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0. SUMMARY

In the present report, the problem of qualification procedures of electrical equipment with respect to

the dynamic excitation subsequent to an aircraft impact (ACC) on a Nuclear Power Plant (NPP) is

approached, within the context of IAEA Benchmark on vulnerability of equipment and structures of

RBMK-type NPP against the aircraft impact. After a short description of the main objectives of the

work and the relevant area of concern (Chapter 1), the safety related equipment more commonly

installed in a NPP are grouped in few classes, according to widely accepted classification criteria

and the relevant failure modes are described (Chapter 2). Taking as reference a deeply studied

RBMK reactor (Ignalina NPP), an overview of its main characteristics and of the equipment

ensemble housed in is given in Chapter 3. An overview of the worldwide most used qualification

standards for safety related equipment for NPPs is reported in Chapter 4, and a comparison of the

practices used in Europe for the qualification of safety related electrical and I&C equipment is

described with special attention to seismic and impact qualification (Chapter 5). In the hypothesis

that the equipment to qualify against impact excitation has been already qualified against seismic

excitation, the problems relevant to the different nature of earthquake and shock phenomena are

listed, together with the main criteria to implement a procedure which, based on standardized shock

pulses, could be applied for ACC qualification purposes (Chapter 6). Consequently, a possible ACC

qualification procedure is outlined (Chapter 7) and the interface data (data coming from numerical

analysis and seismic qualification, to be used for ACC qualification purposes) are listed (Chapter 8).

Finally, the main conclusions of the work are described (Chapter 9). The main references are listed

in Chapter 10.

This report has 70 pages.
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1. INTRODUCTION

Within the context of IAEA Benchmark on vulnerability of equipment and structures of RBMK-

type Nuclear Power Plants (NPPs) against the aircraft impact, ISMES has been nominated as

Coordinator to study the feasibility of the extension of qualification methodologies consolidated in

seismic environment to the field of aircraft impact (see ref [22]).

In order to introduce the topic concerned, it has to be underlined that standard testing procedures for

safety related equipment (SRE) currently applied in European Countries are not uniform and not

specialized for impact analysis; moreover, equipment and components have different limit states

(functionality, integrity, dissipation, etc.), often disregarded in the standards. The acceptance

criterion cannot be based upon a simple comparison of spectra: the damage in fact has to be

correlated with many input parameters to avoid misleading conclusions.

On the other side, the qualification of mechanical components and electrical equipment requires as

input some interface data with the structural response, namely: floor response spectra (FRS, in

terms of acceleration and/or displacement), time histories (TH), power spectral density (PSD),

energy spectral density (ESD), etc. However, numerical models are usually generated with more

emphasis on structural stability than on floor response calculation.

The study presented in this report is structured in three different topics:

• the identification of main classes of safety related equipment with their associated failure modes

• a review on the current practice on the seismic qualification methodologies and on the impact

qualification methodologies (when they are available)

• the identification of an approach for impact qualification of equipment already qualified w.r.t.

seismic actions, for which hence qualification data already exists

• verification of the feasibility of the application of the impact qualification approach on the

typical equipment housed in a RBMK-type NPP.

In the first phase of the activity, the most common SRE have been grouped in few classes,

homogeneous with respect to failure mode and structural behaviour, with identification of

criticalities in terms of frequency range, fatigue cycles and operability.
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In the second step, a review on current practice of the seismic/impact qualification methodologies is

the essential starting point to better define:

- the best output from structural FE models and the associated degree of uncertainty (to improve

standard simplified approaches like spectrum broadening or shifting);

- the special constraints to be applied to FE models in order to guarantee the required accuracy to

FRS (e.g. local grid refinements on floors, localization of impact area, etc.);

- an approach for impact qualification of equipment already qualified w.r.t. seismic actions, for

which hence qualification data already exists

The third phase is relevant to the identification of a coherent experimental procedure for the impact

qualification of different classes of components, with specific reference to components already

qualified against seismic induced actions. A clear correlation between the two qualification

approaches is in fact essential for the requalification of existing plants.

As a final step, the criteria on the feasibility of the application of the abovementioned procedure to

the typical equipment housed in a RBMK-type NPP have been described, taking into account the

experience gained by ISMES during the walkdown visits performed at Ignalina Nuclear Power

Plant (Lithuania) within the framework of an EBRD Project.

It has to be underlined that the procedures outlined in the present document have been designed to

approach the problem of impact qualification of the safety related elctromechanical equipment only

(typically safety related electrical cabinets and the relevant components housed in), for which there

is a good confidence that seismic and standardized pulse qualification data exist, either in nuclear or

in non-nuclear field.

Main piping, main coolant pumps, separator drum (which is a unique feature of the RBMK-type

NPPs) and the reactor (i.e. graphite blocks, control rods mechanisms, fuels channels, pressure tubes,

etc.) have not been taken into account for the following reasons:

• these types of equipment have been specifically designed for nuclear applications;

• a similarity analysis with reference to non-nuclear application is not feasible (see previous

point);
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• the recommended approach for these types of components, due to their essential importance, is

a direct qualification w.r.t. the ACC (being the tests feasible only on portions of them, due to

their large size), involving a detailed analysis of the dynamic response of the buildings where

they are located, including local effects, non-linear phenomena, etc., computing in this way the

response spectra at their base and estimating, in a classical stress analysis approach, their

strength w.r.t. the forces relevant to the ACC event. The indirect approach presented hereinafter

for the electrical equipment is not considered applicable

2. GROUPING OF SAFETY RELATED EQUIPMENT AND RELEVANT FAILURE

MODES

2.1 General considerations

In order to approach the problem of ACC qualification of safety related equipment of a NPP some

base hypotheses have to be established:

- the concerned equipment have been already seismically qualified, from both structural and

functional point of view, i.e. with respect to the seismic excitation, they have demonstrated to

perform their safety functions during and after the seismic event;

- it is possible to discriminate between the structural qualification (assessment of the structural

integrity) and the functional qualification (assessment of the maintaining of their functionality);

- the weakest point, from the structural point of view, of the equipment concerned is located at the

anchorage level.

The first hypothesis states that a certain degree of ruggedness of the equipment has been achieved

with respect to a dynamic event such as an earthquake.

The second item is based on the consideration that no influence is caused on the structural integrity

by the occurrence of a loss of functionality of the equipment, whereas the loss of the structural

integrity could imply the loss of the safety functions. In other words, the assessment of the
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structural integrity is a necessary but not sufficient condition in order to achieve the qualification of

the equipment.

The third item is essentially based on the statement that a properly anchored equipment has

adequate capacity with respect to the seismic excitation (see ref. [3] and [6]); although this

statement has been demonstrated correct from experience data in the seismic field, it seems to be

reasonable to extend it to other dynamic excitations such as ACC.

For what concerns the classification of safety related equipment with respect to their behaviour in

the case of ACC vibrations, no reference documentation has been found and the relevant experience

is very limited too. The classification relevant to seismic standards could be adopted, in order to

have a starting point. Different classifications have been proposed, relevant to various standards

examined.

For safety related equipment for which procedures of seismic verification have been developed in

the frame of qualification of existing plants where it is not possible for various reasons (equipment

not previuosly qualified already installed, increment of seismic demand, etc.) to perform a complete

process of environmental qualification (see docs. [3] and [6]), the various types of equipment have

been categorized as follows:

- motor control centers;

- low voltage switchgears;

- medium voltage switchgears;

- transformers;

- horizontal pumps;

- vertical pumps;

- fluid operated valves;

- motor-operated and solenoid-operated valves;

-fans;

- air handlers;

- chillers;

- air compressors;

- motor-generators;

- distribution panels;

- batteries on racks;
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- battery chargers and inverters;

- engine-generators;

- instruments on racks;

- temperature sensors;

- instrumentation and control panels and cabinets.

A more restricted classification is made in document [5], where only four classes of safety related

equipment are identified for seismic qualification purposes:

- assembly (Fr..ensemble): equipment with direct mechanical link to the civil structures

without any intermediate interface (i.e. cabinets, Diesel generators, etc.);

- components (Fr.: composants): equipment with mechanical link to the civil structures

through an intermediate interface (i.e. electrovalves, relays, recorders, valve motor-

operators, etc.)

- 6,6 kV Engine (Fr.: moteurs 6,6 kV);

- Other equipment (Fr.: materielsparticuliers): equipment not enveloped by previous classes.

For each class, seismic qualification Required Response Spectra (RRS) are foreseen in [5].

In the following, the main failure modes of the above-mentioned equipment type according to EPRI

classification will be identified, on the basis of the available documentation (see docs. [3], [6],

2.2 Failure modes of various types of equipment

In principle, two main failure modes can be identified:

- a structural failure mode;

- a functional failure mode.

These two different failure modes can occur:

- simultaneously;

- once at a time (either structural or functional);

- sequentially (in the sense that a structural failure mode could imply a functional failure

mode).
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A structural failure mode can occur caused by two different mechanisms (in this context, all the

structural failure modes relevant to thermal and/or creep effects are disregarded, as it is assumed

that the external loads on equipment act in an environment not affected by temperature):

- an equivalent "static" failure mechanism;

- a fatigue failure mechanism.

The equivalent "static" failure mechanism is relevant to the fact that the internal stresses caused by

load conditions (static and/or dynamic) are greater than (or equal to) the yield stress or ultimate

stress (depending upon the ductile or brittle behaviour of the constitutive material). In this case, no

fatigue effects are considered. The internal stresses can be originated by a static load or by a

dynamic load (i.e. an impact load in a certain area of the plant or a seismic load at the base of the

plant: both these loads will be transferred to the base of the equipment concerned, conditioned by

the transfer functions of the structural elements located between the excitation area and the

equipment concerned).

The fatigue failure mechanism is relevant to the fact that the internal stresses due to the load

conditions (in general, dynamic), although lower than the yield/ultimate stress of the constitutive

material, are cyclic; the damage accumulated (and estimated through a damage accumulation rule,

i.e. Miner rule) during the excitation period can cause a fatigue failure. In the case of impact or

seismic phenomena, the effects associated to the input waveforms are, in general, relevant to the

low-cycle fatigue.

The functional failure mode depends upon the type of electrical equipment concerned and the

relevant safety function accomplished.

The categories of equipment for which failure modes have been identified, have been determined

within the frame of the research project described in detail in ref. [14]. All components are

considered to include their supports to the point of interface with the building structure. Electro- or

active-mechanical devices such as motor-operated valves, pneumatic- and hydraulic-operated

valves and motor-, turbine- and diesel-driven pumps, include the complete assemblies normally

furnished by the component suppliers. Thus, valve operators, pumpmotors, and ancillary equipment

for cooling and lubrication are included as part of the component category. External control

systems, power supplies, and connecting electrical cables are not included as part of the component

and are considerered in separate categories.
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In the following list, the category in italics indicates an equipment or component which can be

considered inherently rugged with respect to the seismic loads. For each category, the relevant

equipment and the main failure modes rugged with respect to the seismic event are listed, in order

of probability of occurrence of that failure.

Reactor core assembly

Equipment included in the category: fuel rods, core support structure, control rod assemblies,

spacers grids1;

Main failure modes w.r.t. the seismic event: crushing of grid spacers; deformation of control

rod assemblies;

Reactor coolant system vessels

Equipment included in the category: pressure vessel2, steam generators, pressurizer3

Main failure modes w.r.t. the seismic event: nozzle-to-pipe weld joints failure; failure of the

supports

Reactor coolant pumps •

Equipment included in the category: reactor coolant pumps

Main failure modes w.r.t. the seismic event: failure of ancillary equipment; failure of the

supports

Piping

Equipment included in the category: piping of all sizes, elbows, tees, butt welds, reducer

sections, etc.

Main failure modes w.r.t. the seismic event: ductile failure

Large vertical storage vessels with formed heads

Equipment included in the category: accumulator tanks, volume control tanks

1 Not present in RBMK-type NPP

2 Not present in RBMK-type NPP

3 Not present in RBMK-type NPP



..illSTTlES ^--
Proj.

ST. Petersburg Research Coordination Meeting Doc. RAT-STR-673/99
Aircraft Impact Qualification of RBMK Systems and Components rev. 00
Technical Report

pag. 13

Main failure modesiw.r.t. the seismic event: support failure

Large vertical flat bottom storage tanks

Equipment included in the category: borated water storage tanks, condensate storage tanks

Main failure modes w.r.t. the seismic event: failure of anchor bolts and subsequent buckling

on the compression side and rupture of the wall-to-bottom joint on the tensile side

Large horizontal vessels and heat exchangers

Equipment included in the category: large storage tanks, residual heat storage tank,

component cooling water heat exchanger, pressurizer relief tank, diesel oil storage tank

Main failure modes w.r.t. the seismic event: failure of anchor bolts and subsequent buckling

on the compression side and rupture of the wall-to-bottom joint on the tensile side

Small to medium vessels and heat exchangers

Equipment included in the category: i.e. boron injection tank

Main failure modes w.r.t. the seismic event: either the support/tank interface or

support/building interface;

Large vertical centrifugal pumps with motor drives

Equipment included in the category: service water pumps, fire pumps, condenser coolant

pumps

Main failure modes w.r.t. the seismic event: failure of the supports.

Motor-driven pumps and compressors

Equipment included in the category: auxiliary feedwater system pumps, residual heat removal

pumps, safety injection pumps, centrifugal charging pumps, containment spray and

recirculation pumps, diesel lube oil pumps.

Main failure modes w.r.t. the seismic event: support failure

Valves"

Large motor-operated valves

A It is common to test complete valve assemblies only for the smaller valves and to test only the electrical operators on

the larger valves. The valve itself is then qualified for seismic service by analysis.
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Equipment included in the category: isolation valves, flow control valves

Main failure modes w.r.t. the seismic event: binding due to permanent deformation of

the yoke-neck-stem assemblies; electrical failure of the operator assembly;

fracture of the pipe-to-valve nozzle joint

Large relief and check valves

Equipment included in the category: Large relief and check valves

Main failure modes w.r.t. the seismic event: electrical failure of the power actuator

Large hydraulic- and air-actuated valves

Equipment included in the category: main steam isolation valves, power-operated relief

valves on the pressurizer

Main failure modes w.r.t. the seismic event: failure of electrical signal, binding of stem

or actuator, failure of air or hydraulic lines

Small Motor-operated valves

Equipment included in the category: isolation valves, flow control valves for piping of

less than 4-in diameter

Main failure modes w.r.t. the seismic event:binding, electrical failure

Miscellaneous small valves

Equipment included in the category: all type of small valves excluding small motor-

operated valves

Main failure modes w.r.t. the seismic event: failure of the actuator or failure of the

air/hydraulic lines

Horizontal motors

Equipment included in the category: large-capacity electric drive motors for cooling fans and

equipment drives, motor-generators sets

Main failure modes w.r.t. the seismic event: distorsion in the motor casing or shaft; motor

supports failure at the motor/structure interface; bearing failure and seizure.

