor the power

increases rapidly and a quick action of the scram system is required

to avoid core damage.

The results of the German activities after the Tschernobyl accident are

documented in / 3 / .
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Table 1 : Boundary conditions of analyses cases

Case Conditions

Boundary conditions of the Chernobyl experiment.
Initial reduction of coolant flow: 0.8%/sec, according to
experiment. Void coefficient for "all rods out" condition

(+3 • 10'4/Vol%)

Same as 1 , but nominal void coefficient for excess reactivity
of 30 rods

(+2 • 10"4/Vol %)

3 Same as case 1; but coolant flow coastdown according to pump
coast down after Soss of electrical power

4 Boundary conditions of Chernobyl experiment, disturbance:
pressure reduction of 6.5 bar (in 1 sec). Void coefficient

+2 • 10"4/Vol %

Comments:

Case 1 represents the initial and boundary conditions of the Chernobyl
accident, based on information presently available / I / . Nuclear data, e.g.
void coefficient are not checked by own calculations.

Case 2 is the Chernobyl case calculated with the smaller void coefficient,
which apparently is the nominal design value for a core configuration with
minimum permissible operational excess reactivity.

Case 3 is an emergency power case from low power, however, only the
pump coast down curve is simulated as disturbance, the pressure and
core inlet temperature changes for this case are not known, but within
the time of interest they will probably not change significantly.

Case 4 demonstrates the sensitivity of neutron power to pressure changes
during part load operation. The disturbance (10% reduction in Is) is one
out of several boundary conditions selected for sensitivity analyses. This
rate of change can occur in German BWRs. Maximum possible rates in the
Chernobyl plant are not known, however, they may not be much smaller.
The disturbance was limited to 10%. This should be noted, if the results
are used to estimate the effect of loss of coolant accidents with much
larger pressure reductions.
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Table 2: .Selected Results from / 2 / and /3 /

Case Void Reactivity
at first power
peak [p/3]

Expected shutdown
initiation signal

Time difference bet-
ween shutdown
signal and prompt
criticality

1

2

3

4

Amount

3.75

1.96

2.58

2.03

Time

28.8

43.8

11.7

1.8

s

s

s

s

Time

0
27.5

0
41.4

0
10.8

1.0
1.0

s
s

s
s

s
s

s
s

Signal

Turbine Trip
Neutron Flux

Turbine Trip
Neutron Flux

Loss of Elec-
tric Power
Neutron Flux

Pressure
Neutron Flux

28.0 s
0.5 s

no prompt
criticality

11.2 s
0.4 s

- 0.15 s !
- 0.15 s !

Comments:

The first double column characterizes the speed of the transient and the
effect of the initiating disturbance. Note that only void reactivi-ty is
given. Total reactivity is lower due to Doppler effect. The second double
column gives the time of shutdown system initiation, however no scram
reactivity is taken into account in the calculation. The third column
indicates how much time is available for the scram system to act before
prompt criticality is reached.

In case 2 maximum total reactivity during the first power peak is slight-ly
below prompt criticality. Due to uncertainties in initial and bounda-ry
conditions and simplifications in the model (point kinetics) the cal-culation
cannot prove that prompt criticality will not occur. Fuel da-mage will occur
because of high power (neutron flux peak more than 25 times nominal).

In case 4 prompt criticality is reached before a scram signal is initia-ted.
Even if the maximum rates of pressure reduction were much lower, the
scram system would not be able to avoid an excursion, as additional calcu-
lations revealed.
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1. Safety-related work concerning Reactivity-Initiated transients

(Rig) _ —

In the GDR, there are five reactors in operation,, one \TH2R-70

unit with 70 .vW(e) and four '.VÏ;Ï:R-440 units with 440 Lr.V(e). A new

generation of VA/oJR plants with advanced technological and safety

systems and higher power density are under construction. In con-

nection with RIT safety-related work has to be carried out to

complete the accident analysis of the design documents, to ver-

ify during commissioning safety-relevant parameters of new units,

to estimate necessary changes in operation and design through-

out the lifetime of the plant and to cope with operational oc-

currences.

To perform this work two main tasks have to "be fulfilled:

Firstly, analysis of the reactivity behaviour of the VAVER core

in all steady operational states.

Secondly, analysis cf possible RIT over the whole period of

time to show that these dynamic processes will be under control

or to identify accidents beyond DBA. Here, experimentally proven

computer codes (CC) are of great importance.

During 60 reactor years valuable operational experience has

been gathered which has helped to become more familiar with the

plants and their properties. Precisely measured safety-relevarat

data and tested CC now allow a reliable evaluation of occur-

rences.

2. Practice in licensing

The Atomic Energy Act /1/ and the Ordinance on the Assurance

of Atomic Safety and Radiation Protection /?/ which the

National Board for Atomic Safety and Radiation Protection of the

GBR (National Board) has established contain the general prin-

ciples of ITPP safety and requirements for their fulfilment.

With respect to RIT, these requirements give more details in a

standardized form /3/ for the construction and properties of the

core as well as the systems influencing the reactivity that has

to be taken into account in the design.
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i::equ.irer.:£nb3 of this kind are:

. Limits for fuel element damage and radioactivity in the

coolant during normal operation and DBA,

. ITon-pocitive fast power reactivity coefficients in all

operational states,

. No formation of critical masses during any accidents,

. Establishment of two independent and diverse systems

to influence reactivity, including demands on their

shutdown ability, shutdown rate, and data on their per-

missible failures, etc.

Requirements are also based on safety analyses which have

to be performed by the-licensee to ensure nuclear safety.

In such safety analyses it is laid down that:

» with the selection of initiating events a sufficiently

broad spectrum should be considered, e.g.

. uncontrolled withdrawal of a control rods group from

a subcritical state,

. uncontrolled withdrawal of a control rods group at low

power or at full power (insertion),

. control rod maloperation or operator's error,

. startup of an inactive reactor coolant loop at an in-

correct temperature,

. decrease in boron concentration due to chemical anr1

volume control malfunction,

. rod ejection accidents,

. RIA induced by disturbances in the secondary circuit;

- safety analyses should be based on suitable and validated

computer codes (CC). Accident analyses have to take into

consideration unfavourable initial and boundary conditions

relating to reactor states, core properties, heat transfer

to the secondary circuit, and failure of the most effective

rod of the shutdown system. Further is has to be considered

that the accident sequence will be mainly influenced by the

functioning or failure of operational and safety systems • . •

as well as man-made errors.
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- mi estimation of the consequences should be bused on the
event sequence. '2he piano copes with an event provided its
consequences remain within acceptance criteria and safety
limits. To demonstrate compliance with the requirements
the CC user has to prove that his method of analysing events
will lead to conservative results.'-' If safety-relevant para-
meters of the accident analysis approach safety limits, re-
calculations, using advanced or more realistic CC, are ne-
cessary. If safety limits are considerably exceeded, which
already becomes obvious by rough estimations, it has also
to be expected that RIT will have consequences beyond DBA.

3. Reactivity behaviour of the YAV5R core

The most important features of a reactor core are its in-

herent safety properties and its stability against any dis-

turbances. Verifying by experiment and analysis agreement of

these properties with the design is one of the main tasks

throughout commissioning and operation. The reactivity glo-

bally describing the core-neutron-balance is of great im-

portance to safety. Reactor states- are characterized by the

reactivity function influenced by many parameters and their

reactivity coefficients. These parameters can be classified

into three groups: thermohydraulic feedback, control reac-

tivity and core composition.

Besides other data, safety-related parameters are com-
piled in the so-called Neutron-Physical-Characteristics (NPC)

. Subcriticality of the core during loading, shutdown and

refuelling,

. Differential and integral efficiencies of reactivity in-

fluencing parameters for selected states,

. Critical parameters during the load cycle,

. Power density distribution (macro and micro) for steady

states;

. Burnup of fuel assemblies,

. Nuclide concentrations for selected core segments,

. Typical xenon transients,
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. input data for computer-aided operation,

. Reactor-dynamic parameters for deviations from operational

states,

which are produced for all required operational states.

Validated CC of reactor physics play an important role

for the following tasks:.

- Fuel cycle design, e.g. calculation of core loading pattern.

- Core operation support, e.g. calculation of the effect of

operation on different reactor states, immeasurable quan-

tities.

- Static reactor safety analysis in the framework of UPC,

e.g. calculation of shutdown margin, input to thermal

margin calculation and long-time transients like rod with-

drawal, boron dilution or fuel loading errors.

- Generation of parameters for transient and accident analysis,-

e.g. point kinetics parameters and data for low- and three-

dimensional reactor-dynamic CC (see chapter 4).

Experimental methods and reactor-static CC of high standard

have been developed and applied in order to know for sure the"

inherent safety properties of the core for providing safety

under static operational conditions and initial conditions,

as well as for obtaining parameters required'for KIT analysis.

One gets an impression of the inherent stability of the

W7/ER core by considering reactivity coefficients or effects.

Values calculated for typical YAYER-4.4O cores with equilibrium

burnup are the moderator temperature coefficients

fZ ** -3.5 . 10~4 K"'

as the fuel temperature effects &$TS = -1.05$ (BOC) and

-0.99$ (EOC). The experimental error of /^ has been found

•to be 2.5%, and the average value of deviation between cal-

culation and experiment has been estimated to be 14$ /4/.

Also, the stability of the WJER core against xenon oscillations

has been investigated by both experiment and calculation. Dis-

turbances induced by a single rod lead to axial and azimutal

oscillations showing aperiodic behaviour.

(BOC) and -9.0 . 10~4 K~1 (EOC) as well
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4. Analytical work

To analyse the dynamic behaviour of power reactors during

reactivity-induced transients, the complex interplay between

the neutron chain reaction, thermohydraulic reactivity feed-

back, and reactor control and shutdown system is essential

for the understanding. ..Therefore, the exact analysis of most

short-time transients or accidents would involve a three-

dimensionally coupled neutron-kinetic, thermohydraulic cal-

culation. Por most of the RIT are processes with strong local

disturbances due to the initiating events and the assumption

that the most effective rod does not drop into the core if

the shutdown system during the transient sequence has been

activated. However, acceptable results for licensing purposes

may be obtained by suitable approximate calculations v/ith low-

dimensional codes. These fast running codes allow parameter

studies which are necessary to take into consideration the

multiplicity of initial and boundary conditions for fast RIT

analyses. Therefore, in the GDR, a programme was initiated .

some years ago to prepare step by step reactor-dynamic codes

of growing dimensionality. Host of these codes have been de-

veloped at the Academy of Sciences, some of which were made

available to the U2A data bank, others were imported from

there and adapted to WïïER cores. Because of the hexagonal

geometry of the Y/WER-type fuel assemblies the development of

own codes, especially of multi-dimensional CC, became necess-

ary.

At the beginning of our nuclear energy programme CC based

on point kinetics were used to calculate reactivity-initiated

transients in power reactors. Shis behaviour could be justi-

fied because in respect to the core of the Rheinsberg NT?

the space effects due to rod movements are relatively small. •

Por transients where changes in the power distribution are

not significant and also a conservative method is applied by

choosing corresponding model-parameters, such simple models

yielded results on the safe side compared with real processes.

The point-kinetic models 5TABIL, RAHP-2 /6/ and SALLY with

simple thermohydraulic feedback have been' substituted by
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the two reuctor-dynamic codes CHANNUL and INCO where point
kinetics is coupled with one-dimensional thermohydraulics III.

The ne:ct generation of Ï/Ï/ER-440 power reactors with higher

power have larger space effects in the core due to rod move-

ments or other disturbances, such as local boiling, and

higher dimensional neutron-kinetic models have to be used

to describe RIT. Therefore, two one-dimensional reactor-

dynamic CC have been developed, tested and are mainly in use

up to now. COSTAZ-BOIL/R /7/ couples two groups of diffusion

calculations in axial direction with the solution of the heat

conduction equation in the fuel element and a two-phase flow

for a typical cooling channel. The feedback is realized by

reactivity factors changing the neutron production cross.sec-

tions. DÏÏÏAIJIC /8/ allows the flux calculation in axial or

radial direction. The solution of the time-dependent neutron

diffusion equation is based on the improved quasi-static

method where the neutron flux is represented by a product of

the flux amplitude and form function. The thermohydraulic

model consists of cooling channels represented by one fuel

element and the corresponding part of the cooling flow. The

dependence of cross sections on moderator temperature and

density as well as fuel temperature enables the coupling be-

tween kinetics and thermohydraulics.

For the next step, the two-dimensional reactor-dynamic CC

CYLFU2 and COSffiABZA (R, Z) /9/ are adapted to TOBR cores in

order to describe in a more realistic manner 2-D-ef'fects in

RIT analyses.

Finally, three-dimensional best estimate CC for RIT in-

vestigations in cores of VfiVER-440 and OTER-1000 reactors are

under development and are being tested. Based on coarse mesh

methods to solve the diffusion equation, two different devel-

opments have been followed up. Using the asymptotic spectrum,

the diffusion equation can be transformed into the 11/2-group

diffusion equation for the fast flux, and because of the

larger diffusion length larger lattice distances are allowed,,

too.
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The space discretization ensues in assembly layers of hexa-

gonal geometry. By proper choice of spectral corrections,

boundary conditions and lattice corrections inaccuracies due

to the large meshes can be damped. ïherefore, RAUDY /10/

based on this line should be a code of sufficient accuracy

to analyse 3-2-effects for WWER-440 cores. The tine inte-

gration is carried out by means of the improved quasi-static

method. The thermohydraulic feedback is realized by a homo-

geneous two-phase model for an average closed cooling channel

in each assembly. Because of the larger diameter of the

VA73H-1000 assemblies increasing inaccuracies have to be ex-

pected by the use of one mesh point per assembly. Therefore,

the other international trend using nodal methods in coarse

mesh calculations is of advantage. Such a nodal method has

been developed for hexagonal geometry in the GDR, which is

the basis of a series of static - EEJŒOD 23 /11/ - and dynamic

codes where H3XDY1T 3D /12/ is a kinetic code only. Advanced

versions coupled with thermohydraulic models to describe

.three-dimensionsal short-time processes including steam gen-

eration are under development.

The development of the three-dimensionsal kinetic code

PACSY using flux factorization where the equations of shape

functions are solved with the help of synthesis approximation

will not be continued /13/.

Providing data especially for the higher dimensional reactor-

dynamic codes is realized by corresponding reactor-static codes

which are well tested and validated.

Therefore, reactor-dynamic codes to analyse short-time RIT

with a time constant of some seconds have been developed.

Those of lower dimensionality have been tested and applied to

safety analyses. Advanced two- and three-dimensional CC have

been developed to such a stage as to start the test phase now.

If the time constant which describes RIT is characterized

by the primary circuit or is larger, the reactor-dynamic core

model has to be. completed by a ÏÏWSR-plant model comprising the

primary coolant system with primary coolant loops, pumps,
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steam generators, pressurizer, etc. .foint-kinetic models of

this type suitable to describe near operational processes

are in use. The one-dimensional reactor-dynamic code coupled

with a plant model is now adapted for RI2 analysis.

2. L'xperimcntal work

Reactor experiments are of greatest importance to guarantee • '••

safe and economical reactor operation. As regards RIT, the

following aspects are of interest: understanding of physical

phenomena during transients, verification of physical para-

meters of the U?C during both commissioning and operation •

related to the safety of reactivity-induced processes, devel-

opment of measuring techniques and more and more verification

of reactor-dynamic codes.

Apart from experimental test facilities, the use of power

reactors for investigating dynamic processes in the core is on

the increase. Improved measuring techniques coupled with micro-

processor-aided data collection and 'analysis systems allow

sensitive experimental studies taking advantage of the complete

feedback behaviour without any violation of nuclear safety.

In this sense, mainly three kinds of experiments with power

reactors have been carried out in the GDR, preferably in the

"VA7BR-7O core of the Rheinsberg power plant /7/.

Firstly, reactivity perturbation measurements for on-power

determination of the differential reactivity weight of con-

trol rods and of the power coefficient of reactivity and its

time constant in the actual reactor state have been developed

to high perfection. Reactivity changes without any perturba-

tions of energy production (#*5% change in reactor power)

were carried out by small and limited (X15 seconds) dis-

placements of control rods using self-powered neutron de-

tectors with Rh-emitters (Rh-3PKD)i By. the use of prompt

response in-core detectors, the experimental expense could

be reduced and the accuracy of determined reactivity coefficients

improved. Further, the space dependence of power coefficients

could be reliably proven.
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Secondly, rod drop experiments to determine the integral re-

activity v/eight of control rods are performed (see chapter 7).

Also for this purpose, the fast Co- and Pt-SHÎL are much more

suitable for measuring fast flux changes.

Thirdly, experiments with three experimental fuel assemblies

were carried out. These experimental assemblies were successive-

ly installed in the YA7ER-7O pressurized-water reactor of the

Rheinsberg nuclear power plant in the period from 1980 to 1985.

These particularly instrumented fuel assemblies were fitted

out with different in-core detectors and with a system to con-

trol the fuel assembly mass flow rate. Scientific investiga-

tions of boiling diagnostics, neutronics and heat engineering

of reactors of the ̂ VER-type reactors were carried out. By

means of the throttling device of the experimental fuel as-

sembly defined boiling states could be generated. Their feed-

back, on the neutron flux and related parameters has been

analysed, e.g. on power (see chapter 7).

In future, experiments with the experimental fuel assembly

are intended to be continued in a V.n.7ER-440 reactor core, and

then there will be no differences in the lattice structure /7/.

6. Code verification

Computer codes play a central role in licensing because

most of the safety proofs are based on model calculations.

Therefore, computer code verification is indispensable for

estimating uncertainties due to modelling and data. Since

1980, the National Board of the GDR has paid special attention

to CC verification demanded for all CC that are used for safe-

ty analysis in licensing. In spite of the importance of CC

verification, these aspects should be discussed here very

briefly and only in relation to our experience with low-

dimensional reactor-dynamic codes /5/.

• Past running low-dimensional reactor dynamic codes are

widely used for operational purposes although their validity

for describing the real core behaviour is rather limited.

Therefore, verification of these codes has to be performed



very carefully in respect to the model and the method of

its application 00 describe the three-dimensional process.

According to our experience the following aspects should

be taken into consideration for verification of reactor-

dynamic CC:

- Range of validity of the neutron-physical and thermo-

hydraulic model,

- numerical treatment of the model,

- Investigation of the influence of input data uncertain-

ties on the most important results,

- Comparison with calculations done with similar CC,

- Test of model components by post-calculations of

suitable experiments,

- Test of the total model by comparison with "ideal"

experiments which should be described reasonably well

by the low-dimensional model,

- Test of the data, the model and the method of its appli-

cation by comparison with "real" experiments which could

not be described a priori by the low-dimensional code.

She efficiency of the code strongly depends on the method

of model application.

The results of verification obtained up to now can be

summarized as follows:

- The ranges of application for the zero-dimensional (CHAEÏÎ2L)

and one-dimensional (COSTAX-BOIL/R) codes have been deter-

mined qualitatively and quantitatively, taking into account

the corresponding plant states.

- The estimation of sensitivity coefficients has proved very

useful for estimating.deviations between calculation and

experiment due to uncertainties of input data which are

assumed to be independent. In any case the disturbed input

parameter has the greatest influence (up to 70 per cent)

on the result parameters, mainly on the relative power

(see Pig. 1).

- Benchmark tasks in respect to reactor kinetics were carried

out successfully only for CGS2AX-B0IL/R.



- .11 -

- -\::o of trie most important integral experiments at the

lïheinsberg IC?? have been analysed,' both being of the

"real" experiment type.

Purther activities are intended to complete the verifica-

tion procedure for low-dimensional codes and to continue with'

the three-dimensional codes in order to validate them as

reference codes. Especially experiments using power reactors

and experimental test facilities are employed for this purpose.

7. Analyses performed

Internationally, reactor-dynamic experiments with power

reactors are very scarce, too. Therefore, two experiments

carried through at the YirwER-7O reactor in Rheinsberg have been

analysed with low-dimensional reactor-dynamic codes. These im-

portant integral experiments and their analytical analyses

demonstrated both the experimental verification of an expected

safe core behaviour and the numerical verification of CC used

further for safety analyses /5/.

. By means of the rod drop experiments at the end of the

fifteenth load cycle, proof could be furnished that shutdown

of the core in a subcritical reactor state is possible if the

most effective rod of the shutdown system remains in the upper

position. The experiments were carried out "by using only out-

core flux measurement (ionisation chambers). In the meantime,

rod drop experiments have been analysed with the in-core de-

tectors of the experimental fuel assembly and now a clear

relation between both out- and in-core signals exists. Prom

this point of view the agreement between experiment, and cal-

culation is rather good (see Pig. .2). The neutron flux calcu-

lation was done with the one-dimensional code COSTAX-BOIL/R

discussed in chapter A, recalculations with improved differ-

ential reactivity weight of control rods are under way.

By throttling the mass flow rate through the experimental
fuel assembly, unsteady boiling states were produced.' Its
feedback on the power of the assembly shows a clear power .
reduction of a maximum of 30%. The analytical problem arose
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fro-.i the need to describe a time-dependent disturbed assembly

within an undisturbed core by means of the one-dimensional

reactor-dynamic code COSTAX-BOIL/R. The method for applying

this low-dimensional code takes into consideration the neigh-

bourhood of both feedback and reduction of delayed neutrons

within the experimental fuel assembly. The power behaviour of

the assembly is reprduced rather well by calculation (see

Pig. 3). It can be assumed that the calculated steam content

mainly influencing the power distribution reflects the real

process rather well. 'o

Llost of the RIT investigations are performed to complete
safety analyses for licensing. 3?or example, one-dimensional
dynamic codes and three-dimensional static codes have been
used to carry out a very complex safety analysis for the
Rheinsberg VA7ER-7O reactor. As a result, measures have been
derived and implemented to improve safety.

8. Outlook

Under this survey a lot of research activities more or less

connected- -with the safety aspects of RIT have not been dis-

cussed, like investigation of local boiling in F.7R by means

of neutron noise analysis, prompt in-core detector develop-

ment, speace dependence of reactivity parameters on reactor-

dynamic perturbation measurements, etc.- In future, further

work will be done to improve safety analyses for RIA in the

following areas: improvement of code model accuracy, verifica-

tion of codes, especially by experiments made in test facil-

ities and power reactors, coupling of plant model with one-

and more-dimensional dynamic models to better describe the

core dynamics, advanced reactor dynamic models for plant

simulators (WWER-1000),1' and investigation of anticipated

/transients without scram (ATWS).
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A Review of Reactivity Transients and Reactivity Initiated

Accidents in Indian Power Reactors

by

V.N. Chaudhary, DAE Safety Review Committee,

â.A.R.C. Bombay, India.

Abstract

This paper gives a review of the analytical work done pertaining

to reactivity transients and reactivity initiated accidents in

Indian Boiling Water Reactor (BWR) and pressurised Hcevy Water

Reactors (PHWRS). For 8WR the accidents considered are the rod

drop, continuous rod withdrawal and cold water addition. For PHWRS

the accidents evaluated ars loss of regulation & loss of coolant

accident. Failure of reactor protection is clso considered to

assass the consequences.

INTRODUCTION

The Power Reactors in India are of two types Boiling Water

Reactor (BWR) and Pressurised Heavy Water Rsactor (PHWR). The two

reactors at Tarapur are of the former type Whereas the two units

each in Rajasthan «nd Madras *re of latter type. The two units at

Narora < likely to be commissioned by the end of 1988 )and the

reactors after Narora are also of PHWR type but with certain

Modifications.

In Tercpur reactors fast shutdown / gradual shutdown, reactor

criticality, power regulation and power distribution control are

achieved with the help of the control rods. In Rajasthan and

Madras Reactors, fast shutdown is achieved by moderator dumping



whereas rsactor criticality and power regulation art done by

moderator level control and absorber rods movement.

For PHWRS of Narora A its type, the moderator dump is

eliminated and instead replaced by two independent f«st acting

shutdown mechanisms. The power regulation is done with the help of

absorber elements, the function of modetetor level control being

talon ovsr by shim rods.

In the following sections, a review of the analytical work

performed in connaction with reactivity transients and reactivity

initiated accidents for both BUR & PHUR is given. For BUR the

reactivity accidents considered are control rod drop, continuous

rod withdrawal and cold water addition. For PHWRs the accidents

considered are loss of regulation and coolant channel voiding. The

results of these accidents show that the shutdown mechanisms «re

adequate as they are able to keep the reactor subcritical and also

are fast enough to preclude fuel damage. 1 he above accidents

alongwith failure of protection system are also considered. These

accidents are not anticipated but are evaluated to assess the

consequences.

2. Reactivity accidents for larapur. BUR

2.1 Control Rod Drop Accident

2.1.1 The control rod drop accident in BUR is defined as the

accidental rapid free fall of «n out-of-sequence control rod from

its fully inserted position. The situation leading to the accident

is visulised this way. At some time when the rod is fully in, it

gets completely disconnected from its d.ive at or near the

coupling in such a way that it gets stuck somehow at the location.



Later when the operator by mistake withdraws this unscheduled rod

the control blade does not follow the drive but subsequently

gets released from its stuck position causing the reactivity

accident.

2.1.2 The control rods at larapur ( for that matter any BUR ) are

withdrawn in a near homogeneous scattered checker» board manner

with the objective of achieving low control rod worths / minimum

core peaking. In developing this control rod withdrawal sequence,

care is taken through prior calculations that reactivily worth of

any control rod withdrawn in specified order does not exceed

.012 £ k/k in critical configuration & resctility worth of any

other rod not scheduled for withdrawal does not exceed .025 A k/k

So long as operator follows this definite order of control rod

withdrawal, accidental drop of a control rod will not result in

reactivily introduction greater than .012 Ak/k for scheduled rod

and .025 A k/k for unscheduled rod (out of sequence).

To assure that the specified sequence is adhered to, the BURS are

provided with a computer shown as RUM which continuously monitors

the control rod positions, compares the operator selected rod

movements and positions against the ones stored in computer memory

and takes necessary actions like indicating error & prevent

further rod withdrawal, rod insertion as deemed necessary.

1
2.1.3. A parametric study for Tarapur BUR has been done where the

•ffect of control rod worth ( the control rod falling freely in

water attaining a miximum speed of 18 ft/sec ) on the results of

control rod drop has been studied. The accident was assumed to

take place at zero void, zero burnup under hot start up
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conditions, i.e. reactor just critical with power 10 of ratad,

operating pressure and coolant at saturated temperature. The scram

was assumed to be 4ctiviated at 1207. of rated power < even though

the neutron monitors providing protection will be in their lowesi

range ) with a delay time of 0.2 seconds. Only doppler feedback

was considered.

?.1.4, The results of this parametric analysis are as follows:-

0.G15

control rod worth

0.020
A k/k

0.025

Pe&k enthalpy £08
(cal/gm)

Wt of fuel C Kj) 100
exceeding 170 cal/gm

Wt of fuelC*},) nil
exceeding 220 cal/gm

Wt of fuel(*|J nil
exceeding 269.4 cal/gm

nilWt 0f
exceeding 425 cal/gm

286

424

136

6

nil

396

1360

529

219

nil

Though « part of fuel experiences fuel melting the prompt fuel

dispersal threshold limit of 425 cal/gm is not reached. The

pressure vessie integrity is thus not breached.

2.1.S. Though it is claimed by the designers that such an
1a

accidant is highly unlikely, we believe such an «ccident did

take place in 1973. The consequences were of no concern as at the

time the rod drop took place, reactor was fer away from critical



and the natron protection instruments were in their lowest range.

The reactor became critical with a fast period and scrammed on

high neutron flux.

H.2. Continous rod withdrawal

The incident postulates that an out-of-sequence control rod

of max reactivity worth of 0.025 A k/k is withdrawn from the

reactor core continuously at 3 inches/sec. RcactolT is assumed to

-8
be at 10 rated power and barely subcritical with fuel and

moderator temperature of 20 deg.C. The maximum reactivity addition

rate with the rod of 0.023 A k/k is 0.0016 A k/sec. The rate is

assumed to apply over the entire rod. Although neutron flux scram

will he initiated at lower power levels, scram is assumed to be

initiated at 120% of rated neutron flux. Negative doppler

reactivity from heating of the fuel is the only inherent shutdown

mechanism considered acting to turn the nuclear excursion before

control rod scram becomes effective.

The accident with the above assumptions has been analysed.

The result arc as followsi-

The peek fuel enthalpy is about 50 cal/gm

3 3

Peak Power « 1.82 x 10 MW (Rated powar * 6.6 x 10 HU)

Minimum period during excursion = 40 milliseconds

Energy release = 268 MW sec

Therefore fuel melting and clad damage will not take place.

2.3. Start up of cold recirculation Loop

The recirculation flow through the core is provided by two

recirculation loops, each loop having a recirculation pump.