Generators

Equipment included in the category: large diesel-powered generators

Main failure modes w.r.t. the seismic event: failure of the ancillary equipment

Batteries and battery racks

Equipment included in the category: emergency dc power
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Main failure modes w.r.t. the seismic event: battens or rack-to-building interface

Switchgear

Equipment included in the category: active and passive electrical devices housed in a

structural assembly, including transformers, relays, breakers, capacitors, buses

Main failure modes w.r.t. the seismic event: failure to function for active electrical

components (i.e. relays and breakers); support failure, either at the switchgear-to-

building interface or the switchgear transformer supports

Dry transformers

Equipment included in the category: 4160/480 V auxiliary transformers and 480/120 V

transformers

Main failure modes w.r.t. the seismic event: structural/mounting failures

Control and instrument panels and racks

Equipment included in the category: electrical instrumentation and control equipment

Main failure modes w.r.t. the seismic event: failure to function of an electrical control device

or instrument; structural failure of the supporting rack or panel itself, at the holddown

bolts at the interface of the rack-to-building structure or local failure; electrical leads

failure at the interface point with the racks

Auxiliary relays cabinets

Equipment included hi the category: cabinets housing electrical relays and switchgears,

including transformers

Main failure modes w.r.t. the seismic event: functional failure modes; failure of the cabinets

or supports

Local instruments

Equipment included in the category: process instrumentation (temperature, pressure) from

sensor to gage or dial indicator through wiring

Main failure modes w.r.t. the seismic event: loosening of fasteners, failure of the pickup leads

Motor control centers (MCQ

Equipment included in the category: MCC for all the emergency safety systems pumps and

valves
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Main failure modes w.r.t. the seismic event: functional failure modes; failure of the cabinets

or supports

Light fixtures

Equipment included in the category: emergency lighting

Main failure modes w.r.t. the seismic event: structural or component breakage

Communication equipment

Equipment included in the category: annunciators

Main failure modes w.r.t. the seismic event: dislodging of components

Inverters

Equipment included in the category: passive electrical devices converting dc to 125 V ac

Main failure modes w.r.t. the seismic event: electrical component malfunction; failure of

either internal or external supports at the inverter-building interface

Cable trays

Equipment included in the category: supporting electrical power and I&C wiring

Main failure modes w.r.t. the seismic event: structural failure of a tray support at a threaded

connection; cable damage at termination points due to excessive relative displacement

of the trays w.r.t. electrical equipment or junction boxes

Circuit breakers

Equipment included in the category: circuit breakers of different sizes and capacities*

Main failure modes w.r.t. the seismic event: inadvertent opening

Relays

Equipment included in the category: relays in electrical control cabinets*

Main failure modes w.r.t. the seismic event: relay chatter

* All sizes and types of breakers are included in this category.

* All sizes and types of relays are included in this category
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Ceramic insulators

Equipment included in the category: used in the connection between off-site power and

switchyard

Main failure modes w.r.t. the seismic event: structural failure

Air handling units

Equipment included in the category: containment cooler system fans

Main failure modes w.r.t. the seismic event: rubbing of the fan blades on the fan housing or

rubbing of the motor rotor on the motor housing

Ductwork

Equipment included in the category: critical cooling air, exhaust, etc.

Main failure modes w.r.t. the seismic event: relative motion between the ducting supports and

the equipment with which the ducting interfaces; local support failure due to the

excessive motion of the building structure; total severance of a ducting joint.

Hydraulic snubbers and pipe supports

Equipment included in the category: rigid-rod-type supports (carrying deadweight + vertical

seismic loads), lateral supports (only seismic loads)

Main failure modes w.r.t. the seismic event: welded connections

It is possible to resume the most probable failure modes affecting the behaviour of the equipment

listed above, disregarding all the systems not directly involved in this study, i.e. those equipment

relevant to the main coolant loop, as core assembly, coolant system vessels, coolant pumps, piping,

vessels, heat exchangers, and other equipment such as light fixtures, communication equipment,

ceramic insulators, local instruments, hydraulic snubbers and pipe supports. The result of this

categorization is the following:

Inherently rugged equipment (not sensitive to seismic loads):

- large relief and check valves

- large hydraulic- and air-actuated valves;

- small motor-operated valves;

- miscellaneous small valves;

- generators;

- batteries and battery racks;
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- dry transformers;

- inverters;

- ductwork;

Equipment whose main mode of failure is the support failure:

- large vertical centrifugal pumps with motor drives;

- motor-drive pumps and compressors;

- cable trays;

Equipment whose main mode of failure is the electrical malfunctioning:

- switchgear;

- control and instrument panels and racks;

- auxiliary relays cabinets;

-MCC;

- circuit breakers;

- relays;

Equipment whose main mode of failure is the excessive motion between internal parts:

- large motor-operated valves;

- horizontal motors;

- air handling units;

2.3 Equipment classification with respect to the ACC vibrations

The following classification of the equipment with respect to the ACC vibrations can be proposed,

relevant to the different modes of failure highlighted in the previous paragraph:

Mechanical Equipment whose main mode of failure is the support failure:

- large vertical centrifugal pumps with motor drives;

- motor-drive pumps and compressors;

- cable trays;

Electrical Equipment whose main mode of failure is the electrical malfunctioning:

- switchgear;

- control and instrument panels and racks;
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- auxiliary relays cabinets;

- MCC;

- circuit breakers;

- relays;

Mechanical Equipment whose main mode of failure is the excessive motion between internal parts:

- large motor-operated valves;

- horizontal motors;

- air handling units;

For each of the categories listed above, a specific ACC qualification procedure will be assessed in

Chapter 7.

3. RBMK-TYPE NPP: THE REFERENCE CASE

As a very general consideration, it has to be underlined that the procedure outlined in the present

report, can be applied, in principle, to any equipment already qualified w.r.t. the seismic excitation,

without any particular constraint due to the type of plant where they are housed.

Nevertheless, in order to have a very general idea of the equipment which potentially need an ACC

qualification (assuming that a seismic qualification has been already performed either through direct

qualification methodologies or through experience-based methodologies or through GIP-like

procedures), housed in a RBMK-type NPP, lacking specific plant information, it has been

considered as a reference case, the Ignalina NPP (Lithuania); this plant was extensively studied

during walkdown visits performed in the framework of an EBRD Project concerning the seismic

upgrading of the relevant equipment.

It has to be considered that Ignalina NPP belongs to the last generation of RBMK reactor and has

some unique features which the previous generations of RBMK do not have. The following

description is drawn from ref. [20].

The Ignalina NPP contains two RBMK-1500 reactors. This is the most advanced version of the RBMK

reactor design series (actually the only two of this type that were built). Compared to Chernobyl NPP, the
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Ignalina NPP is more powerful (1500 MW versus 1000 MW) and is provided with an improved Accident

Confinement System (ACS). In most other respects, the plants are quite similar to their predecessors. They

have two cooling loops, a direct cycle, fuels clusters are loaded into individual channels rather than a single

pressure vessel, the neutron spectrum is thermalized by a massive graphite moderator block. The plant can

be refueled on line and uses slightly enriched nuclear fuel.

The status of the RBMK plants (at mid 1994) is sinthesized in the following table (St. Petersburg

plants are in bold characters, Ignalina plants are in italics):

TABLE 1

Plant

Ignalina 1
Ignalina 2

Chernobyl 1
Chernobyl 2
Chernobyl 3
Chernobyl 4

Kursk 1
Kursk 2
Kursk 3
Kursk 4
Kursk 5

St Petersburg 1
St. Petersburg 2
St. Petersburg 3
St. Petersburg 4

Smolensk 1
Smolensk 2
Smolensk 3

Generation 4

2
2
1
1
2
2
1
1
2
2
3
1
1
2
2
2
2
2

Status

operational
operational
operational
Shutdown

operational
Shutdown

operational
operational
operational
operational

Under construction
operational
operational
operational
operational
operational
operational
operational

Number of channels

211
211
179
179
211
211
179
179
211
211
223
191

179 (191)
211
211
211
211
211

Number of fuel
channels

1661
1661
1693
1693
1661
1661
1693
1693
1661
1661

-
1693
1693
1661
1661
1661
1661
1661

From the data published, the comparison between St. Petersburg 1-4 and Ignalina 1-2, can be

summarized as follows 5 (from 1997 World Nuclear Industry Handbook, published by Nuclear

Engineering International):

4 the term "Generation" pertains to the initial design or an updated version of the initial design.

5 Where the data are not present (marked with "-") they are not applicable or not available from the source cited.
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TABLE 2

CORE AND FUEL
Active core height

(m)
Active core

diameter (m)
Fuel inventory

(tHM)
Total number of

assemblies
Rod pitch (cm)
Assembly pitch

(cm)
Peak core power

density (kWt/lher)
Average core
power density

(kWt/lher)
Fuel material

Fuel form
Enrichment, initial

core(%)
Enrichment,
reloads (%)

Number of rods
per assembly

Pin height (mm)
Pin outside

diameter (mm)
Pellet height (mm)

Pellet diameter
(mm)

Pellet inside
diameter (mm)

Average linear fuel
rating (kW/m)
Peak linear fuel
rating (kW/m)

Max. clad
temperature (°C)
Max. centreline

temperature (°C)
Clad material

Clad thickness
(mm)

Average assembly
discharge burnup

JMWd/tU)
Peak assembly

discharge bumup
(MWd/tU)

Axial blankets
Axially zoned fuel

Axialry zoned
burnable poisons

VESSEL
Material

Shape

St Petersburg 1

HHHHliHI
7

11,8

192

1661

350
700

-

UO2
Pell

1,8-2,4]

2,4 avg

18

347
13,63

15
11,5

-

14,5

30,1

325

1400

Zr/l%Nb
0,9

22200

No
No
No

• • • 1Zr/2,5%Nb
Tubes

I St Petersburg 2

7

11,8

192

1661

350
700

-

UO2
Pell

1,8-2,4]

2,4 avg

18

347
13,63

15
11,5

-

14,5

30,1

325

1400

Zr/l%Nb
0,9

22200

No
No
No

• • • • •
Zr/2,5%Nb

Tubes

St Petersburg 3

• • • • • H I7

11,8

192

1661

350
700

-

UO2
Pell

1,8-2,4]

2,4 avg

18

347
13,63

15
11,5

-

14,5

30,1

325

1400

Zr/l%Nb
0,9

22200

No
No
No

HBHM
Zr/2,5%Nb

Tubes

I SL Petersburg 4mmmmm
7

11,8

192

1661

350
700

-

UO2
Pell

1,8-2,4]

2,4 avg

18

347
13,63

15
11,5

-

14,5

30,1

325

1400

Zr/l%Nb
0,9

22200

No
No
No

Zr/2,5% Nb
Tubes

Ignalina 1mnasaam
7

11,8

178,7

1607

364
738

485

218

UO2
-
2

2

36

364
13,6

12
11,5

2

21,8

48,5

335

1900

Zr/Nb
0,825

15000

21600

Yes
No
No

Zr/2,5%Nb
Tubes

Ignalina. 2

ffiMMillllllllll
7

11,8

178,7

1607

364
738

485

218

UO2
-
2

2

36

364
13,6

12
11,5

-

21,8

48,5

335

1900

Zr/Nb
0,825

15000

21600

Yes
No
No

Zr/2,5% Nb 1
Tubes |
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Wall thickness
(mm)

Clad thickness
(mm)

Height (m)
Inner diameter (m)
CONTAINEMEN

T
Type

Design pressure
(kg/cm2)

MAIN COOLANT
Material

Weight in primary
circuit (t)

Pressure (kg/cm2)
Core inlet

temperature (°C)
Core outlet

temperature (°C)
Number of primary

pumps
Total mass flow

(t/h)
Number of loops

CONTROL
Number of coarse

rods
Number of fine

rods
Number of safety

rods
Rod material

Control rod drives
FUELLING AND

OPERATING
STRATEGY
Fuel loading

(tHM/y)
Low leakage fuel

management
End of cycle coast

down on power
End of cycle coast

down on inlet
temperature
Spectral shift

operation
TURBINES

Number
Speed (rev/min)
Rating (Mwe)

Stop valve pressure
(kg/cm2)

Stop valve
temperature (°C)

St Petersburg X
4

-

7
0,04

No shell
-

H2O

70
270

284

8

37500

2

211

12

24

B4C
Elec

in
42,1

No

No

No

No

2
3000
500
65,9

280,4

St Petersburg 2
4

-

7
0,04

No shell
-

•HOnHHH
H2O

_

70
270

284

8

37500

2

211

12

24

B4C
Elecmm
42,1

No

No

No

No

2
3000
500
65,9

280,4

:ABLE 2 (continued
St Petersburg 3

4

-

7
0,04

Mi
No shell

"

H2O

70
270

284

8

37500

2

211

12

24

B4C
Elec

SB
42,1

No

No

No

No

wmmmmm2
3000
500
65,9

280,4

<
St Petersburg 4

4

-

7
0,04

No shell
-

mmmmmmH2O
-

70
270

284

8

37500

2

211

12

24

B4C
Elec

BH
42,1

No

No

No

No

2
3000
500
65,9

280,4

Ignalina 1
4

0,825

8
0,08

MM
Local iz.

0,3

H2O
2235,6

70
259

284

8

33000

2

175

12

24

B4C
Servomm
64,9

No

No

No

No

• • • • • •2
3000
750
65

279,5

Ignalina 2
4

0,825

8
0,08

Localiz.
0,3

H | j | | | | p H | H t t |H2O
2235,6

70
259

284

8

33000

2

• • • •175

12

24

B4C
Servo• •
64,9

No

No

No

No

2
3000
750
65

279,5
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3.1 Typical equipment

In the following table the equipment and components safety related inspected during a walkdown

visit at Ignalina NPP are listed (ref. [17]).