Normally both the recirculation pumps are running providing full

,



c o d a n t flow. Operation with one pump is permitted with the

neutron flux trip lowered to 75% of rated ( instead of 120% of

reted with full core flow).

Start up of idle recirculation loop through procedural

errors and interlock failures could lead to a severe cold water

ingress. In the postulated incident the sharp increase in core

flow combined with cold inlet water in case the idle loop has

been allowed to cool down.results in significant reduction in core

steam volume and subsequent power increase.

3

This accident hss been analysed for idle loop at two

temperatures - at 38 deg.c and 285 dsg.c. The results *re

presented as below.

Case Pea '( neutron Flux/Psak surf.heat flux
Initial power = 607., flow = 57'/.

(1) A seconds start up of loop 1967. / 73.3%
at 285 deg.c

(2) 4 seconds start up of loop 327X / 80.07.
at 38 dsg.c

High neutron flux trip occurs at 1.3 seconds after startup began

No fuel damage thus occurs as a result of this accident.

3. Reactivity accidents for Pressurised Heavy Water Reactors

3.1. Loss of regulation (LORA) - Single failure

First we consider loss of regulation for RAPS & MAPS

reactors which have moderator dump as a means of reactor shutdown..

Only those regulating system failures *rt considertd whichA in

inadvertent reactivity addition. The regulating devices with their

Maximum rates of reactivity addition «re given below:--

Moderator level increase - 1/3 mk/sec



Removal of adjuster rods - 0.06 mk/sec

kemoval of boric acid from - 0.007 mk/sec

moderator

The worst failure is assumed wherein all reactivity devices as

listed above driva in the direction of reactivity addition. It is

seen from above that maximum reactivity insertion rate will be

lass than 0.5 mk/sec.

The maximum reactivity addition occurs for moderator level

increase which is set by rate of helium displacement governad by

helium system so as to limit the rate of reactivity addition to

1/3 mk/sec.

It is assumed that I. OR A takes place at 100% power. The pertinent

trip signals which sense loss of regulation are high log neutron

rate - 10 % /sec. high rcector power (110*/. full power), high PhiT

pressure (92.S kg/en2) and high primary coolant differential

temperature across boilers - 50 deg.c.

This single failure accident has been analysed for positive ramps

of 0.1 mk/sac, 0.3 mk/sec and 1 mk/sec. The pertinent results are

summarised as under.



Ramp rate Neutron power
trip (110%)
initiated at

High log N High PHT
rate trip pressure
initiated at trip init-
(10% /see) iated at

#*
Peak
netron
power
A time

Max
coolant
temp.

0.1 mk/sec 3.5 sec

0.3mk/sec 1.23 sec

#**
1 mk./sec 0,325 sec

6.0 sec

2.6 sec

almost
instantaneous

1.22 FP
at 6.8
sec

1.32 FP
at 3.2
S9C

1.23 FP
at 0.7a
sec

298.3 C
at 7 sec

o
298.6 C
at 3.7
sec

o
296.4 C
at 1.25
sec

* PHT pressure Irip will occur if neutron power trip does not

materialize.

•* The peck neutron powers estimated are conservative as it is

assumed that the reactor trip on first signal does not

materialize. For case 1 4 2 , neutron power trip does not take

place A for c-ise 3, high log N rate trip which is the first to

come does not occur.

*•* Neutron power trip will occur if log N rate trip does not

occur.

It is thus seen from above the that shutdown system is adequate as

during the above transients even for failure of first trip signal

no d«m«ge to fuel/clad takes place.

3.2 Moderator pump up over power accident with shutdown system

failure.

In the cbove analysis, LOR with first trip signal failure was

considered. Now we consider highly unlikely event of failure of



loss of regulation coincident with failure of protection system

during the moderator pump up (celled dual failure), lo assess the

consequences, the worst accident is considered wherein the reactor

is critical at the minimum moderator level and uncontrolled

moderator pump up at the fast rate take place. In such a case

reactivity addition could be as high as 2.2 mk/sec. The results of
4,S

this analysis are as follows:-

1. Neutron level goes up to 36 times the rated value and is

brought down to about 3 times the normal ratad value dua to

negative fuel doppler coefficient of reactivity - in case no

tube failure takes place.

?.. The thermal power to coolant in highest rated channel will

reach tha burn out (2.5) value in about 5.1 sec.

3. If it is assumed that burn out failure will occur in those

channels with 2.5 times tha maximum channel power at rated

power, failure would take place in 16 fuel channels. If it

is assumed that fuel elements fail at power level 3 times

the maximum normal power, four fuel channels would fail.

4. The fuel element with burn out will contact the pressure

tube and the hot spot on pressure tube will result in its

failure. Tha staam discharged into moderator will cause a

rapid decrease in reactivity and hence reactor power.

5. Since failure of a single pressure tube will result in rapid

power reduction, only one pressure tube will fail before

cooling is established in all the remaining channels.

However upto 4 pressure tubes failures *rt considered since

four channels can possibly reach burn out simultaneously.

6. At the time of failure of pressure tube primary system
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pressure goes upto 204 Kg/cm2.

3.3 Pipe failure in Primary Heat Transport System.

3.3.1 The most severe pipe failure in the PHT system is the double

ended rupture of reactor inlet header (RIH) with respect to

reactivity transient from coolant voiding and fuel cooling. The

maximum break area possible is assumed to be twice the area of

broken pipe. The inlet header is a 16 inches diameter schedule

160 pipe, one on each side of reactor, sach feeding one half the

core.

The reactivity transient following pipe failure depends on void

reactivity coefficient and reactor condition. Void coefficient is

maximum for fresh furl end coolant voiding is fastest when reactor

is operating at full pressure. Therefore in accident analysis

rated power at rated coolent pressure & fresh fuel are assumed.
4,5

The important results of the analysis *rt :-

1. Through the maximum discharge area of 1710 cm2, the initial

discharge flow is nearly 11250 Kg/sec and decreases as the

system dépressurises to es low as about 315 Kg/sec, at the

end of 10 sec.

2. The reactor trip signal will be generated within 0.1 sec. on

log rate high and boiler room pressure high. Moderator

dumping is initiated after further 0.5 sec. delay.

3. Neutron power psaks to about 1.9 tintas the full power at

•bout 1.3 sec. Total energy release is 5.8 FP sec.C fuel

tenparature coefficient assumed zero )

4. At 3b.5 sec.primary system pressure drops to 6.33 Kg/cm2 and

amergency injection starts 4 full flow is reached at 43 sac.
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When pressure has dropped to 2.1 Kg/cnS.

5. The maximum fuel sheath temperature reached is 760 Dcg.C. 4

sec. after the inlat header break and the temperature at 40

:PC. reaches 604 Deg.C.

It can thus be stated that no gross fuel failure will take place

as the maximum sheath temperature reached is within the failure

temperature.

3.4 Pipe failure alongwith failure of shutdown system.

Simultaneous failure of reactor inlet header & shutdown capability

results in large power excursion. The results of this analysis are

as follows :-

1. With total void effect of 4.81 ink ( full power, equilibrium

fuel ), raactor power would go upto 1.7 times normal maximum

where fuel temperature coefficient would compensate for the

positive reactivity effect due to channel voiding.

2. Fragmented fuel in central channels will contact the

pressure tubes, causa its rupture resulting into failure of

calendria tube. UOZ fragment and steam from ruptured

channels when injected into Moderator will displace it

Making the reactor subcritical and thus killing the power.

3. While all the fuel will be over heated, approximately 50% of

fuel in central 1/3 part of core would be in Molten

condition. Activity thus would be from 17% «olten U02 and

83% over heated fuel.



4 Reactivity Accidents for reactors at Narora and beyond

4.1 Loss of regulation accident (single and dual failure)

4.1.1 In Narora type PHURs, the systems which cause prompt

shutdown of the reactors are (i) Mechanical shut-off rod system

(MSS) (ii) Secondary shutdown systems consisting of a number of

tubes into which lithium pentaborate solution is introduced,

acting on failure of MSS. To maintain the reactor in shutdown

condition for a long period, Automatic Liquid Poison Addition

System (ALPAS) is available.

Regulation and shim control are achieved with the help of

absorber elements called regulating rods and shim rods. Xenon

override is achieved with the aid of absorber rods. At power,

normally regulating rods are 807. inserted, the absorber rods are

fully inserted in the core whereas shim rods are out of the core.

In the event of failure of regulating system, it is assumed

that the absorber and regulating rods are inadvertently withdrawn

completely from the normal position. Withdrawal of shim rods is

not considered as it will be fully out of core.
6

The accident has been analysed for single and dual failure.

In single failure the primary shutdown systems function normally

whereas in dual failure mode the primary shutdown system failure

coincident with failure of regulation system is considered. The

regulating system (absorber + regulating rods) has reactivity

worth of 16 mk and the maximum rate of reactivity introduction

during the transient is 0.06 mk/sec.

The calculations were done by point kinetics and for an

average bundle. The results arc as follows:-



S33

13

Loss of ragulation when MSS is active ( Single failure case )

Initial Reactivity Trip Trip Max Time of Max Average temps
power insertion signal sensed nctron max. fuel clad coolant
level rate mk/s at power neutron C.L.
X F.P. (sec) (FP) powtr

(sec)

100 O.Ob Neutron 14.9 1.105 15.8
power
(110 X)

0.06 ""
(actual)
0.10

11.5 1.106 12.5

6.3 1.114 7.2

92? 297 272

917 296 ?72

907 296 271

919 296 ?72

912 296 271

263 250 250

0.05 Neutron 2QÎJ.3 1.105 204.3
power

U. 06
(actual)

192.1 1.107 193.0

0.10 Log rate 24.0 0.041 24.9
trip at
107. /sec

Loss of Regulation when 3SS is active ( failure of MSS )

100 0.05 Neutron 14.9 1.120 18.Ô 932 297Neutron 14.9 1.120 18.8
Power
(110%)

27?.

0.

0.

0.

0.

06

10

05

06

II II

II II

II II

II II

11

6

203

192

.5

.3

.4

.1

1.

1.
» a

1.

1.

127

152

122

127

15.4

10.2

207.2

196.0

929

924

930

925

297

297

297

297

272

272

272

272

0.10 log rete 24.0 0.057 27.9
trip at

/sec

A little explanation is called for dual failure case. For 100 X

initial power, the trip is sensed at 110 X. Since the MSS fails to

act, the trip logic senses that less than adequate number of



shutoff rods have movad within the stipulated time period and

generates signal for activation of SSS.

Above results based on point kinetics modal give the maximum of

the temperatures reached for an avarage fuel rod during the

transient. Extrapolation to paak power rod shows that fuel and

clad do not reech the dangerous limits.

These results show that the two diverse fast acting shutdown

systems are able to bring the reactor to safe shutdown condition

and preclude any fual damage.

4.2 Pipe Failure in PHT System < Single and dual failure )

A double ended break of Reactor Inlet Header causing voiding of

the -fual channels introducas positive reactitity at a very fast

rate, lhe transient is analysed to demonstrate that the two

reactor shut down systems introduce negative reactivity into tha

core et a speed which is adequate.
7,8

The analysis has been performed for single and duel failure and

the results ara presented balow. Again point kinetic model has

been used in the analysis. Hot channel is not simulated separately

but heat generation in channel is considered for hot channel by

applying radial form factor.

Single Failure - Case I

UiXU HSS coining into play for prompt shutdown of the reactor, it

is seen from the analysis that (i) peak ntutron power reached

during the transient is 2.8 times Full Power ( accident occuring

at initial power of 1 FP ) occuring at about 1.4 seconds after

the accident (ii) the sheath temperature goes to « Maximum value

of 669 Deg.C. at 3.4 seconds (iii) the integrated power at the end
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of S seconds is about 4.37 full power seconds.

Dual Failure

Coincident with pipe failure, failure of Primary Shutdown System

(MSS) is considered. Secondary shutdown system will then be called

upon to shutdown the reactor. The secondary shutdown system can

actuate eithar on the signal of 130 7. neutron flux or upon sensing

failure of Primary Shutdown System.

Two cases are thus considered for dual failure. The results are :-

Actuation of SSS on 130 % neutron signal - case II

(i) Neutron power peaks to 2.43 times the KP at about 1 second

after the break. The SSS system is able to contain lha psak

power to this lower value even though it actuates a little

latar ( time difference between 110 'k and 130 X), because of

its faster speed of operation.

(ii> Shaath temperature peaks to 5S7 Deg.C. at 3.2 seconds.

(iii) Integrated power at end of 5 seconds is about 3 Full power

seconds.

Actuation of &SS on sensing movement of less than adequate rods of

primary shutdown system - case III.

In this actuation the delay is too large. The results are:-

Ci> Neutron power peaks to 3.74 «t about 2 seconds.

(ii) fchcath temperature reaches 822 Deg.C. at 3.2 seconds. There

is a tendency to rise further. ( Transient run only upto 3.2

seconds ).

It is seen that for cases I & 11 integaretcd power at S seconds is
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less than S FPS ( Which corresponds to 33.4 eal/gm for maximum

rated channel ). This is well within the failure threshold of 170

cal/g».
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REACTIVITY EFFECTS OF WATER INGRESS

1. Introduction

Accidents resulting in the entrance (ingress) of water Into
the primary circuit of an HTR are considered significant from a
safety engineering point of view because there is the danger of
several fission product barriers being affected simultaneously.
Vater reacts chemically vlth hot graphite corroding the fuel
elements and producing burnable gases whose release may lead to
explosive gas mixtures. Steam and the reaction products formed
during water ingress will also cause a pressure build-up in the
primary circuit. Furthermore, the addition of water to the HTR
submoderated core will introduce a positive reactivity due to
(1) the undermoderated design of the HTR and (2) the better
moderation quality of the water over the helium. This report
addresses the reactivity effect of water Ingress in an attempt
to determine whether a realistic threat to plant safety indeed
exists or it can be rulled out, all this without employing
sophisticated calculational tools.

2. Reactivity effect of Water Ingress

The addition of water to a submoderated core will Introduce
a positive reactivity due to the better moderation quality of
the water over the helium, as well as a lower fast neutron
leakage probability and, hence, an improvement in the neutron
economy.
However, due to parasitic neutron absorbtion in hydrogen,
addition of water above some value will rather introduce
a negative reactivity effect.
This general reactivity effect of water Ingress is shown in
Fig. I 1 1' for three different fuel types with a heavy metal
content of 6.6 gram heavy metal per fuel element.
The 0.1 water volume fraction In the abscissa of Fig. 1
corresponds to 2600 kg of water homogeneously distributed in the
core (the overall coolant space being 26000 liter, 39* of the
core volume).

As mentioned before the positive reactivity addition is due
mainly to the higher resonance escape probability, therefore we
should expect a higher positive reactivity addition in low U Z 3 S

enriched fuel (LEU) than in the high enriched fuel (HEU).
This effect is well noticed in Fig. 1 where the LEU shows the
highest positive reactivity. LEU plus Thorium has lower
reactivity because of fewer resonances in Th compared to U 2 3 8.
The lowest reactivity is calculated for the HEU.
A 1975 report by Druke I2Î came up with similar results for the
LEU/Th fuel in an experimental system.
On the other hand a Bechtel report |3J states that for LEU:
"In the small HTGR pebble-bed core, the maximum reactivity
insertion due to water ingress is limited to only 2% by limiting
the maximum fuel loading per pebble; however, a 2X reactivity



increase is within the compensation design basis of the control
rods".

O.O4

LEU

0.03 - n.

0.02 — £

0.01 -

0
0 0.025 0.050 0.075

WATER FRACTION IN COOLANT SPACE

0.100

Fig. 1: The reactivity addition from the insertion of vater

A study conducted t*> in 1980 for the VGR-50
demonstration reactor with HEU (21Z) found the relation shown in
Fig. 2 between water content and reactivity addition.
For comparison purposes with the ORNL report we have to divide
the density by a factor of 0.Ax1000-400 (0.4 is the assumed
pebble bed porosity factor).
This graph is similar to the LEU/Th graph of Fig. 1 and the
reason for the similarity nay stem from the effect of the
Thorium In mixture with LEU.



0,04

0,02

10 30

Fig. 2i Reactivity as the function of the vater content In the
reactor core.
Shim rods: 1 • inserted, 2 - withdrawn.

A third steady state reactivity evaluation was performed by a
German team at INTERATOM <9>. In Fig. 3, for a heavy metal
loading of 7 gram per fuel elements, we see a trend similar to
the one of Fig. 1 for LEU.
In this reference the study was perfomed on a 7.8% Uass enriched
fuel. The maximum reactivity value of about 3% Is calculated for
a steam inventory of 14 kg/m3. The agreement betveen the three
independent studies is reasonable and from this we can conclude
that the reactivity response of an HTGR pebble-bed core to
vater Ingress is well understood.

tk/%

15-

10-

10 CR-HM/rE

10 20

Fig. 3: RTR-Module - Reactivity Increase versus Steam
of pebble bed

(0 kg/m3

Inventory

One of codes that calculate the reactivity of vater Ingress by
the name of GAMTEREX is described in • •>. There Is a good
agreement between the theory and experiment shown In the report.
It also shows that the nost critical density of vater (I.e., the



vater density causing the maximum reactivity addition) depends
on the core size; the smaller the core the higher is the most
critical vater density. This trend is illustrated, indirectly,
in Pig. 4 > e); k. reaches a maximum at a very lov vater content
vhile k.£C reaches a maximum only at 30&-40X vater content. This
size dependence of the vater ingress reactivity effect is due to
the influence of vater on neutron (particulary fast neutron)
leakage probability. Consequently It is to be expected that
modular HTGRs vlll be more sensitive to vater ingress accidents
than Integrated HTGRs.

1.02

1,00
0*/. 10*/. 20V. 30*/. 40*/. 5 0 * / . —
H 20-CONTENT (ACCORDING TO THE CAVITY VOLUME)

Fig. 4: Effective multiplication factor of the reactor system
and infinite multiplication factor of the pebble bed
zone as function of the vater content in the testzone.

In reality, following the initiation of a vater ingress accident
the vater enters the core gradually. The dynamic behaviour of
the reactor in case of vater Ingress has been studied by a group
from Julich tv-"i. The time dependence of reactivity and pover
following a hypotetical maximal vater ingress rate of 55 kg/sec
Is shovn in Fig. 5 '7> and Fig. 6 fO). The pover increases as
long as the rate of reactivity gain by the increase in steam
concentration inside the core is larger than the rate of
reactivity loss caused by an increasing core temperature and
vice versa.
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Fig. 5: Reactivity (left) and normalized power (right) as a
function of time for a 55 kg/sec vater ingress in a
PNP-500 reactor.

80

Fig. 6: Reactivity and power transients resulting from a vater
ingress accident vith a rate of 55 kg/s.
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3. Consequences of Water Ingress Accidents
Fig. 7 i1) shows the assymptotic fuel temperatures

necessary to compensate for the positive reactivity effect of
water ingress events referred to in Fig 1.

Based on Fig. 7 a HEU fuelled reactor is an Inherently safe
reactor as the temperature does not exceed 1600°C while the
consequences of water Ingress Into the LEU fuelled reactor may,
given certain circumstances, be very severe.
The reactor may become prompt critical and even the assymptotic
fuel temperatures of 3000-4000°K will cause a major release

T I I

LEU

I I I
0.025 0.050 0.075 0.100

WATER FRACTION IN COOLANT SPACE
Fig. 7: Kernel temperature required to compensate

the reactivity Increase from water ingress.

So far we presented the dependence of the positive
reactivity insertion on the amount of water in the coolant
space of: the core. The evaluation involves complicated reactor
physics calculations and the authors of I1J are cautioning that
the results are preliminary and may be sensitive to the
different assumptions made during calculations.



4. Maximum credible amount of vater In the core

The severety of vater-ingress accidents depends much on the
vater density in the core. This depends mainly on two factors:
the ingress rate of vater into the primary circuit, and the
amount of vater in the core.

The first factor depends on the accident scenario, e.g. the
number of failed tubes in the steam generator, their location,
etc. A break at the feed-vater side of the steam generator
(economizer) Is the vorst case as seen in Table I1*'. The
preffered action for greatly reducing the amount of ingressed
vater is a rapid dumping of all the steam generator vater
inventory. The vater Ingress Design Basis Accident (DBA) assumes
such action vas taken. If for any reason the steam generator is
not emptied, its vhole content of 4110 kg can enter the primary
circuit. An even more serious scenario, vhlch assumes a series
of mechanical faults and operator errors, Is one vhere some of
the feedvater tank content is also rerouted to the primary
circuit «1€>i. Out of the available 100,000 liter only 10,000 to
15,000 liter can evaporate, because of the limited heat capacity
of the steam generator internals, and thus can be carried to the
core.

leak Size

2F

2F

Leak Position

Super Heater

Economizer

SC-
Dump

yes

yes

Ouantiti» (kg

Steam | Water

75 | 135

30 460

Total

210

490

IF Economizer yes -10 450 46C

IF

IF

Super Heater

Economizer

no

no

9B5

235

65

3875

1050

4110

Defection Tune inclusive Isolation. 12s

Table 1: Quantities of Vater and Steam Entering the Primary
Circuit In the Case of a Steam Generator Leak of
Different Size and Position vlth Different Plant
Reactions.

The second factor is determined solely by the thermodynamic
conditions within the core. By Fig. B, for vater fractions in
the coolant space that are above 0.02 but not higher than 0.1,
the compensating kernel temperature exceeds the fuel design
temperature of 1600°C. The steam chart in Fig. 8'111 highlights
the 2% and 10% constant density lines confining the danger
area.
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Next, the system parameters (temperature, pressure and vater
content) have to be evaluated to determine vhether
non-permissible water densities exist in the core. Such a
computation can in fact be very complicated since the core
conditions vary significantly with time and core space.
Therefore, a rigorous solution for that problem can be attempted
only with a large computer code and sofisticated analytical
methods. We could, however, roughly estimate the severity of
such an accident by evaluating the ingressed water mass at the



core initial conditions, and subsequently look into the trends
or transients directions that are likely to develop in the core.

Initially the pressure In the secondary system is 240 bar while
the pressure In the core is only 60 bar. This will cause a rapid
pressure rise in the core following the accident initiation. The
operation temperatures of the water In the secondary system vary
from 180°C at the cold side to 530°C at the hot side (closer to
the turbine inlet). If no countermeasures are taken, the
pressure in the primary system would rise continuously. The
safety valve would open at 70 bars for a few minutes and then
close again as the system closure pressure is reached.
From Fig. 8 any region in the core where coolant temperatures
are belowe 450oC (in a 6 MPa pressurized system) the limiting
water density is violated if water replaces all coolant.
By Fig. 9(ai this accurs In the top 10X of the core volume.

Reallistically ve have to assume only partial replacement
of Re by H20. However, after core scram the postulated
temperature transient will gradually lover temperatures in the
core. This will extend the liquid phase in the core and allow
more water insertion. Even at partial pressures of a few bars,
condensation conditlous can be reached as shown in
Figs 10, llfl2>. No water density limit violation will accur at
partial pressures below 40 bars as long as saturation conditions
are not reached.

A postulated transient vhere rapid pressure decrease is
associated by a slower core cooldown, will decrease and even
eliminate the liquid phase volume in the core, and consequently
the liquid phase region in the core, leaving the core filled
by dry steam (up to 975kg in the core).

A different factor which has to be taken into account when
estimating the H30 density in the core is related to the
graphite porosity.

At temperature which are above condensation, H20 molecules can
still penetrate into the fuel sphere pores as a gas and also
settle on the pore walls as a monolayer.

A typical porosity factor for nuclear grade graphite is 14%
therefore the free volume is actually:

(0.14 x 0.61) + 0.39 . 0.475

rather than 0.39 of the core volume.

Assuming the pores shaped as Infinite cylinders with an average
radius of 10"* m'13', the total pore area in a volume of 1 m3

is:
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200 300

Core depth (cm)
400 500

Fig. 9: Axial distribution of the coolant temperature at
selected time levels.

0.14 x 0.61 x 2 5 2 3
A * m 1.7 x 10 m /m

-6
10

The nurber of available sites per unit area on the graphite
surface is:

2/3 15 -2 19 -2
N - [80 x 1021] - 1.9 x 10 [cm ] - 1.9 x 10 [m J

bringing the amounts of B20 in the monolayer to:

A x N 3
x 18-0.1 kg/m

N
A

This number is small compared to the H20 quantities in the free
volume gas phase and therefore, in effect, the contribution of
graphite pores is a 22X increase in the core free volume.

However below 700°C condensation of the pore vails can
significantly increase the H20 density in the core.
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Another important question is what happens to the water droplets
once the system has reached the condensation point. If they sink
to the bottom of the vessel then from Fig. 10 and Fig. 11 we see
that the gas phase is in the permissible area of Fig. 8.
However if the droplets remain suspended in the void between the
pellets or even sink on the pellets the water density nay well
surpase the \.8X danger point.

Conclusions

It is concluded that vater Ingress accidents are not
very likely to lead to heat-up of the core of HTR-Module like
reactors to above 1600°C even if no action is taken to
compensate for the water positive reactivity effect. It is
recommended, nevertheless, that a detailed Investigation of
possibilities for and implications of water accumulation in
relatively cold cores should be undertaken.
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ABSTRACT

Standard computation methods are used to make a preliminary analysis of
the neutronic and therraohydraulic phenomena manifested during the first two
phases of the accident at Chernobyl (positive reactivity generation and first
Ooppler transient).

The most important phenomena discussed in this paper are as follows.

In the accident configuration, the average void coefficient relating to
the voiding of the entire core is assumed to be .03 (.3 mk/% voids). However,
if only the regions nearest the core axis are voided, the void coefficient
becomes three times as high. This fully explains the abnormal increase in
reactivity which took place in the first phase of the transient.

The design error in the scram rod (reduced length of the graphite
follower) can cause a spurious introduction of positive reactivity when the
rods are inserted to the first meter. This effect amounts to only about 1 mk
(100 pern or so) if all the other rods are withdrawn and becomes about 4 mk
(400 pem) if some of the regulating rods are inserted about one-third of the
way. However, this does not appear to be the case.

The Doppler effect is the only one introducing a negative feedback
during the transient. However, this effect, too, is not very effective
because the feedback is highly dependent on the surface temperature of the
U02. At the melting point of the oxide, the effective temperature of the
fuel barely amounts to 1700°C. The model for calculating effective
temperature needs to be re-analysed.

The Soviet model for zero-dimensional kinetics, although somewhat
rough, does take these phenomena into account but it is not reliable for
calculating the final phase of the accident: disassembly of the core and
generation of mechanical energy which caused the explosion (or explosions?).

It is necessary to develop a work plan for the self-consistent
evaluation of the accident, making use of models of spatial kinetics and
dynamics and of explosions, developed in recent years for loss-of-activity
(TOP) accidents of fast reactors, with adaptation of these models to the
conditions of RBMK reactors.
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Thermal behaviour of fuel pins: transient with melting

A very important point for purposes of estimating the energy generated
in the accident is the negative reactivity effect introduced during the
heating of the fuel. We expect to examine the matter in this chapter and,
more generally, the question of fuel pin heating during the transient.

These questions have been thoroughly analysed during the past decade in
connection with research programmes on fast reactors. There are very detailed
calculation instruments which have already been tested in ad hoc experiments
(the TREAT, CABRI, SCARABEE experiments). The BARREL code[*] has been used
for the purpose of a preliminary analysis.

Certain modifications were made for the purpose of using BARREL in the
Chernobyl transient: the thermal constants of Zircaloy were substituted for
those of steel; conversely, the thermal crisis was not taken into account
except parametrically.

The source function was simulated by the function So*S(t):

S(t) = exp(t) for t < 2.3 s

9.9742* exp (4(t-2.3) for t < 3.45 s

992.2765 for t < 3.7 s

992.2765 exp (-4(t-3.7) for t < 4.5 s

The function S(t) is an analytical approximation of the first peak of
the transient referred to in the "Report"!**], as from 1.23'40" a.m. on
26 April 1986.

So is the initial heat source equal to 15 W/cm3 for the average
pin. The calculation was repeated for So = 30 W/cm3 as well.

The heat source is not radially uniform, but has a distribution
(calculated with ANISN in Appendix Al) which is higher towards the periphery
with an advantage factor (maximum power/average power) of 1:1.

The result of the calculations is shown in Fig. 1.

[*] P. Loizzo - Fast Reactor Safety Code NADYP: Analysis of CABRI Fresh
Rods Experiments (Transient of Power - TOP), being published in
"Energia Nucleare").

[**] The report on the Chernobyl accident supplied by the Soviets to Vienna
in August 1986 will be referred to as the "Report" in what follows.
The transient in question was published in "Energia Nucleare" 3, 3,
27 (1986).
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There are two thermal phenomena of importance for purposes of the
reactivity effect during the transient:

(a) At the end of the first peak of the transient, the fuel begins to
melt in the average pin. Obviously, in the hottest pin, the
melting takes place earlier. The temperature distribution, at
least in the fastest part of the transient, tends to follow the
power distribution, i.e. to have the maximum not at the centre of
the pin but rather towards the periphery. It follows that the pin
begins to melt at a point situated approximately at three-fourths
of the radius. In that position, the temperature regime is rather
low and hence the fission products have not undergone appreciable
diffusion. As a result of the melting, the gaseous fission
products are released from the solid matrix in short periods of
time and pressurize the liquid fuel, causing rupture of the
cladding and leakage of the liquid itself.

In the final analysis, the reactivity effect is accentuated as a
result of the explusion of the liquid coolant, due either to the
increase of vapour in the core caused by the thermal interaction
of water and fuel, or to the release of fission gases. At this
point, the second peak of the transient begins.

(b) Immediately after the maximum power has been reached, the surface
temperature of the oxide begins to decrease visibly. This
involves a decrease in the negative temperature feedback, also
because the Doppler effect is calculated not with the average
temperature but with an effective temperature given by the
expression:

T(Doppler) = 0.3*T(control) + 0.7*T(surface).

Generally speaking, the validity of this expression is
questionable. Figure 1 shows clearly that the temperature
distribution changes considerably during the transient, whereas
the above-mentioned expression holds for slow variations in
temperature, when the distribution coincides with that of the
steady state.

In the above-mentioned calculations, the pin was described in great
detail: near the outer surface, the discretization thickness used is
0.02 mm. When the description of the pin is rougher, the apparent thermal
inertia is higher, as a result of which the progression of the surface
temperature of the fuel is monotonie. In the calculation described in the
"Report", the description of the pin was probably coarser. The instantaneous
thermal flux, too, becomes rather unreliable in this case, for which reason
the critical heat flux (DNB) correlations become more uncertain.

In conclusion, the problem of fuel pin thermal behaviour as well, which
also is apparently simple, becomes rather complex and needs to be re-analysed
with care.
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2. Model of the reactor in one and two dimensions. Analysis of abnormal
void coefficients. "Positive" scram

Using a set of two-group constants calculated as a function of the
burnup and the void franction, we can devise 1-D (one axial dimension) and 2-D
(two dimensions, R-Z) reactor systems and evaluate the reactivity effects of
the various phenomena occurring during the trainsient.

As far as the calculations of the "Report" are concerned, the main
neutronics problems are the following:

(a) What is the value of the reactor void coefficient? In the
Appendix and in many other recent studies, the supercell
coefficient is calculated; obviously, the reactor coefficient
will vary as a function of the position of the voids and of the
configuration of the rods.

(b) What is the integral and differential value of the various sets of
rods?

(c) What happened at the moment that scram rod A2-5 was activated? In
the "Report", it is assumed that 700 pcm of positive reactivity
were inserted in 3 s; .Is such a high value possible, or are we
simply dealing with an artifice designed to introduce spatial
effects in a zero-dimensional calculation model?

2.1. Description of the reactor

If the reactor is axially homogeneous, the power distribution has a
cosine shape with the maximum at the centre and with a maximum/average ratio
equal to about 1.4. Obviously, a distribution of this type is not stable with
burnup, because the fuel tends to be consumed more intensively and thus to
decrease more at the centre.

It is not easy to recalculate exactly the axial distribution of
burnup: codes like BOLERO, calculated in the 1960s, are no longer operative,
and fast reactor codes, such as CITATION, use collision cross-sections which
are constant with burnup, for which reasons they can be used only for
calculating flux but not burnup.

The distribution shown in Table 1 has been assumed. The axial
distribution of burnup here is approximately the arithmetic mean between the
initial power distribution and the one calculated at that instant. The
average burnup of 13 MWd/kg corresponds to that reached by the initial fuel,
which constituted three-fourths of the reactor loading. For an exact
calculation of power distribution, it will be necessary also to take account
of the radial distribution of burnup and of delivery.

After 5-6 years of operation, the reactor is already in equilibrium:
the frequency of fuel reloading is higher on the periphery and lower at the
centre, for which reason the radial power distribution is flattened.



If we want to describe the reactor in two dimensions (R-2), we can have
burnup uniform with the radius, and then the description is Table 1 is again
proposed for all the radial regions. It may also be wished to describe a
reactor having a radially flattened power distribution: in this case, for
example, we can use the burnup distribution described in the last line of
Table 1. Calculations have also been performed with a flattened distribution,
although it is very unlikely that the reactor has been raised to this
configuration in only three years.

The I-D calculations were carried out either with the CHIC code or with
the CITATION code. The results yielded by the two codes are the same. As far
as the axial spacing is concerned, it makes little difference whether a mesh
of 5 cm (180 mesh to describe the entire reactor) or a mesh of 50 cm and 25 cm
in the reflector (18 mesh for the entire reactor).

The 2-D calculations were performed with CITATION. Axially, 18 mesh
was used and radially, 20 mesh (average thickness of the radial mesh,
approximately 40 cm). Table 2 describes the radial zones.

The macro-collision cross-sections as a function of the burnup and the
voids are those calculated in Appendix Al. To make the results more clear,
the thermal absorption cross-sections were modified in such a way that the
void coefficient of the supercell does not depend either on the burnup or the
degree of voids and assumes a constant value of 0.035.

2.2. Void coefficient of the reactor

The basic problem can be formulated as follows: is it possible that
the same reactor can be characterised by a void coefficient of 0.02-0.025
(20-25 pcm/% voids) in nominal conditions and by a void coefficient of
0.05-0.06 in the accident conditions?

We shall try to answer this question by performing calculations based
on a 1-D and 2-D model.

If we operate in axial 1-D, we get the results shown in Table 3: the
void coefficient of the reactor remains at the same cell coefficient level and
can vary at most between the values of 0.027 and 0.046, which by itself is not
sufficient to cause the excursion described in the "Report".

Operating in 2-D, we get the results shown in Table 4: in both series
of calculations (flattened and non-flattened flux), the void coefficient
reaches very high values in the central regions of the reactor, whereas the
peripheral regions, for all practical purposes, do not count.

The effect is all the more important if we bear in mind the difference
between cases 3 and cases 2, i.e., the diference obtained when the vapour
increases only in the three radial regions, going from an average fraction of
7.3% to a fraction of 14.7%. In this case, we get a coefficient of 0.1 for
the case with non-flattened flux and of 0.08 for that with flattened flux.
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Figure 2 shows the change in outlet enthalpy distribution (power
integrated over height) when the three regions closest to the axis of the core
are successively voided. It should be noted that the variations in flux
between one configuration and the other are so microscopic that the theory of
first-order perturbation does not hold and for this reason it is necessary to
calculate the flux explicitly in every in every phase of the transient, with
methods of spatial dynamics in two dimensions.

Given the fact that the reactivity balance of the "Report" requires,
for the first phase of the transient, a much lower void coefficient (0,05 in
the range between 25% and 40%) and the fact that, as can be seen from case 6
in Table 4, the average void coefficient remains fairly low if the void is
uniformly distributed, we consider that the initial assumption has been
demonstrated, i.e., in conclusion:

It is possible to have a void coefficient of around 0.03 in normal
operating conditions and around values higher than 0.05 in accident
conditions : it is sufficient that the voids be concentrated in the regions
close to the axis of the reactor.

2.3. Control rods. "Positive" scram

The schematic design of the control rods is shown in Fig. 3. The
information available on the number and shape of the scram rods is very
meager; considering the hesitant way in which "AZ-5" scram episode is
described in the "Report", there is reason to doubt even whether insertion of
the rods actually took place, and if so when. However, the calculation was
made and has only a semi-quantitative value. The local presence of boron was
simulated by an additional absorption cross-section in the thermal group,
while the presence of water was simulated with a thermal cross-section equal
to one-fifth of that of the boron. The calculation was performed in one
dimension.

The absorption cross-section of the rod was adjusted in such a way that
the total value of the set was 10 000 pern. In other words, it was assumed
that all the available rods are inserted by the manual scram control.

The results of the calculation are shown and commented on in Fig. 4.

It was also attempted to heighten the effect by assuming that the flux
was initially asymmetric (Fig. 5) through the partial insertion of the set of
rods (fixed for the entire period during which the scram took place) equal to
20% of the rods present in the reactor. A value of approximately 400 pem is
obtained for the positive scram.

In the writer's opinion, it is highly improbable that this effect
played an important past in the accident. Moreover, this role is not at all
necessary; the void reactivity balance together with (see preceding
paragraph) the pronounced instability of the flux distribution, is sufficient
to generate the reactivity which caused the accident.
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2.4. Conclusions regarding the methods of calculation

The reactivity effects generated in the core of a large-scale RBMK can
be evaluated even with the unsophisticated means used in the present study.
It can be shown without much difficulty that, in the absence of control rods,
the void coefficient tends to become elevated.

Unsophisticated methods do not mean simple methods .

It is still a demonstrated fact that a two-dimensional calculation
instrument is necessary: radial for the entire period in which there is a
variation in tho void profile and axial from the moment in which there is
movement in the control rods or melting of the fuel or axial movement of
voids. Furthermore, the hydraulic calculation of water and void movement is
performed instant by instant and in a manner combined with the neutron
calculation: it must not be forgotten that, although the pumps are operating
at full rating, the channels are more than 7 m long and therefore the coolant
transit time is a matter of many seconds.

In conclusion, there is need for a calculation method at least of the
NADYP class[*], i.e. of a two-dimensional spatial kinetics model with coupling
of neutronics and thermohydraulics at fuel pin level. More simplified systems
cannot yield results which are qualitatively different from those obtained in
the "Report".

The preliminary analysis carried out thus far leads to a qualitative
understanding of the phenomena which manifested themselves during the accident
or at least to an understanding of points which are still obscure.

We can set ourselves the objective of recalculating the accident with
modern instruments in the interest of a more reliable evaluation of the
thermal and mechanical energy generated.

An objective of this kind, apart from being of great cultural value, is
a first reply to the insistant question of public opinion: "Is another
catastrophe of these proportions possible, and if not, why?"

In other words, the calculation instruments which led to the
dimensioning of the containments of Western reactors are being used for
calculating the accident at Chernobyl.

The fallout may be very extensive, both in the more specific area of
fast reactors and in that of proven reactors. In the last analysis, what is
needed is an instrument validated by a fuller and more critical re-examination
of reactivity accidents.

[*] G. Buffoni, et ai. NADYP, a dynamics code for fast reactors:
description of the physical-mathematical model, CNEN RT/FI (74)8 (1974).
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2.5. Conclusions relating to the results of the core calculation

Since the 1960s, the phenomenon of the spatial instability of large
power reactors, especially if they have a positive void coefficient, have been
clearly understood: see the analysis of the oscillations of the Shippingport
reactor or the preliminary CNEN analysis of the oscillations of the 600 MW(e)
CIRENE unit. The Soviets themselves made a major effort in connection with
the Byeloyarsk reactor (which may be considered the prototype of the RBMK
model): the complexity of the Chernobyl reactor's control system is the
result of these analyses. There are three types of automatic rods in the
reactor for the control of power level, axial distribution and radial
distribution.

During the accident, the rods for control of distribution were totally
withdrawn, While those for controlling power were in the process of being
withdrawn and contributed nothing precisely at the moment in which the
increase in reactivity was highest.

This having been said, it cannot come as a surprise that in an RBMK
with all the rods withdrawn, there should have been such a perverse void
effect or that the phenomenon should have been calculable in so immediate a
fashion. This circumstance is implied in every provision of the safety
report. But the error of the designers was precisely this: to have
discounted a circumstance which was certainly discounted by the designers but
not by the operator.

In this connection, the operator errors, which are scrupulously
indicated in the "Report", do not include the one which we think was the most
serious from the technical point of view, namely, that of failing, at the
moment the transient started, to reset the level of the manually operated rods
which had been withdrawn three minutes before to gain reactivity. The
reinsertion of the manually operated rods would have restored the level of the
automatically operated ones to within the operational range and would have
avoided or at least attenuated the positive reactivity which had been
introduced.

The reasons for this behaviour are not very clear;
guess and state a final consideration.

one can make a

In all probability the operator was certain, on the basis of his
knowledge of the operational behaviour of the reactor, that the void
coefficient was limited to the value of 0.02 (+ 20 pcm/% voids),
characteristic of the normal operating situation; he was therefore certain
that he had sufficient negative reactivity available in the automatic control
rods to cope with any problem that might arise during the entire period in
which his attention was turned to the experiment being conducted with the
turbo-generator. Evidently, his knowledge of the physics of the reactor was
not thorough enough to guess that the effect could abundantly exceed that
value in the conditions in which the core had been placed.
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As a final consideration, we may say that the system as a whole
comprising the core and the three systems of automatic control rods, could
perhaps be considered safe (to be sure, not intrinsically safe) with respect
to reactivity accidents.

However, if the system had to be considered in its entirety, the most
serious error was not that of the operator, but that of the designer who had
permitted a situation in which the system could be so seriously disturbed from
the console, and without special procedures. In reality, the system was so
disturbed that it no longer bore any similarity to the one approved by the
Safety Report.

Precisely this is the most important lesson to be derived from the
accident and it is equally applicable to western reactors, over and beyond
technological differences.
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APPENDICES

A.I. 4-group supercell calculation and generation of cross-sections

A.1.1. Definition of a neutron model!*]

The basic model of RIBOT is optimized for calculating water reactors
and cannot offer great precision for calculating a lattice of the RBMK type
(as also for the D20-H20 type). However, the basic model can be adopted -
through normalization - to the results of more sophisticated calculations and
to operational data. The model thus constructed has the advantage of
permitting quick verification of the results of the possible variants.

It was therefore decided to proceed rapidly and write a simplified
version of the Ribot model on HP-85, to verify soma alternatives and to
determine the macroscopic cross-sections for the reactor in accident
conditions.

There are three critical points in the calculation:

(a) Thermal cross-sections and disadvantage factors;

(b) Variation of the fast flux and therefore of the thermal neutron
source in the supercell;

(c) Resonance integrals of the fertiles and their variation with water
density.

A.1.2. Thermal spectrum and disadvantage factors

The first point presents some difficulties: the spectrum is
satisfactorily thermalized but the contribution of the graphite to the
slowing-down increases greatly with variation in the void fraction.
Accordingly, it cannot be assumed that the spectrum of the graphite is
identical with that of the channel. To recycle the spectrum on the basis of
the disadvantage factor, it is necessary to perform the calculation of
diffusion in the supercell.

To begin with, the ANISN code was used to calculate the thermal
disadvantage factors in the U02-H20 microcell and in the graphite channel
supercell. The former were found to be independent of the void fraction while
the latter were dependent on it. However, it was assumed that the thermal
spectrum was independent of the final value of the external disadvantage
factor.

[*] For a detailed description of the Ribot method, see Buffoni et al.,
Burnup of pressurized or boiling water reactors, CNEN RT/FI (67) 28
(1967) and LOI220-. RIBOT: A physical model for light-water lattices
calculations, BHWL-735 (1968).
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Supercell calculations were carried out in two extreme conditions:
assuming that the spectrum in the graphite coincides with the spectrum of the
fuel or, alternatively, assuming that the spectrum of the graphite is a pure
Maxwellian.

The second model produces a void effect higher by 5-6 pcm/% voids than
the first model, but the disadvantage factors for the graphite are identical
for the two models.

It may therefore be concluded that for calculating the spectrum and the
thermal cross-sections, it is sufficient to use the constant values of the
disadvantage factor, if only to recalculate the value of the multiplication
constant by means of a final calculation of a 4-group cell. From this one can
easily derive the 2-group macro cross-sections for the detailed calculation of
the reactor flux.

A.1.3. Resonance intervals and Dancoff effect

The problem of resonance intervals is more difficult to solve. The
steps in the Ribot scheme are as follows:

(a) Evaluation of the surface correction, in accordance with the
Dancoff-F'ukai method;

(b) Correction due to the imperfectly absorbing oxide rod, according
to Arnold's method;

(c) Empirical correction for coolant density, as derived from
comparisons with the operational results of Garigliano and Trino.

The 18-pin Chernobyl bundle is characterized by a very compact
arrangement with respect to that of the water reactors; this means, among
other things, that the empirical adjustment factors are not necessarily
identical with those used for the water reactors.

The main consequence is that the Dancoff factor has a value which is
appreciably different from unity; accordingly, the resonance interval of the
fertiles tends to decrease with an increase in the degree of voids.

A.1.4. Results of the parametric calculations and conclusions

A number of parametric calculations was carried out with the
above-mentioned model. The general trends are as follows:

(a) The calculation of a fresh element, without the Dancoff
corrections, leads to a slightly negative void coefficient
(-2 pcm/% voids);

(b) In a fresh element (k = 1.27), the insertion of enough poison to
make the reactor critical causes the void coefficient to decrease
by about 10 pcm/% void;



- 11 -

(c) The Dancoff effect calculated according to the Ribot model adds
about 20 pcm/% voids;

(d) Burnup up to 20 MWd/kg adds 14 pcm/% voids;

(e) The non-homogeneity effect of the fast flux (4-group diffusion
calculation) adds another 8 pcm/% voids;

(f) All these effects cause the void coefficient to vary greatly but
produce insignificant variations in the multiplication constant.

It may therefore be concluded that the void coefficient for an average
burnup of 10 MWd/kg is approximately 35 pcm/% voids.

This value is in agreement with that calculated by the UKAEA WIMS
code!*].

A.2. Nuclear density interpolation and reactivity balance

A.2.1. Burnup calculations

In the "Report" there is information (see Table 1) on the nuclear
compositions of the fresh fuel and that of the time of unloading (20 MWd/kg).
Since the reactor fuel at the time of the accident was of intermediate and
non-uniform composition, the intermediate compositions must be derived in a
coherent manner.

For the solution of the burnup operations, a model has been developed
by which the interpolations can be carried out in the simplest and most
coherent manner. The independent variable in the equations is not time but
the nuclear concentration N25, for which, to take an example, instead of

dNVdt = «fosNs; dNe/dt --= 6a*Ue; etc.;

we have:

dt/dNs = -l/(dosN5); dNe/dNs = (o8N8)/((jsNs); etc.

The burnup equations are integrated between the intial and final
concentrations of N5.

A.2.2. Results of the calculations

The burnup calculations were performed by using three different sets of
collision cross-sections:

(a) Cross-sections derived from Ribot;

(b) Cross-sections generated by Ribot and adjusted so as to give
results very close to those of the Soviets;

[*] D.6. Cepraga, Personal communication.
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(c) Cross-sections derived from a Westcott-type thermal model with an
uncorrected Dancoff resonance integral of 23eU.

The collision cross-sections (a) give nucleus concentrations very different
from those in Table 1: the plutonium isotopes are underevaluated by some 10%.

The adjustments for producing the (b) cross-sections consist
essentially in an increase in the capture of 2 3 8U (+ 15%), and in a
decrease in the capture of fissiles (around 10-20%). The nuclear densities
thus obtained are those referred to and are shown in Table 2.

Using the Westcott cross-sections (c), we obtain the densities provided
by the Soviets, provided that we use for 238U the value of the resonance
integral without the Dancoff correction. In this case, there is no need for
any further adjustment.

From these results, it appears very probable that the burnup calculations
of the "Report" were made with an extremely simplified model, the a having
been calculated on the basis of a thermal spectrum through the definition of a
neutron temperature. The epithermal cross-sections of the fertiles were
probably calculated without allowance for the shadow factor (Dancoff).

A.2.3. Conclusions

Three basic models can be assumed:

(a) The nuclear densities are calculated with the Ribot sections and
the multiplication constant is calculated coherently;

(b) The nuclear densities are calculated with the adjusted
cross-sections of set (b) and the multiplication constant is
calculated with the Ribot model;

(c) The simplified model (c) is used to calculate the nuclear
densities and the multiplication constant.

Figure A.I shows the cell multiplication constant as a function of
burnup while Fig. A.2 shows the void constant.

It can be seen clearly that the calculation model has no bearing (to
within a few per cent) on the value of the multiplication constant.

Conversely, the model exerts a very significant effect on the void
coefficient. The simplified model (c) produces a void coefficient which is
about 20 pcm/% voids more negative than the other two models. The bulk of the
difference is due to the absence of the Dancoff effect.

Using the model referred to in (b), for an average burnup of 13 MWd/kg
corresponding to the accident conditions, we get a void coefficient of
28 pcm/% voids (i.e. 0.035) if allowance is made for the non-uniformity of the
supercell flux.

This confirms what is derived independently in Appendix A.I.
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FIGURES

Fig. 1. Temperature distribution in the average fuel pin during the transient
(first peak)

The energy produced in the average pin is 1400 J/g and the power
distribution has a minimum at the centre (see text). For the entire duration
of the transient, the temperature remains flat except at the outermost
millimetre where, at the end of the transient, the heat is able to diffuse
towards the exterior. Use is made of the BARBEL model, which has been tested
on the power transients of the fresh pins of the CABRI experiment. The most
important result of the calculation is that, at the end of the transient, the
fuel begins to melt starting from a point located three-fourths along the
radius. The gap between the oxide and the Zircaloy cladding remains unclosed
throughout the first peak, either because the fuel is barely at the start of
melting, or because the thickness of the gap itself is 0.25 mm. In the
transient represented in the figure, critical heat flow (DNB) of the pin is
not considered. During the fastest part of the transient, a temperature
inversion is observed. In the following period, there is a visible tendency
of the temperature to decrease. This phenomenon becomes apparent only if the
geometrical description of the pin is very detailed. The peak pin already
begins to melt after 3.6 seconds, the instant at which the gap is closed. At
3.75 s, the rod is 80% melted and the liquid is under pressure. We therefore
have rupture of the cladding and leakage of the melted oxide.

Fig. 2. Voiding of the central regions

Total voiding of the core involves a reactivity increase of about
3000 pcm, i.e. 6.5$ (coefficient 0.03). In the absence of control rods, the
flux in the various regions of the reactor is uncoupled, for which reason the
voiding of the central regions introduces a reactivity which is
disproportionate with respect to the mean void fraction (volume of voided
regions in relation to total volume). This is the explanation given as to how
it was ever possible to have a void coefficient of 0.10 in the initial moments
of the accident. The figure shows the outlet enthalpy of the elements as a
function of radius (when the coolant velocity is uniform) in the case where
there are no voids and in the cases where regions 1, 2 and 3 have a void
fraction of 80%. The enthalpy distribution calculations are performed at
constant power with a 2-D (R-X) model.

Fig. 3. Schematic drawing of the scram rod and its follower

Between the absorbing region and the graphite follower, there is an
empty space of one meter containing water and structural material. The
follower is only 5 m long, so that, when the rod is completely withdrawn,
another full meter of water remains in the lower part. It is precisely this
circumstance that could have led to "positive" scram effects. Actually, the
insertion of the rod to the extent of one meter produces the increase in
absorption in the upper part of the core and the decrease in absorption in the
lower part. Here, however, the flux can be higher, so that the total effect
can be positive.



- 14 -

Fig. 4. Inserting the scram rods one meter deep when there are no other rods
in the intermediate position

The total reactivity of the rods inserted fully is 10 000 pcm. When
the rods are withdrawn, there is a slight asymmetry in flux due to absorption
of the rods present in the upper reflector. This much is enough for the
insertion of the rods to a depth of 1 m to produce a positive reactivity
of 80 pern.

Fig. 5. Insertion of the scram rods to a depth of 1 m in the presence of a
set of rods inserted 2 m deep

The effect of expulsion of the poison (the water contained in the
lower meter) is enhanced by the fact that the flux is already asymmetrical at
the start of the scram and hence the absorption of the water is high. For
this region the effect of the meter of water reaches 400 pcm.

Fig. A.I. Infinite multiplication constant as a function of burnup

The calculation models used do not greatly affect the result. In
model (b), the RIBOT scheme is used without variations. In model (a), the
cross-sections of the fissiles and the fertiles are varied until good
agreement is obtained with the nuclear densities of the "Report". Model (c)
uses Westcott's collision cross-section for fissile nuclei and no correction
is made for the resonance integral of fertile uranium by the Dancoff effect.
This model, without adjustments in the collision cross-sections, gives
appreciable agreement with the end-of-life nuclear densities tabulated in the
"Report".

Fig. A.2. Void coefficient of the supercell as a function of burnup

The differences between models (a)-(b) and model (c) are partly due
to the calculation of the thermal spectrum, but mainly to the Dancroff effect.
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TABLES

Axia l

Zone

Thickness (m)

Average burnup

Relative burnup

Low burnup

1

0

7

0

7

distribution

2

.5 0.5

11 ,4

.54 0.88

7

Table 1
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3

1

1 3

1 .

11

burnup

. 2

0 2

• 4

1

1

1

(burnup

4

3

5 . 2

. 1 8

3 . 2

1

1

1

in MWd/kg)

5

1

3

.

1

. 2

0 2

. 4

6

0 . 5

11. 4

0.88

7

7

0

7

0 .

7

. 5
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Table 2

Zone

1

2

3

4

5

6

7

8

Total

Channel

5 2

1 12

1 7 6

2 4 8

3 1 2

3 6 8

3 2 8

2 6 0

1856

Description of radial

Thickness
(cm)

101 ,711

78.918

79.45

81.943

81 .12

79.113

61.228

44.167

607. 651

Area
(X)

2 . 8

6.03

9 .48

13.36

16.82

19.83

17.67

14.01

100.00

zones of the reactor

Average power
Flattened Non-flattened

1

1

1

1

1

1

0

0

1

. 3 2

. 3 0

. 2 8

. 2 3

. 1 8

. 0 5

. 7 5

. 4 5

. 0 0

2.00

1 -89

1 .70

1 .45

1 .13

0.80

0 . 4 9

0.22

1.00
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Table 3

1-D calculation of the reactor void coefficient
(radially uniform voids)

Voids 0

Voids 40% upward

Voids 40% total

Voids 80% upward

Voids 80% total

k-eff

1 .02165

1.02189

1.03351

1.03225

1.01770

dclta-k

0 .

0»

0 ,

0 .

00317

01161

01017

02519

Average
void

11.1%

10 7.

22.97.

80 7.

Cpeff.

0 '

0 .

0 .

0 .

0 2 8

0 2 9

0 1 6

0 3 2

Table 4

2-D calculation of the void coefficient
(axially uniform voids)

k-eff delta-k Void Coeff.

Non-flattened flux

1 Voids 0

2 Voids 40% 3 Reg. centr.

3 Voids 80% 3 Reg. centr.

4 2 Reg. interm.

5 3 Reg. external

6 Total

1.00972 -

1.01189 0.00512 7-Z7. 0.070

1.02281 0,01291 11-7ÎS 0.088

1.01959 0.00978 21.155 0.011

1.01382 0.00106 11. 25{ 0.010

1,03116 0.02121 80 7. 0.030

Flattened flux

1 Voids 0

2 Voids 40% 3 Reg. centr.

3 Voids 80% 3 Reg. centr.

6 Viuds 80% total

1.01810 -

1.02156 0.00310 7.35Î 0>013

1.02719 0.00893 11.75Î 0.067

1.01271 0*02389 80» 7. 0.030
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Table A.l

Nuclear dens i t ies given by the "Report" (N*E + 28/cm )

Nuclei 25 26 28 49 40 41 Time

at/o

N

2*/. 98'/.

219.706

(Beginning)

at/o

N

0 . 4 5 0 . 2 4 ( 9 8 . 8 2 ) 0 . 2 6 0 . 1 8 0 « 0 5 (End)

0 . 9 9 0 . 5 3 2 1 7 . 2 9 0 . 5 7 0 . 4 0 0»11

Table A.2

Interpo la t ion of nuclear d e n s i t i e s (N*E + 28/cm )
at intermediate times

Burnup 25 26 28 49 40 41 FP

0 4.484 - 219.71 - 1.276

9 2.562 0.306 218.75 0.4664 0-145 0.0288 1.922 1.136

13 1-8806 0.409 218.23 0.53 0*253 0-0616 2 .8 1.059

15 1-5836 0-452 217 95 0 5461 0-311 0 0794 3.237 1.020

20 0,9895 0.534 217.17 0.5627 0.453 0.1193 4.285 0.926

Table A.3

Four-group supercell calculation

Fresh
Ribot Citation

End-of-life
Rlbot Citation

k (0 voids) t. 263 1.279

Cv(0-40î{)in pcm/ÎCvoids +13 +22

0.928 0.944

+25 +33
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Fig. C

Enthalpy profile for voiding of radial regions

2.68-,

1.56-1

s*
a

c
« i .ee-J

8. 50

REG 1 ! REG 2 REG 3

— " Voided

— — Voided

— - Voided

.......... Reference

REG

REG

REG

1/3

1/2

1

2.

1.