TABLE 3

code I Equipment and components localization Note
1. Main circulation circuit (MCC)

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
1.10
1.11

Main circulation pumps
Pressure pipes
Suction pipes

Pressure header
Suction header

Group distribution headers
Water pipes

Steam and water pipes
Separator drums

Downcomers
Pipes between separator drums

Main building
Main building
Main building
Main building
Main building
Main building
Main building
Main building
Main building
Main building
Main building

2. Reactor Control and Protection System (CPS)
2.1
2.2
2.3

CPS instrumentation cubicles
CPS rods control cubicles

CPS power supply cubicles

Electrical building
Main building

Main building/electrical building
3. Emergency Core Cooling System (ECCS)

3.1
3.2
3.3
3.4
3.5

3.6
3.7

3.8

3.9

Ballons
ECCS pipes

ECCS headers
ECCS pumps

Pipes between ECCS pumps and ECCS
headers

Emergency feed pumps
Pipes between emergency feed pumps

and separator drums
Pipes between ECCS headers and

group distribution headers
Pipes between feedwater system and

ECCS headers

Main building
Main building
Main building

Turbine building
Turbine building

Main building

Electrical building

4. Feedwater Supply System
4.1
4.2
4.3
4.4
4.5

4.6

Feedwater pumps
Feedwater pump pressure pipes
Feedwater pump suction pipes

Feedwater supply systems
Pipes between Feedwater supply

systems and separator drums
Deaerators

Turbine building
Turbine building
Turbine building

Electrical building
Main building

Electrical building
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5. Steam Pipelines from Steam Separator Drums to the Main Steam Valves
5.1
5.2

Steam pipes between separator drums
High pressure rings

Main building
Main building

6. Steam Relieve Valves (SDV-A and Main Safety Valves)
6.1 Main relief valves and relief valves to

accident confinement system (ACS)
Main building

7. Accident Confinement System (ACS) Components which carry out active operations following an
accident

7.1
7.2
7.3

ACS heat exchanger pumps
ACS heat exchangers

ACS heat exchanger pipes

.Main building
Main building
Main building

8. Emergency Power Supply System
8.1
8.2

8.3

8.4

8.5
8.6
8.7
8.8
8.9

8.10
8.11

Diesel-generators
Cable overpass from diesel-generators

to unit 1 main building
Cable tunnels from diesel-generators to

unit 2 main building
6 kV switchgears

Uniterrupted power supply sets
Accumulator batteries

0,4 kV switchgears
DC switchgears

Cable rooms

Cable pits
Cable tunnels

Electrical building/turbine
building

Electrical building
Electrical building

Electrical building/main building
Electrical building

Electrical building/main
building/turbine building

Electrical building/main building

9. Service Water System (SWS)
9.1
9.2
9.3

SWS pumps
SWS pipes

ACS heat exchanger SWS pipes
Electrical building/main building
Electrical building/main building

10. Intermediate circuit system (ICS)
10.1
10.2

ICS pumps
ICS pipes

Water facility
Water facility/main building ICS water supply

to ECCS pumps
11. Control safety systems including Redundant Control Systems

11.1

11.2
11.3

Technological protection
instrumentation cubicles

Main control room panels and consoles
Emergency control room panels

Electrical building

Electrical building
Electrical building

12. Spent fuel system
12.1
12.2
12.3
12.4

Spent fuel pond hall
Spent fuel ponds

Transmission channels
Hot cell transmission channel

Main building
Main building
Main building
Main building

13. Purification and cooling system (PCS)
13.1
13.2
13.3

Regenerators, coolers
PCS pipes

PCS pumps

Water facility
Water facility/ Main building

Water facility



...iismES
ST. Petersburg Research Coordination Meeting
Aircraft Impart Qualification of RBMK Systems and Components
Technical Report

Proj. BA00.02
Doc. RAT-STR-673/99

rev. 00

pag. 25

14. Automatic fire fi
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9

14.10
14.11
14.12
14.13
14.14
14.15

Unit 1 water AFFS pumps
Unit 1 water AFFS reseiver
Unit 1 foam AFFS pumps

Unit 1 foam AFFS reseiver
Unit 1 foam solution storage tanks

Unit 1 foam stiring pump
Unit 1 compressor
Water storage tank

Unit 1 water and foam AFFS headers

Unit 2 water and foam AFFS pumps
Unit 1 water and foam AFFS reseiver

Unit 2 foam solution storage tanks
Unit 2 foam stiring pump

Unit 2 compressor
Unit 2 water and foam AFFS headers

gating systems (AFFS)
FF facility
FF facility
FF facility
FF facility
FF facility
FF facility
FF facility

Electrical building
Electrical building/Turbine

building

Electrical building/Turbine
building

It can be supposed, lacking other specific information, that the above listed types of equipment are

present in St. Petersburg plants also, apart from the ACS equipment (which are present in Ignalina

but not in St. Petersburg, see Table 2, topic CONTAINMENT), i.e equipment 6.1, 7.1, 7.2, 7.3, 9.3, see

Table 3.

3.2 The "as-built" status of the equipment for the reference case

Following the WDV at INPP, some considerations related to the general plant conditions were

addressed. In fact the recommended seismic upgradings of the selected safety related equipment and

components (see [18]) could not be made without taking into account the as built conditions of the

whole plant. Moreover, the implementation of the following recommended upgradings (or, in any

case, the verification that they existed) could be considered beneficial against the aircraft impact

too. The following is based on the hypothesis that the as-built conditions in St. Petersburg plants are

similar to those found during the WDVs at INPP.

In some areas (mainly where the Emergency Power Supply System, the Emergency Core Cooling

System and the Accident Confinement System are located), actions were recommended to upgrade

the general structural status to balance the plant safety during its normal operation with that reached

when the proposed seismic upgrading actions will be implemented.
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The following actions were suggested in order to get a higher structural performance in the

following inspected areas (see [17]): .

• welding at the junctions between beams of the same structure (steel frame, supports, anchorage

structures);

• integrity of supports/steel frames which appeared to be broken or decoupled from the civil

structure anchorage;

• the cable routing/cable penetrations/cable identification; assure as minimum the separation of

independent safety related trains;

• the anchorage of pumps, heat exchangers, headers, panel boards, piping;

• the anchorage between supports/steel frame and the civil structure (both concrete and steel

frame);

• repairing/maintenance where past operation had promoted damage/cracks and temporary (still

living) actions had been implemented;

• walkdown frames, in-service inspection frames for equipment also in congested plant layout

areas;

• inspection of piping/headers/exchangers/tanks actual thickness to evaluate erosion/corrosion

damages, which may promote unexpected weakness in the structure.

3.3 Some data about electrical cabinets

The following data about the dynamic characteristics of typical electrical cabinets have been

communicated by VNILAM (see ref. [21]):

• dynamic coefficient (i.e. the amplification of base motion): K = 2-H5;

• natural frequencies (of the cabinets and internal components): 2-^50 Hz.

The abovementioned data depend on the type of construction, structure and dimensions of the

cabinets themselves.
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Data about the dynamic behavior of the reactor and the main equipment (main circulation pumps,

main piping, separator drum) are available at the following Russian Federation Institutes (see [21]):

• N3KIET, Moscow: worker out of RBMK reactors;

• VNIPIET, St. Petersburg: Designer of RBMK-type NPPs of first generation;

• AEP, Moscow: Designer of RBMK-type NPPs of second generation.

4. AN OVERVIEW OF THE QUALIFICATION PROCEDURES AND RULES FOR

SAFETY RELATED ELECTRICAL COMPONENTS

4.1 Standards and codes for new NPPs

4.1.1 General Criteria for qualifying Class IE Equipment

The seismic qualification of electrical equipment for NPPs can be seen in the more general context

of the environmental qualification.

The primary role of a qualification process is to ensure that Class IE equipment can perform its

safety functions with no failure mechanism that could lead to common cause failures under

postulated service conditions. A potential for causing common cause failures of Class IE equipment

is the degradation with time (thermal, radiation and vibration aging), followed by exposure to the

environmental extremes cf temperature, pressure, humidity, radiation, vibration (seismic and non-

seismic) or chemical spray resulting from design basis events.

The reference standards, internationally recognized, for this section are assumed to be IEEE 323-

1983 and IEC 780-1984. ;
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4.1.2 General Criteria for seismic qualification of Class IE Equipment

4.1.2.1 Introduction

The reference standards for this section are:

- IAEA Safety Guide 50-SG-D15 "Seismic Design and Qualification for NPPs"

- IEEE Standard 344-1987 "Recommended Practices for Seismic Qualification of Class IE

Equipment for NPGS"

- IEC Publication 980, 1989 "Recommended Practices for Seismic Qualification of Electrical

Equipment of the Safety System for Nuclear Power Generating Stations"

- USNRC Regulatory Guide 1.100: "Seismic Qualification of Electric and Mechanical equipment

for NPPs"

- IEC Publication 68-3-3 "Environmental Testing. Part 3: Guidance. Seismic Test Methods for

Equipment"

Although the DEC Publ. 68-3-3 is not particularly aimed to equipment in NPPs, its general

principles are reported, because it could be used for qualification of equipment of safety class lower

than IE. In the following, the main requirements of the cited standards are summarized.

4.1.2.2 IEEE Standard 344-1987

The IEEE Std. 344-1987 gives general criteria on which a NPGS safety related equipment

qualification program could be stated. The safety related equipment are required to be functional

during and after the time period in which they are subjected to the dynamic forces of a Safe

Shutdown Earthquake (SSE).

This can be performed by analysis, by test, by combination of test and analysis or through

experience data.

The qualification by analysis is recommended for simple equipment, for which it's possible to build

and tune a reliable mathematical model and it's sufficient, for seismic qualification, to demonstrate
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only the structural integrity. The general procedure suggested is articulated on the definition of the

equipment dynamics 6, on the computation of the response to the design loads (in general, RRS), on

the verification of the stress state and on the final verification of the relevant safety related

functions of the equipment.

The qualification by test (proof testing7 or fragility8 testing) is particularly applicable in the case of

complex equipment and systems for which it's necessary to verify, both during and after the

experimental activity, both the structural integrity and the functionality or, when required, the

operability. The Standard gives the requirements for the mechanical and electrical interfaces of the

equipment on the shaking table, the monitoring required during the tests in order to verify the right

functionality, the procedures to be followed in performing natural frequencies search tests and

qualification tests and the test acceptance general criteria.

Requirements about the frequency bandwidth, the number and duration of the seismic events

OBE/SSE, the tests method (single frequency, i.e. sine dwell, sine beat, damped sine, sine sweep or

multifrequency, i.e. time history, random, random with sine beat)and the type of excitation

(monoaxial, biaxial, triaxial) are given.

The qualification by combination of tests and analysis is suggested when the equipment is too large

and/or heavy for existing shaking table or when the equipment is too complex and it's not possible

to perform only the qualification by analysis.

The qualification by combination of tests and analysis is based on an experimental activity aimed to

determine the dynamic parameters of the equipment under test (natural frequencies, mode shapes,

modal dampings) and the non-linearities in the dynamic response of the equipment itself and to

verify the failure modes, if any, and the functional requirements; this is very important in order to

choose the right damping coefficients to use in the qualification by analysis.

6 modal shapes, natural frequencies and modal dampings

7 for a specific position in the plant

8 determination of its extreme functionality capabilities



...iismES
Proj. BA00.02

ST. Petersburg Research Coordination Meeting Doc. RAT-STR-673/99
Aircraft Impact Qualification of RBMK Systems and Components rev. 00
Technical Report

pag. 30

The qualification by use of extrapolations from experience data must be based on the concept of

dynamic similarity, i.e. on the similarity of excitation (i.e. spectral characteristics, duration,

directions of excitation axes, locations of measurement) and of the physical systems (physical

dimensions, weight and its distribution, centre of gravity, structural load transferring, base

anchorage strength, interfaces). Experience data may be derived from analysis or test data from

previous qualification programs, from documented data from equipment in facilities that have

experienced earthquakes or from data on operating dynamic loading or other dynamic

environments.

4.1.2.3 IAEA S0-SG-D15

Seismic qualification of items important to safety can be performed by the use of one or more of the

following methods: analysis, testing, earthquake experience, or comparison. It is possible to use

combinations of these methods or indirect means. Seismic qualification also generally includes

structural integrity qualification as well as operability or functional qualification. Seismic

quahfication are made directly on actual or prototype items, or indirectly on a reduced scale model,

a reduced scale prototype or a simplified item, or by means of similarity where this can be

established between a candidate and a reference item and direct quahfication has been performed on

the latter.

The quahfication by analysis is generally applied to items which are unique and are of such a size or

scale as to preclude quahfication by testing. A dynamic modal analysis, as well as a dynamic direct

time integration analysis of a lumped mass model (normally linear) or other models with many

degrees of freedom, may be used. An equivalent static analysis of items may be performed using the

peak of applicable acceleration response spectrum as input for cantilever and other items supported

at no more than two points along their long axis. For items supported at more than two points along

their long axis, a factor of 1,5 times the peak of the applicable acceleration response spectrum is

recommended.

Mechanical and electrical components are usually represented by a concentrated mass models,

either single mass or multimass system attached to the supporting building. For components not

modelled together with the supporting structure, the input for analysis is the floor response spectrum

or the floor response time history. The damping factors used in the analysis of the equipment should

be based on field testing and experience. The operability of the active components may be also
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analysed when their potential failure modes can be identified in terms of stress, deformation

(including clearances) or loads. Otherwise, the use of testing or earthquake experience is required

for the qualification of active components.

The qualification by test is needed to prove or to assist directly or indirectly in qualifying the item,

if the integrity or functional capability of the actual item cannot be demonstrated with a reasonable

degree of confidence by analysis,.

The types of seismic testing can be type approval test (fragility test), acceptance test (proof test),

low impedance test (dynamic characteristics test) and code verification test.

Apart from type approval (fragility) and acceptance (proof) tests (see the relevant footnotes), the

code verification test is used in order to verify structural computer codes, by using an adequate

number of test results; the low impedance tests are usually made on items in situ in order to define

dynamic, including support, characteristics which can be used in analysis or other tests to qualify

the item.

Other considerations about type of waveform of ther seismic input (multifrequency, single

frequency, multi-axis, single-axis, number of repetions of time histories, vibration investigation and

verification of functional requirements during and/or after the seismic event) are very similar to

those described in DEEE Std. 344-1987 and EEC 980-1989.

The qualification by earthquake experience requires that seismic excitation of the item at its point

of installation in the building structure effectively envelopes the reference or required seismic

design input motion. It also requires that the item being qualified and the one which underwent the

strong motion earthquake be the same model and type or have the same physical characteristics and

have similar support or anchorage characteristics. In the case of active items it is also necessary in

general to show that the item in the earthquake perfonned the same functions during or following

the earthquake, including the potential aftershock effects as would be required to the category 1

item.