•

9

1

5

$

$

$

3
Radius (m)

o
I



Fig. 0

Diagram of control rods
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Current Status of Research and Regulation
Relevant to Reactivity Initiated Accident in Japan

Toshio FUJISHIRO

Japan Atomic Energy Research Institute

1. Introduction

Along with the rapid increase of nuclear power production in
1970's, the importance of safety research was recognized in
Japan. Domestic research plan was developed for a reactivity
initiated accident (RIA) as well as LOCA. For RIA, the NSRR
program was proposed to be conducted in Japan Atomic Energy Re-
search Institute. The project was initiated in 1972 to inves-
tigate fuel behavior during an RIA and to construct data base
for establishing a regulatory guideline for an R I A 1 ) .
Although the program was planned to deal with both LWR and FBR
experiments, research on LWR fuels preceded.

Over 800 experiments have been conducted in the NSRR and
data base for RIA fuel behavior was established for various test
parameters. "Evaluation Guideline for Reactivity Initiated
Events in Light Water Power Reactor" was issued by the Nuclear
Safety Commission^) based on the knowledges obtained in the
NSRR program as well as in the SPERT and PBF programs.

As the second phase of the NSRR program, experiments with
previously irradiated fuel rods are planned to start in FY 1988.
In the third phase, FBR fuel experiments will be conducted from
early 1990's. The results will also be incorporated in the fu-
ture RIA guideline.

2. Results of Experimental Research

Extensive parametric studies have been carried out in the
NSRR e x p e r i m e n t s to clarify the fuel b e h a v i o r s under RIA
conditions*^. Over 800 experiments have been conducted since
the start of the experiments in 1975 as listed in Table 1.

In the experiment, single or small clusters of fuel rods
contained in a test capsule or a loop were irradiated by a large
nutron pulse in the NSRR reactor to realize a simulated power
e x c u r s i o n in the same manner as performed in the SPE R T 4 * ,
TREAT 5> and P B F 6 ) experiments.

The major results are summarized as follows.
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Fuel Failure Threshold

Energy deposition and the consequent enthalpy increase in
the test fuel were the most important independent variables.
Figure 1 shows the appearances of post-test fuel rods, related
with peak fuel enthalpy. The failure threshold of unirradiated
fuel rods was in the range of 210 to 220 cal/g'UC>2 radial
average peak fuel enthalpy. The failure occurred due to a
brittle fracture of the cladding caused by severe oxidation.

The effects of various parameters on the failure threshold
have been investigated extensively in the NSRR. The failure
threshold was relatively insensitive to cladding material clad-
ding heat treatment, fuel form, fuel material(UO2. MOX), and
width of fuel cladding gap as shown in Fig.2. Reduction of the
water-to-fuel ratio by using shroud enclosures or small clusters
caused a reduction in the failure threshold by about 15%. Pre-
pressurization of test fuel rods.also caused a reduction in the
failure threshold for internal pressures greater than 0.6 MPa.
Fuel failure mode changed from a brittle fracture of oxidized
cladding to the burst of high temperature cladding due to excess
internal pressure. Rods pre-pressurized to 3.1 MPa failed at
the fuel enthalpy of about 140 cal/g of UO2 •

Tests with waterlogged fuel rods were conducted. The
failure threshold of waterlogged fue] rods was much lower than
that of intact fuel rods and it was ranged form 90 cal/g.UO2 to
100 cal/g.UO2 in fuel enthalpy depending on cladding heat treat-
ment, and amount of water filled in the cladding. The con-
sequences of failure, in terms of pressure pulse magnitudes and
nuclear-to-mechanical energy conversion were measured and
evaluated systematically.

The unirradiated fuel rod tests under coolant conditions
typical of hot startup and operation conditions in a BWR and a
PWR have been performed also in the NSRR. The test results
showed that the fuel failure threshold did not differ from that
obtained under atmospheric pressure and ambient temperature con-
ditions.

Prompt Fuel Dispersion Threshold

When the fuel enthalpy exceeded around 300 cal/g-UO2, the
failure changed to quite different mode from that of the in-
cipient failure. Molten fuel were expelled into water and frag-
mented into small particles. The size of these particles became
smaller with increase of the energy deposition. The fragmenta-
tion of a fuel rod caused the pressure generation and the ejec-
tion of water column above the fragmented fuel rod.

The important problem caused by the prompt fuel dispersion
are the significant failure consequences such as generations of
pressure pulse, mechanical energy and hydrogen.
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Failure Consequences

The consequences of fuel rod failure were evaluated
primarily on the basis of fuel fragmentation, pressure gener-
ation within the capsule, nuclear-to-mechanical energy conver-
sion and the extent of cladding-water reaction, all as a func-
tion of fuel enthalpy.

Fuel fragmentation was initiated at the fuel enthalpy of
around 285 cal/g.UC>2, which caused gross melting of the UO2 pel-
let.

Pressure generated following fuel rod failure was not
generally detectable for peak enthalpy of less than 325 cal/g.
UO2• Maximum measured pressure increased with fuel enthalpy in
the 325 to 500 cal/g.UO2 range, and it was less than 13 MPa for
unpressuri zed rods and 21MPa for pre-pressurized rods. In the
enthalpy of over 500 cal/g.UO2, no significant increase of maxi-
mum pressure was found with the increase of energy deposition.
The width of pressure pulse was generally ranged from a few
msec to several hundreds msec.

Mechanical energy generated following fuel rod failure is
most important from the viewpoint of reactor safety because it
threatens the integrity of pressure boundary. Therefore,
nuc 1 ear-to-mechani cal energy co-nversion was extensively inves-
tigated primarily as a function of energy deposition and also
changing test conditions such as coolant subcooling,
fuel/coolant volume ratio and fuel rod internal pressure.

The mechanical energy generation was not detected for peak
enthalpy of less than 325 cal/g.UO2. The conversion ratio ob-
tained from the experimental results increased exponentially
with the increase of energy deposition. In the 325 to 500 cal/g
range, conversion ratios were less than 1%. Peak enthalpy of
550 cal/g.UO2 produced conversion ratio of near 2%, apparently
as a result of severe fragmentation. The nuclear-to-mechanical
energy conversion ratio was well organized as a function of the
surface averaged diameter of fragmented fuel particl es?).

Metal(cladding)-water reactions, determined from hydrogen
evolution measurements, were first detectable for energy deposi-
tions sufficient to cause DNB at the cladding s u r f a c e O 110
cal/g.UO2)» increasing with enthalpy to as much as 20% at 250
cal/g, near 50% at 450 cal/g, and near 100% at 550 cal/g. Frag-
mented UO2 fuel was also oxidized by water to become U3O8 at
elevated temperature and produced hydrogen.

3. Code Development for RIA Analyses

The analyses of postulated RIAs for licensing purposes in
Japan are accomplished with the combination of the core nuclear
kinetics analyses, core thermal-hydraulic analyses and fuel be-
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h a v i o r a n a l y s e s . The core nuclear k i n e t i c s a n a l y s e s are
g e n e r a l l y d o n e with conventional one-point reactor kinetics
models for reactivity-initiated anticipated transients in BWRs
and PWRs (control rod withdrawals during startup (BWR), uncon-
trolled rod cluster control assembly bank withdrawals from sub-
critical condition (PWR)) and for reactivity-initiated accidents
in BWRs (control rod drop accidents), and with rigorous multi-
d i m e n s i o n a l s p a c e - d e p e n d e n t r e a c t o r k i n e t i c s m o d e l s for
reactivity-initiated accidents in PWRs (rod cluster control as-
sembly ejection accidents).

A m u l t i - d i m e n s i o n a l r e a c t o r k i n e t i c s c o d e E U R E K A 8 ^ ,
developed by JAER1 , is widely used as a reference code during
licensing p r o c e s s in J a p a n . E U R E K A c o n s i s t s of a nuclear
kinetics m o d e l , a thermal-hydraulic model and a fuel behavior
model. In the nuclear kinetics model, the reactor power change
is calculated based on a one-point kinetics model, but the reac-
tivity feedbacks resulting from the change in fuel temperature,
moderator temperature, void ratio and fuel cladding expansion
are calculated based on a weighting function which is given as a
product of forward and adjoint neutron fluxes at each location.
A modified version of the code, EUREKA-2, was used in the tran-
sient analyses of the Chernobyl accident.

As a recent trend, attention is a being paid to space de-
pendent reactor kinetics models with a quasi-static approach in
which the n e u t r o n i c b e h a v i o r is treated as a c o u p l i n g of
amplitude functions with fine-.t'ime steps and spatial shape func-
tions with larger time steps.

JAERI has developed a quasi-static space-dependent nuclear
and thermal-hydraulic kinetics code, E U R E K A - S P A C E 9 ) . Japanese
i n d u s t r y g r o u p s are also d e v e l o p i n g q u a s i - s t a t i c reactor
kinetics codes.

As for the analyses of fuel behavior during RIAs. JAERI has
developed a thermal and mechanical fuel behavior analysis code,
N S R - 7 7 1 0 J , on the basis of the in-pile fuel Labavior experiments
at the NSRR.

4. Regulatory Guideline on RIA

In Japan, Evaluation Guide for Reactivity Initiated Events in
Light Water Power Reactors was established by the Nuclear Safety
Commission in January 1984.

The main purpose of the guideline consists in the following:

(1) prevention of mechanical energy generation following fuel
failure during a control rod ejection accident in a
PWR or a control rod drop accident in a BWR,

(2) Prevention of systematic fuel failure ruri-.g an abnormal
transient resulting from an uncontrol lt-i reactivity
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insertion into the core represented by a continuous control
rod withdrawal from the core at the critical state, and

(3) Protection of the pressure vessel and core internals
against the mechanical influence exerted by the failure of
waterlogged fuel rods.

As a rule for safety consideration in Japan, the states of the
nuclear power plants are divided into three. Those are: (1) nor-
mal operating conditions, (2) abnormal transient conditions, and
(3) accident conditions. The latter two, which are simular to the
conditions of Classes 2 and 3 by USNRC's classification, are to be
examined in the safety evaluation for reactor c o n s t r u c t i o n as
design basis events.

An abnormal transient is an event that is anticipated to occur
with a probability of almost once a r e a c t o r - 1 i f e . In such an
event, any radiological hazard to the public shall be avoided. It
is, therefore, required in the safety evaluation that an abnormal
transient shall not result in systematic fuel failure nor the
damage to the primary pressure boundary.

In an accident, which is anticipated to occur with a much lower
probability than an abnormal transient, the radiological hazard to
the public shall be limited very low, and, thus, the prevention of
a large number of fuel failure and the assurance of the long term
core cooling are required. These are the principal philosophies
required in the guidelines for safety evaluation for nuclear power
plants of Japan.

For p r e v e n t i n g the systematic fuel failure during abnormal
transients, the allowable fuel design limits are specified in the
guidelines. An allowable fuel design limit is determined with a
certain safety margin to a realistic fuel failure theshold, and any
abnormal transient shall not result in a condition that exceeds the
allowable fuel design limit.

The allowable fuel design limit for an abnormal transient
during a postulated reactivity initiated event (RIE) is specified
in terms of the maximum fuel fuel enthalpies as a function of the
fuel rod internal and external pressure difference as shown in a
dotted line in Fig. 3. The RIE in a light water reactor which is
categorized as an abnormal transient is the continuous control rod
withdrawal from the core near a critical state.

For an accident, the coolable geometry of the core must be
preserved to secure the long term core cooling. For an accident
case of an RIE, the maximum fuel enthalpy is to be restricted below
230 cal/g.UC>2 to avoid the mechanical energy generation following
fuel failure which has a potential to cause damage to the core in-
ternals and the pressure vessel.

In addition, the guideline specifies the requirement for the
evaluation of the influence of the rupture of waterlogged fuel rods
which are assumed to exist in the core during normal operations. It
requires that the mechanical energy generation due to the rupture
of the waterlogged fuel rods shall not result in the damage of the
pressure vessel nor the scram capability during both an anticipated
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transient and an accident.
F o r this e v a l u a t i o n , the g u i d e l i n e s p e c i f i e s the r u p t u r e

threshold of waterlogged fuel cladding to be 65 cal/g.UO 2, in terms
of the fuel enthalpy during the peak power portion, and the recom-
mended curve of nuclear-to-mechanical energy conversion ratio to be
in the form of F = 0.095 exp(0.0058 Q) where F is the conversion
ratio in percent and Q is the fuel enthalpy during the peak power
portion in cal/g.UC>2. The peak power portion is defined as the time
span from the initiation of the event to the pulse width at half
maximum power after peak power time, and fuel enthalpy during the
peak power portion corresponds to the enthalpy provided only during
a prompt part of the power burst.

The regulatory criteria for reactivity-initiated event are
summarized in Table 2.

5. Future Research Plan

T h e r e e x i s t s an e x t e n s i v e data base on the fuel behavior per-
formed with fresh fuel rods through the e x p e r i m e n t s of NSRR, PBF,
SPERT and TREAT programs. However, the data on previously irradiated
fuel rods is too limited to establish the threshold enthalpy of fuel
f a i l u r e and of fuel f r a g m e n t a t i o n r e s u l t i n g in m e c h a n i c a l e n e r g y
generation at high burnup conditions.

Systematic experiments with previously irradiated fuel rods are
planned to be started in late FY1988 as the phase II program of the
NSRR experiments. The tantative plan is summarized in Table 3. The
major objective of the experiments is to d e t e r m i n e the t h r e s h o l d s ,
mechanisms and consequences of fuel failure under RIA conditions as
a function of fuel burnup.

Test fuel rods are p r e p a r e d by 1) p r e i r r a d i a t i n g short sized
fuel r o d s w i t h i n i t i a l e n r i c h m e n t of \0% or 2 0 % in U - 2 3 5 in a
J a p a n e s e M a t e r i a l T e s t i n g R e a c t o r ( J M T R ) , and 2 ) r e f a b r i c a t i n g
p r e i r r a d i a ted c o m m e r c i a l LWR fuel rods with initial enrichment of
about 2.55i to 3.5% in U-235 into short segments.

The initially short-sized fuel rods with i n t e r m e d i a t e e n r i c h -
ment will attain various burnups ranging from about 5,000 to 35,000
MWd/t depending on the irradiation cycles in the JMTR. T h e s e rods
will mainly be directed to the tests to characterize the mechanical
energy generation after the fuel failure at high energy depositions
of up to about 400 cal/g-UC^. These rods will not be opened and the
internal state of the rods will be preserved before the tests.

The low-enriched commercial LWR fuel rods have attained burnups
of about 20,000 to 35,000 MWd/t, and these rods will be directed to
the tests to determine the incipient fuel failure thresholds because
the e x p e c t e d m a x i m u m energy d e p o s i t i o n in these rods d u r i n g the
tests is about 150 cal/g-UC^. In the course of the refabrication of
these rods, gap gas compositions and gas pressure will be changed as
test parameters.
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Tests under different power histories will also be attempted by
modifying the NSRR reactor control system. Power bursts and slow
transients from high steady power simulating transients from an
operating state will be conducted in the same test period.

The results from these experiments with previously irradiated
fuel rods are expected to be incorporated in future RIA guidelines
in Japan.

6. Conclusions

A lot of studies have been conducted to date on RIAs both from
experimental and analytical sides in Japan. An extensive data base
to understand the fuel behavior have been established through the
NSRR experiments. Codes for RIA analysis such as EUREKA and NSR-77
as well as those for licensing purposes have been well developed.

Bas'ed on these studies, a regulatory guideline for an RIA was
established by the Nuclear Safety Commission of Japan in 1984. The
safety design of each type of power reactors against RIAs has been
examined by the Nuclear Safety Commission after the Chernobyl -acci-
dent. THe conclusion was that no immediate changes are needed in
the present reactor design or the regulatory guideline for RIAs.

Although the design limits in the present regulatory guideline
are regarded to have enough safety margin, the data on previously
irradiated fuel rods are too limited to establish reliable threshold
values. RIA experiments with previously irradiated fuel rods are
planned in the NSRR program to be started in FY19SS. It is expected
that the results of these new studies will be incorporated in future
regulatory guideline of Japan, and will enhance the reliability of
the guideline.
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Table 1 Test items and number of tests in the NSRR experiments
(Oct. 1975 through Dec. 1986)

Test Series
(a) Tests under Atmospheric Pressure

1. Standard Fuel Tests
2. Fuel Design Variation Tests
3. Cooling Environment Variation Tests
4. Special Fuel Tests
5. Defected Fuel Rod Tests
6. Severe Fuel Damage Tests
7. Fuel Rod Behavior Observation Tests
8. Irradiated Cladding Tests
9. Miscellaneous

(b) High Temperature/High Pressure Capsule Tests
(c) High Temperature/High Pressure Loop Tests

Total

No. of Tests

118
179
106
71

144
33
26

6
88
24
16

811



Table 2 Regulatory criteria for reactivity-initiated Event

o
I

Abnormal Transient

Accident

Abnormal Transient
and Accident

1) Maximum value of radial average fuel enthalpy
shall not exceed the allowable fuel design limit
given in Fig.2 .

2) The pressure at reactor coolant pressure boundary
shall not exceed 1.1 times of maximum reactor design,
pressure.

1) Maximum value of radial average fuel enthalpy
shall not exceed 230 cal/g.U02.

2) The pressure at reactor coolant pressure boundary
shall not exceed 1.2 times of maximum reactor design
pressure.

Mechanical energy generation due to the rupture
of waterlogged fuel rods shall not result in the
damage of pressure vessel nor the loss of reactor
scram capability.*

k Requirements for the evaluation of mechanical influence
given by the rupture of waterlogged fuel rods:

(a) Rupture threshold of waterlogged fuel rods:
Adiabatic radial average fuel enthalpy of 65 cal/g.U02

provided during the peak power portion.

(b) Recommended mechanical energy conversion ratio:
F = 0.095 exp (0.0058 Q)

F = Nuclear-to-mechanical energy conversion ratio (I)
Q = Fuel enthalpy during the peak power portion (cal/g.UC>2)



Table 3 Tentative plan of NSRR-RÎA experiments with irradiated fuel rods

Test Series

Preirradiated

Short Rod Tests

Commercial

LWR Rod Tests

Test Fuel

Short sized rods

preirradiated in

JMTR

Enrichment

=10 and 20%

fhortened rods

by refabrication

of spent BWR and

PWR rods

Enrichment

=2.5~3.5X

Fuel Burnup

5,000-

35.000

MWd/t

20,000~

35,000

MWd/t

Energy Deposition

50~

400

cal/g«U0a

50-

150

cal/g«U02

Number of Tests*

40~60

40~60

Major Objectives

•Determine thresholds for

incipient failure and

mechanical energy

generation as a function

of fuel burnup

•Study mechanisms of fuel

failure and mechanical

energy generation of irradi-

ated rods

•Determine incipient

failure threshold

•Study the effects of

fuel type, gap gas

pressure and composition

* The number of tests depends on the test period and fuel avai labi l i ty.
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The New Regulatory Criteria Specified in the
"Evaluation Guide for Reactivity Initiated Events
in Light Water Power Reactors" Made by the Nuclear
Safety Comission on January 19, 1984

(1) For anticipated transient1':

The maximum radial average fuel enthalpy

shall not exceed the acceptable design limit of

fuel given in Fig. 1.

(2) For accident2^:

The maximum radial average fuel enthalpy

shall not exceed 230 cal/g-UC^.

(3) For anticipated transient and accident:

The mechanical energy generation due to

the rupture of waterlogged fuel rods shall not

result in the damage of pressure vessel nor the

loss of scram capability.*

1): a) Uncontrolled rod cluster control assembly

bank withdrawal from a subcritical condition

(PWR)

b) Control rod withdrawal during startup (BWR)

2): a) Rod cluster control assembly ejection acci-
dent (PWR)

b) Control rod drop accident (BWR)



* Requirements for evaluating the mechanical influence

given by the rupture of waterlogged fuel rods:

(a) Rupture threshold of waterlogged fuel:

Adiabatic radial average fuel enthalpy of 65

cal/g'UO2 provided during the peak power portion.

(See Fig. 7 for the definition of peak power

portion.)

(b) Recomended Mechanical energy conversion factor:

F * 0.095 exp (0.0058 Q)

where, F * Nuclear-to-aechanical energy conversion

factor (*),

Q * Fuel enthalpy during the peak power

portion (cal/g-UO2).



Table 1 Summary of the Regulatory Criteria and Their Derivation from the NSRR Test Result».

Items

In
ta

ct
 F

ue
l

I
1
o

S
i

Acceptable Design

Limit of Fuel

Limit of Pressure

Pulse Generation

Limit of Fuel

Rupture

Evaluation of

Mechanical Influence

Following Fuel Rupture

Regulatory Criteria

170 cal/g.UO, for AP S 6 kg/cma

Pressure-dependent for

AP > 6 kg/cm2 (Fig. 1)

230 cal/g«U0j

65 cal/g'U02*
H>

Evaluated mechanical Cinergy
shall not be such as to cause
the damage of pressure vessel
nor the loss of scram capabil-
ity.

Derivation of the Criteria

212 cal/g'UOj*1) * 0.83**) - 10 csl/g«U0a*
J)

(Pressurized fuel test results) * 0.85

-10 cal/g'UOj
*

285 cal/g'U02 x 0.85 - 10 cal/g«UOa

90 cal/g-U0a * 0.83 - 10 cal/fUO,

Nuclear-to-mechanical energy conversion

factors based on the NSRR test data. (Fig.9)

Special Consideration

of Fuel Burnup

The fuels whose enthalpies
exceed 85 cal/g«UOa*")'*

s)
must be assumed to fall by
pellet-cladding mechanical
interaction.

This rule will be re-examined following the

future tests at NSRR.

*1) Single-rod test results, *2) Rod bundle effect (Fig. 5), *3) Safety margin,

*4) Fuel enthalpy during the peak power portion (Fig. 7), *5) SPERT-CDC test results.



Table 2 Modes and Thresholds of Fuel Failure Observed in tlie NSRR Experiments.

T3
V

Fuel Failure Mode

53
u a

2*

Embrittlement Failure

of the Cladding

(AP * 6 kg/cma)

High Temperature

Rupture of the Cladding

(AP > 6 kg/cma)

Fuel Fragmentacion

by Pallet Melting

Low Température

Rupture of the Cladding

Appearance of
Post-test Fuel

Fuel Failure Threshcld (cal/g*U02)

Total Energy
Deposition

253 - 264

AP-dependent:

195 ~ 209 *x)

150 ~ 162 *2>

335 ~ 380

110 - 122

Peak Enthalpy

212 - 222

AP-dependent:

160 - 173 **)

120 ~ 130 *2>

285 - 325

90 " 100

*l) For AP - 12 kg/cma, *2) For AP - 30 kg/cm2. (AP - (Rod Pressure) - (System Pressure))
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NSRR OPERATION MODES

OPERATION MODES REACTOR POWER BEHAVIOR RESEARCH ITEMS
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STATUS OF RIA ANALYSIS AT JINS

K. Hirukawa, N. Shimegi, T. Haga

Japan Institute of Nuclear Safety

Nuclear Power Engineering Test Center

1-4-28 Mita, Minato-ku, Tokyo 108, Japan

ABSTRACT

The outline of RIA(Reactivity Initiated Accident) analysis in Japan

are briefly reviewed in the beginning, describing the background philosophy

of the safety examination standards on this matter. The present status

of RIA analysis codes at JINS(Japan Institute of Nuclear Safety) is then

briefly described, showing some examples of trial calculations on a typical

1,100 MWe BWR. The JINS' RIA analyses are based on the two computer codes,

EUREKA-JINS and EUREKA-JINS/S; the former is for a point reactor kinetic

model, while the latter is for a three dimensional space reactor kinetic

model. The detailed thermal-hydraulic model has been considered in the

EUREKA-JINS,and it has been used for many RIA analyses up to this time.

Recently, the space kinetic code EUREKA-JINS/S has also been added to carry

out the best-estimate oriented and more detailed analysis. This report

describes the outline of these codes, together with some discussions on

the results of trial calculations.



1. INTRODUCTION

Since the early time of nuclear development, the problem of RIA

(Reactivity Initiated Accident) used to be one of the common concerns in

the nuclear safety evaluation. The RIA analysis and its evaluation, therefore,

have been considered in every application for permission of the establish-

ment of nuclear reactor. With this background, the method of the RIA calcu-

lations has been quite standardized anywhere, and many computer codes have

already been available for this purpose. Under such situations, people

tended to consider the problem of RIA as a sort of routine work and paid

a little attention on it until recent time, when the Chernobyl accident

again attracted the people's attention on this problem. At this occasion,

it would be worth reviewing the status of RIA analysis at JINS, excavat-

ing problems of the present analysis methods, and seeking for the new methods

for the best-estimate oriented analysis towards the future.

To support the safety examination conducted by MITI(Ministry of

International Trade and Industry), JINS(Japan Institute of Nuclear Safety)

is expected to carry out the "audit" calculations on the safety design

of the nuclear power plant at a time of its application. The JINS' RIA

analysis now uses two computer codes, EUREKA-JINS and EUREKA-JINS/S, both

originally developed at JAERI and modified in detail at JINS. The former

is based on a point reactor kinetic model with detailed thermal-hydraulics,

while the latter is based on the three dimensional space kinetic model,

but with all the thermal-hydraulics of the former being incorporated, too.

The point kinetic EUREKA-JINS has mostly been in use for many RIA

analyses up to this time, but recently the space kinetic EUREKA-JINS/S

has also been added for more detailed analyses. The maximum value of

accumulated fuel enthalpy directly depends on the spatial power profile

during the trasient, and importance of space kinetic analysis is emphasized

for the accurate evaluation of the safety margin. Also, the space analysis

would be necessary to evaluate the statistics on those fuels potentially

failing during the transients.



2. PHILOSOPHY OF SAFETY EXAMINATION ON RIA

In 1984, the Japanese Nuclear Safety Committee set up a "Evaluation

Guide on Reactivity Initiated Events of Nuclear Power Plant Facilities ",

intending to keep the fuel integrity in abnormal transients during operation

in related with reactivity initiated events, to maintain the coolable core

geometry and also to secure the soundness of primary system pressure boundary

in "accidents". This evaluation guide defines in principle the following

events of more than $1 reactivity insertion, as definite reactivity initiated

events to be evaluated by analysis.

(1) For abnormal transients during operation:

1. Uncontrolled rod cluster control assembly bank withdrawal from

subcritical condition. (PWR)

2. Withdrawal of control rod(s) during reactor start-up. (BWR)

(2) For "accidents":

1. Rod cluster control assembly ejection accident. (PWR)

2. Control rod drop accident. (BWR)

The safety criteria on those events have been determined from the

NSRR experiments ^ ^ . According to the NSRR experiments, fuel behavior

in the reactivity initiated events has been related to the maximum fuel

enthalpy during the transients. The most important safety aspect in abnormal

transients during opertion is evaluated by whether or not the fuel integrity

would be kept, and the threshold value for fuel integrity are given by

the accumulated fuel enthalpy under the heat removal condition by coolant,

defined as function of pressure difference across the cladding tube wall

(Fig.l). In "accident", on the other hand, it is evaluated mainly to assure

the soundness of pressure boundary, and this is judged by the fuel enthalpy

not exceeding 230 cal/gUO.. Without having the accumulated fuel enthalpy

to exceed this value, there would no fragmentation of the fuels to occur,

and eventually no accompanied pressure wave occurrence.

In addition, the guide requires to select the initial conditions of the

core; coolant temperature, reactor pressure, power distribution, etc., in such

a way as to result in the most severe accumulated enthalpy in the analyses of

those events as mentioned. Also, it requires to count the safety margin in



such parameters as reactivity insertion rate, reactor scram, etc., used in the

kinetic calculations. Furthermore, several correlation functions, including

the one obtained from the NSRR experiments , are recommended for heat con-

duction and heat transfer coefficients to be used in the fuel température cal-

culations.

To cope with such regulatory requirements, JINS is taking a positive step

in the development, modification and maintenance of various codes, as well as

performing audit calculations to support MITI for the safety examinations.

3001- NSRR experiment
• lowest value of peak power enthalpy for
loss of fuel integrity

o upmost value of peak power enthalpy for
fuel integirty

results of NSRR
experiment

the threshold
value for fuel
integrity (fuel
safety design
limit) ,

10 20 30 40 44.4 50 60

Fig. 1

pressure difference across the cladding tube (kg/cm2)

The threshold value for fuel integrity defined as
function of pressure difference across the cladding tube

3. RIA ANALYSIS CODES AT JINS

3.1. POINT REACTOR KINETIC CODE

A point reactor kinetic . code, EUREKA-JINS, consists of the reactor

kinetic model by a point approximation, the fuel temperature calculation

model, and the thermal-hydraulic analysis model. A point reactor kinetic

model is just a stnadard one and given by,



dN(t)
dt

1=1
xtct{t)+S{t) (1)

dt ?i it)

(2)

where, N = core average thermal neutron density,

Cj= core average delayed neutron precursor density,

S = external neutron source,

£ = prompt neutron lifetime,

p = reactivity,

/?t= fraction of i-th delayed neutron,

Xz= decay constant of i-th delayed neutron precursor,

M= number of precursor groups.

The kinetic model is connected with the fuel temperature and the

thermal-hydraulic models mainly by the reactivity feedback resulted from fuel

temperature increase and coolant boiling. The reactor core is divided into

several regions which are supposed to have the same physical condition, and

the relative power distribution for each region is specified by the input as-

suming that it does not change during the transients.

For each of those regions, a representative channel consisting of a fuel

rod surrounded by an equivalent unit coolant cell is taken up, and the

thermal-hydraulic calculation is performed. The fuel temperature is calculated

from a radial one dimensional heat conduction equation, i.e.,

dT id 8T

where, T = temperature,

K = heat conduction coefficient,

pCp = volumetric heat capacity.

(3)

Also, q is the heat source and given in accordance with the power distribution

obtained as a solution of the kinetic equations as mentioned. The accumulated

fuel enthalpy is calculated based on this fuel temperature, T. The fuel tem-



perature model is then connected with the thermal-hydraulic model through heat

transfer at cladding surface. Thus, the thermal-hydraulic behavior is

described by the following three conservation equations.

du
It"

dpk
~W

du i dp

dp

(4)

(5)

(6)

where,u = coolant velocity,

h — coolant enthalpy,

p = coolant density,

p= coolant pressure,

g = acceleration of gravity,

K= pressure drop constant,

A= cross section area of coolant flow path,

Q=heat flux from cladding surface.

These equations, together with the equation of state and with some

correlation functions for pressure drop, etc., are solved by using the

upper and the lower prenum pressure as boundary conditions. Particular-

ly, for calculating the heat flux Q, the heat transfer correlation func-

tions specified in "the Evaluation Guide on the Reactivity Initiated Events

of Nuclear Power Plant Facilities" are used. (Table 1)

In the BWR RIA from a hot stand-by condition, coolant boiling would

occur and its reactivity feedback effect (void effect) strongly influences

the power transient. Such coolant boiling is calculated assuming a homo-

geneous equilibrium (saturated) condition.

In the PWR RIA and in the BWR RIA from a cold critical condition,

the reactivity feedback by saturated boiling would not be properly con-

sidered because of large subcool of the coolant. Particularly for the lat-

ter case, subcooled boiling would continue for a certain time duration

and that void reactivity effect might not be neglected. Since subcooled



boiling is a typical non-equilibrium phenomenon, the previous assumption

of saturated boiling would not apply to this case. Therefore, a drift flux
(14)

model is employed in the EUREKA-JINS code to cope with this problem.

In this model, the departure point is defined as the location where the

void is initially ejected into the subcooled liquid core, and it is given

by Saha-Zuber's model . The steam conservation equation in the down

stream from this point is given by,

dmg __ dmgVg Qv

dt ÔZ + hfg
(7)

where Vg is the steam velocity, and defined by the following equation.

Vg = Co<j> + Vgi (8)

The steam quality obtained as the solution of the above equation is then

used to calculate the void fraction a in the following equation.

fif
(9)

where W and <j> are the total coolant flow and total volumetric flow, and

Co and Vgi ave the distribution constant and the drift velocity in the

drift flux model, while Qv/h, is the net steam generation term based on

heat balance at the subcooled boiling surface.

Table 1. The heat transfer correlation functions
in EUREKA-JINS code

Heat transfer model

Liquid phase
forced convection

Nucleate boiling

Film boiling

Vapor phase
forced convection

Critical heat
flux correlation

PWR

Dittus-Boelter( '

Jens-Lottes(6)

Bishop-Sandberg-Tong

Dittus-Boelter

W-3 ( 8 )

BWR at hot
stand-by state

Dittus-Boelter

Jens-Lottes

Dougall m

-Rohsenow

Dittus-Boelter

Tong(10)

BWR at cold
critical state

Dittus-Boelter

Jens-Lottes

NSRR Experimental
correlation

Dittus-Boelter

Rohsenow-Griffith
(12)(13)

-Kutateladze
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3.2. SPACE KINETIC CODE

A three dimensional space reactor kinetic code, EUREKA-JINS/S, employs

a variable separation model in which neutron flux is separated to an ampli-

tude function to describe time behavior and a shape function to describe

spatial power profile. The model is here called a "quasi-static" method,

because the amplitude function and the shape function are solved alternate-

ly at each time step, and joined together by superposition. Noting that

the time transient of the shape function is quite moderate compared with

that of the amplitude function, a one point reactor kinetic model is ap-

plied to the amplitude function, and the static three dimensional diffu-

sion model to the shape function. One assumes that the space-time dependent

neutron flux0(r,t) is first expressed in the following form,

0 (7,t ) = N{t)- it ( r, t • ) (10)

where N(t) is the amplitude function to represent core average thermal

neutron density and obtained from the one point reactor kinetic equation

mentioned previously, and ^(r,t.) is the shape function to represent re-

lative neutron flux distribution at time step t., and defined by the following

diffusion equation at static state.

-Dg(r, tj )P* ̂ g< r, tj )+J8fg (r, tj )fg {r, tj )

<g=i,2. .G) ai)

where, t/r = neutron flux of the g-th energy group,

Dg = diffusion constant for the g-th group neutrons,

^n,e = t*ie 8~tn group absorption cross section,

2"s _ n = the g-»n-th group scattering cross section,

2"f _ = the g-th group fission cross section,

v = neutron yield per fission by the g-th group neutron,

<Xg = fission neutron spectrum for the g-th group,

0) = eigenvalue.



Thus, the shape function is obtained from Eq.(ll) as a static solution

at each time step, neglecting the effect of delayed neutrons on the neu-

tron flux distribution. This assumption simplifies the spatial model of

the kinetic code to a great deal, but it is still valid for the fast transient

as in the case of RIA occurring within several seconds of time interval.

With this simplification, it was allowed to employ the free spatial nodings,

either X-Y-Z or R-Z, in the EUREKA-JINS/S code.

The nuclear constants (D, la, Is, If, etc.) are provided by the in-

put as void and temperature dependent data. For change of nuclear constants

in the core such as by control rod movement, the replacement is done in

accoodance with the material movement in the core by using a zone overlay

function. At each time step with significant changes observed in the re-

actor, the power distribution and the feedback weighting function are calcu-

lated again.

The insertion reactivity is given by the input as a function of time,

while the following reactivity feedbacks are calculated from the change

of thermal-hydraulics in the reactor.

(1) Doppler effect

(2) Void effect

(3) Coolant temperature effect

(4) Effect of fuel cladding thermal expansion

These feedback reactivities are calculated and assigned to each spatial

node in the reactor, but usually they are given regionwise for simplicity.

As for the thermal-hydraulic analysis, all the details considered

in the previous code, EUREKA-JINS, can also be applied to each spatial

region defined in EUREKA-JINS/S.

3.3. SAMPLE CALCULATIONS

Sample calculations of RIA have been made for BWR, with use of the

point kinetic code EUREKA-JINS, and the space kinetic code EUREKA-JINS/S.

The first example is for postulation of the BWR RIA from the cold critical
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condition, using a void reactivity model of EUREKA-JINS. Table 2 shows

core conditions, kinetic parameters, and some other geometrical data con-

sidered in this problem.

Table 2. Core condition, kinetic paramecers and geometrical data

Initial power 3.300W

Initial temperature 20°C
2

Initial reactor pressure lkg/cm

Neutron life time 5.0*10" s

Delayed neutron fraction 5.5*10

Channel length 3.7m
_3

Pelet radius 5.16x10 m

Cladding radius 5.28xlO~3m

The reactivity insertion induced by accidental drop of a control rod is

assumed 1.5%AK, a common assumption employed in the safety analysis for appli-

cation of the establishment of nuclear reactor. The calculated result is com-

pared in Fig.2; showing the difference of power, reactivity and released

energy with and without the void reactivity feedback effect by subcooled boil-

ing. The void feedback appears in the runout period after the rapid power re-

duction by Doppler effect. The reactivity feedback by void generation would

attain about 50 cents in 3 seconds during the transient. The total energy re-

lease during this period would be reduced by about 10% from the case without

the void reactivity feedback. This reduction in the released energy gives a

direct influence on the fuel enthalpy at the hottest point, also shown in

Fig.3, which indicates the maximum enthalpy to be reduced by 20 cal/gU0?. In

the RIA from the cold critical condition, the influence of the void reactivi-

ty feedback is not so prominent as the hot stand-by case.

Next, the sample calculation by the space kinetic code EUREKA-JINS/S is

shown, for the BWR rod drop RIA from the hot stand-by condition. The interest

in this case is to find the spatial effect of the rod drop location in the

reactor. The calculation has been made by changing the rod locations for a

quardrant core in X-Y-Z coordinate, and some important parameters assumed in

this calculation are shown in Table 3. The quardrant core geometry indicates

to assume the drop of 4 control rods at a time, but the reactivity insertion

10
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in the calculation was adjusted to become 1.5%AK/K for all cases regardless

of the rod locations.

Thus, shown in Fig.4 are the transients of reactor power and fuel en-

thalpy, comparing the two cases of rods drop from the central and peripheral

core regions. Similarly, Fig.5 shows the comparison of the feedback reactivi-

ties by Doppler and void effects. The difference of fuel enthalpy between the

two cases comes from the power profile during the transients. In this com-

parison, the power peak would occur almost at the same time in both cases, but

its peak value in the case of central rods drop is about 50% higher to the

other case. On the contrary, the maximum fuel enthalpy would become about 20%

higher in the peripheral rods drop because of large local power peaking to oc-

cur in the core periphery after the rods drop.

The example shown above just gave the more flattened power distribution

for the central rods drop than for the peripheral case, and that led to the

present understanding. The situation would not be always the same, but it is

noted at this point that the spatial power profile during power transient

would play a decisive role in determining the maximum values of important

parameters to be considered in the nuclear safety evaluation. Hence, the space

kinetic analysis will be all the more emphasized in RIA analysis in the

future.

Table 3. Core condition and kinetic parameters

Initial state

Initial power

Core exposure

Reactivity insertion

Feedback reactivity

Scram reactivity

Drop velocity of control rod

PMH effect

Inlet subcooling

Doppler coefficient

Void coefficient

hot stand-by

rated power x 10~

OMWd/t (initial fuel core)

1.5%AK/K

Doppler effect and coolant void effect

without scram in calculation

0.95m/sec

with account

12eC

-1.1—1.2 x 10"5AK/K°C

-5.5—8.8 x 10"4AK/K/%void

12
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4. CONCLUDING REMARKS

The present status of RIA analysis at JINS has been briefly reviewed,

showing some examples on typical BWR RIA calculations using the two JINS'

computer codes, EUREKA-JINS and EUREKA-JINS/S. The former is a point reactor

kinetic code with detailed thermal-hydraulic models, while the latter is

a three dimensional space reactor kinetic code with all the thermal-hydraulic

models of the former being incorporated.

The result of calculations indicated that the effect of subcooled

boiling would considerably influence the maximum fuel enthalpy in the RIA

from the cold critical state, reducing its value by about 10% compared

to the case without subcooled boiling. The spatial kinetic analysis on

another RIA case showed that the rod drop location combined with exist-

ing power profile would also influence the calculated results considerab-

ly, thus indicating a significance of using the space kinetic code,

EUREKA-JINS/S.

Until quite recently, the point reactor kinetic code, EUREKA-JINS,

has been in use for most of the RIA calculations, which was used to give

conservative results depending on the input boundary conditions. Hence

EUREKA-JINS/S code is employed now in RIA calculation for space kinetic

analysis.

14
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ABSTRACT

The paper present the analysis of the physical process

in the Polish Research Reactor MARIA, during fast reactivity

excursions.

With regard to some specific features of the reaictor

MARIA a short description of its core is given,followed by the

dynamic and the core heat transfer models* On the basis of

these models, the code TOTEM for the CYBER-73 digital compu-

ter was written in FORTRAN - EXTENDED. The code is intended

for the analysis of reactor accidents caused by the.rapidly

increased reactivity. The code was verified experimentally.

A comparison of the measured and calculated feedback reactivi-

ty and temperatures has shown good agreement. With the aid

of the code the following hypothetical nceidants in the

Research Reactor MARIA have been analysed:

a/ the loss-of—flow accident,

b/ linear reactivity insertion with the constant

ramp rate of k $/st
c/ linear reactivity insertion with the constant

ramp rate of 10 #/s, including the shutdown

reactivity.

It follows from the analysis that all considered

accidents do not endanger the safety of the reactor.
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1. INTRODUCTION

The analysis of the fast transients caused by the reac-

tivity insertions, in the Polish Research Reactor MARIA, is

divided in to three mala parts: developeraent of a code

based on dynamics aod core heat transport models,

expérimental verification of the code and the bahavior of

the reactor under the severe hypothetical accidents.

The mathematical model includes, beside the point kinetios

equ.'AtioTssf , also the space-time-dependent equations of

thermal conduction and the statistical weights for calcula-

ting the effective temperatures. Thanks to this, it takes space

effects into account more accurately. This is especially

important in our case, where, in view of the tnul titube — type

fuel element and its large radial dimensions, the herero-

geneity of the neutron flux in the elementary cell is so

strong that the temperature distribution is nonuaiform.

Moreorer, the gradients of temperature in the fuel and

cladding layers are also well pronounced due to relatively

great Biot numbers, ranging between O.605 and 1. The influ-

ence of the following effects of the temperature on the feed-

back reactivity were considered:

1/ the effect of the coolant;

2/ the effect of the fuel;

3/ the overall oxV-out or the unif oriaaly distributed

temperature in all materials of the core;

k/ the expansion effects in the fuel and the cladding.

The analysis has shown that the change in the coolant den-

sity and the fuel expansion are the most dominant temperature
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effects of the feedback. These effects differ by nearly two

orders of magnitude from the feedback effect due to fuel

temperature changes, white the influence of the remaining mate-

rials of the core,i.e. beryllium and graphite, is negligible.

Veak fuel temperature feedback is caused chiefly by the high

enrichment of U-235 [8OJ»3 » which indicates that the role

of the Doppler effect is practically unimportant. On the

basis of the mathematical model, the code TOTEM for the

CYBER-73 digital computer, was written in FORTRAN-EXTENDED.

The following calculations can be carried out: net reacti-

vity that drives the transients,axial and radial temperature

distribution in the fuel channel, feedback reactivity, the

power response. The code was verified experimentally. A com-

parison of the measured and calculated feedback reactivity

and temperatures has shown good agreement.

With the aid of the code the following hypothetical accidents

were analysed:

a/ the loss-of-flow accident,

b/ linear reactivity insertion with the constant

ramp rate of k &/at

c/ linear reaotivity insertion with the rate of

10 0/a, including the shutdown reactivity.

With regard to some specific features of the reactor

MARIA, a short description of its core is given, followed

by the mathematical model and the temperature coefficients.

The experiments and their characteristic aspects are presen-

ted and discused. Finally, the reactor responses during the

hypothetical reactivity - induced accident are considered.
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2. THE CORE DESCRIPTION

Reactor Maria, brought into operation at the end of

197**, is a multipurpose high flux research reactor of 30 MW,

intended primarily for material testing as vrell as for radio-

active isotope production and for neutron physics experiments

on the horizontal channels [ 1j . Its core is designed to be

similar to that of the MR - type reactor in the Institute

of Atomic Energy in Moscow [2] . The core layout is shown

in Fig. 1.The core is composed of rectangular 110-era-high blocks

of beryllium.forming a matrix with the lattice pitch decre-

asing from 1*10 mm at the top to 120 mm at the bottom. The

pressurized fuel channels filled with water are situated in

the beryllium blocks. The core is surrounded by the graphite

reflector. The active zone, together with the fuel channels,is

submerged in the water pool. The fuel element consists of six

coaxial tubes with uranium-aliminum alloy ( uranium enriched

to 8O56 Z35v ) o^ m m thick and 1000 mm long, clad with O.S-mm-

thick aluminum.. Between the tubes are 2.5-um-wide gaps to

supply cooling water. The outer diameters of the fuel element

and the fuel channel made of aluminium are 70 and 79 mm,

respectively*It should be noted that cooling water, although

its volumetric fraction in the core reaches only 20£, plays

important role as a moderator, since its contribution to

neutron «lowing: down is ~75/6. The cooling water flows down-

ward in the outer annul! of the Field-type ehannel and returns

upward in its central part, as shown in Fig.2. Its velocity

at the ohannel entrance is equal to 4,85 n/s, and after retur-

ning, at the inlet of the central region of the channel, it

rises to 7,If m/s.
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Fig. 2. The distribution of the thernal-neutron flux

and direotions of the coolant velocity along

the radius of the reactor fuel channel

1 »....28 a nunber of the layers .



Inside the first uranium tube [numbers:

5 (U + Al) , 6 ( Al)2 t there is a 16-mm-diaro filler with

water. At a nominal coolaot flow rate through the channel

equal to 30 m-yh and with the inlet water temperature kept

constant at 3.13 K, the permissible power of the fuel channel

may reach ZkhO ktf. In addition, about 8% of this value is

generated in the beryllium and other materials. The outlet

temperature should not exceed 383 K.

In Fig, 2 , the flux distribution in the material layers

along the channel radius, calculated by the spectrum-dependent

lattice code S-WIMS,[3j is shovn«The measured thermal flux in

the middle of the core reaches the value of 3.5 x 10 is/cm^ s.

The neutron spectrum is well moderated, as can be seen from the

quanlity r(Tn/293.6)
1' = 0.03, where r is the epithermal

icdakx and T denotes the neutron temperature,n
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3. THE DYNAMICS >iODEL

Since tho analysed prooesses are of a few seconds only,

we can take into consideration only those thermal and reacti-

vity effects having time constants small enough to make a

contribution into the transient behavior. For this reason

such core materials as graphite, beryllium, and water in the

reactor pool might be omitted in the mathematical model.

The influence of the heat exchanger is also far beyond the

time scale. Hie remaining materials of primary importance

for heat transfer and reactivity effects are the fuel, the

cladding, and the coolant inside the fuel channels.

The nuclear kinetics were described by the space-averaged,

one -velocity, time - dependent, source free equations:

dn(t)

d t

g(t e f f

e f f i
(1)

df

eff .(T) - % £ 4X) (2)

Leff

For describing radial and axial temperature distribu-

tions in the fuel channel, the following heat conduction

equations were used:
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1. For the fuel and cladding layers , within assumption, so

that only radial heat conduction occurs and that heat

source is not angular dependent:

2. For the coolan t:

( M

where :

i s 1,...6

n(X)= neutron density

C,\T) = concentration of the i-th delayed neutron

precursor

P

B

i eff = e f f e o t i v o fraction of delayed neutrons in
group i

f f = total effective fraction of delayed neutrons

"h*- decay constant for group i

ç(X) = net-excess reaotivity

= prompt neutron lifetime

T ( r,z,t!) s temperature

r = radius
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z = axial length

% = time

k = thermal conductivity

P = density of the fuel or cladding

P2 = density of coolant

c , s specific heat of the fuel or cladding
P1

c „ = specific heat of the coolantp2

q = Q ( r,zj-n(T) = rate of heat generation

qp (ztT) = rate of heat transfer to the coolant

Q(rtz) = q • /u(r)-Ç(z) = power density

q_ = power density in the normalization point

/u(r) , C(z) = radial and axial - dependent functions

v = coolant velocity

The outer boundary of the outer layer is assumed to be

perfectly insulatad. The resistance to heat transfer at the

fuel-cladding interface has been neglected. At boundaries

between stationary materials and coolant in its forced and

turbulent regimes, heat transfer was calculated using the

empirical correlations for conveotive heat transfer coeffi-

cient:

Pr \ 0.25

0.021 (55
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vhere: v • Dz e
Re =

Pr=

= Reynolds number

"P2
= Prandtl number

(6)

(7)

ko = thermal conductivity of the coolant

equivalent diameter of channel

= Prandtl number related to the vail temperature

= kinematic viscosity of the coolant

In the case of natural convection:

D =

Pr

h s 0.54. Gr°-25. Pr0'25
(8)

vhere:

Gr s • E • ûT s Grashofs number

g = gravitational acceleration

E s coolant thermal expansion

û T s temperature drope from cladding surface to

coolant

The temperature dependence of the coolant physical para-

meters ( k2f ç2f c^t v> , EJhas been taken into account.



The thermal proper tic s of the fuel and tho cladding were

assumed to be constant.

The reactivity P ft) that drives tho transients is repre-

sented as:

where :

(10)

A P ( I ) = the reactivity caused by the initiating

event,

P \L) = tlie reactivity from control rods ( the

shutdown or trip reactivity) .

• < 0 [*.«]-*. I
0)]

ù> P_- a the reactivity from thernal-hydraulic feed»

back

"\j-.ttk, = temperature coefficients of reactivity for

the fuel and the coolant

<\ = expansion coefficient of reactivity, characterizes

the fuel and the cladding expansion effects

T f (Î) , ïc(t)
 B offaotive temperatures of the fuel

and the coolant



- 12 -

The effective temperatures were applied to take more

accurately into account the spatial feedback reactivity effe-

cts by using the statistical weights. Such an approach in the

case of a point reactor is often recommended to determine

the "lumped" temperature of the fuel and of the moderator and

consequently to obtain the correct feedback reactivities.

According to perturbation theory, the following expression

can be adopted :

dr

(12)

* (r).«f>(r).dr

where the integral is meant as a volume integral, and where

p(r) s neutron flux at point r

<p (r)= adjoint flux

TQ (r), T(r) = temperatures (at steady state and at

time t after perturbation) averaged

over the croas section of the channel

e\j = temperature coefficient of reactivity for fuel

or coolant

Hence, generally the effective temperature can be defined as

.j> (r).dr
T a (13)

r)-dr
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The averaging of the temperature over the cross section of the

fuel channel can be performed by using the calculated tempe-

rature distribution throughout the channel, as, for instance,

for tho coolant at the height 2 :

T'lz =

where s is the sum of all gap cross-sectional areas.

Practically, the Maria reactor may be represented by

the all-thermal model, which is justified by the fact the

ratio of tho neutron temperature, T , to the moderator

temperature T , hardly reaches the value of T /T s 1.4.

Therefore, the statistical weight Ul(r)s <f (r)* Sir)

in Eq. (13) can be replaced by kl('v')- (j) (T1) f since

in the one-velocity approximation à (T') S (jpf/r) . In our case,

the neutron flux distribution along the X, Y, and Z axes

could be easily obtained from measurements.

To^solve the mathematical m o d e l , a code TOTEM[4J

-written in FORTRAN-EXTENDED for the CDC CYBER»73 computer,

vas developed. It incorporates two main subroutines: ARGUS

and RKINIT. The ARGUS subroutine which calculates the tran-

sient temperature field by the finite difference method,

represents the adaptation of thoFORTRAN-II program worked

out at Argonne National Laboratory. Normally shaped as well

as Field-type channels with up to 30 conoentric regions



can be computed. The seoond subroutine, RKINIT,

solves the set of kinetic equations by the Runge^Kutta

method according to the standard CDC computer library of

mathematical routines*
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4.TIIE DYNAMIC PARAMETERS AND TIIE INACTIVITY COEFFICIENTS

The effective parameters 3 f f
 and 1«ff'wero calculate

by the perturbation method used in the multigroup, two-

dimensional EXTERMINATOR-2 code C5 1 aimed at criticality

evaluation. The two group constants -were generated by the

spectrum code S-WIMS. The results for the hot core are the

following:

V f = 2'65 (s)

eff
= 7.26 10-3

The reactivity coefficients were calculated by means

of the S-VIMS code. ,

Results have shown that the change in tho coolant den-

sity and fuel expansion are the most dominant temperature

effects. These effects differ by nearly two orders of magni-

tude from the reactivity effects due to fuel temperature

changes, while the influence of beryllium is negligible.

Veak fuel temperature feedback is caused chiefly by the
235high enrichment of Ut which indicates that the role of

the Doppler effect is practically unimportant. The radial

expansion of the fuel and the cladding results in narrowing

the water gaps, changing the fuel»to-moderator ratio; and

thereby influencing k«^^t and leads to a negative reactivity

coefficient of <\v = -O.56 x 10 (jS/K).

Results of calculating the temperature coefficients of

reactivity for the fuel and the coolant as a function of

temperature and the reactor operating period are presented

in Fig.3.



temperature [K]

273 293 313 333 353 373 393 413 433 453 473 493 513

-0.5

Piff. 3. Temperature dependence of the teaperatur»

coefficients of reaotivity for the fuel oCf
and the coolant ©£ c , after Ot 3, 21 days

of roactor operation.
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It can be seen that the negative value of the reactivity

coefficient for the coolant,increases with temperature and

operating period. This is due to the decreases in both tho

diffusion length and the moderating power of neutrons.

In the case of the temperature coefficient for the fuel, the

tendency is quite opposite. The reason is that the Doppler

effect and the microscopic capture cross sections for U-235

and Xe-135 decreases with temperature. After 21 days of the

reactor operation the decrease of the negative value of »C -,

is mainly due to the decrease of the atomic density of U-235,

U-238 and Pu-239.
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5. THE EXPERIMENTS

The verification of the calculational model consisted

of two parts: a/ reactivity and b/ temperature experi-

ments.

a. An attempt was made to compare the reactor responses

after the same reactivity insertions involved in

the experiments and calculations |.6j.

The experiments vere carried out by reducing

full power to the level corresponding to reactivity

insertion of the control rod chosen.

An inverse kinetic method was applied for

computing the inserted reactivity as a function

of time. Some difficulties arose in obtaining

the time-dependent reactivity of the control rod,

A P = |(t ) . The reason is that the measured

reactivity is slightly influenced by the accompa-

nying feedback effect, Û <2fb = f (t).

The comparision of a series of experiments

and calculations carried out by the code

TOTEM, has shown that in the period of 0<X^°* 2 s»

the influence of the feedback effect is very

small: for l s o,2 s, after rod drop, its value

2# of Ç (o.2) . Thanks to this,

s f (X") vas approximated by three

does not exceed

function ••

polynomials:

1. for

P

t second-order polynomial:
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2. for first-order polynomial;

second-order polynomial:3. for l z < I ̂ I]

where: L, ranges from 0.125s to 0.175s,

^p was obtained by extrapolation the fun» .

ction Ù P "r = f (Z) .elaborated for

1A < X <• 0.2s f to X 2 =fo.275s + 0.4s).
The third part of the A O = f (T) was

approximated symmetrically to the U P ( 1/ / .
IV /$ <T

The dispersion of the values L « > C o* " r

depends on the control rod reactivity worth

and the time drop.

Same results of the experiments with, different reac-

tivity excursions are presented in Fig.k through 7*

The discrepancy between calculation and experiment,

in the period of O.4s ^- X < 2s,

&8 S ( S exp - S cal) / f exp is with±n the
range: from '$$> to 7%. The theoretical values are

higher than the experimental ones vliat is probably

due to the error in the reactivity coefficients

calculations and in the approximation of the

function û Ç r = f(% ).

b. For temperature measurements one of the fuel chan-

nel was instrumented with the thermocouples [7J.

The outlet coolant temperature, during the transient

caused by the insertion control rods at full power.
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with negative reactivity ranging between 0.85 # and

about 18 0, was recorded and compared with, calcula-

tion. The following measured input data for the

fuel channel at steady state were used: power,

inlet temperature and flow rate. The expe-

rimental characteristics of the power transient

was also applied. Two examples of the obtained

results are presented in Fig. 8 and Pig. 9»

The measured and the calculated temperatures are in

satisfactory agreement.



1-0

S !_

ca l cu l .
temperature ~)

experiment+ power

S I.SO I. IS 2.000.00

TIME [S"]

2.SO

Fig, 8, Power and temperature responses to reactivity

insertion of ~ 2,6 ^.



t.IS IÏT.
1 -,

temperature -j
I experiment

M-t-M-4-H t | t|,ul 1+^4-1 14-1 | I l

l J I I I l

TIME [ S"]

* 9» Power and temperature responses to reactivity

insertion of »*18 jt.



6. ANALYSIS OF THE HYPOTHETICAL ACCIDENTS [8]

The accidents were modeled under following initial reac-

tor parameters:

the reactor power = 3° MW

the core-averaged fuel channel power = 1.5 W

the flow rate per channel = 25 m /h

the inlet temperature = *tO°C

the calculated transients were limited to the satu-

ration temperature (i9O c) of the coolant under the

pressure of i4 atra ( 0.14 ; MPa ) , including ~ 8 atm

of hydrostatic pressure from pressurizer.

The loss-of-flow accident

It is asumed that the postulated accident occurred

because of rapid failure of the power. Pump failure due to

loss of power does not result in an instataneous loss of

head, since even if the pump motor suddenly fails, the rota-

tional inertia of the pump impeller and fly wheel will cause

a flow transient according to the formula

Q(T).
Qtt»

1 + 0.3 •%
(15)

The calculated transients are presented in Pig*10.