The indirect method of seismic qualification employs the analysis, test or earthquake experience

methods applied to the direct qualification of the reference item. The indirect method involves

establishing the similarity of a candidate item to a reference item previously qualified and thereby

seismically qualifying the candidate item. The similarity involves the physical and support
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conditions, the functional characteristics for active items, the enveloping of the seismic input of the

candidate item by the seismic input of the reference item.

4.1.2.4 IEC 68-3-3

This standard is a general guidance to the performance of experimental seismic tests: that is, the

document deals solely with the seismic testing of a full size equipment which can be tested on a

vibration table. The seismic testing of an equipment is intended to demonstrate its ability to perform

its safety function during and/or after the time it is subjected to the stresses and displacements

resulting from an earthquake.

The test methods depend on the categorization of the equipment subjected to the seismic loads (see

para. 3.4.1.1), that is the Generic Seismic Class and the Specific Seismic Class.

The Generic Seismic Class does not include the safety related electrical equipment for NPGS but its

test methods can be for lower safety classes of equipment.

The test type can be selected from sine sweep, sine beat, time history, continuous sine. Single-axis

test is recommended for sine sweep and sine beat, whereas multi-axis is recommended for time

history. ;
S

The test methods for the recommended test types depend on the conditions of use of the equipment:

the standard amplitude conventional test (conditions unknown) and the calculated amplitude test

(conditions sufficiently known).

In the standard amplitude conventional test, the test acceleration is determined from a performance

level (corresponding to tabulated values of floor accelerations: 6-̂ -15 m/s^ for horizontal direction

and 3V7.5 m/s^ for vertical direction), a wave factor (0,3-^0,8 for continuous sine and sine sweep

and 1 for sine beat, depending on the damping of the equipment) and a geometric factor (1 for

single-axis excitation with no interaction with the other axis and 1,5 for single-axis excitation with

interaction with the other axis).

In the calculated amplitude test, the test acceleration amplitude is determined from a ground

acceleration (2-̂ 5 m/s^, depending on the Richter or MSK scales intensity of the earthquake), a
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i

superelevation factor (1-5-3, depending on the installation and mounting stiffness), a direction factor

(1 for horizontal and 0,5-*-! for vertical), a wave factor and a geometric factor (see above).

The duration of a seismic test should be appropriate to that of the strong part of a time history of the

earthquake.

For sine beat tests, the duration depends upon the test frequency, number of beats and pauses. For

sine sweep tests, the duration depends upon the required frequency range, the sweep rate, the

number of sweep cycles and the number of test directions involved. For continuous sine tests, the

duration should be sufficient to reach at least five cycles at maximum acceleration amplitude.

For the Specific Seismic Class, it is necessary, to define a required response spectrum and, if

applicable, the duration of the earthquake, a required time history, the number of SI or S2

earthquakes whose effects are to be simulated, as well the load conditions (other than seismic) to be

taken into account.

The allowable test waves are the multifrequency waves (time histories natural, synthesized or

random, when the vibration spectrum is broad-band) and the single frequency waves (sine sweep9,

sine beat10, continuous sine11, when the vibration spectrum is narrow-band (the ground motion is

filtered by one of the structural modes). The multifrequency waves in multi-axis testing are

preferred.

In general, the test sequence can be the following one:

- vibration response investigation, with a single-axis sine sweep test at low level (1 or 2 m/s^) in

order to detect the dynamic characteristics of the equipment (natural frequencies and associated

dampings)

9 according to E C Publication 68-2-6.

10 according to E C Publication 68-2-59

11 according to E C Publication 68-2-6
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- a number of multi-axis multifrequency SI earthquakes (i.e. five) synthesized from the

corresponding required response spectrum characterized by a damping ratio similar to that

measured in the response investigation

- one multi-axis multifrequency S2 earthquake synthesized from the corresponding required

response spectrum characterized by a damping ratio similar to that measured in the response

investigation.

4.1.2.5 USNRC R.G. 1.100

This R.G. describes a method acceptable to the NRC staff for complying with NRC's regulations

with respect to seismic qualification of electric and mechanical equipment. The seismic

qualification of Class IE equipment is covered by IEEE Std 344-1987, which reflects the state-of-

the-art technology; the NRC has extended on an interim basis the application of this Standard to the

qualification of mechanical equipment (such as valves, valve operators, pumps, compressors,

chillers, air handlers, fans, blowers, fuel rod assemblies, and control rod drive mechanisms), upon

the issuing of ASME Standard on seismic qualification of mechanical equipment. This R.G. covers

the safety-related electric (Class IE) equipment, the safety-related mechanical equipment and the

non-safety-related equipment whose failure can prevent the satisfactory accomplishment of safety

functions.

The procedures described by IEEE Std 344-1987 are acceptable to the NRC staff for satisfying the

Commission's regulations pertaining to seismic qualification of electric and mechanical equipment,

provided that, for mechanical equipment, thermal distorsion effects on operability should be

considered, and loads imposed by the attached piping should be accounted for. If dynamic testing of

a pump or a valve assembly is impracticable, static testing of the assembly is acceptable provided

that:

(1) the end loadings are applied and are equal to or greater than postulated event loads

(2) all dynamic amplification effects are accounted for

(3) the component is in the operating mode during and after the application of loads

(4) an adequate analysis is made to show the validity of the static application of loads.
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4.1.2.6 IEC980-1989

The approach to the qualification of this International Standard is very similar to that of EEEE-

344/1987 (see para. 4.1.2.2). Also in this Standard, information and criteria on earthquake

environment and equipment response, seismic qualification requirements, seismic qualification

through analysis and testing are given.

The main concept is that the seismic qualification shall demonstrate the safety system equipment's

ability to perform its required function during and/or after the time it is subjected to the forces

resulting from one S2 earthquake; the equipment should also withstand the effects of a number of

SI earthquakes prior to the application of an S2 earthquake.

The process of seismic qualification requires the identification of the equipment to be qualified

(electrical and mechanical boundaries, the operating loading and aging conditions), the specification

of the seismic requirements (time duration, frequency range and acceleration values), the

specification of the acceptance criteria, the specification of the qualification methodologies ( test,

analysis, experience) and the specification on the documentation to be issued in order to

demonstrate the qualification of the equipment.

The qualification by analysis is foreseen to be performed through a static equivalent load or a

dynamic analysis.

In the static equivalent load method, for each main orthogonal axis, the fundamental frequency of

the equipment or of its sub-assembly is established by calculation, modal testing or analysis; the

applicable RRS is used to determine the maximum peak value (MPV) within the interval of

uncertainty of the fundamental frequency and this MPV is multiplied by 1,5 (or less, if justified) to

account for the effects of neglected modes. The equivalent accelerations are applied to the masses

of equipment to simulate the seismic loading and the same effects along each main orthogonal axis

are superimposed, according to the square root of the sum of the squares.

In the dynamic analysis method, the modal parameters are computed; a mathematical model of the

structure is established and the response of the structure under the seismic loading is computed,

through direct integration, modal superposition or response spectrum method.
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The seismic test is recommended for complex assemblies or for equipment in which possible

malfunctions are related to functional performance. Therefore the equipment should be tested under

simulated operating conditions. The seismic test shall be performed by subjecting the specimens to

a vibratory motion which conservatively simulates that the equipment has to withstand in its

mounting location during the seismic event. The seismic load is, in general, described by a RRS of

SI and S2 earthquakes, from which acceleration time histories are derived with suitable algorithms.

The input motions can be single-frequency or multi-frequency, single-axis or multi-axis, in

dependence upon the forecasted dynamic characteristics of the specimen or characteristics of the

allowable shaking tables.

4.1.2.7 Comments

The review of the general seismic qualification criteria on electrical equipment, related to the

Standards described in the previous paragraphs, leads to the following comments:

1) the seismic qualification can be performed by test, analysis, combination test/analysis,

earthquake experience but, due to the problem of verification of the operability of electrical

equipment during and after the seismic event, the qualification by test is preferred

2) for equipment used in NPPs, in which the data about the seismic environment should be more

precise than in other plants (availability of ground response spectra, structural models of buildings,

data on materials, etc.), the preferred testing methodology is based on multifrequency (time history),

multi-axis tests although other testing methodologies, if justified, can be allowed

3) in this case, the preferred sequence of tests forecasts:

- preliminary inspections in order to check the integrity of the equipment

- functional checks (prior to the test)

- vibration response investigations (exploratory test)

- seismic qualification test including functional checks, with the application of a number of Si

earthquakes in order to simulate also the seismic fatigue effects on materials, followed by the

application of one S2 earthquake
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- functional check (after the test)

- final checks

4) all the standards examined forecast that the seismic qualification be performed on aged

equipment, in order to verify the safety function during the design basis event also at the end of the

qualified life.

4.1.3 Specific Qualification criteria

The criteria exposed in para. 4.1.2 are general criteria applicable to the seismic qualification of all

electrical equipment used in NPGS. Moreover, Standards issued mainly by IEEE and by USNRC

are aimed to cover particular aspects concerning the seismic qualification of certain electrical

equipment and mechanical components. For example, these standards deal with functional

requirements to fulfill during the seismic tests, choice among different qualification methodologies,

severity of the seismic loads, which are specific for certain electrical equipment and mechanical

components.

These specific standards are listed as follows, with the indication, if exists, of the relevant USNRC

endorsement:
• IEEE 317-83 Electric penetration Assemblies in containment structures for NPGS
• IEEE 334-74 Type tests of Continuous Duty Class IE motors for NPGS
• IEEE 382-85 Qualification for Actuators for Power Oper. Valves Assemblies with Safety-

Related Functions for \NPP (USNRC Regulatory Guide 1.73 Rev. 1/1974: "Qualification tests
of electric valve operators installed inside the containment ofNPPs")

• EEEE 420-82 Trial-use guide for Class IE control switchboards for NPGS
• IEEE 535-86 Qualification of Class IE lead storage batteries for NPGS (USNRC Regulatory

Guide 1.158 Rev. 2/1989: Qualification of safety-related lead storage batteries for NPPs)
• IEEE 572-85 Qualification of class IE connection assemblies for NPGS (USNRC Regulatory

Guide 1.156, Nov. 1987: "Environmental Qualification of Connection Assemblies for Nuclear
Power Plants'")

• IEEE 628-87 Criteria for the Design, installation, qualification of raceway systems for Class IE
circuits for NPGS

• IEEE 649-91 Qualifying Class IE Motor Control Centers for NPGS
• IEEE 650-90 Qualification of Class IE static battery chargers and inverters for NPGS
• IEEE C37.81-89 Guide for seismic qualification of Class IE Metal-enclosed power switchgear

assemblies
• IEEE C37.98-78 IEEE 501-78 Seismic Testing of Relays (Updated issue 1987)
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4.2 Standards and codes for already existing plants

The only documentation available on the seismic upgrading of electrical equipment (and

mechanical components) of older NPPs is the Generic Implementation Procedure (GIP) developed

by the SQUG (Seismic Qualification Utility Group).

The GIP summarizes the technical approach and provide generic procedures and documentation

requirements which can be used by owners/operators of operating NPPs to verify the seismic

adequacy of the mechanical and electrical equipment needed to bring the plants to a safe shutdown

condition following a SSE.

The GIP covers an ensemble of 22 classes of equipment which define the major types of mechanical

and electrical equipment within the scope of USI A.46, as listed in the table 3-1 of the paragraph

3.3.1 (equipment classes) of Part II (Generic procedure for plant - specific implementation) of the

GIP. Those ones are the specific classes of equipment for which earthquake experience data or

generic seismic testing data are available; hi fact, the GEP is based on a data base concerning a

number of equipment and components used in USA industrial plants that experienced earthquakes.

The electrical equipment and mechanical components covered by the GIP are the following ones:

#
I

Ii

Iii

Iv

V

EQUIPMENT CLASS
MOTOR CONTROL CENTERS (MCC)

LOW VOLTAGE SWITCHGEAR

MEDIUM VOLTAGE SWITCHGEAR

TRANSFORMERS

HORIZONTAL PUMPS

EQUIPMENT TYPES
• motor control center
• wall or rack-mounted motor controllers
• low voltage draw-out switchgear (typically

600 V)
• low voltage disconnect switches (typically

600 V)
• unit substations
• medium voltage draw-out switchgear

(typically 4160 V
• medium voltage disconnect switches

(typically 4160 V)
• unit substations
• liquid-filled medium/low voltage

transformers (typically 4160/480 V
• Dry-type medium/low voltage

transformers (typically 4160/480 V)
• Distribution transformers (typically

480/120 V)
• Motor-driven horizontal centrifugal pumps
• Engine-driven horizontal centrifugal

pumps
• Turbine-driven horizontal centrifugal

pumps
• Motor-driven reciprocating pumps
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Vi

Vii

Viii

Ix

X

Xi

Xii

Xiii
Xiv

Xv

Xvi

Xvii
Xviii

Xix

Xx

Xxi
Xxii
Xxiii

VERTICAL PUMPS

FLUID-OPERATED VALVES

MOTOR-OPERATED AND SOLENOID
OPERATED VALVES

FANS

AIR HANDLERS

CHILLERS

AIR COMPRESSORS

MOTOR-GENERATORS
DISTRIBUTION PANELS

BATTERIES ON RACKS

BATTERY CHARGERS AND INVERTERS

ENGINE-GENERATORS
INSTRUMENTS ON RACKS

TEMPERATURE SENSORS

INSTRUMENTATION AND CONTROL
PANELS AND CABINETS

TANKS AND HEAT EXCHANGERS
CABLE AND CONDUIT RACEWAYS

OTHERS

• Vertical single-stage centrifugal pumps
• Vertical multi-stage deep-well pumps
• Diaphragm-operated pneumatic valves
• Piston-operated pneumatic valves
• Spring-operated pressure relief valves
« Motor-operated Valves
• motor-operators
• Blowers
• Axial fans
• Centrifugal fans
• Cooling coils
• Water-cooled air handlers
• Refrigerant-cooled air handlers (including

enclosed chiller)
• Heaters

• Water chillers
• Refrigerant chillers
• Reciprocating-piston compressors
• Centrifugal compressors
• Motor-generators
• Distribution panelboards (120-480 V, AC

&DC)
• Distribution switchboards (120-480 V, AC

&DC)
• Lead-cadmium flat plate batteries
• Lead-calcium flat plate batteries
• Plante' (Manchex) batteries
• Battery racks (2 tiers or less)
• Solid state battery chargers
• Solid state static inverters
• Piston engine-generators
• Transmitters (pressure, temperature, level,

flow)
• Wall-mounted sensors/transmitters
• Rack-mounted sensors/transmitters
• Supporting racks
• Thermocouples
• RTD
• Wall-mounted and rack-mounted

instrumentation and control panels
• Wall-mounted and rack-mounted

instrumentation and control cabinets
• Dual switchboard instrumentation and

control cabinets
• Duplex switchboard & benchboard (walk-

in) instrumentation and control boards
-
-
-

The main steps used in the GIP for the majority of the equipment listed above are:
- selection of Seismic Evaluation Personnel (SEP)
- identification of Safe Shutdown Equipment
- screening verification and walkdown
- outlier identification and resolution
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Particular approaches were developed for the following items:
- relay functionality review
- tanks and heat exchangers review
- cable and conduit raceways review

As a general comment, it has to be underlined that the requirements and procedures contained in the

GTP are guidelines and have not to be intended as fixed rules. Sound engineering judgement has to

be exercised, in particular during screening verification and walkdown.