The reactor trip is normaly initiated at 8o£ of full

flow rate i.e. at X = 0.8s, but the transients show that

the delays in the protection and shutdown system allow the

temperature to increase even higher. It may be concluded



Pie. 10. Power (.1) , naaa flow rate (2) , feedback

reactivity [j] t naximu oladdins tempéra-

ture {h) , and Maximum coolant temperature

in the fuel element during the losa-of-flow

accident.
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that sucU an accident, even in the absence of a trip during

about 4s, is not dangerous to the reactor*

Reactivity insertion with a constant ramp rate of k ji/s

The accident was analysed for three aifferent initial

operating states, in the absence of the action of the shut»

down system.

a. The reactor is at full power with nominal cooling

parameters (Fig. 11 )

b. The reactor is cold, with "zero" power and nomi-

nal coolant flow rate ( Fig.12)

c. The reactor is cold, with "zero" power and the

cooling system is not in operation { The reactor

is cooled by natural convection) (Fig, 13 ) •

It can be seen that the feedback reactivity effect

occurs much faster in the case of the reactor at nominal

power than at "zero" power. Thanks to that, the react ox- is

far from the prompt-critical condition during all transient

period up, to L= 0.31»], i.e. ffo.3) » à 9 a(°»3) -
* ù !?fb(0'3) = ** ' °'3 " °'6 S +O.6#. If the shutdown sys-

tem operates before 0.3 M the boiling will not occur

and therefore the accident does not endanger the safety of the

reactor. In the cases a/ and b/ the situation is worst :

at the time 1= 0.25 s the excess reactivity is greater

than 1 £. The influence of the feedback reactivity, due

to its delay, is very weak.
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Reactivity insertion with the constant ramp rate ofLiof#/sj.

In this case the role of the shutdown system was inves-

tigated* According to the measurements it was assumed that the

safety rods has been droped into the core with the time

delay of O.i[s]and that the ramp rate of the trip reactivity

is equal to -i6[#/s]. In Fig. ik are shown power, maximum

cladding temperature and maximum coolant temperature that

result in the transient period.

After 0.1[sJ thé net reactivity reaches the value

(O.1)= Û < > ( 0 . 1 ) - à ^ f b ( 0.1) a 0.9(>] and tho assumed

delays in the protection system allow the power to increase

to 200^ of full power. At I = O.I^Es^ the power reaches its

maximum of about 240?» and the maximum cladding temperature

of ~ 190 °C appears about o.O^fsD latter. Since the cladding

temperature practicaly does not exceed the saturation

temperature of water, no boiling takes space.

It can be concluded that the safety system is able to

shutdown the reactor before the boiling crisis and the fol-

lowing consequences could occur.
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vity insertion of 10 ft/a at full power

(trip reactivity = -16 0/a t time delay = 0.1 a
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Reactivity Inducted Transients in Swedish Nuclear
Power Plants - a Regulatory Perspective

J Mattson
0 Sandervâg

1 INTRODUCTION

The interest in reactivity inducted transients is mainly
caused by the accident in Chernobyl-4. The Swedish Nuclear
Power Inspectorate initiated a study to survey the state-of-
the-art on reactivity transients which are relevant for
Swedish reactors. One of the objectives was to identify gaps
and limitations in the available information. An objective
was also to review the regulatory practice on reactivity
transients relative to fuel failure.

2 METHOD OF APPROACH

The first task was to review the basic concepts of reactor
physics for safe operation of reactors which are moderated
and cooled by light water. The information is used for review
of safety analysis performed within and beyond FSAR require-
ments. The idea behind extending the analysis beyond FSAR
is to identity possible "cliff edge" effects between design
basis and UTWAAA (Unlikely Transients Without Anything At
All). The main efforts are concentrated on BWRs since a
majority of Swedish reactors are of this type (nine out of
twelve).

3 REGULATORY PRACTICE

The Swedish acceptance criteria are essentially the same as
those in the USNRC Standard Review Plan. The criteria speci-
fies that reactivity accidents should not result in damage to
the reactor coolant pressure boundary, "nor causing sufficient
damage to impair significantly the capacity to cool the core".
(Ref 1).

The specific criteria ars as follows (Ref 1):

1 Reactivity excursions should not result in radially
averaged fuel rod enthalpy greater than 280 cal/g at
any axial location in any fuel rod.

2 The maximum reactor pressure during any portion of
the assumed excursion should be less than the value
that will cause stresses to exceed the "Service
Limit C" as defined in the ASME Code

3 The number of fuel rods predicted to reach assumed
fuel failure thresholds and associated parameters
such as the amount of fuel reaching melting condi-
tions will be an input to a radiological evaluation.
The assumed failure thresholds are a radially
averaged fuel rod enthalpy greater than 170 cal/g at
any axial location for zero or low power initial
conditions, and fuel cladding dryout for rated power
initial conditions.

NP117 AW



Experimental data suggest that lower fuel failure limits
would be appropriate for irradiated fuel. Although it is
recognized that the data base is limited Sweden considers to
change the fuel enthalpy limit to 230 cal/g and the fuel
failure threshold to 140 cal/g. New rod drop analysis will be
performed to investigate the fuel loads relative to the new
limits considered.

4 MAJOR TRANSIENTS

The physical conditions and situations which may lead to
inadvertant power increase may orginate from malfunctions of
engineered safety features and natural feedback mechanisms.

Analysis of system malfunctions encompasses the following
situations:

ÇDtE2i_£2É_ïill2^ïËËi S u c n events are postulated
tô~ôccur~âs~a~rêsûït~ôf failure in the reactor
control. For BWR, one single rod withdrawal is
assumed, while withdrawal of two rod banks is
assumed for PWR. Enveloping analysis involve initial
conditions of zero power and full power, rod worths
on the high side, and normal functions of the scram
system. The situation of continuing control rod
withdrawal from local critical state without scram
at cold conditions has recently been addressed. This
situation is not expected to give fuel
failure.

Rod_drop. The scenario initiating a rod drop accident
ïs~thât a control rod is detached from its drive and
is fixed in the core. The control rod thereafter
loosens and falls out of the core. For modern
designs specific precautions are taken with respect
to maximizing the speed of the rod. This has up to
now not been taken into account in the safety
analysis and a free falling rod has been assumed.

522*_iie.££i2D • T n e postulated initiating event for a
rôd~êjêctlôn accident is failure of the housing of
the control rod mechanism. The primary pressure
would eject the control rod to a fully withdrawn
position.

Boron_dilution. The boron dilution transient is
nôrmâïïy~âisôciated with failures in the chemical
volume and control system or an operator error.
Further analysis may include sudden injection of
unborated water from the loop seal (caused by pump
seal leakage) and accident situations when secondary
water may enter the primary system.
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Reactivity insertion due to natural feedback mecha-
nisms which encompasses the following conditions:

E2§itiy.ê_'D22%e.ï§£2E_t§.nip.erature Ç.2ë!£ic.*ëQt- T n e

pôIîtîvI~c8ëffïcïënt~ôf~I~PWR~îs~àssôcïâtëd with the
boron concentration. The effect is strongest at
beginning of cycle when the boron concentration is
high. The existence of a positive moderator tempera-
ture coefficient poses limits on operation of PWR's
at low temperatures and withdrawal of control rods
is not allowed until the reactor is near operating
conditions.

For a BWR moderator temperature coefficient may
become slightly positive for high burnup and low
temperatures. The positive moderator temperature
coefficient would only have an effect when there is
no void in the core and is therefore of less safety
significance.

ïîf2Ê£iYë_2Éi£Ë£2E_^ëS§iËY_22êffi£ifDÊS
pàrtïcûïârïy~ïmpôrtànt~fôr~BWR~ sïncë~tne void in
the core represents a significant reactivity poten-
tial. Sudden decrease in the coolant void fractions
can be introduced by a decrease of water inlet
enthalpy or increase of primary system pressure for
instance caused by closure of the steam valves.
Analysis shows that the reduction of void is limited
and that the power increase is manageable even with
assumptions beyond design basis. The upper bound for
void decrease can be assessed by assuming thermo-
dynamic equilibrium in the core.

Refill of a postulated steam cavity inside the core
could be considered as a potential for power increase.
The refill would be dominated by gravity and heat
transfer processes. The process would have signifi-
cant similarities to the rod drop accident.

§î?5_fîS^iii£ïi T n e two-phase flow itself provides a
pôtintïâï~fôr~oscillations and the strong feedback
between power and void could enhance oscillations
under certain conditions. Limit-cycle oscillations
have been observed in a Swedish BWR for low flow and
high power conditions. Such occurrences have also
been reported elsewhere. The major concern is the
potential for local reactivity peaks and DNB-limits.
Analysis tends to show that the power peaks are low
and that the margin to DNB is significant. It is a
regulatory requirement that a reactor should be
stable at all operation conditions.
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5 PRELIMINARY CONCLUSIONS

The preliminary results of the study indicate that no
fundamentally new aspects of reactivity accidents for Swedish
LWRs have been revealed as a result of the Chernobyl-4
accident. Based on new experimental data, Sweden considers
revised limits for fuel enthalpy and fuel failure.

REFERENCES

USNRC
Standard Review Plan, NUREG-800, 1981
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BACKGROUND

Current treatment of reactivity
accidents in the safety review of
US light water reactors (LWRs)

Implications of the Chernobyl
accident for review of reactivity
accidents in US LWRs



REACTIVITY SOURCES v

Reactivity can be introduced in a BWR or PWR in several
ways:

— Control rod motion
— Loss of borated moderator
— Change of state of moderator (temperature/density

or void content)
— Miscellaneous effects (fuel cooldown/Doppler,

Xenon loss, etc.)

Miscellaneous reactivity effects (fuel cooldown/Doppler,
Xenon loss, etc.) are not normally considered initiating
events but can affect initial conditions and consequences



STANDARD REVIEW APPROACH

Standard review of reactivity accidents by NRC include a wide
range of initiating events and extremes of conditions and
parameters

— Among the events considered are: control rod withdrawal,
moderator density and void changes and many others

— These events are evaluated for various initial power
conditions (low power/full power)

— The events are evaluated for various operating histories
(beginning of operating cycle and end of cycle)

— Consideration is given to uncertainties in rod worths,
reactivity feedback and thermal parameters

Fast acting scram systems contribute to reducing risks from
reactivity accidents in U.S. LWRs

h



ACCEPTANCE CRITERIA

In addition to the safety criteria (dose limits in 10 CFR
100), the criteria for evaluation of reactivity accidents
generally focus on DIMB, pressure and fuel enthalpy
limits. Fuel enthalpy limits which are associated with
the bounding cases are:

— Peak average fuel enthalpy shall not exceed 280
calories per gram

— Modern (3D) analyses (assuming nominal conditions)
demonstrate that U.S. LWRs fall well below this
limit (usually below 150 calories per gram)



INITIATING EVENTS AND
BOUNDARY CONDITIONS

Specific initiating events that are considered credible in IMRC
reviews include:

— Uncontrolled rod withdrawal from low power and full power
— Boron dilution from malfunction of chemical and volume control

system
— Boron dilution from inactive loop startup (PWR) or moderator

temperature-density increase from recirculation pump startup
(BWR) or flow controller malfunction (BWR)

— A spectrum of control rod ejection (PWR) and control rod drop
(BWR) accidents

— Pressurization-void collapse (BWR) from isolation events (e.g.,
turbine trip-MSV closure) and steam line break (PWR)

— Cooldown (BWR feedwater heater failure) and heatup (loss of
secondary in PWRs) events



INITIATING EVENTS AND
BOUNDARY CONDITIONS (CONT'D)

Potential reactivity effects and consequences from these various
events are analyzed with limits based on conservative judgements
regarding boundary conditions (e.g., single rod ejection and
nominal-allowed operating conditions) and acceptance criteria
(e.g., fuel enthalpy limits}

Standard review of reactivity accidents is augmented by review
of anticipated transients with failure to scram (ATWS) which is
FAILURE to insert necessary negative reactivity. Examples are:

— Inadvertent control rod withdrawal (PWR), loss of feedwater
(PWR), closure of main steam isolation valves (BWR)

Review of reactivity accidents are being re-assessed to determine
whether events of lower probability than now considered credible
but with potentially larger reactivity insertion and more serious
consequences should be considered



CHERNOBYL IMPLICATIONS:
SUMMARY

Positive void reactivity coefficients, which are a characteristic
of RBMK reactors, played a central role in determining
severity of Chernobyl accident

Commercial reactors in the U.S. have generally a negative
void reactivity coefficient. This provides assurance that the
kind of superprompt critical excursion that took place at
Chernobyl is of very low probability

However, NRC should reconfirm that vulnerabilities and risks
from possible accident sequences have been adequately
factored into safety analysis reports on which design
approvals are based

h>



RESEARCH PLAN: PURPOSE, SCOPE

Purpose: to reconfirm, or bring into question, previous
judgements on the adequacy of potential reactivity accident
sequences hitherto selected for analysis as a basis for design
approvals

Probabilistic analysis to estimate frequency. Deterministic
analysis of potential consequences

Events of interest:

— Relatively large reactivity insertion

— Response of shutdown system potentially inadequate



FOCUS OF ATTENTION

Chernobyl suggests focus on sequences

— That might involve a positive void
coefficient or moderator temperature
coefficient

— That arise in connection with deliberate
bypassing or disabling of any safety
feature

— Whose causes include human error
(commission, omission or misjudgement)



BWR EVENTS TO BE ANALYZED
(Tentative List)

• Control rod ejection

• Overpressurization with limited relief

• Boron dilution during ATWS

• ATWS without recirculation pump trip

• Multiple rod drop

• Multiple rod bank withdrawal

• Reactivity events with more than one rod stuck out



PWR EVENTS TO BE ANALYZED
(Tentative List)

Injection of cold, unborated emergency cooling water

Injection of cold, unborated water due to SGTR

Multiple rod ejection

Multiple rod bank withdrawal

Unlimited boron dilution

Coolant temperature increase with positive moderator
temperature coefficient

ATWS with less negative moderator temperature coefficient

Reactivity events with more than one rod stuck out
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The Control Rod Ejection Accident1'

David J. Diamond
Brookhaven National Laboratory

Upton, New York 11973

ABSTRACT

A review is given of the control rod ejection accident in a pressurized water
reactor. The event is described as is plant design which helps prevent or
mitigate the accident. Regulatory requirements for analyzing the event are
explained. The bulk of the review is then spent on one part of this analysis,
namely, the determination of fuel enthalpy and temperature. The way in which
the three principal PWR vendors do their calculations is summarized and alter-
natives are suggested. Lastly, sample results of analyses are presented.

1. DESCRIPTION

1.1 Definition

This accident is defined as the mechanical failure of a control rod mechanism
housing such that the reactor coolant system (RCS) pressure ejects a control
rod assembly* and drive shaft to a fully withdrawn position. This would re-
quire a complete and instantaneous circumferential rupture of the control ele-
ment drive mechanism (CEDM) housing or of the CEDM nozzle. The consequence of
this mechanical failure is a rapid positive reactivity addition which results
in a core power excursion with a large localized relative power increase. It
is necessary to analyze the accident to determine if there is any fuel damage
or damage to the RCS pressure boundary as a result of the power surge. If
there is fuel damage then the offsite dose consequences must be determined. A
sufficient number of initial reactor states to completely bracket all opera-
tional conditions must be analyzed to assure examination of upper bounds on
possible damage.

t This review was originally written for "The Reactor Analysis Support Pack-
age (RASP) Volume 3: PWR Event Analysis Guidelines," EPRI NP-4498, Vol. 3,
Electric Power Research Institute (1986).

* Babcock S Wilcox (B&W) uses this terminology, Westinghouse {V) calls it a
rod cluster control assembly, and Combustion Engineering (C-E) a control
element assembly.
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This accident is in the generic transient analysis category, Reactivity and

Power Distribution Anomalies, and is considered an ANS Condition IV event

(i.e., 1t is a limiting fault). It is one of the few accidents for which the

U.S. Nuclear Regulatory Commission (USNRC) has written a Regulatory Guide [1]

discussing the assumptions to be used in doing the analysis.

1.2 Discussion

The hypothetical rod ejection accident (REA) begins with the ejection of a rod
and the addition of the corresponding reactivity within approximately 100 ms.
The reactor may become prompt critical and power will rise rapidly until the
negative reactivity feedback due to the Doppler effect terminates the power
rise within another few hundred milliseconds. Ultimately reactor trip assures
that the reactor will be shut down. Most of the energy released is from the
initial power surge and may be sufficient to cause fuel damage (cf Section 5,
Available Margin).

Protection for this accident is afforded by the mechanical design of the con-
trol rod housing which reduces the probability of the event and by the nuclear
design and reactor control and protection system which limit the severity of
the accident.

The mechanical design and quality control (testing) procedures intended to

preclude the possibility of an REA take into account that the housing is part

of the RCS pressure boundary. They must therefore be designed and manufact-

ured to Section III of the ASME Boiler and Pressure Vessel Code, for Class 1

components. Each housing 1s shop tested and then hydrotested after attachment

to the vessel head; all tests being at pressures In excess of the maximum de-

sign pressure.

The nuclear design affects the severity of the accident via the reactivity

worth, location and grouping of control rods. During normal operation at full

power only one bank of rods is located within the core and these typically are

positioned near the top of the core (with the exception of certain Babcock &

W11cox plants).
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This positioning is possible because reactivity changes caused by core deplet-

ion and xenon transients are compensated for by changes in the soluble boron

concentration rather than by control rod movement. The amount of positive re-

activity that would be added by the ejection of a rod during normal full power

operation is thereby limited.

At lower power it may be desirable to operate with more banks and control rods
further inserted. Since the REA is less severe (for a given reactivity addi-
tion) at lower powers, a higher worth can be tolerated at the lower power. A
rod power dependent insertion limit (PDIL) based on the REA assures that the
ejected rod worth is limited as a function of reactor power. This limit is an
important component of the rod insertion limits given in the Technical Specif-
ications. The PDIL is typically selected to assure that adequate shutdown
margin is maintained, the consequences of the REA will not exceed those com-
puted for the safety analysis, and the local power density limits are not ex-
ceeded. At shutdown conditions operating procedures typically require that
control rods be completely inserted and hence the nuclear design must assure
that the total worth of a control rod is not excessive vis-a-vis the REA.

The reactor protection and control systems include the monitoring and display
of control rod position. If a control rod bank approaches its insertion limit
or if one rod's position deviates from that of the rest of the bank an alarm
will actuate. Combustion Engineering plants typically have a pre-PDIL alarm
to alert the operator if the PDIL is approached. A second alarm is typically
actuated if the PDIL is reached.

Operating procedures typically require that the operator Initiate boration

when the PDIL is reached. Operating instructions in Westinghouse plants re-

quire boration at a low-level alarm and emergency boration at a low-low level

alarm. The reactor protection system provides the ultimate shutdown mecha-

nism: reactor trip. This occurs due to a high neutron flux signal, a high

rate of neutron flux increase signal, if available, or a high pressure signal.
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The analysis of an REA typically consists of three different types of calcula-

tions. One is the calculation of the extent of the fuel damage (if any) as

determined by the fuel enthalpy and temperature distributions and the DNBR

(departure from nuclear boiling ratio) limit. This Involves computer programs

that model the reactor physics, thermal-hydraulics, and fuel behavior. The

regulatory position is that the "excursions will not result in a radial aver-

age fuel enthalpy greater than 280 cal/g at any axial location in any fuel

rod". In order to bracket all possible operational conditions of interest,

this type of calculation is done for beginning and end of cycle (BOC and EOC)

and both at hot zero and full power.

The second type of calculation uses the fuel damage information and calculates

the offsite dose consequences. The regulatory position on this calculation is

that the consequences "will be well within the guidelines of 10 CFR Part 100,

Reactor Site Criteria".

The third type of calculation is of the RCS pressure to determine the inte-
grity of the RCS boundary. The regulatory position 1s that "the maximum reac-
tor pressure during any portion of the assumed transient will be less than the
value that will cause stresses to exceed the Emergency Condition stress limits
as defined in Section III of the ASME Boiler and Pressure Vessel Code".

This review addresses the calculation of fuel response and pressure; it does

not consider the radiological consequences of this accident.

In addition to the above analysis, Regulatory Guide 1.77 states that the ef-

fects of the loss of primary system integrity as a result of the failed con-

trol rod housing should be included in the analysis and that it should be

shown that failure of one control rod housing will not lead to failure of

other control rod housing. The break in the RCS (in the reactor pressure ves-

sel head) because of an REA results in a small loss-of-coolant accident (LOCA)

with a break area less than 0.1 ft2. The operator would follow the same

emergency instructions as for any other LOCA to recover from the event.
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The effects and consequences of LOCAs have been reviewed elsewhere and hence,

this aspect of the REA will not be discussed herein. The question of one

failure leading to additional failures is also outside the scope of this re-

view.

2. KEY INPUT PARAMETERS

For the analytical prediction of system behavior, and especially the fuel re-
sponse, many reactor core and system parameters are needed. The more signifi-
cant parameters, which will be discussed in this section include:

• Ejected rod worth

• Ejection time

• Fuel temperature feedback (Doppler coefficient)

• Moderator temperature feedback

• Delayed neutron fraction

• Prompt neutron generation time

• Reactor trip parameters (set points, response times, and reactivity

versus time)

• Initial RCS temperature and pressure

• Initial power level

• Power peaking or hot channel factors (for channel near the ejected
rod, both before and after ejection)

• Fuel rod properties (pellet conductivity and specific heat, gap con-
ductance)

The ejected rod worth is an input parameter to the dynamic calculations, which

1s usually calculated. Although measurements of rod worth made during start-

up testing can be used, if applicable, those measurements are usually more

worthwhile as a means of validating the calculational method. According to

Regulatory Guide 1.77, "the ejected rod worth should be calculated based on

the maximum worth rod resulting from the following conditions: (a) all con-

trol banks at positions corresponding to values for maximum allowable bank
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insertion at a given power level and (b) additional fully or partially

Inserted misaligned or inoperable rod or rods if allowed by operating

procedures". This calculation is discussed further In Section 6.

The differential rod worth (rod worth as a function of insertion) used for a
given ejected rod is of much less importance than the total worth because of
the speed of ejection. The differential rod worth used should be a conserva-
tive function although the reactor vendors have shown an insensitivity to this
parameter via their results for ejection time as discussed below.

The ejection time should be determined (according to Regulatory Guide 1.77)

"based on the maximum pressure differential and the weight and cross-sectional

area of the control rod and drive shaft, assuming no pressure barrier restric-

tion". Both Westinghouse and Babcock & Wilcox use an ejection time of 0.1

second for their Final Safety Analysis Report (FSAR) analysis. All vendors

have found that the maximum fuel and clad temperatures are insensitive to the

rod ejection time over the interval from 0 to 0.15 second. For zero power

initial conditions, the reactivity excursion is prompt critical causing a

reactor trip signal (on a high power trip condition) after a few tenths of a

second. For full power conditions, the power response 1s slower for longer

ejection times.Therefore, the time at which a reactor trip is initiated will

be delayed, resulting in a small increase in the net energy rise as the

ejection time 1s Increased from 0.0 to 0.15 second.

The Doppier effect terminates the power surge and therefore the fuel tempera-
ture reactivity feedback 1s very Important. It should be at Its minimum
absolute value in order to make the calculation conservative. If the
calculation 1s being done with other than three-dimensional neutron kinetics,
a spatial weight factor (as explained 1n Section 6) is typically applied.

The moderator temperature reactivity feedback contributes a much smaller

amount of reactivity. It should also be at U s least negative value or, at

zero power, at its most positive value (if applicable) for the time during the

fuel cycle at which the analysis is done. Babcock & Wilcox employs the hot
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zero power (HZP) value of moderator temperature coefficient for both hot-full-

power (HFP) and HZP analyses. To take into account the formation of steam

voids, moderator void reactivity feedback can be included. Both temperature

and void effects can be combined in a moderator density feedback function.

Generally no spatial weighting factor is applied to the moderator feedback.

The accident is typically sensitive to the effective delayed neutron fraction
8eff. In these cases, the value of 8eff to use is the minimum expect-
ed at either beginning- or end-of-cycle, depending on when in the cycle the
calculation is done. For conservatism, the value of Beff snou1d include
consideration of not only the initial power rise (which increases with de-
creasing Beff) but a^so the P ° w e r reduction after the trip. Similar con-
siderations should also be applied to determine an appropriately conservative
value of the neutron generation time if point kinetics are used.

Control rod trip reactivity insertion as a function of time can be obtained by

combining the control rod position as a function of time after reactor trip

with the reactivity worth of the control rods as a function of control rod

position. Control rod position as a function of time may be obtained from in-

pi ant testing or design data. Typically the 75% to 90% insertion time is a

Limiting Condition for Operation in the Technical Specifications and must be

justified, as a minimum, following each refueling.

Control rod reactivity as a function of rod position is typically computed as-
suming core conditions that skew the axial power distribution toward the bot-
tom of the core. To this end, Babcock S Wilcox places the axial power shaping
rods (APSRs) at the midplane. This minimizes the rate of reactivity inser-
tion. It must be assumed that the highest worth control rod assembly is stuck
and hence the trip reactivity 1s reduced by the unavailability of this as-
sembly. Furthermore, the calculation of trip reactivity must not include the
worth of the ejected rod. Typically, control rod worth is further reduced by
10% to account for uncertainty in the calculation.
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The reactor trip delay time must also be taken into account. According to
Regulatory Guide 1.77 "it should be based on maximum values to the following:
(a) time required for instrument channel to produce a signal, (b) time for the
trip breaker to open, (c) time for the coil to release the rods, and (d) time
required before scram rods enter the core if the tips lie above the core-
reflector interface". For Westinghouse this results in a 0.5 second delay.
Babcock S Wilcox assumes a 0.4 second delay time and has shown through pa-
rameterization, small changes in minimum DNBR or fuel enthalpy based on a
range of delay times from 0.2 to 2.0 seconds. Westinghouse also assumes that
it takes 3.3 seconds for the rods to reach the dashpot after they start to
move. Their choice of such a conservative insertion rate means that there is
over one second after the trip point is reached before significant shutdown
reactivity is inserted into the core. This is a particularly important con-
servate assumption for accidents from full power. Babcock & Wilcox assumes it
takes 1.7 seconds to reach two-thirds insertion for Its 17x17 fuel assembly
plants and 1.4 seconds for the 15x15 fuel assembly plants. For Combustion En-
gineering, the reactor will typically trip on high power or variable over-
power. For these trips, the sensor response plus sensor delay is typically of
the order of 0.4 to 0.6 second. The coil decay time is typically about 0.3
second. Combustion Engineering typically assumes that the time from when the
rods are released until they are 90X inserted is about 2.5 to 4.0 seconds.
Plant specific analyses should be consistent with the plant's Technical
Specifications.

The Initial RCS temperature and pressure should be chosen conservatively. For

purposes of the DNBR the maximum core Inlet temperature and minimum pressure

allowable should be used. RCS temperature ranges are Included in the Techni-

cal Specifications. Measurement uncertainties of +2°F are normally included

for safety analysis on Combustion Engineering plants. On Westinghouse plants,

+4°F 1s normally assumed for deadband, drift, measurement error and instrument

error. Westinghouse typically includes a +30 psi uncertainty for the pressure

in safety analysis. Combustion Engineering typically assumes about +30 psi

uncertainty for safety analyses, but the uncertainty varies depending on the

plant. This pressure uncertainty accounts for steady state fluctuations and
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measurement error. The pressure and temperature uncertainty assumed by Bab-
cock & Wilcox varies from plant to plant and transient to transient. Some
plants use nominal values of pressure and temperature for this transient,
while others use uncertainties of -45 psi and

Zero power, intermediate power, and full power cases should be considered to

bracket the results for different operating states. Full power should be at

102% of rated power taking into account a 2% calorimetric error.

Peaking factors are calculated with similar methods used for the calculation
of ejected rod worths. The power distribution yields peaking factors which
may be at different locations when the calculation is done for a rod pattern
before and a rod pattern after ejection. Nevertheless, to be conservative the
peaking factor would be applied to the same fuel rod before and after ejection
to determine the worst-case fuel behavior. To make the peaking factor as
large as possible (and hence conservative), adverse xenon distributions are
considered. Combustion Engineering determines the maximum post-ejected fuel
pin radial peaking factor and maximum reactivity worth resulting from the
ejection considering all allowable control rod assembly positions for the mode
of operation being analyzed. The maximum values may not be compatible; how-
ever, their combination will be conservative. Westinghouse uses a peaking
factor that 1s consistent with the removal of the highest worth rod. Combus-
tion Engineering and Westinghouse do not take credit for the flux flattering
effects of reactivity feedback. Both reactor vendors increase the calculated
peaking to account for calculational uncertainties (for Combustion Engineering
a 10% penalty is typically applied).

The Babcock & Wilcox analysis employs static radial power peaking factors ob-
tained with a discrete x-y core calculation. A design axial peaking factor 1s
combined with the calculated radial peaking factor to provide a total hot pin
peaking factor. For the transient hot channel calculation, the peaking factor
is varied linearly from the base value to the post-ejection value over the
first 0.10 second; thereafter, the peaking factor is held constant. No credit
is taken for thermal feedback due to the short duration of the transient. The
xenon distribution 1s the nominal value.

«to



-10-

According to Regulatory Guide 1.77: "The fuel thermal properties such as
fuel-clad gap heat transfer coefficient and fuel thermal conductivity should
be conservatively chosen, depending upon the transient phenomenon being inves-
tigated. For conditions with a zero or positive moderator coefficient (at be-
ginn1ng-of-cycle), for example, high heat transfer parameters would reduce the
Ooppler feedback and Increase any positive moderator feedback effects and
hence tend to Increase the magnitude of the reactivity transient. For a nega-
tive moderator coefficient, high heat transfer parameters could cause the mag-
nitude of the transient to decrease If a given quantity of heat produces more
feedback in the moderator than in the fuel. In the consideration of pressure
pulses which may be generated, high moderator heating rates could cause signi-
ficant pressure gradients to develop in the moderator channels. ïn computing
the average enthalpy of the hottest fuel pellet during the excursion for power
cases, low heat transfer would be conservative". Furthermore, the guide has
specific recommendations for data to be used for the specific heat of U02.

Combustion Engineering analyses typically employ the maximum predicted value

of gap conductivity during the cycle for the average channel and the minimum

predicted value for the hot channel. Higher gap conductance for the average

channel means smaller fuel temperature rise for a given power rise. This

minimizes Ooppler feedback and maximizes core power rise. The lower gap con-

ductance for the hot channel maximizes the initial stored energy and fuel tem-

perature for a given power. It also minimizes the heat transferred out of the

fuel and thus maximizes the hot channel energy rise. The minimum predicted

value for gap conductance is used for the hot fuel rod as described above for

the Combustion Engineering calculation.

3. KEY CALCULATED PARAMETERS

The following parameters should be monitored as a function of time for the rod

ejection accident:
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• Total core power
Maximum peaking factors

Maximum pellet average temperature/enthalpy (KEY RESULT)

Maximum pellet centerline temperature/enthalpy

Maximum fuel clad temperature (KEY RESULT)

• System pressure (KEY RESULT)
Number of fuel pins experiencing DNB (KEY RESULT).

4. ASSUMPTIONS

The important assumptions that relate to key input parameters and the methodo-

logy used in the calculation are given in Sections 2 and 6. One additional

assumption that might be noted is that cross-flow is usually neglected in the

calculations. This is because the REA is such a rapid transient that there is

l i t t l e time for cross-flow to develop and because any cross-flow that does

develop would remove heat from the hot spot; therefore, this neglect is a con-

servative assumption. Babcock & Wilcox uses a closed channel thermal-

hydraulic code for 15x15 fuel assembly plants and a cross-flow code for the

17x17 fuel assembly plants.

5. AVAILABLE MARGIN

Because the REA is a low probability event (between 10"1* and 10"6 probability
per reactor year)[2], some fuel damage could be considered an acceptable con-
sequence. In order to determine the available margin or the extent of fuel
damage, one has to consider the DNBR and the energy deposited in the fuel pel-
ltt, or equivalently the fuel pellet enthalpy. As stated in Section 1.2, the
regulatory position is that the "excursions will not result in a radial aver-
age fuel enthalpy greater than 280 cal/g at any axial location in any fuel
rod".

Comprehensive studies of the threshold of fuel failure, and of the threshold

of significant conversion of the fuel thermal energy to mechanical energy,

have been carried out as part of the SPERT project at the Idaho National Lab-

oratory.[3] Extensive tests of zirconium clad fuel rods representative of

J22
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those in pressurized water reactor type cores have demonstrated failure thres-

holds in the range of 240 to 257 cal/g. However, other rods of a slightly

different design have exhibited failures as low as 225 cal/g. Limited results

have indicated that this threshold decreases by about 10% with fuel burnup.

The clad failure mechanism appears to be melting for zero burnup rods and

brittle fracture for irradiated rods. Also important is the conversion ratio

cf thermal to mechanical energy. This ratio becomes marginally detectable at

about 300 cal/g for unirradiated rods and 200 cal/g for irradiated rods;

catastrophic failure (large fuel dispersal, large pressure rise) for

irradiated rods, did not occur below 300 cal/g.

In view of the above experimental results, Westinghouse applies the following

criteria to ensure that there is little or no possibility of fuel dispersal in

the accident, gross lattice distortion, or severe shock waves:

1. Average fuel pellet enthalpy at hot spot below 225 cal/g for unirradiated
fuel and 200 cal/g for irradiated fuel.

2. Average fuel temperature at the hot spot below the temperature at which

clad embrittlement may be expected (?700°F).

3. Peak reactor coolant pressure less than that which could cause stresses

to exceed the faulted condition stress limits.

4. Fuel melting limited to less than 10% of the fuel volume at the hot spot
even if the average fuel pellet enthalpy is below the limits of Criterion
1 above.

Westinghouse1s analysis verifies that these criteria are met. Any release of

radioactivity from fuel is the result of fuel rods entering DNB and this 1s

United to less than 10% of all the fuel rods.

The criteria Combustion Engineering has used in the past are:
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1. To prevent clad damage the fuel pellet average enthalpy at the hot spot

must be below 200 cal/g.

2. To prevent incipient centerline melting the fuel pellet centerline en-
thalpy at the hot spot must be below 250 cal/g.

3. To prevent a fully molten centerline the fuel pellet centerline enthalpy
at the hot spot must be below 310 cal/g.

4. The peak RCS pressure is less than 110 percent of design pressure.

Combustion Engineering's criterion for determining the radioactive fission

product release during an REA has typically been that any fuel rod that ex-

ceeds an average enthalpy of 200 cal/g releases all of its gap activity. If

the fuel failure is determined using the DNBR design limit as the criterion,

then this limit would be 1.19 (based on the Combustion Engineering-1 correla-

tion). Again, all of the activity in the fuel gap for the rods that are cal-

culated to experience DN6 would be instantaneously released.

For Babcock * Wilcox, DNB is the criterion which determines the release of
fission product activity. DNB is assumed to occur in any fuel rod which ex-
hibits a power peak greater than or equal to the steady state design peak
which results in a DNBR lower than the 95/95 limit for the particular correla-
tion being used. All fuel rods that undergo DNB are assumed to experience
cladding failure with the subsequent release of all the gap activity. Babcock
& Wilcox defines rod insertion limits to restrict the maximum worth of an
ejected rod. This restriction limits the severity of the transient to clad-
ding failure associated with DNB.

6. INTEGRATION OF CODES AND ANALYSIS

6.1 Core Analysis

During an REA the power distribution is changing rapidly with time and hence
the spatial and temporal effects are not separable and have to be treated
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simultaneously if a best-estimate calculation is to be done. This implies the

need for a three-dimensional neutron kinetics and thermal-hydraulics computer

program.

Of course if the REA has to be analyzed for a licensing submittal, three-
dimensional space-time kinetics analysis should not be required; a conserva-
tive calculation based on less rigorous methods should suffice. There are
zero-, one- and two-dimensional kinetics codes* and static neutronic and
thermal-hydraulic codes that can be used in a synthesis method to do a conser-
vative analysis. This approach would be similar to what the reactor vendors
do, as each of them employs a (different) synthesis method. Their methods
have been shown to be conservative by comparison, for some subset of cases,
with three-dimensional calculations. For these detailed calculations Westing-
house [5] uses the TWINKLE code, Combustion Engineering [6] the HERMITE code
and Babcock I Wilcox [7] the BWKIN code.

In the following, the synthesis methods used by the vendors and others are

discussed as well as different methods possible with codes available to many

utilities from the Electric Power Research Institute (EPRI).

It 1s convenient to consider the analysis of the REA as a three-step process:
1) the determination of the maximum ejected rod worth and pre- and post-ejec-
tion peaking factors; 2) a dynamic calculation to determine the power, and 3)
the calculation of fuel behavior. The latter can be in terms of calculating
the peak average and centerline fuel pellet enthalpy and the number of rods
entering DNB or equivalently It can be the calculation of a parameter (e.g.,
peaking factor) such that a limiting value of enthalpy or ONBR is achieved.

The determination of ejected rod worth must cover the entire fuel cycle and

zero, Intermediate, and full power operation. Although this can be done with

a static three-dimensional core simulator such as the EPRI codes [8] NODE-P or

*
Information on one-, two- and three-dimensional codes is found in Reference
4.
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SIMULATË-E, if the calculation is done with a synthesis method employing one-
dimensional and two-dimensional calculations (e.g., PDQO7 [8] planar calcula-
tions), the calculations will also yield the required rod peaking factors.
The total worth of each rod at its maximum insertion is calculated. Adverse
xenon distributions may be considered to make the calculation more conserva-
tive. If the calculations are done without thermal-hydraulic feedback, which
flattens the power distribution and also lowers the rod worth, the results
will be even more conservative. The maximum worth rod at each of the above
four conditions is then used, after applying a factor to account for uncer-
tainties (e.g., Westinghouse uses a 10% factor). Babcock & Wilcox places an
administrative limit on the ejected rod worth through rod insertion limits in
the Technical Specifications. Therefore, Babcock & Wilcox doesn't include an
uncertainty on this value.

The second step, the dynamics calculation, may be done in zero-, one- or two-
dimensions (assuming the unavailability of a three-dimensional code). West-
inghouse has used a one-dimensional approach which is also possible with the
EPRI code RETRAN-02 [9]; the analysis done by Combustion Engineering and Bab-
cock S Wilcox has employed point kinetics.

The Westinghouse one-ditiensional calculation uses a radial average, explicitly
accounting for the axial dimension. A rod is moved out (simulated by changing
cross sections) such that its total ejected worth corresponds to that obtained
in Step 1 explained above. The trip reactivity inserted at a later time is
represented as a rod insertion. Moderator and Doppler feedback are accounted
for in each axial node.

The Doppler feedback 1s very Important in the REA because 1t terminates the

power surge. When a one-dimensional calculation 1s used, the fuel temperature

is a radial average. If this temperature 1s used to determine the Doppler

feedback, the effect is greatly underestimated. This is because the effect of

a given temperature rise increases with increasing flux and since the largest

temperature rises occur where the flux is highest, the feedback is actually

much larger than obtained by consideration of average temperature. This
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effect Is taken into account by applying a weighting factor to the feedback.

For Westinghouse's analysis this is done by doing core (static) calculations

for temperature changes with a flat temperature distribution and with a large

number of axial and radial temperature distributions. Reactivity changes are

compared and effective weighting factors determined. These weighting factors

take the form of multipliers which when applied to single channel feedbacks,

correct them to effective whole core feedbacks for the appropriate flux

shape. Since the Westinghouse analysis employs an axial kinetics calculation,

axial weighting 1s not necessary. The weighting factors used are shown to

give conservative results.

Although the above approach to spatial weighting (i.e., matching reactivity)
can also be applied to a zero dimensional (i.e., point) kinetics calculation,
there are other ways to find the weighting factors. Combustion Engineering
takes advantage of the fact that the axial flux shape does not change signifi-
cantly during the REA relative to the change in radial shape. They use a
kinetics calculation with the radial (x,y) dimension represented explicitly.
A radial Doppler weighting factor is then defined for use in point kinetics
calculations such that both the radially dependent and point kinetics calcula-
tions give the same total core energy release (rather than the same Doppler
reactivity). This weighting factor is obtained as a function of ejected rod
worth.

Babcock & Wilcox calculates a Doppler weighting factor by considering the re-

activity change that occurs for a fuel temperature change from the steady

state value. This reactivity change 1s calculated for a reference condition

and with an ejected rod using the x-y diffusion theory code PDQO7. The ratio

of the reactivity change with the ejected rod to the reference reactivity

change 1s the Doppler weighting factor. This weighting factor 1s applied to a

point kinetics model and has been shown to give results less conservative thai?

a point kinetics model without it, but more conservative than a three-

dimensional kinetics model.
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The change in moderator enthalpy leading to moderator feedback is due primari-
ly to direct energy deposition since the time constant for heat transfer from
the fuel rod to the moderator is long relative to the time it takes to termin-
ate this accident by other means. Since this effect is typically small rela-
tive to the Doppler feedback, no spatial weighting factors are usually ap-
plied.

The use of spatial weighting factors can be eliminated entirely if a two di-
mensional (r,z) calculation is employed such as with the BEAGL-O1 code. [10]
Although there is no need for a normalization of reactivity effects calculated
with this code and more rigorous codes, the r,z representation must be set up
so that the calculated ejected control rod worth and peaking factors are con-
sistent with what would be calculated with a three-dimensional (static) core
simulation. Exxon Nuclear Company does their REA analysis [11] using an (r,z)
code developed for this purpose.

The result of the zero-, one- or two-dimensional kinetics calculation is the

power versus time. The next (third) step is the hot spot analysis for which

again there are several approaches. The approach taken in the past by West-

ingouse and Babcock & Wilcox is applicable no matter how the power is calcu-

lated and, therefore, can be used if RETRAN-02 (or another code) has been run

in the one-dimensional or point kinetics mode. In their hot spot analyses the

initial heat flux is equal to the nominal times the design hot channel factor.

During the transient, the heat flux hot channel factor is linearly increased

to its final value in the time it takes for rod ejection. The initial and

final value are obtained in Step 1 explained above. This approach implies

that the location of the hot spot before and after ejection 1s the same. This

1s conservative since the peak after the ejection will occur 1n or adjacent to

the assembly with the ejected rod and prior to ejection the power in this re-

gion will necessarily be depressed.

The hot spot analysis is then done with a detailed fuel and clad transient
heat transfer computer code such as VIPRE-01. [12] It could also be done us-
ing RETRAN-02. The code calculates the transient temperature distribution
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across the fuel pellet and clad and the heat flux at the clad surface using

the hot spot power versus time and the local coolant conditions.

There are other approaches to obtaining hot spot information. RETRAN-02 can
do a hot spot calculation simultaneously with the power calculation and BEAGL-
01 by virtue of having the spatial dependence explicitly represented gives
information directly without need for a separate hot-spot analysis. With
these codes Step 3 and Step 2 can be done together provided that the fuel rod
conditions do not go beyond the calculational capability of the codes. That
is, minor modifications may have to be made to the codes in order for them to
be applicable.

One way in which this all could fit together to have an REA analysis capabil-

ity with these codes is the way that Virginia Power Company has proceeded.

[13] They use a simplified plant model and the point kinetics option of

RETRAN-02 to calculate the average core nuclear power history. The Doppler

weight factor is obtained from planar PDQ07 calculations as a function of

peaking factor. The definition of their weighting factor is similar to that

described above for Babcock & Wilcox. RETRAN-02 is also used to do the hot

spot thermal hydraulic calculation in order to assess fuel damage. However,

this is done with an input model different from that used for the average

power calculation. This approach required modifications to the code. Many

conservatisms are included in the calculation and results are compared with

results obtained using TWINKLE.

6.2 System Pressure Analysis

Because safety limits for fuel damage specified in Section 5 are not exceeded

in the analysis of REA, there 1s little likelihood of fuel dispersal into the

coolant. The pressure surge may, therefore, be calculated on the basis of

conventional heat-transfer from the fuel and direct energy deposition in the

coolant. This calculation is discussed in Regulatory Guide 1.77.
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The pressure surge should be calculated by first performing the fuel heat

transfer calculation to determine (the average and hot spot) heat flux versus

time. Conservative values for the metal-water reaction threshold and heat

generation in the coolant should be used. Using this heat flux data, a

thermal-hydraulic calculation (e.g., with VIPRE-O1) is conducted to determine

the volume surge. This same volume surge as calculated with a system code

such as RETRAN will then give the pressure transient which is being sought.

This system calculation would take into account fluid transport, heat transfer

to the steam generators, and the action of pressurizer relief and safety val-

ues. No credit should be taken for the possible pressure reduction caused by

the assumed failure of the control rod pressure housing.

Two other options should also be noted. If RETRAN-02 is being used to calcu-
late core-average power behavior (Step 2 in Section 6.1) and the plant model
is adequate, then the required system pressure will be calculated concurrently
with the power and a separate pressure calculation is not necessary. Finally,
a simple calculation that does not require a computer code is also possible.
This approach put forth by Exxon [11] requires making some very conservative
assumptions.

7. UTILIZATION OF ANALYSIS FOR A RELOAD

The analysis of the rod ejection accident for a reload can be utilized as fol-

lows:

• Verification that the reload does not violate the FSAR design basis

• Justification for changes in Technical Specifications (e.g., rod
insertion limits)

• Evaluation of additional inputs not considered in the original analysis

It should be noted that the analysis of the REA may not be the only event to
be reanalyzed with respect to changes in Technical Specification or considera-
tion of different inputs (such as different operating states) and hence other
incidents and design bases will have to be reviewed. The analyst should con-
sider other events to determine the extent of the required reanalysis.
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8. DEMONSTRATION CALCULATIONS

Al l three reactor vendors have performed extensive sets of calculations of the

REA in order to determine the sens i t iv i ty to di f ferent parameters and to sup-

ply input to specif ic FSARs.

Results from Westinghouse are presented as t yp i ca l . They are for the four

cases of concern, beginning-of-cycle (BOC) and end-of-cycle (EOC) at zero and

f u l l power.

A. Beginning-of-cycle, f u l l power

Control Bank D was assumed to be inserted to i t s insert ion l i m i t . The

worst ejected rod worth and hot channel factor were conservatively calcu-

lated to be 0.23% Ak and 7.10, respectively. The peak hot spot clad aver-

age temperature was 2422°F. The peak hot spot fuel center temperature

reached melting at 4900°F. However, melting was restr icted to less than

10% of the pe l le t .

i i . Beginning-of-cycle, zero power

For th is condit ion, control bank D was assumed to be f u l l y inserted, and

banks B and C were at the i r insertion l i m i t s . The worst ejected rod is

located in control bank D and has a worth of 0.86% &k and a hot channel

factor of 13.0. The peak hot spot clad temperature reached 2454°F; the

fuel center temperature was 3791°F.

C. End-of-Cycle, f u l l power

Control bank D was assumed to be inserted to I ts Insertion l i m i t . The

ejected rod worth and hot channel factors were conservatively calculated

to be 0.250% Ak and 7 . 1 , respectively. This resulted In a peak clad tem-

perature of 2345°F. The peak hot spot fuel center temperature reached

melting at 4800°F. However, melting was restr icted to less than 10% of

the pe l l e t .
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D. End-of-cycle, zero power

The ejected rod worth and hot channel factor for this case were obtained,

assuming control bank D to be fully inserted with banks C and B at their

insertion limits. The results were 0.94% tk and 19.7, respectively. The

peak clad and fuel center temperatures were 2623°F and 3963CF. The Dop-

pler weighting factor for this case is significantly higher than for the

other cases due to the very large transient hot channel factor.

A summary of the cases presented above is given in Table 1. The nuclear power

and hot spot fuel and clad temperature transients for the worst cases (beginn-

ing-of-life, full power and end-of-life, zero power) are presented in Figures

1-4.

It is assumed that fission products are released from the gaps of all rods en-

tering DNB. In all cases considered, less than 10% of the rods entered DNB

based on a detailed three-dimensional thermal-hydraulic analysis. Although

limited fuel melting at the hot spot was predicted for the full power cases,

in practice melting is not expected since the anlaysis conservatively assumed

that the hot spots before and after ejection were coincident.

A detailed calculation of the pressure surge for an ejection worth of one dol-

lar at beginning-of-life, hot full power, indicates that the peak pressure

does not exceed that which would cause stress to exceed the faulted condition

stress limits. Since the severity of this analysis does not exceed the "worst

case" analysis, the accident will not result in an excessive pressure rise or

further damage to the RCS.

Even on a conservative basis, the analyses indicate that the described fuel

and clad limits are not exceeded. It is concluded that there is no danger of

sudden fuel dispersal into the coolant. Since the peak pressure does not ex-

ceed the faulted condition stress limits, it is concluded that there is no

danger of further consequential damage to the RCS. The analyses have demon-

strated that upper limit in fission product release as a result of a number of

fuel rods entering DNB amounts to 10%.
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Typical rod ejection accident parameters for a 205 assembly Babcock & Wilcox

plant are shown in Table 2. Input parameters for both BOL and EOL are shown

in Table 3. Neutron power, thermal power and fuel enthalpy are presented in

Figure 5,6, and 7, respectively. In these figures ejected rod worth is the

independent variable.

Babcock & Wilcox typically performs a sensitivity analysis on the key

parameters. Figure 8 shows the variation of peak neutron power with Doppler

coefficient as an example of one key parameter. Other key parameters are

moderator coefficient and trip delay time.

The results of Babcock & Wilcox analyses uniformly conclude that:

• no violation of fuel rod enthalpy limits occurs (Figure 7)

• system pressure does not exceed the value that would cause

stresses to exceed Service Level C as defined in the ASME

code (Figure 9)

• some percentage of the fuel rods experience DNB (Figure 10)
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Table-1

PARAMETERS USED IN THE ANALYSIS OF THE ROD CLUSTER CONTROL
ASSEMBLY EJECTION ACCIDENT - WESTINGHOUSE

Parameter

Time in l i f e

Power level, %

Ejected rod worth,
% Ak

Delayed neutron
fract ion, %

Feedback reactivity
weighting

Trip react ivi ty, % Ak

Fq before rod
ejection

Fq after rod
ejection

Number of opera-
tional pumps

Maximum fuel pellet
average temperature, °F

Maximum fuel center
temperature, °F

Maximum clad average
temperature, °F

Maximum fuel stored
energy, cal/gm

HZP

BOC

0

0.86

0.55

2.40

2.0

13.0

2

3255

3791

2454

136.4

HFP

BOC

102

0.23

0.55

1.30

5.C

2.32

7.1

4

4034

4900

2422

176.1

HZP

EOC

0

0.94

0.44

3.55

2.0

19.7

2

3414

3963

2623

144.3

HFP

ECO

102

0.25

0.44

1.30

4.0

2.32

7.1

4

3926

4800

2345

170.!
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Table-2

ROD EJECTION ACCIDENT PARAMETERS-BABCOCK & WILCOX

Maximum Worth of ejected rod, % Ak/k
Full power 0.65
Zero power 1.00

Rod eject ion t ime, s 0.10

102% of rated power, MWt 3672

Reactor t r i p delay time
High f lux t r i p , s 0.4
Flux-core AT- t r ip , s 0,4
High pressure t r i p , 0.65

Control rod dr ive t r i p time to 2/3 inser t ions, s 1.7

JlfP-
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Table 3

NOMINAL VALUES OF INPUT PARAMETERS
FOR ROD EJECTION ACCIDENT ANALYSIS-BABCOCK & WILCOX

Delayed Neutron fraction,

Neutron lifetime, us

Moderator coeff, (Ak/k)/°F

Doppler coeff, (&k/k)/oF
HZP
HZP

Reactor Coolant inlet, temp, °F

HZP
HZP

Initial system pressure, psia

Total nuclear peaking factor, F

Avg fuel temp of avg pellet, °F

Avg fuel temp of hottest
pellet, °F

BOL

0.00698

27.0

+O.55xlO"lt

-1.23xlO-5

-1.67xlO"5

575
548

2205

2.46

1440

EOL

0.00515

27.7

-3.3X10-1*

-1.93xlO-5

-2.06X10-5

575
548

2205

2.46

1445

3550 2822
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REACTIVITY (ADDITION) EVENTS *

MODERATOR TEMPERATURE/DENSITY CHANGE

BORON DILUTION (PWR)

CONTROL ROD/BANK WITHDRAWAL

BWR ROD DROP ACCIDENT

PWR ROD EJECTION ACCIDENT
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REA: OUTLINE OF PRESENTATION

ACCIDENT SCENARIO

PROTECTION/MITIGATION

REQUIRED ANALYSJS

ANALYSIS OF FUEL. BEHAVIOR

SAMPLE RESULTS
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REA: ACCIDENT SCENARIO ^

• RUPTURE OF HOUSING FOR
CONTROL ELEMENT DRIVE MECHANISM

• EJECTION OF CONTROL ROD ASSEMBLY

• 1/2 - 2 BETA IN REACTIVITY ADDED IN 100 MS

• POWER PULSE TERMINATED EÎY
DOPPLER FEEDBACK

• REACTOR TRIP

BNl/AUl
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REA: PROTECTION/MITIGATION

• MECHANICAL DESIGN & QC PROCEDURES
- ASME BOILER & PRESSURE VESSEL CODE

• NUCLEAR DESIGN
- POTENTIAL ROD WORTH
- DOPPLER FEEDBACK

• TECHNICAL SPECIFICATIONS
- ROD POWER DEPENDENT INSERTION LIMITS

• OPERATIONS
- ROD POSITION MONITORING

• REACTOR PROTECTION SYSTEM TRIPS
BML/AUI
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REA: REQUIRED ANALYSIS Oo

EXTENT OF FUEL DAMAGE (IF ANY)
- 280 CAL/GM LIMIT

OFFSITE DOSE CONSEQUENCES
- 10CFR100 LIMITS

REACTOR COOLANT SYSTEM PRESSURE

- ASME BOILER & PRESSURE VESSEL CODE

RESULTING SMALL-BREAK LOCA

EFFECT ON OTHER HOUSINGS
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REA: WESTINGHOUSE DESIGN CRITERIA

• AVG PELLET ENTHALPY AT HOT SPOT LESS THAN
- 225 CAL/G FOR UNIRRADIATED FUEL
- 200 CAL/G FOR IRRADIATED FUEL

• AVG CLAD TEMPERATURE AT HOT SPOT LESS THAN
2700 F (1480 C)

• FUEL MELT VOLUME LESS THAN 10% AT HOT SPOT

• FRACTION OF RODS AT DNB LESS THAN 10%

• RCS PRESSURE LESS THAN THAT CORRESPONDING
TO FAULTED CONDITION STRESS LIMITS

BNL/AUI
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REA: LIMITING PARAMETERS

• EJECTED ROD WORTH

• DOPPLER COEFFICIENT

• DELAYED NEUTRON FRACTION

• SCRAM REACTIVITY

• FQ PEAKING FACTOR

BNL/AIJI
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REA: MODELING INPUTS

• EJECTED ROD WORTH

• EJECTION TIME

• FUEL TEMPERATURE FEEDBACK

• DELAYED NEUTRON FRACTION

• NEUTRON GENERATION TIME

• REACTOR TRIP PARAMETERS

• INITIAL RCS TEMPERATURE, PRESS

• INITIAL POWER LEVEL

• POWER PEAKING OR HOT CHANNEL

• FUEL ROD PROPERTIES

ÔNL/ÀUi
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REA: ANALYSIS OF FUEL BEHAVIOR *

CALCULATIONAL. STEPS

1. MAXIMUM EJECTED ROD WORTH

PRE- AND POST-EJECTION PEAKING FACTORS

2. TIME DEPENDENT POWER

3. FUEL PROPERTIES

ENUAUI



CALCULATIONAL FLOWCHART

STEADY STATE CORE
PERFORMANCE CODE

DWF
f POWER PEAKING
\ EJECTED ROD WORTH

NEUTRON KiNETiCS

( POWER HISTORY

HOT SPOT FUEL ANALYSIS j

PELLET ENTHALPY
CLAD TEMPERATURE
NO. OF PINS AT DNB
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DOPPLER WBGHT FACTOR (DWF)
OO

DWF
RHO-DOP CALCULATED WiTH (X,Y,ZJ) CODE

RHO-DOP FROM PT KIN FOR SAME AVG T-FUEL

DWF
RHO-DOP FROM (X,Y,Z) CODE WITH ROD OUT

RHO-DOP FROM (X,Y,Z) CODE WITH ROD IN

NOTE: IT MUST BE SHOWN TO YIELD CONSERVATIVE
RESULTS

BNL/AU!



REA ANALYSIS
BEGINNING OF CYCLE

PARAMETER
POWER, %

HZP
0

ROD WORTH, % DK/K 0.86

BETA, X100

WEIGHT FACTOR

TRIP WORTH, %

FQ BEFORE

FQ AFTER

0.55

2.4

2.0

1.0

13.0

HEP
102

0.23

0.55

1.3

5.0

2.3

7.1

BNL/AUI
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REA ANALYSIS
BEGINNING-OF-CYCLE

PARAMETER
MAX PELLET TEMP, F

MAX CL TEMP, F

MAX CLAD TEMP, F

MAX FUEL ENTHALPY,
CAL/G

UZE
3255

3791

2454

136

HF.P

4034

4900

2422

176
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PROBLEMS OF MODELLING REACTIVITY TRANSIENTS IN
SAFETY ANALYSIS FOR WWER POWER PLANTS

A.I. Mysenkov and V.N. Kalinenko
I.V. Kurchatov Institute of Atomic Energy

Moscow, USSR

ABSTRACT

The authors consider the problems of safety of power plants with
WWER reactors in accident situations with reactivity transients and the
initiating primary events which are analysed in connection with safety
verification. The problems of modelling of reactivity transients are
described. An example of accident calculation is given.