5. A COMPARISON OF EUROPEAN PRACTICES FOR THE QUALIFICATION OF

SAFETY RELATED ELECTRICAL AND I&C EQUIPMENT

5.1 Seismic qualification

In the following table (table 6.1.4 of ref. [2]), the main data on the seismic qualification

methodologies for qualifying SRE and I&C equipment important to safety for NPPs, used in

Belgium, Finland, France, Germany, Spain, Sweden and United Kingdom are shown:
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MAIN

DATA

Basic Stds. used

N. of axes

Frequency range

Modalities

Duration

Acceleration level

Damping selected for

electrical products

Equipment energized

Countries

Belgium

IEEE344,

time history

method

biax (or triax)

1*100 Hz

5 OBE (2) + 1

SSE(perbi'ax)

—20 s for each

OBE/SSE

1 envelope

spectrum for

all sites and

all areas or

less severe if

justified

4%

YES

Finland

(5)

(5)

(5)

(5)

(5)

(5)

(5)

(5)

France

IEC 980 time

history

method

-

biax

1+35 Hz (up

to 50 Hz)

5 OBE+1

SSE (per biax)

~20 s for each

OBE/SSE

8 envelope

spectra

depending on

the equipment

and on its

location (3)

2% or 5% in

most cases

YES

Germany

DIN, KTA

3505 and

2201.4 sine

sweep

mono (in most

cases)

5-35 Hz

continuous

sine 5-35 Hz;

1 cycle per

axis

10min/axis(l

oct/min)

generally 1,5

g and

sometimes 5 g

(forl&C

equipment)

2% or 5% in

most cases

YES

Spain

IEEE344

accelerogram,

sine sweep for

pipe mounted

biax

1-33 Hz

PWR;

1+100 Hz

BWR

5 OBE+1

SSE (per biax)

~20 s for each

OBE/SSE

envelope

spectra

applicable to

each

equipment

locations

generally 2%

for OBE and

5% for SSE

(7)

YES

Sweden

IEEE 344

time history

method

mono

2+33 Hz

1 SSE

30 s

1 envelope

spectrum

(ZPA = 0,15

g)

2% to 10%

YES

UK

IEEE 344

time history

method

triax preferred

(or biax)

1+50 Hz

5OSE(1)+1

SSE (per biax)

~12 s for each

OSE/SSE

spectra

applicable to

equipment

location (4)

generally 5%

YES

NOTES

(1) OSE level: 20% SSE level
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(2) OBE level: 50% SSE level

(3) see appendix 1

(4) see appendices 2.1, 2.2, 3.1 and 3.2

(5) to be defined for the future NPPs

(6) in special cases, time history method

(7) 3 % for pressure transmitter:; in BWR

Two main methodologies are used in Europe:

- the multifrequency accelerogram method described in EEC 980 and IEEE 344;

- the sine sweep monoaxiel method (used only in Germany).

Generally, biaxial tests are performed or occasionally triaxial test is undertaken. In Germany,

monoaxial test is the norm for device qualification whilst in the UK the majority of testing is

triaxial.

Typically, the seismic methodology consists of applying 5 OBE (or OSE in UK) and 1 SSE tests,

where OBE = 50% SSE and OSE = 20% SSE. In Germany, load cycles of OBE are covered by the

test duration of SSE test.

The spectra used for seisrric qualification in each country depend upon many factors including:

- the nature of the ground on which the plant is located;
- the peak ground acceleration for the SSE. This parameter is principally linked to the seismic
characteristics of the site(s) concerned;
- whether enveloping or location specific qualification is required;
- the methods used to calculate seismic spectra and building response, etc.;
- the phenomena considered, such as hydrodynamic loads from the pressure suppression pool of
BWR combined with seismic.

The methods, procedures and seismic test levels provided in the table indicate that the seismic

testing reflects the seismicity levels associated with each European plant and the different methods

of analysis used to calculate the seismic loadings applicable to the equipment.
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5.2 Impact qualification

For what concerns the qualification of equipment relevant to an aircraft impact, there is not any

specific qualification methodology adopted by European countries. In some cases, as in France and

Germany, the vibrations due to this phenomenon are dealt with in various ways as mechanical

ageing. The position of these countries is the following:

France: the aircraft crash' vibrations are included in a mechanical ageing which also takes into

account the effects of both the self-induced vibrations (i.e. on reciprocating machinery) and the

vibrations transmitted via hydrodynamic loads. The test is systematically performed on all

equipment important to safety whether located in a harsh or mild environment.

Germany: A test representing the aircraft crash and explosion waves is performed.

The main characteristics of the tests are described in the following table:

NOTE:

MAIN

DATA

Basic. Std. used

N. ofaxes

Frequency range

Modalities

Duration

Acceleration level

Countries

France

IEC68.2.6

mono

10-500 Hz (up to 2000 Hz, if required)

SCANNING:30 min to 2 hr for each axis

ENDURANCE: 30 min to 90 min for each

resonance frequency

see previous item

1 g, 2 g or 5 g

Germany

mono

5-100 Hz

sine sweep

1 cycle/axis (~lmin) (1)

5g

(1) performed together with seismic test

In Belgium, the aircraft crash vibrations are included in the seismic test conditions.
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5.3 Impact qualification procedure for ALTOLAZIO NPP

As anticipated above, no specific qualification methodology for ACC vibrations exists in the

environmental qualification processes performed by the European Countries included in the ref.

doc. [2]. A specific qualification methodology was developed in Italy during the Eighties, in the

frame of qualification foreseen for SRE to be installed in the Altolazio NPP: nevertheless, this

methodology was not experimentally verified, due to the stop of nuclear activities after the

Chernobyl accident. In order to have a complete overview of the different possibilities for ACC

qualification, some main data relevant to the aforementioned methodology are listed hereinafter.

The basic reference document is [10].

In the case of Altolazio NPP, the basic design approach to meet SEC requirements (SEC= Special

Emergency Condition, an acronym to indicate the loading condition due to the ACC vibrations),

had been to add a dedicated SEHR (Special Emergency Heat Removal) system with adequate

supporting systems, with the objective of not modifying the existing design and not impairing the

safety performance against the existing design basis events. The Special Emergency Conditions

were those conditions postulated to exist following extreme external events of non-natural origin

and which could occur when the plant was in any design normal operating mode, including

refueling.

As a general principle, the SEHR equipment had to be Class IE equipment, for which the SEC

qualification had to be performed after the Class IE qualification. From each impact condition,

three response spectra along the three principal directions of the plant (RAF building) were

computed and two RRS, one for horizontal directions and one for vertical direction, were

developed. The SEC qualification was composed by three consecutive load application (two

horizontal and one vertical). The total duration and peaks distribution for SEC responses in the time

domain obviously depended upon both the location inside the building and the mounting conditions

of the equipment concerned. In particular floor and/or wall-mounted equipment, pipe-mounted

equipment and panel and/or rack-mounted equipment were foreseen.

The effective duration and the number of the equivalent peak acceleration cycles considered to be

appropriate for the time history definition were 200 ms/ 3 equivalent peak acceleration cycles for

floor and/or wall-mounted equipment and 500 ms/ 3 equivalent peak acceleration cycles for

pipe/panel/rack-mounted equipment.
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Due to the possible limitations of shaking tables existing in the first half of Eighties, it was

considered that it could be difficult to reproduce the SEC event in terms of the duration foreseen

(20CH-500 ms); in general, much longer effective time duration of the input waveform was required

(e.g 5 s) and a corresponding significant number of peak acceleration cycles (e.g. 10 cycles). The

10% margin envelope, suggested for seismic and non-seismic vibrations spectra by some

international regulations, was not required. The computation of the TRS had to be performed with

1/3 octave or narrower bandwidth resolution in the frequency range defined by RRS (1-H00 Hz). It

was accepted that some points of TRS could be below the RRS by an amount of 10% provided that

these points were 2/3 octave apart and that their number was not greater than 5. The lack of the

envelope of the RRS could be justified taking into account the dynamic characteristics of the

equipment tested. For what concerns the operability requirements, they were synthesized as follows,

depending upon the type of equipment and its safety functions:

a) the capability of the equipment to perform its safety functions immediately after and not during

the transient response of the main structures;

b) the capability of the equipment to avoid an unexpected change of state with subsequent spurious

actuations.

It has to be noted that SEC spectra originated from two different dynamic loading conditions,

Faulted I and Faulted II, where Faulted I was the combination of SSE + SRVDA + LOCA* while

Faulted II was the envelope of the seismic portion of Faulted I + the high frequency excitation due

to an ACC. The RRS for impact qualification were built by processing the Faulted II spectra,

removing the low frequency contribution of seismic motion.

5.4 Previous examples of shock (impact) qualification on equipment

There is not any specific regulation in the nuclear field concerning the qualification of equipment

against base motions caused by the impact of an aircraft in a given location of the NPP, while a lot

A SRVD = Safety Relief Valve Discharge

# LOCA = Loss Of Coolant Accident
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of reference standards exists for what concerns the qualification (experimental/analytical/combined)

against seismic actions. Nevertheless, an extensive testing program (SAFEGUARD program) with

respect to the shock actions relevant to blast loading, to demonstrate the acceptable reliability of

power and process equipment installed in a hardened radar installation, was performed in the past

by the US Army Corps of Engineers (see ref. [9], whose detailed description of the main

conclusions is given in [3]). Some 400 component and system tests were conducted in support of

the qualification of some 30000 critical items in the SAFEGUARD installation. The equipment was

very similar to equipment installed in NPPs. The terminology "shock tests" was used in the

SAFEGUARD program to describe a complex time history input of 2 to 5 second duration. The

tests were not performed applying single shock pulse inputs, but the input consisted of several

superimposed sine beats that would result in the required response spectrum.

Two different shock spectra were used, one for hard mounted mechanical equipment and one for

shock mounted electrical equipment. These spectra are characterized by a constant spectral

acceleration respectively of 20 g in the frequency band 10+1000 Hz and of 4 g in the frequency

band 4+1000 Hz. These spectra show the high frequency, high spectral acceleration regions typical

of blast loading and contain very little response to frequencies below 5 Hz about.

The SAFEGUARD program results can be summarized as follows:

- mechanical and passive electrical equipment: the failures observed are consistent with those

highlighted in earthquakes; the weakest links are the anchorages and the electrical functions;

- electrical cabinets (MCC, switchgears, panels): the weakest points are essentially the anchorage,

the relay chatter and the breaker trip.

5.5 Aircraft Impact: the approach in the Russian Federation

The following has been drawn from ref. [19]:
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"According to the Standard 1 2 aircraft impact shall be taken without fail into consideration for Nuclear

Heating Plants. For NPP of other types this event shall be taken into account in dependance on the aircraft

situation in the site neighbourhood or on Customer requirements.

Aircraft of 20000 kg mass and 200 m/s velocity is considered. Used force-time and impact area-time

diagrams are plotted in the Rgure (omissis). The most unfavourable impact angle in the range from 10° to

45° to horizontal plane shall be used.

At least one train of protection systems and one barrier of the accident localization system shall remain in

operation after aircraft impact. Non-linear behaviour of reinforced concrete is admitted; the width of the

cracks is not limited ( provided they can not lead to the release of the radioactive products); spading of

concrete inside of structure s not admitted; any requirement concerning the maintain of a tight of the inside

layer is not applied. Strength limits of concrete and reinforcement materials are taken according to the

Standard (see the relevant footnote), i.e. they are increased for explosions.

Dynamic analysis of structure shall be carried out to generate in-structure response spectra."

Ap

Apmax

t,s

12 PBJa RU AS-89: Nuclear Safety Rules for Reactors of Nuclear Plants, approved by the USSR State Atomic Energy

Supervision, 1990
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6. BASIC PROBLEMS RELEVANT TO THE QUALIFICATION OF ELECTRICAL

AND I&C EQUIPMENT AGAINST SEISMIC AND ACC EXCITATIONS

6.1 Problems relevant to the shock qualification

Although the shock tests are generally performed on electrical equipment as part of a qualification

process, this mainly concerns equipment relevant to aerospace, defence, railways, etc., more than to

nuclear field. Moreover, the characteristics of those shock environments are quite different from the

shock environment subsequent to an aircraft crash on a large building, filtered by the building itself,

acting at the base of the equipment concerned. In fact, they are relevant to phenomena such as

bump, blast, handling, transportation by ship, aircraft, truck, etc.: the experimental simulation

involves the application at the base of the equipment of a number of pulses of very limited duration

(i.e. 10+-30 ms), very high peak acceleration (>50 m/s^) and well-defined shape (i.e. halfsine is the

most popular shape used). These characteristics are ruled by international standards (see for

example [12] and [13]). The characteristics of the vibration relevant to an ACC are quite different:

the order of magnitude of the duration is 4CH-100 ms (see ref. [23]) in the case of primary

excitation, and towards higher values considering also the free vibration of the structure at the

location concerned; the peak acceleration is lower; the time history of the pulse applied has a

complex shape and it is not possible to reduce it to a standardized shape.

Nevertheless, a common factor between these two different shock types exists: both involve a high

frequency content, generally speaking above the frequency range which is excited by seismic

phenomena. Then, it is possible to perform a first approximation qualitative analysis on the

functional behaviour of the electrical equipment, with respect to an ACC base excitation,

considering the behaviour with respect to a standardized pulse excitation, for what concerns the

occurrence of either mulfunctioning (checked at the end of the tests)* or structural failure.