INTRODUCTION

To ensure nuclear power plant safety has always been a key concern in
the development of nuclear power in the USSR. One of the basic approaches to
this problem was, and still is, to develop technical and organizational
measures designed to prevent the escape of radioactive substances into the
environment during power plant accidents. Particular attention is paid to
accidents that can have the most detrimental consequences for plant personnel,
the population and the environment. The standards in force in the USSR
require that the design (in the special volume entitled "Technical Analysis of
the Safety of Structures and Operation of Nuclear Power Plants") should take
into account the most unfavourable primary events with abnormal operating
conditions or failure of various equipment components with a view to
confirming the safety of nuclear power plants [1]. A list of such primary
events for each type of reactor is given in the "Standard Content of Technical
Safety Analysis of Nuclear Power Plants" [2] and includes groups of events
characterized by:

Changes in reactor reactivity;

Disruption of primary circuit coolant flow;

Disruption of cooling conditions originating with the secondary
circuit;

Loss of primary circuit coolant;



3,32*

- 2 -

Pipe breaks;

Mishandling of fuel during operation;

Failures in auxiliary systems.

The design basis accident (DBA) for WWER power plants is considered to
be "an instantaneous break in the largest-diameter pipe with unhindered
two-way flow of coolant during operation of the reactor at rated power with
the possibility of its overshooting owing to the margins of the
instrumentation and control system"ID. This accounts for a large part of the
research and development work on protection from accidents of this type.
Without discounting the danger of DBA, we should point out that catastrophic
consequences may also result from reactivity transients, the second stage of
which may, with high probability, be a DBA caused by a rise in pressure or by
hydraulic impact. This underlines once again the danger which accidents
involve during unforeseen development and emphasizes the need for closer
attention to postulated accidents, including those associated with reactivity
transients combined with failure of the emergency protection system.

DESIGN-BASIS ACCIDENTS WI1CH REACTIVITY TRANSIENTS

At present in the Soviet Union the following are included in the
category of primary events which lead to reactivity transients and must be
considered in connection with safety analysis of WWER power plants [2]:

Spurious withdrawal of a control element group under the most
unfavourable» conditions of reactivity transients in the core,
including reactor startup conditions and power operation;

- Drop of s control element;

Decrease in boric acid concentration;

Connection of a non-operating loop.

According to the new requirements for reactor characteristics, the core
design should be such that any changes in reactivity and the effects of
reactivity under the transient and emergency conditions considered in the
design should cause no uncontrolled increase in the core power density
resulting in damage to fuel elements above prescribed limits.

The conditions associated with reactivity transients have the following
characteristic features:

- The perturbations mentioned above lead in most cases to a rapid
and appreciable change in the reactor's reactivity;

- The change in reactivity is essentially inhomogeneous in nature,
i.e. the neutron flux and power density are redistributed over the
reactor core volume;
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Local power density surges in individual channels may attain a
level at which fuel elements are ruptured;

- The processes occurring in the core and the development of the
situation as a whole may be influenced considerably by the
operation of other components of the power plant.

In considering the characteristics of accident situations with
reactivity transients, we should note that their detailed analysis requires
the simulation of all the basic physical processes occurring in the reactor
core, taking into account the influence exerted on them by the operation of
the main equipment of the reactor primary and secondary circuits. In
addition, a detailed study must be made of the processes that take place in
the reactor channels and in fuel elements during rapid flux perturbations.

At present the most common method of analysing the above-mentioned
accidents is the one based on programs which can simulate the physical
processes taking place in the main components of power plant equipment,
i.e. on "computer-simulated experiments". The requirements for such programs
are determined by the characteristics of the conditions studied. In our case,
a reliable evaluation of the consequences of accidents can be obtained from
calculations by large computer codes with a fairly detailed description of the
operation of the major equipment of both circuits. Moreover, these codes
should take into account the main feedback of the power plant and should
contain three-dimensional space models of the reactor neutron kinetics. The
design and development of such program sets are receiving great attention in
the Soviet Union. These activities are being carried out most intensively at
the institutions which design and develop nuclear power plant equipment. At
present, large program sets on WWER power plants [3] are available at the
Kurchatov Institute of Atomic Energy (scientific supervision), Gidropress
Experimental Design Office (main designer of WWER power plants), Ail-Union
Scientific Research Institute for Nuclear Power Plants and All-Union
Scientific Research Institute for Inorganic Materials. A number of other
organizations are also engaged in developing separate computer programs.

The programs included in the set cover the entire range of problems
which need to be solved in the design-basis safety analysis of WWER power
plants.

The programs for analysis of DBA are verified by test calculations and
experimental studies. At present these programs are being developed further
with a view to achieving a more detailed simulation of accidents beyond the
design basis.

ACCIDENTS BEYOND THE DESIGN BASIS WITH REACTIVITY TRANSIENTS

Accidents beyond the design basis (BDBA) which have recently been
receiving ever-increasing attention, can be divided tentatively into the
following groups:

Severe accidents with partial or total core disruption;
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Transients with simultaneous lack of response, on demand, from the
reactor protection system (ATWS);

Abnormal operating events with additional improbable failures of
the control and safety systems.

A considerable proportion of the BDBA is constituted by reactivity
transients. The experimental modelling of these accidents requires high
expenditure, and in-core tests of fuel elements are being performed at present
mainly under near-emergency conditions. These are, for example, the
experimental studies of fuel element behaviour and investigation of the
processes of fuel element deformation and failure under power surge conditions
in the IGR (pulsed graphite reactor) and "Gidra" reactors (USSR) [4], which
are similar to those carried out at the SPEAET, TREAT (USA) and SSRN (Japan)
facilities. However, these studies do not cover the entire possible range of
changes in fuel element parameters during severe accidents with reactivity
transients, and further studies are required. A consequence of such accidents
may be core disruption and meltdown; the physical processes occurring in this
case are clearly not known to a sufficient degree so that in the Soviet Union
we have planned activities in this area [5], which include in particular
studies on:

Fuel element behaviour under conditions with power density
increase for a wide rarge of parameter variation;

Physical processes during fuel melting and obtaining of
quantitative estimates of fission product release;

Processes of interaction of molten fuel with structural materials
and coolant.

The experimental studies form the basis of the computer programs in the
determination of empirical and semi-empirical correlations in the mathematical
models of actual processes and also in the verification of the computer codes
developed (program sets).

The main method of analysis of these accidents is computer simulation
of the accident processes. However, the complexity of the physical processes
during severe accidents with core disruption is such that at present there are
no computer programs which could be used to describe in detail the behaviour
of the power plant in these situations. For this reason, the evaluation of
reactor parameters in BDBA is performed by using programs developed earlier
for DBA analysis. The HOST-10 program [3] is used for the analysis of DBA
situations associated with reactivity transients; it performs the calculation
of three-dimensional space-time kinetics, together with the thermohydraulic
calculation of the primary and secondary circuits, and is now being improved
with a view to its use for modelling BDBA.

As an example. Fig. 1 gives the results of calculation by MOST-10 of a
postulated accident situation associated with the ejection of an active rod
assembly of the control and protection system rods for a WWER-1000 power
plant. In this case, there is no core meltdown and disruption.
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It is planned further to develop computer programs for analysis of
reactivity transients in order to:

Refine neutron kinetics calculations by using the methods of
iRultigroup point kinetics and improved libraries of physical
constants;

Expand the range of possible variations in the power plant
parameters ;

Refine the model of fuel element behaviour during accidents with
core melting and disruption;

- Combine them with programs for calculating radioactive product
release and migration and the radiation environment inside and
outside the power plant buildings; developing a single set by
which it will be possible to make a computerized analysis of all
stages of an accident from the primary event and release of
radioactive substances into the environment to the evaluation of
population dose burdens.

CONCLUSION

Reactivity transients form one of the main groups of accident
considered in safety analysis, and it is these, along with loss-of-coolant
accidents, which primarily determine the technical and organizational measures
to be taken in order to ensure the safety of UWER power plants. The work in
progress in the USSR to study the behaviour of WWER power plants during
design-basis accidents and accidents beyond the design basis with reactivity
transients will help to perfect the management of such accidents and to
enhance power plant safety.
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UNPROTECTED REACTIVITY ACCIDENTS IN FAST BREEDER REACTORS

H.U. Wider

Commission of the European Communities, Joint Research Centre
Ispra Establishment (I)

Introduction

This paper gives a short overview on the different types of unprotected re-

activity accidents which are considered in the safety analyses of Liquid

Metal Fast Breeder Reactors (LMFBRs). It deals mostly with large oxide fuel

reactors but some reference is made to the new small US metal fuel designs.

The non-response of the plant protection system at the moment of an

excessive reactivity increase, which is by itself a low probability event,

is even of lower probability. This is because modern LMFBRs have two inde-

pendent and diverse rapid shutdown systems each of which has several banks

of shutdown rods. In contrast water reactors have only one rapid shutdown

system. If a part of the two shutdown systems in an LMFBR responds proper-

ly, the accident will be a protected one. Protected accidents or incidents

are within the design base.

Unprotected reactivity accidents are in the category "residual risk". They

have a very low probability of occurrence, but since some unprotected acci-

dents have a potential for energetic behaviour, strong containments for

LMFBRs have been considered necessary in the Western countries. The three

types of unprotected reactivity accidents, on which research has focused,

are:

1. Slow Reactivity Insertion Accidents

2. Fast Reactivity Insertion Accidents

3. Fast Reactivity Insertions due to Sodium Voiding Caused by

a Loss-of-Flow Accident.

Of historical interest is the first and only unprotected reactivity accident

to date in a fast reactor i.e. the EBR-I meltdown in 1955 in the US 111.

This accident occurred during an experiment to investigate a positive re-

activity effect which occurred at high power-to-flow conditions. In this

experiment the intended manual shutdown was accidentally delayed leading

to melting of about half the small (0.2 MW) core. The positive reactivity

effect was due to the inward bowing of fuel pins under increasing power.

All later fast reactors have had grid or helical wire spacers to prevent

this fuel pin bowing.



Slow Reactivity Ramp Insertions Accidents w/o Scram

The possible initiators for this Transient Overpower (TOP) accident are in-

advertent withdrawals of one control rod bank. Conceivable ramp rates are

a few cents/sec or around 0.1 mk/sec. In this accident the fuel pins heat

up and the fuel starts melting with the coolant flow rate still nominal.

Pin failures occur several tens of seconds after accident initiation and

the failure location is likely to be high up in the core where the cladding

temperature is highest.

The majority of slow overpower in-pile experiments /2,3/ which were done in

the US (with US and UK fuel) confirmed that fuel pin failures are high up in

the fissile fuel. Moreover, these experiments showed that molten fuel is

ejected through the clad ruptures causing mild thermal fuel/coolant inter-

actions, some sodium voiding, sweepout of part of the fuel and freezing of

the other fuel to the outside of the cladding as illustrated in Fig. 1 /4/.

Accident analysis calculations /5/ show that with pin failures high up in

the core, the accident outcome will be rather benign with relatively few

subassemblies being damaged. The main negative feedback is molten fuel

motion inside the pins toward the failure high up in the core. Fig. 2

shows the power evolutions calculated bv several whole core codes for a

10 cent/sec TOP in the fictious 700 MWe EUROPE Reactor /5/. The EAC results

are somewhat high because of an input error in the sodium worth tables.

One remaining problem is to assure that fuel pin failures are definitively

high up in the core in all cases. One slow overpower in-pile experiment

in the US (experiment W2, performed in the thermal ETR reactor) /6/ exhibited

midplane-pin failures. This was probably due to a non-protypical axial power

shape in the experiment and embrittlement of the stainless steel cladding

due to irradiation in a thermal flux. To further investigate the issue of

pin failure location in slow ramp rate conditions is one of the objectives

of the new CABRI-II in-pile experiment program. A further refinement of

detailed fuel behaviour codes such as TRAFIC /7/, TEMECH /2/, and

TRANSURANUS /&/ may also help to resolve the issue further.

Another problem which is not yet resolved is the longer term coolability of

subassemblies in which a significant fraction of the pins are ruptured and

in which ejected fuel is frozen to the outside of the cladding. In-pile

experiments on larger pin bundles may be needed to investigate this issue.

Fast Reactivity Ramp Insertions w/o Scram

These accidents might be initiated through earthquakes or diagrid failure or

diagrid snapback following a thermal load. One has to discriminate between

unprotected ramps which end before prompt criticality is reached and

sustained ramps of a few $/sec or around 10 mk/sec. The latter are considered



incredible in several countries. However, they have the potential to lead

to more energetic accidents than slow TOPs and are, therefore, being investi-

gated in some countries. The accident proceeds much faster than a slow TOP

and pin failures may occur only a few seconds after accident initiation.

Moreover, pin rupturefare likely to be around 2/3 of the core height where

the cladding has its maximum temperature in this accident.

CABRI and TREAT fast TOP in-pile experiments /9,3/ have shown that pin failure

locations are between 55% and 75% of core height for flowing sodium tests.

Moreover, the downward voiding observed in these experiments is faster than

in slow multipin TOP simulations in which the pins fail incoherently.

If a relatively low failure location is assumed in accident analysis calcula-

tions, the sodium voiding starts from a high void worth region and can lead

to somewhat energetic excursions /10/. .Moreover, if the molten fuel motion

inside the pins towards a near midplane failure is taken into account

(as it should be according to more recent experimental evidence) a fast

TOP accident would be reasonably energetic. This is because temporary fuel

accummulations could occur in high fuel worth regions.

In the future more investigations should be done to clarify whether sustained

fast ramp rate insertions can be ruled out with a large degree of certainty.

Moreover, improved whole-core accident codes will help to simulate this

accident better. E.g. the EAC2 code will have the detailed pin mechanics

model TRANSURANUS /&/ coupled with a fuel motion model /4/.

If this accident has to be further considered, the addition of in-vessel and/or

ex-vessel core catchers may be envisaged. Moreover, designs may be considered

with lower void worths (i.e. smaller and/or heterogeneous cores) and fuel

materials with a much higher conductivity (UPu Metal or UPu Nitride), which

will increase the likelihood of higher up failure locations. The US is

presently pursuing such alternate designs.

Fast Reactivity Rate Insertions Due to Sodium Voiding Caused by an Unprotected

Loss-of-Flow Accident (Called LOF-driven-TOP or TUCOP Accident)

An unprotected Loss-of-Flow (LOF) accident in a large LMFBR may lead to a near

prompt critical situation due to sodium voiding /ll/. If the subsequent pin

failures in the voided subchannels do not lead to a rapid fuel dispersal,

pin failures in partially voided or unvoided subassemblies will occur. If

these failures are near the midplane, and if the molten fuel in-pin motion

is temporarily dominating the fuel dispersal in the channels, temporary

fuel accumulations in high fuel worth regions may occur and lead to a

reasonably energetic accident outcome. Fig. 3 shows the power evolutions

calculated by several whole-eore codes for a LOF accident in the fictitious



700 MWe EUROPE reactor /ll/. The higher power levels predicted were due to

in-pin fuel motions towards anear midplane failure.

Since the presently available CABRI and TREAT experiments /2,3 / do not fully

rule out temporary fuel accumulations, more experiments and analytical work

appear necessary. The additional experiments in the CABRI-II programme will

help in this regard. An advanced accident analysis code development such

as EAC2 /4,8/ should help to quantify better the possible level of energe-

tics.

With regard to possible design changes in-vessel and/or ex-vessel core

catchers could be reconsidered. Moreover, lower void worth designs would be

similarly interesting as for the fast TOP accident. The use of the high con-

ductivity UPu Metal fuel could prevent the occurrence of sodium boiling in

a LOF accident according to US researchers. It appears likely that the high

conductivity UPu Nitride fuel may have the same beneficial effect.
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EAC 1 - present operational version

- strong points are boiling models, informatics
treatment including multi-channel data-
managment, selective output and plotting
systems.

EAC 2 - development version which aims at becoming
a benchmark type code

- improved pin mechanics calculation
(TRANS-URANUS)

- improved fuel motion calculation (MDYN)

- improved neutronics (HEXNOD, Space-Time
Kinetics)

- hexagonal geometry for improved core simulation

- preprocessor for switching from single to double
precision and back, automatic common insertion
and variable dimensioning

Ft'



ANNEX I

Lis t of Part ic ipants



O517u

Division: NBNS

Title of Meeting;

Dates, inclusive:

Place:

PARTICIPANTS

Issue No.I/Rev.3
Date: 1987-11-17

NOTIFICATION OF A MEETING HELD AT HEADQUARTERS

Technical Committee Meeting on Reactivity Transient Accidents
Responsible Officer:
M. V. Jankotrski

17-20 November, 1987 Room A2609, Ext. 2687

Vienna International Centre, Room II
(Building C, 7th Floor )

(JO

ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

ARGENTINA

Ms. S. CANAVgSE

AUSTRALIA

Mr. Patrick BULL

AUSTRIA

Dr. Klaus SCHOEPP

National Atomic Energy Comm.
Avenida del Libertador 8250
1429 Buenos Aires
Argentina
Tel.: 7102618

Htl Wandl
Petersplatz 9
A-1010 Vienna
Tel. 534 55

Alternative Resident
Representative
Permanent Mission of
Australia to the IAEA
Mattiellistrasse 2-4/III
A-1040 Vienna
Tel.: 51 28 580

17-20 Nov 87

Institut fuer
Theoretische Physiks
Universitaet Innsbruck
Technikerstrasse 15
A 6020 Innsbruck

17-20 Nov 87



- 2 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

BELGIUM

Mr. Andre BEECKMANS

Mr. M. HELICE

Mr. P. VUYST

CANADA

Mr. G.M. FRESCURA

Mr. V. SNELL

CHILE

Ing. Juan KLEIN Dalidet

CEN/SCK
Boeretang 200
B-2400 Mol
Belgium

Tractebel
1 Place du Trône
B-1000-Brussels
Belgium

Doel Nuclear Power Plant
Scheldemolenstraat
B-2791 Doel
Belgium

Ontario Hydro
Nuclear Studies and Safety Dept.
700 University Avenue
Hll A14 Toronto, Ontario
Canada
Tel.: 416-592 3134

AECL/Candu Ops.
Sheriden Park Research Community
Mississauga, Ontario
Canada
Tel.: 416-823 9040

Comisi6n Chilena de Energia Nuclear
Amunâtegui 95
Casilla 188-D
Santiago
Chile
Tel.: 27 318 27

Hotel Arenberg
Stubenring 2
A- 1010 Vienna
Tel. 512 92 49

Hungaria Hotel
Rennweg 51
A-1030 Vienna
Tel. 73 25 21

Hotel Europa
Neuer Markt 3
A-1010 Vienna
Tel. 515 94

Kaiserin Elisabeth
Weihburggasse 3
A-1010 Vienna
Tel. 515 26

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87



- 3 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

CZECHOSLOVAKIA

Mr. Miroslav HREHOR

DENMARK

Mr. Frank HOJERUP

FINLAND

Mr. Keijo VALTONEN

FRANCE

Mr. Alain GOUFFON

State Nuclear Safety Inspectorate
Czechoslovak Atomic Energy

Commission
Slezska 9, 12029 Prague 2
Czechoslovakia
Tel.: 25 88 88

Division of Energy Technology
Riso National Laboratory
P.O. Box 49
DK-4000 Roskilde
Denmark

Finnish Centre for Radiation
and Nuclear Safety

P.O. Box 268
SF-00101 Helsinki
Finland

IPSN/DAS/SASR/SAEP
Centre d'Etudes Nucléaires de

Fontenay aux Roses
B.P. No 6, Cedex
92260 Fontenay aux Roses
France
Tel.: 46 54 70 92

Pension Wanderer
Donizettiweg
A 1210 Vienna
Tel. 23 95 72

Hotel Europa
Neuer Markt 3
A 1010 Vienna
Tel. 514 94

Hotel am
Stephansplatz

Stephansplatz 9
A-1010 Vienna
Tel. 63 56 05

Hotel Nordbahn
Praterstr. 72
A-1020 Vienna
Tel. 24 54 33

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87



PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

FRANCE

Mr. Olivier ROUSSELOT

GERMANY FED.REP.OF

Mr. W. FRISCH

Mr. S. LANGENBUCH

GERMAN DEM.REP.

J. HOEHN

INDIA

Mr.V.N. CHAUDHARY

Electricité de France
SEPTEN
12-14 Avenue Dutrievoz
69628 Villeurbanne, Cedex
France
Tel.: 78 04 75 58

Ges.f. Reaktorsicherheit (GRS)mbH
Forschungsgelaende
D-8046 Garching
FRG
Tel.: 89-32004-189

Ges.f. Reaktorsicherheit (GRS)tnbH
Forschungsgelaende
D-8046 Garching
FRG
Tel. 89-32004-198

Staatliches Atnt f.Atomsicherheit
u. Strahlenschutz

Berlin-1157
Waldowallee 117
GDR

DAE SRC BARC
Trombay
Bombay 400 085
India

Hotel Nordbahn
Praterstr.72
A-1020 Vienna
Tel. 24 54 33

Hotel Capri
Praterstr. 44-46
A-1020 Vienna
Tel. 24 84 04

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87



- 5 -

PARTICIPANTS

INDONESIA

Mr. Iyos SUBKI

ISRAEL

Mr. J. SZABO

ADDRESSES
ABROAD

ITALY

Ing. Marcello MARINELLI

JAPAN

Mr. K. HIRURAWA

Deputy for Assessment of
Nuclear Science and Technology

National Atomic Energy Agency
(BATAN)

Jakarta, Indonesia

Israeli Atomic Energy Commission
26 Rhehov Hauniversitah
P.O. Box 7061
Tel-Aviv
Israel 61070

Division of Process Systems
ENEA/DISP
Via Vitaliano Brancati 48
1-00144 Rome, Italy
Tel.: 6-85281

Japan Institute of Nuclear Safety
Nuclear Power Engineering

Test Center
Mita Kokusai Building (11th Floor)
Mita 1-4-28, Minato-ku
Tokyo, Japan

^IN VIENNA FOR THE PERIOD

Hotel Albatros
Liechtensteinstr.89
A-1090 Vienna
Tel. 34 35 08

Hotel Zur Kagraner
Briicke
Wagramerstr. 52
A-1020 Vienna
Tel. 23 12 95

Hotel Stefanie
Taborstrasse 12
A-1020 Vienna
Tel. 24 24 12

Kaiserin Elisabeth
Weihburggasse 3
A-1010 Vienna
Tel. 515 26

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87



- 6 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

JAPAN

Mr. T. FUJISHIRO

MEXICO '

Mr. René JOO

THE NETHERLANDS

Mr. P.J. de HUNK

POLAND

Mr. Krzysztof ANDRZEJEWSKI

Head, Reactivity Accident Laboratory Hotel Royal
JAERI
Tokai Research Establishment
Tokai-Mura, Naka-Gun
Ibaraki-Ken, Tokai, Japan
Tel.: 82 5277

CNSNS
Av. Insurgentes Sur No. 1S06
Colonia Florida
Delegaciôn Alvaro Obregôn
01030 Mexico D.F.
Tel.: 534 14 01

Ministry of Employment
and Social Security

P.O. Box 20801
2500 E.V., The Hague
The Netherlands

Institute of Atomic Energy
05-400 Otwock/Swierk
Poland

Singerstr. 3
A 1010 Vienna
Tel.

Hotel Nordbahn
Praterstrasse 72
A-1020 Vienna
Tel. 24 54 33

Hotel Nordbahn
Praterstrasse 72
A 1020 Vienna
Tel. 24 54 33

Pen.Christina
Hafnersteig 7
A-1010 Vienna
Tel. 533 29 61

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

IA)



- 7 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

POLAND

Mr. Jerzy RUBOWSRI

Mr. Zdzislaw BEDNARSKI

SOUTH AFRICA

Mr. T. F. HILL

Mr. A. ROSTER

Institute of Atomic Energy
05-400 Otwock/Swierk
Poland

Central Laboratory of
Radiological Protection

Ul Ronwsliowa J

PoI and

AEC, Licensing Branch
P.O. Box 4587
Pretoria 000i
South Africa
Tel.: 27/12-213311 ext. 1155

AEC, Reactor Development Dept.,
P.O. Box 4587
Pretoria 0001
South Africa
Tel.: 27/12-213311 ext. 823

Pen. Christina
Hafnersteig 7
A-1010 Vienna
Tel. 533 29 61

Hotel Rolbeck
Laxenburgerstr.19
A-1100 Vienna

17-20 Nov 87

17-20 Nov 87

Hotel Europa 17-20 Nov 87
Neuer Markt 3
A-1010 Vienna
Tel. 515 94

Czerningasse 12/17 17-20 Nov 87
A-1020 Vienna



- 8 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

SWEDEN

Mr. Claes LUNDSTRoM

Mr. Jan MATTSON

Mr. Oddbjorn SANDERVAG

Mr. Ulf SJÎ5S

The Swedish State Power Board
S-162 87 Vallingby
Sweden
Tel.: 08/739 71 23

Swedish Nuclear Power
Inspectorate

Box 27106
S-102 52 Stockholm
Sweden
Tel.: 08/663 55 60

Studsvik Energiteknik AB
S-611 82 Nykoping
Sweden
Tel.: 0155/210 00

S-570 93 Figeholm
Sweden
Tel.: 491 86000

Hotel de France 17-20 Nov 87
Schottenring 3
A-1010 Vienna
Tel. 34 35 40

Hotel de France 17-20 Nov 87
Schottenring 3
A-1010 Vienna
Tel. 34 35 40

Hotel de France 17-20 Nov 87
Schottenring 3
A-1010 Vienna
Tel. 34 35 40

Htl Intercontinental 17-20 Nov 87
Johannesgasse 28
A-1030 Vienna
Tel. 75 05 0



PARTICIPANTS

- 9 -

ADDRESSES
ABROAD IN VIENNA

CO

FOR THE PERIOD

SWITZERLAND

Mr. E. KNOGLINGER

UNITED KINGDOM

Mr. E. MORRIS

Mr.J.D. YOUNG

UNITED STATES OF
AMERICA

Mr. T. SPEIS

Mr. D. DIAMOND

Institut fédéral de recherches
en matière de réacteurs

CH-5303 Wuerenlingen
Switzerland

UK Nuclear Installations
Inspectorate

St. Peters House, Balliol Rd.
Bootle, Merseyside
England
Tel.: 051-951 3563

TPRD Reactor Physics Section Head
Berkeley Nuclear Laboratories
Berkeley, Glos. GL13 9PB
England

Deputy Director for
Generic And Regulatory Issues
U.S. Nuclear Regulatory Commission
Washington, DC 20555, USA .
Tel.: (301) 492-7517

Brookhaven National Laboratory
BNL-475B
Upton, NY 11973
USA
Tel. (516) 282-2604

Neuer Harkt
Seilergasse 9
A-1010 Vienna
Tel.

Hotel Wandl
Peterspl.9
1010 Vienna
Tel. 534 55

Htl Nordbahn
Praterstr. 72
A-1020 Vienna
Tel. 24 54 33

Htl. Wandl
Petersplatz 9
1010 Vienna
Tel. 534 55

Htl Savoy
Lindengasse 12
A-1070 Vienna
Tel. 93 46 46

17-20 Nov 87

17-20 Nov 87

17-20 Nov 87

17-18 NOV 87

17-20 Nov 87



- 10 -

PARTICIPANTS ADDRESSES
ABROAD IN VIENNA FOR THE PERIOD

UNION 0? SOVIET
SOCIALIST REPUBLICS

Mr.N.B. MEROCHNICHENKO

Mr. A. Y. MYSSENKOV

State Committee on Supervision
of Nuclear Safety

Moscow

Erzherzog Karlstr.
182/6/3

A-1220 Vienna

Kurchatov Institute of Atomic Energy Erzherzog Karlstr.
Moscow 182/6/2
USSR A-1220 Vienna

17-20 Nov 87

17-20 Nov 87

ORGANIZATION

CEC

Mr. Hartmut WIDER

OBSERVERS

CEC
Centre Commun de Recherche

d'Ispra
Ispra, Italy
Tel.: (301) 492-27517

Htl. Nordbahn
Praterstr. 72
A-1020 Vienna
Tel. 24 54 33

17-20 Nov 87

COLOMBIA

Mr. Mario RODRIGUEZ

TURKEY
Mr. D. ONER

Permanent Mission of
Colombia to the IAEA

Stadiongasse 6-8
A-1010 Vienna
Tel. 42 42 49

Permanent Mission of
Turkey to the IAEA

Prinz Eugen-Stcasse 40
A-1040 Vienna
Tel. 65 73 38