# In general, International Standards on shocks foresee that the functional checks are performed at the end of the tests;

the monitoring during the tests is not foreseen.
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ISMES has performed a lot of shock tests on various types of electrical equipment, according to the

most popular international standards, and a large data base on the behaviour of such equipment

exists. From this data base, it is possible to draw the following considerations:

- all the equipment tested in ISMES laboratories with respect to a standardized shock excitation

withstood the loads without structural failure, with the exception of few components;

- the same equipment did not experience any failure from the functional point of view, i.e. they

performed their functions after the application of the pulses.

For what concerns the simulation of the vibrations consequent to an ACC, an example of such a test

is illustrated in the ref. doc. [11]. The tested equipment was a Representative Sample Cabinet of the

Backup Protection System. The impact qualification was performed after the completion of seismic

qualification with respect to upset and faulted conditions, performed following international

standards. The excitation was applied along a single axis and successively performed in X, Y and Z

directions and was preceeded and followed by resonance frequency searches. The reference

spectrum was the same for all the excitation directions, with 5% damping. The spectrum was

obtained as an envelope of the impact spectra (X, Y and Z) calculated by ISMES by means of a FE

code, having as a reference the collocation of the cabinet into a specified building of the NPP (see

ref. doc. [8]). The corresponding time history to apply at the base of the equipment was synthesized

by using 6 components per octave, in the frequency range 2-̂ -100 Hz. The duration of the

synthesized motion was about 500 ms with a peak acceleration of 35 m/s^. No damage was found

by visual inspections at the end of impact tests. No significant variation of resonance frequencies

was found. The functional monitoring of the equipment was performed both during and after the

impact tests, directly by the Customer: no malfunction was detected. It has to be highlighted that

this is one (and maybe the unique) of few tests performed (at least at ISMES) of the simulation of a

dynamic excitation of such a type.

It can be useful to compare the characteristics of both an ACC time history and of a standardized

shock pulse. The comparison is made on both the undamped shock spectrum and the Fourier

transform of the signals. The following is shown only as an example, but it is possible to generalize

the conclusions thereof. .

The ACC time history taken as reference is the vertical component of the excitation in a certain

location on a reactor building for which the undamped shock spectrum and the Fourier transform
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have been computed. The total duration of this time history is 0,561 s. A shock pulse has been

created, with a peak acceleration of 50 m/s^, a total duration of 0,561 s (for sake of comparison), a

halfsine shape and a pulse duration assuming the values of 11 ms, 22 ms, 33 ms and 50 ms. The

best envelope occurs at 22 ms in terms of both response acceleration and frequency content. The

term "envelope" is used in a very late sense: in fact, in this case, the spectrum of halfsine pulse is

much higher than the ACC spectrum, due to the halfsine peak acceleration of 50 m/s^ compared to

the ACC peak acceleration of 5,7 m/s^. The maximum halfsine spectral acceleration is 90 m/s^ at

35,9 Hz and the maximum ACC spectral acceleration is 62,5 m/s^ at 28,6 Hz: as it is known (see

[13]) the ratio between the maximum spectral acceleration and the peak acceleration of halfsine

pulse is 1,8: in order to have the same spectral acceleration in both cases (equal to ACC spectral

acceleration), the corresponding halfsine peak acceleration would be about 35 m/s^ (62,5/1,8).

Nevertheless, in the practice of shock tests through standardized waveforms (see table on ISMES

shock tests), the minimum peak acceleration is always greater than (or equal to) 90 m/s2. It can be

shown that the abovementioned enveloping is good for halfsine pulse with a maximum duration

(upper bound) of 33 ms.

Hence, generally speaking, it is possible to conclude that an electrical equipment "rugged" with

respect to a standardized shock pulse, has to be considered "rugged" also with respect to a shock

(i.e. an ACC shock) whose characteristics, at least in terms of response spectrum and Fourier

spectrum, are enveloped by those of the standardized shock pulse.

6.2 Excitation phenomena

The dynamic environment involved in the study is relevant to two main phenomena, aircraft impact

and seismic excitation; in the following, the excitation is seen as an in-structure spectrum (i.e. the

spectrum associated with the dynamic excitation at the base of the equipment, corresponding to the

primary excitation* conditioned by the structural transfer function between the excitation area and

* Primary excitation: in the following, the primary excitation is defined as the phenomenon that originates the vibratory

environment for the whole plant; in case of earthquake, the primary excitation is the Ground Response Spectrum (GRS)

at the NPP site. In case of ACC, the primary excitation is the shock spectrum or, alternatively, the time history of the

aircraft impact in a certain area of the plant.
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the position of the concerned equipment inside the plant) which is characterized by the following

main items:

- aircraft impact: generally, it is described as a shock spectrum rich in frequency content between

about 5 and 500 Hz, with a duration of about some seconds and ZPA quite high;

- seismic excitation: the frequency content is normally peaked in the 2+10 Hz, with the peaks being

fairly narrow; the duration is between 20-30 s.

It is quite evident that the simple envelope of a TRS associated with a given equipment already

seismically qualified, by the ACC FRS corresponding to the location where the same equipment

will be installed in a new plant, is not sufficient to assure that the equipment is also qualified (and

only from the structural point of view) to the ACC due to the differences in nature between the two

excitations. Moreover, from the functional point of view, an active (electrical) equipment qualified

against the seismic actions, could be not qualified against ACC actions, due to the different

frequency bands involved in these two phenomena that could adversely affect the functional

behaviour (i.e. for relay chatter).

It has to be taken into account the frequency ranges involved in the two phenomena, earthquake and

ACC: for earthquake, a frequency range 1+20 Hz can be estimated, whereas for ACC the frequency

range is 20+40 Hz. Following a practice consistent with the experience, the mechanical components

such as pumps, motors and valves can be seismically qualified through:

- a static analysis, if it can be demonstrated that their natural frequency is greater than 33 Hz: in this

case, the anchorages are verified;

- an equivalent static analysis (response spectrum method applied on a FEM model) if the previous

requirement is not met.

The same procedure can be used for the ACC qualification of these equipment, paying attention to

the fact that, considering the different frequency range involved, the lower bound value for a static

analysis should be at least 40+45 Hz.

For electrical cabinet, where the functional qualification is an essential part of the overall

qualification assessment, it is not possible to perform an analytical qualification w.r.t. the ACC; this

can be done in order to assess the structural strength of the cabinet, considering the inner
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components only as concentrated masses. Unfortunately, the components, besides their inertial

loading, perform also electrical functions and its impossible to take them into account via analytical

computations, also if the same equipment have been already functionally qualified w.r.t. the seismic

excitation: the reason is in the different frequency bandwidths involved in the ACC phenomenon

w.r.t. the earthquake; in this case, the behaviour of electrical components (i.e. relays) can be

different from that verified in seismic tests.

7. PROPOSAL FOR IMPACT/SEISMIC EXPERIMENTAL QUALIFICATION

PROCEDURE

7.1 General approach

A proposal for the ACC qualification of active electrical equipment already qualified w.r.t. the

seismic excitation has to d^al with two different aspects (see ref. [16]):

- the structural behaviour;

- the functional behaviour.

For sake of example, if the equipment concerned by the ACC qualification is a generic cabinet with

a frame-type structure containing active components (i.e. relays, circuit breakers, etc.), its failure

could concern:

- the loss of its structural integrity, i.e. the breaking of either its anchorages or its frame structure;

- the loss of its safety functions, i.e. the structural breaking or the malfunctions of the active

components inside the equipment.

The first problem can be approached with a procedure which takes into account the damage caused,

in terms of fatigue cycles, by the time history of the dynamic response of the equipment itself with

respect to the floor response to an ACC shock, in the most stressed locations of the structure of the

equipment.
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The second problem can only be faced as an experience-based approach, using the results of

standardized shock tests on equal or similar equipment and assessing the similarity of the excitation

characteristics between ACC shock and a standardized shock pulse (i.e. halfsine).

A structural qualification approach can be used for the mechanical equipment whose main mode of

failure is limited to the supports, i.e. large vertical centrifugal pumps with motor drives, motor-drive

pumps and compressors, and cable trays.

For those mechanical equipment whose main mode of failure is the excessive motion between

internal parts, i.e. large motor-operated valves, horizontal motors, air handling units, an analytical

verification of the displacement with respect to the allowable ones, in an ACC environment, is

necessary.

A functional qualification approach can be used for the electrical equipment whose main mode of

failure is the electrical malfunctioning, i.e. switchgear, control and instrument panels and racks,

auxiliary relays cabinets, MCC, circuit breakers, relays.

The main components inside these equipment could be:
a - relays
b - switchgear
c - electronic cards
d- batteries

In the previous list, the items a and b require a separate approach w.r.t. the items c and d.

In fact, the main difference between these two different groups of items (a+b and c+d) lies in the

functioning principles which, for relays and switchgears is essentially linked to the displacement of

moving parts (anchor for relays and circuit breaker for the switchgear), whereas for electronic cards

and batteries, where there are not movable parts, the function can be seen as strictly related to the

structural strength of elementary components (diodes, resistors, capacitors, transistors, etc.): from

this point of view (and disregarding, at the moment, the influence that an aging not related to non-

mechanical phenomena such as radiation, temperature, humidity, can have on the function of

elementary components) the way to face the problem of functional qualification could be turned on

the structural qualification approach.



ST. Petersburg Research Coordination Meeting
Aircraft Impact Qualification of RBMK Systems and Components
Technical Report

Proj. BA00.02
Doc. RAT-STR-673/99

rev. 00

pag. 54

In order to avoid a complete qualification process (with respect to the ACC excitation) on a whole

cabinet, which is costly and time-consuming, the following approaches can be carried out (for the

terminology, see the sketch shown hereinafter):

component
(relay)

equipment (cabinet)

anchorages

a) structural qualification

The combined experimental/analytical approach is based on the data acquired during the seismic

qualification of the same electrical equipment.

Assuming that:

- the weakest points of a cabinet are shown to be the anchorages;

- the data acquired during seismic qualification include transfer functions (in the frequency range up

to 40-r45 HZ) between the base acceleration and some positions inside the cabinet, where the

electrical components are located;

it is possible to compute the ACC response in the center of gravity of the equipment (cabinet) by

deconvolution of ACC base time history with a simple SDOF transmissibility function where the

dynamic parameters (fundamental frequency and associated damping factor) are derived from the

resonance search investigation performed in the frame of the seismic qualification process.

The dynamic loads at the anchorage level are then computed and the associated fatigue damage is

estimated: if the cumulative damage is lower than 1, the structural qualification of anchorages is
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achieved (for conservative reasons, it is better to assume an upper bound of 0,5 for the cumulative

damage).

b) functional qualification

The approach can be twofold:

1) a combined experimental/analytical approach;

2) an experience-based approach.

The first approach is a classical procedure foreseen also in international standards (see, for example,

para. 4.1.2.2.4 for IEEE 344). The basic steps are similar to those already described for the

structural qualification, i.e. the computation of the ACC response at the component level, via a

deconvolution of ACC base time history with a simple SDOF transmissibility function or with the

experimental transmissibility function measured during the resonance search investigation

performed in the frame of the seismic qualification process. This time history can be experimentally

applied to the component via shaking table tests. This procedure could be applied when it is not

possible to perform a similarity analysis between the actual equipment (or component ) and a

component already qualified to a standardized shock pulse for another dynamic environment.

The second approach (experience-based) is based on the following assumptions:

- an equipment identical or similar has to be identified (this equipment is identified as the reference

equipment); the reference equipment has to be already qualified with respect a standardized shock

pulse (i.e. halfsine) in a different environment (military, aerospace, transportation, etc.). The

similarity analysis shall include, at least, the following aspects:

- functions of the equipment;

- dimensions and mass;

- main components of equipment;

- shape of the pulse;

- maximum acceleration and duration of the main pulse;

- results of the tests, from both structural and functional point of view;

- any other information relevant to the application concerned.
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The similarity analysis requires a lot of information about equipment and, in practice, the only way

to collect them is to refer to the equipment manufacturers, considering that the general trend is to

supply, for NPPs, equipment manufactured for conventional plants or for different environment,

maybe with some modifications for the specific use.

- if through the similarity analysis it can be concluded that the actual equipment is similar to the

reference equipment already qualified with respect to the standardized shock pulse, an analysis on

the characteristics (in terms of shock spectrum, Fourier transform, number of cycles contained in

the signal) of the response of the equipment at the component level to both the standardized shock

pulse and the ACC excitation has to be performed, in order to assure the enveloping of this

excitation with respect to the ACC excitation. The response can be computed by the deconvolution

of the base time history (acc/pulse) with a simple SDOF transmissibility function or with the

experimental transmissibility function measured during the resonance search investigation

performed in the frame of the seismic qualification process.

If the previous steps have been successfully performed, the equipment has to be considered

functionally qualified with respect to the ACC excitation.

7.1.1 Structural qualification

The base of the method is that a particular equipment, already seismically qualified, has to be

qualified against dynamic load due to an aircraft impact in a certain area of the NPP. If the

structural failure mechanism has been recognized as the main failure mode of that equipment and

the relevant impact required response spectrum and associated time history are available,

numerically estimated, to apply to the base of the equipment in order to qualify it against ACC

loads, the following procedure can be proposed:

1 - the equipment can be represented as a single-degree-of-freedom (SDOF) system, taking into

account its first natural frequency (or pulsation) cow and the associated damping ratio C,: these two

parameters could be available from the initial exploratory tests performed before the seismic

qualification (i.e. sine sweep) or, in the case they are not available, through tabulated data (see for

example Fig. 3). The dynamic behaviour of the equipment is modelled through its transmissibility

function which gives the relationship, in the frequency domain, between the base acceleration and

the absolute response acceleration in its centre of gravity, according to the following formula:
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Modulus:

TR(co) =

C)

-
O 3 .

Phase lag:

HfJ
'-(fr-te-r

2 - the base accelerations, both for earthquake and for impact, are to be Fourier-transformed;

3 - the response in the centre-of-gravity of the equipment in the frequency domain in both cases has

to be computed, by multiplying the Fourier transform of the base acceleration by the transmissibility

function;

4 - the responses in the frequency domain have to be Fourier anti-transformed, in order to give the

corresponding absolute time histories;

5 - the stresses at the base of the equipment (the anchorages are assumed to be the critical items for

structural qualification) are computed;

6 - a rainfiow analysis (or other equivalent counting method) has to be applied to the stress time

histories, in order to have Jiistograms representing the content in terms of cycles vs. stress ranges;

7 - a damage estimation is made through the Miner Rule (with the hypothesis of linear accumulation

of damage), using the Wohler curve for the material (in terms of stress vs. cycles);

8 - if the damage is lower than a value of 0,5, the equipment is considered structurally qualified

against impact. In the case this condition does not occur, more detailed analysis are necessary.
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If the Wohler curve for the material is not available, or if the equipment is too complicated for the

simple calculation of anchorage stresses outlined above, it may be sufficient to repeat the steps l-=-4

and 6 for the earthquake time history to which the equipment has been qualified, in order to

compare the histograms cycles vs. ranges in the centre of gravity of equipment for both seismic

excitation and ACC excitation, taking into account that to the high stresses relevant to the ACC

phenomenon are associated very few cycles. This implies that the relevant damage may be

considered as negligible, as for what concerns the damage associated with the low stresses, where

the number of cycles cannot be neglected, the seismic excitation causes a damage greater than the

ACC excitation. If this occurs, the equipment already qualified with respect to seismic excitation

can be considered qualified also with respect the ACC excitation.

The procedure outlined for the structural qualification is described in the following flow diagram.



...iisrnEs
ST. Petersburg Research Coordination Meeting
Aircraft Impact Qualification of RBMK Systems and Components
Technical Report

Proj. BA00.02
Doc. RAT-STR-673/99

rev. 00

pag. 59

Fourier transform
A(f)oftheACC
acceleration a(t)
the base of the

equipment

at

Estimation of the
SDOF transmissibility
function of the equipment
or use of the experimental
transmissibility from
seismic qualification H(f)

Estimation of
the response
of the equipment
in frequency domain
R(f)=H(f)*A(f)
(in terms of

acceleration)
relevant
anti-transformation
=>r(t)

and

Estimation of stress
time history of the

weakest point of the
equipment
(i.e. anchorages)

Cycle-counting on
stress time history
(i.e. rainflow counting) J

Calculation of damage D
through Miner Rule and
Woehler curve of the
material used in the
weakest point.

YES Structural
qualification
achieved

NO

The equipment
has to be
experimentally
qualified



...liSTHES
Proj. BA00.02

ST. Petersburg Research Coordination Meeting Doc. RAT-STR-673/99
Aircraft Impact Qualification of RBMK Systems and Components rev. 00
Technical Report

pag. 60

7.1.2 Functional qualification

A different and more complicated approach has to be followed when the failure mode of an

equipment has been recognized to be a functional failure mode, i.e. when the equipment is not

subjected to any structural failure but to malfunction i.e. to loss of its safety function : the most

common and evident failure mode of this type is associated to relays, where chatter can cause loss

of contact (for a NC relay) for durations affecting the safety functions of relevant trains (typically

for duration greater than 1-2 ms) or, in the worst cases, the opening of NC contacts. In this case, the

simple procedure outlined above (which is based on a cumulative structural damage assessment)

can not be used to assess the behaviour during the dynamic phenomenon, since for the item

concerned, the frequency content of the excitation is more important. The following flow diagram

illustrates the way of solution of this problem:
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The critical point of the procedure outlined in the flow diagram shown above is essentially the

demonstration that an ACC excitation could be enveloped, in terms of amplitude, frequency content

and number of cycles, by a standardized shock pulse. This should be very important, as the

mulfunction of a component (i.e. a relay) can be related, besides the amplitude and frequency

content, to the number of stress reversals (or cycles).

It has to be taken into account that an active electrical component inside an equipment (typically, an

item part of a cabinet, such as a relay or a switchgear) will experience an excitation which will be

the excitation at the base of the equipment filtered by the transmissibility function of the equipment

structure, between the base and the location of the item. The item excitation (which can be also

represented, for practical qualification purposes, as a QDRS - Qualification Device Response

Spectrum) is ruled mainly by the dynamic characteristics of the equipment structure (i.e by its

transmissibility function which, if the equipment dynamic behavior is centered on its fundamental

frequency, can be represented as a SDOF system). By simplifying, the absolute response of the

equipment can be identified as the excitation of the component: both in case of ACC shock and of

standardized pulse shock, these signals are very similar, both in shape and in frequency content.

In the following flow diagram, a procedure to assess the similarity of a standardized pulse shock

(performed on equipment qualified for environments other than the nuclear one) and of an ACC

shock is outlined. '.
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Starting from the hypothesis that an equipment can be represented as a SDOF system, is it possible

to consider functionally qualified w.r.t. an ACC shock an equipment similar to that which will be

installed in an NPP and already qualified w.r.t. a standardized shock pulse ? The question has to be

limited to those components inside the equipment whose behavior w.r.t. a dynamic excitation

cannot be represented through analytical models, i.e. relays and swithgear; according to the main

regulations in nuclear and non-nuclear fields for these components the main qualification method is

foreseen to be the test. Nevertheless, let's consider that somewhere a similar equipment containing

similar components has been qualified w.r.t. a std. shock excitation (for example, for military,

transportation, packaging, etc.). Which are the items that could allow the assumption that the

equipment already qualified w.r.t. to a std. shock pulse should be considered qualified w.r.t. to an

ACC shock also?

The following has to be demonstrated, for a component:

1 - the peak acceleration of the response of the SDOF system (with the fundamental

frequency of the equipment and the associated damping) to a std. shock pulse is greater

than the peak acceleration of the response of the same system to the ACC;

2 - the response spectrum of the std. shock response of the equipment envelops in the whole

range of interest the response spectrum of the ACC response;

3 - the Fourier spectrum of the std. shock response envelops in the whole range of interest the

Fourier spectrum of the ACC response;

4 - the number of the cycles associated with each frequency (or frequency band) contained in

the std. shock response has to be, at least, equal to the number of the cycles associated

with the corresponding frequency (or frequency band) contained in the ACC response.

Items 1 and 2 guarantees that, from the overall excitation point of view, the std. shock pulse is more

conservative than the ACC.

Item 3 guarantees that all the frequencies that could be excitated during an ACC are also contained

in the std. shock pulse: this means that the critical frequencies of components can be excited in both

the environments.

Item 4 guarantees that the number of the excitation repetitions that could bring to a malfunction of

an electrical component is, at least, the same in both cases; in particular, for relays and switchgears,

the chatter or the change of state can depend upon the different number of repetitions of a given
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level of excitation at a certain frequency: this characteristics is widely known by the relays

manufacturers.

In fact, if we consider a SDOF system with given fundamental frequency and damping factor,

excited by a sinusoidal force at that frequency, the level of the response of the equipment (i.e. a

cabinet), which can be considered as coincident with the excitation of the component (i.e. a relay or

switchgear), will depend by the number of cycles contained in the excitation, beyond the dynamic

parameters of the system itself. As an example, the acceleration response of a SDOF with

fundamental frequency of 20 Hz and damping factor of 5%, excited by a sinusoidal force of 10000

N at 20 Hz, lasting 1 s, has been computed: in a first case, the excitation is composed by 3 full-

amplitude cycles, after which the excitation is zeroed. In the second case, the excitation is

composed by 20 full-amplitude cycles, which fully cover the total duration 1 s. It can be

demonstrated that in the first case, the response does not reach the stationary motion and by

consequence, the component is excited only by a fraction of the stationary value, i.e. about 60%.

The number of excitation cycles of the component could then be an important item in order to

decide the suitability of the whole comparison method of qualification. This is the reason why, in

the method presented hereinafter, also the number of cycles corresponding to given frequency

bandwidths has been investigated and it is considered as one of the parameters to control when a

comparison qualification (standardized shock pulse vs. ACC shock) is adopted.

In order to compare the effects of the standadized shock pulses and of ACC pulses, it is convenient

to convert the data tabulated in diagrams more understandable: one of the possible representation is

a cumulative cycle diagram, which is widely used, in aerospace field, to define the fatigue load

spectra of a component.

According to this representation, for each frequency band relevant to the excitation concerned, an

XY diagram where the abscissa is representing the excitation ranges (in this case, in terms of

acceleration) and the ordinate is the cumulative cycles, is built: the meaning is that, for a range

value Ri, there are Nj cycles with a range greater than or equal to Rj. The goal of this type of

processing is to show if the cumulative cycle diagram of the standardized pulse shock envelops the

corresponding diagram of the ACC shock.

The rationale is the following:
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1 - a component (i.e. a relay inside a cabinet, represented by a SDOF system) is sensitive, for what

concerns its functionality, to a given frequency (or frequency band) contained in its excitation

(which is the response of the SDOF), to which corresponds a particular level of load (in terms, for

example, of acceleration): this implies that a mulfunction can occur (i.e. relay chatter or opening if

the relays is normally closed) when the excitation, at that frequency, reaches a given level of

acceleration RMF for a given number of cycles;

2 - for the ACC excitation, at the frequency corresponding to a malfunctioning, there are NACC

cycles with ranges (or amplitudes) greater than or equal to RMF ;

3 - for a standardized shock pulse of the characteristics shown above, to which a similar component

has been subjected, without failures or malfunctioning, in a different qualification environment

(military, aerospace, transportation, etc.), in correspondence with the same frequency or frequency

band, there are NSTD cycles (with NSTD >_NACC) with ranges (or amplitudes) greater than or equal to

RMF ',

If the item 3 is verified, it can be concluded that a component or equipment previously qualified

w.r.t. a standardized shock pulse of given characteristics, can be considered qualified, from the

functional point of view, also w.r.t. an ACC environment.

The main conclusion which is possible to draw is that, if an equipment (containing critical items

such relays and switchgear) has been qualified with respect to a standardized shock pulse (i.e.

halfsine) with a pulse duration not greater than 22 ms and a peak acceleration not lower than 50

m/s2, the same equipment can be considered fully qualified, from the functional point of view, with

respect to an ACC shock pulse.

7.2 Proposal for ACC qualification of equipment already seismically qualified

7.2.1 Mechanical equipment

Equipment concerned: large vertical centrifugal pumps with motor drives, motor-drive pumps and

compressors, and cable trays.

Qualification methodology: structural qualification of anchorages.
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Qualification procedure: see para. 7.1.1.

7.2.2 Active electrical equipment

Equipment concerned: switchgear, control and instrument panels and racks, auxiliary relays

cabinets, MCC, circuit breakers, relays.

Qualification methodology: structural qualification of anchorages for overall equipment, functional

qualification for electrical components;

Qualification procedure: see para. 7.1.2.

8. INTERFACE DATA FOR IMPACT/SEISMIC EXPERIMENTAL QUALIFICATION

The expression interface data comprises, in the context of this report, all the inputs required for the

ACC qualification of SRE. From the items previously described, the data necessary for the

application of the identified qualification methodologies are:

- from seismic qualification previously performed on the same equipment:

- transmissibility function up to 45+50 Hz at the component level;

- fundamental frequency and associated damping factor of the equipment;

- floor response spectra and relevant time histories at the base of equipment;

- from ACC FEM analysis:

- floor response spertra and relevant time histories at the base of equipment.

9. CONCLUSIONS

In the present report, the problem of qualification procedures of electrical equipment with respect to

the dynamic excitation subsequent to an ACC on a NPP has been faced, taking into account the

lacking of standards ruling the problem. It has been assumed that the equipment have been already

qualified with respect to the seismic excitation and that they have to be assessed with respect to the
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ACC excitation, avoiding., if possible, a complete cycle of qualification and taking into account the

data coming from the seismic qualification.

In order to do this, the safety related equipment more commonly installed in a NPP have been

grouped in few classes, according to widely accepted relevant failure modes: the aim is to define the

most suitable qualification procedures depending by the failure modes.

A survey of the qualification standards and practices for both seismic and, when exists, impact

environment has been performed, in order to assure which data, useful for an ACC qualification, are

available from the normally performed seismic qualification procedures.

Consequently, for each group of safety related equipment with identified structural/functional

failure modes, different qualification procedures with respect to the ACC phenomenon have been

established.

In order to apply the procedures described in the present report to equipment installed in a RBMK-

type reactor (such as St. Petersburg NPP), it is necessary to collect the relevant input data, such as:

1. List of equipment safety related for which the qualification is required (i.e. list of cabinets);

2. List of components housed into the abovementioned equipment (i.e. the essential relays);

3. Information on the actual as-built mounting conditions of the equipment;

4. Dynamic characteristics of the equipment (i.e. transfer functions or natural frequencies/mode

shapes/associated dampings) from the seismic tests;

5. Equipment experimental data relevant to the standardized pulse tests.

The topics 4 and 5 could' refer to equipment/components equal or similar to those for which the

ACC-qualification is required.

The data relevant to topics. 1 and 2 can be supplied by the utility (in this case St. Petersburg NPP).

The data relevant to topic 3 can be collected through a survey of the mounting conditions of the

cabinets, in order to guarantee that, from a structural point of view, there is not any problem

concerning their anchorage (this is essentially based on the statement that a properly anchored
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equipment has adequate capacity with respect to the seismic excitation, see para. 2.1); the survey

has to take into account ;the actual as-built mounting conditions and can be performed through

dedicated and detailed waAk-down visits into the St. Petersburg NPP. The walkdown visits have also

the aim to collect all the geometrical and mass data on the cabinets and the mounting data of the

components.

The data relevant to topics 4 and 5 can be supplied by the research organizations such as AEP

(Atomenergoproject) and VNIIAM.
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INTRODUCTION (I)
(MAIN STEPS FOR THE ACC QUALIFICATION)

The study has to tackle four different topics:
1. the identification of main classes of safety related

equipment with their associated failure modes
2. a review on the current practice on the seismic

qualification methodologies and on the impact qualification
methodologies

3. the identification of an approach for impact qualification
of equipment already qualified w.r.t. seismic actions

4. verification of the feasibility of the application of the
impact qualification approach on the typical equipment
housed hi a RBMK-type NPP.
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INTRODUCTION (II)
(STEPS RATIONALE)

1. In the first phase of the activity, the most common SRE have
been grouped in few classes, homogeneous with respect to
failure mode and structural behaviour, with identification of
criticalities in terms of frequency range, fatigue cycles and
operability.

2. In the second step, a review on current practice of the
seismic/impact qualification methodologies is the essential
starting point to better define:
• the best output from structural FE models and the

associated degree of uncertainty (to improve standard
simplified approaches like spectrum broadening or
shifting);

• the special constraints to be applied to FE models in order
to guarantee the required accuracy to FRS (e.g. local grid
refinements on floors, localisation of impact area, etc.);

• an approach for impact qualification of equipment already
qualified w.r.t. seismic actions, for which hence
qualification data already exists.

3. The third phase is relevant to the identification of a coherent
experimental procedure for the impact qualification of
different classes of components, with specific reference to
components already qualified against seismic induced actions.
A clear correlation between the two qualification approaches
is in fact essential for the re-qualification of existing plants.

4. As a final step, the criteria on the feasibility of the application
of the above mentioned procedure to the typical equipment
housed hi a RBMK-type NPP have been described, taking
into account the experience gained by ISMES during the
walk-down visits performed at Ignalina Nuclear Power Plant
(Lithuania) within the framework of an EBRD Project.



Gruppo Enel

1.
INTRODUCTION (III)

(NUCLEAR MECHANICAL COMPONENTS)

Mam piping, main coolant pumps, separator drum (which is a
unique feature of the RBMK-type NPPs) and the reactor (i.e.
graphite blocks, control rods mechanisms, fuels channels,
pressure tubes, etc.) have not been taken into account for the
following reasons:
• these types of equipment have been specifically designed for

nuclear applications, thus a similarity analysis with reference
to non-nuclear application is not feasible;

• the recommended approach for these types of components,
due to their essential importance, is a direct qualification
w.r.t. the ACC (being the tests feasible only on portions of
them, due to their large size), involving a detailed analysis of
the dynamic response of the buildings where they are
located, including local effects, non-linear phenomena, etc.,
computing in this way the response spectra at their base and
estimating, in a classical stress analysis approach, then*
strength w.r.t. the forces relevant to the ACC event;

• the indirect approach presented hereinafter for the electrical
equipment is not considered applicable.
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1.
GROUPING OF SAFETY RELATED EQUIPMENT AND

RELEVANT FAILURE MODES
(CRITERIA)

In order to approach the problem of ACC qualification of safety
related equipment of a NPP some base hypotheses have to be
established:
- the concerned equipment have been already seismically
qualified, from both structural and functional point of view, i.e.
with respect to the seismic excitation, they have demonstrated to
perform then- safety functions during and after the seismic
event;
- it is possible to discriminate between the structural
qualification (assessment of the structural integrity) and the
functional qualification (assessment of then* functionality during
and after the event);
- the weakest point, from the structural point of view, of the
equipment concerned is located at the anchorage level.
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1.
GROUPING OF SAFETY RELATED EQUIPMENT AND

RELEVANT FAILURE MODES
(LIST)

Safety related equipment have been categorised as follows:
- motor control centres;
- low voltage switch-gears;
- medium voltage switch-gears;
- transformers;
- horizontal pumps;
- vertical pumps;
- fluid operated valves;
- motor-operated and solenoid-operated valves;
•fans;
- air handlers;
- chillers;
- air compressors;
- motor-generators;
- distribution panels;
- batteries on racks;
- battery chargers and inverters;
- engine-generators;
- instruments on racks;
- temperature sensors;
- instrumentation and control panels and cabinets.
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1.
FAILURE MODES OF VARIOUS TYPES OF EQUIPMENT

(CRITERIA)

In principle, two main failure modes can be identified:
- a structural failure mode;
- a functional failure mode.

These two different failure modes can occur:
- simultaneously;
- once at a time (either structural or functional);
- sequentially (in the sense that a structural failure mode

could imply a functional failure mode).

A structural failure mode can occur caused by two different
mechanisms:

- an equivalent "static" failure mechanism;
- a fatigue failure mechanism.
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1.
FAILURE MODES OF VARIOUS TYPES OF EQUIPMENT

(LIST OF SENSITIVE COMPONENTS AND
RELEVANT SEISMIC FAILURE MODES)

Reactor core assembly
Equipment included in the category: fuel rods, core support

structure, control rod assemblies, spacers grids*;
Main failure modes: crushing of grid spacers; deformation

of control rod assemblies;
Reactor coolant system vessels

Equipment included in the category: pressure vessel^,
steam generators, pressurizer-*

Main failure modes: nozzle-to-pipe weld joints failure;
failure of the supports

Piping
Equipment included in the category: piping of all sizes,

elbows, tees, butt welds, reducer sections, etc.
Main failure modes: ductile failure

Large vertical storage vessels with formed heads
Equipment included in the category: accumulator tanks,

volume control tanks
Main failure modes: support failure

1 Not present in RBMK-type NPP

2 Not present in RBMK-type NPP

3 Not present in RBMK-type NPP
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Large vertical flat bottom storage tanks
Equipment included hi the category: borated water storage

tanks, condensate storage tanks
Mam failure modes: failure of anchor bolts and subsequent

buckling on the compression side and rupture of the
wall-to-bottom joint on the tensile side

Large horizontal vessels and heat exchangers
Equipment included in the category: large storage tanks,

residual heat storage tank, component cooling water
heat exchanger, pressurizer relief tank, diesel oil
storage tank

Mam failure modes: failure of anchor bolts and subsequent
buckling on the compression side and rupture of the
wall-to-bottom joint on the tensile side

Small to medium vessels and heat exchangers
Equipment included hi the category: i.e. boron injection

tank
Mam failure modes: either the support/tank interface or

support/building interface;
Large vertical centrifugal pumps with motor drives

Equipment included hi the category: service water pumps,
fire pumps, condenser coolant pumps

Main failure modes: failure of the supports.
Motor-driven pumps and compressors

Equipment included in the category: auxiliary feedwater
system pumps, residual heat removal pumps, safety
injection pumps, centrifugal charging pumps,
containment spray and recirculation pumps, diesel lube
oil pumps.

Main failure modes: support failure
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Large motor-operated valvesA

Equipment included in the category: isolation valves, flow
control valves

Mam failure modes: binding due to permanent deformation
of the yoke-neck-stem assemblies; electrical failure of
the operator assembly; fracture of the pipe-to-valve
nozzle joint

Horizontal motors
Equipment included in the category: large-capacity electric

drive motors for cooling fans and equipment drives,
motor-generators sets

Mam failure modes: distorsion hi the motor casing or shaft;
motor supports failure at the motor/structure
interface; bearing failure and seizure.

Switchgear
Equipment included in the category: active and passive

electrical devices housed hi a structural assembly,
including transformers, relays, breakers, capacitors,
buses

Main failure modes: failure to function for active electrical
components (i.e. relays and breakers); support failure,
either at the switchgear-to-building interface or the
switchgear transformer supports

Control and instrument panels and racks
Equipment included hi the category: electrical

instrumentation and control equipment
Main failure modes: failure to function of an electrical

control device or instrument; structural failure of the
supporting rack or panel itself, at the holddown bolts
at the interface of the rack-to-building structure or
local failure; electrical leads failure at the interface
point with the racks

A It is common to test complete valve assemblies only for the smaller valves and to test only the electrical

operators on the larger valves. The valve itself is then qualified for seismic service by analysis.
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Auxiliary relays cabinets
Equipment included in the category: cabinets housing

electrical relays and switchgears, including
transformers

Main failure modes: functional failure modes; failure of the
cabinets or supports

Local instruments
Equipment included in the category: process

instrumentation (temperature, pressure) from sensor
to gage or dial indicator through wiring

Main failure modes: loosening of fasteners, failure of the
pickup leads

Motor control centers (MCC)
Equipment included in the category: MCC for all the

emergency safety systems pumps and valves
Main failure modes: functional failure modes; failure of the

cabinets or supports
Light fixtures

Equipment included in the category: emergency lighting
Main failure modes: structural or component breakage

Communication equipment
Equipment included in the category: annunciators
Main failure modes: dislodging of components

Cable travs
Equipment included in the category: supporting electrical

power and I&C wiring
Main failure modes: structural failure of a tray support at a

threaded connection; cable damage at termination
points due to excessive relative displacement of the
trays w.r.t. electrical equipment or junction boxes

Circuit breakers
Equipment included hi the category: circuit breakers of

different sizes and capacities*
Main failure modes: inadvertent opening

' All sizes and types of breakers are included in this category.
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Relays
Equipment included in the category: relays in electrical

control cabinets*
Main failure modes: relay chatter

Ceramic insulators
Equipment included in the category: used in the connection

between off-site power and switchyard
Mam failure modes: structural failure

Air handling units
Equipment included in the category: containment cooler

system fans
Main failure modes: rubbing of the fan blades on the fan

housing or rubbing of the motor rotor on the motor
housing

Hydraulic snubbers and pipe supports
Equipment included in the category: rigid-rod-type

supports (carrying dead weight + vertical seismic
loads), lateral supports (only seismic loads)

Main failure modes: welded connections

' All sizes and types of relays are included in this category
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1.
FAILURE MODES OF VARIOUS TYPES OF EQUIPMENT

(FAILURE MODES TYPES)

Inherently rugged equipment (not sensitive to seismic loads):
- large relief and check valves
- large hydraulic- and air-actuated valves;
- small motor-operated valves;
- miscellaneous small valves;
- generators;
- batteries and battery racks;
- dry transformers;
- inverters;
- ductwork;

Equipment whose main mode of failure is the support failure:
- large vertical centrifugal pumps with motor drives;
- motor-drive pumps and compressors;
- cable trays;

Equipment whose main mode of failure is the electrical
malfunctioning:

- switch-gear;
- control and instrument panels and racks;
- auxiliary relays cabinets;
-MCC;
- circuit breakers;
- relays;

Equipment whose mam mode of failure is the excessive motion
between internal parts:

- large motor-operated valves;
- horizontal motors;
- air handling units.



Gruppo Enel

1.
EQUIPMENT CLASSIFICATION WITH RESPECT TO THE

ACC VIBRATIONS

Mechanical Equipment whose main mode of failure is the
support failure:

- large vertical centrifugal pumps with motor drives;
- motor-drive pumps and compressors;
- cable trays;

Electrical Equipment whose main mode of failure is the
electrical malfunctinninfl:

- switch-gear;
- control and instrument panels and racks;
- auxiliary relays cabinets;
-MCC;
- circuit breakers;
- relays;

Mechanical Equipment whose main mode of failure is the
excessive motion among internal parts:

- large motor-operated valves;
- horizontal motors;
- air handling units;
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2.
GENERAL CRITERIA FOR QUALIFYING CLASS IE

EQUIPMENT

The reference standards, internationally recognized, for this
section are assumed to be IEEE 323-1983 and EEC 780-1984.
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2.
GENERAL CRITERIA FOR SEISMIC QUALIFICATION OF

CLASS IE EQUIPMENT

- IAEA Safety Guide 50-SG-D15 "Seismic Design and
Qualification for NPPs"
- EEC Publication 980, 1989 "Recommended Practices for
Seismic Qualification of Electrical Equipment of the Safety
System for Nuclear Power Generating Stations"
- DEC Publication 68-3-3 "Environmental Testing. Part 3:
Guidance. Seismic Test Methods for Equipment"
- USNRC Regulatory Guide 1.100: "Seismic Qualification of
Electric and Mechanical equipment for NPPs"
- IEEE Standard 344-1987 "Recommended Practices for
Seismic Qualification of Class IE Equipment for NPGS"
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2.
GENERAL CRITERIA FOR SEISMIC QUALIFICATION OF

CLASS IE EQUIPMENT: COMMENTS

1) the seismic qualification can be performed by test, analysis,
combination test/analysis, earthquake experience but, due to the
problem of verification of the operability of electrical equipment
during and after the seismic event, the qualification by test is
preferred

2) for equipment used in NPPs, hi which the data about the
seismic environment should be more precise than hi other
plants (availability of ground response spectra, structural
models of buildings, data on materials, etc.), the preferred
testing methodology is based on multifrequency (time history),
multi-axis tests although other testing methodologies, if
justified, can be allowed

3) the preferred sequence of tests is following:

- preliminary inspections in order to check the integrity of the
equipment

- functional checks (prior to the test)

- vibration response investigations (exploratory test)

- seismic qualification test including functional checks, with the
application of a number of SI earthquakes in order to simulate
also the seismic fatigue effects on materials, followed by the
application of one S2 earthquake

- functional check (after the test)

- final checks

4) all the standards examined forecast that the seismic
qualification be performed on aged equipment, in order to
verify the safety function during the design basis event also at
the end of the qualified life.



Gruppo Enel

2.
IMPACT QUALIFICATION PROCEDURE FOR ALTO

LAZIO NPP

The Special Emergency Conditions (SEC) were those conditions
postulated to exist following extreme external events of non-
natural origin and which could occur when the plant was in any
design normal operating mode, including refuelling. In the case
of Alto Lazio NPP, the basic design approach to meet SEC
requirements had been to add a dedicated SEHR (Special
Emergency Heat Removal) system with adequate supporting
systems, with the objective of not modifying the existing design
and not impairing the safety performance against the existing
design basis events.
As a general principle, the SEHR equipment had to be Class IE
equipment, for which the SEC qualification had to be
performed after the Class IE qualification. From each impact
condition, three response spectra along the three principal
directions of the plant (RAF building) were computed and two
RRS, one for horizontal directions and one for vertical
direction, were developed. The SEC qualification was composed
by three consecutive load application (two horizontal and one
vertical). The total duration and peaks distribution for SEC
responses in the time domain obviously depended upon both the
location inside the building and the mounting conditions of the
equipment concerned. In particular floor and/or wall-mounted
equipment, pipe-mounted equipment and panel and/or rack-
mounted equipment were considered.
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2.
PREVIOUS EXAMPLES OF SHOCK (IMPACT)

QUALIFICATION ON EQUIPMENT
(SAFEGUARD)

The SAFEGUARD program results can be summarized as
follows:
- mechanical and passive electrical equipment: the failures
observed are consistent with those highlighted in earthquakes;
the weakest links are the anchorages and the electrical
functions;
- electrical cabinets (MCC, switchgears, panels): the weakest
points are essentially the anchorage, the relay chatter and the
breaker trip.
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3.
PROBLEMS RELEVANT TO THE SHOCK

QUALIFICATION
(SHOCK TEST VS ACC)

The characteristics of shock tests are ruled by international
standards and the characteristics of the vibration relevant to an
ACC are quite different: the order of magnitude of the duration
is 40-rlOO ms in the case of primary excitation, and towards
higher values considering also the free vibration of the structure
at the location concerned; the peak acceleration is lower than 50
m/s2 ; the tune history of the pulse applied has a complex shape
and it is not possible to reduce it to a standardised shape.
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3.
PROBLEMS RELEVANT TO THE SHOCK

QUALIFICATION

An electrical equipment "rugged" with respect to a
standardised shock pulse, has to be considered "rugged" also
with respect to a shock (i.e. an ACC shock) whose
characteristics, at least in terms of response spectrum and
Fourier spectrum, are enveloped by those of the standardised
shock pulse.
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3.
EXCITATION PHENOMENA

(SEISMIC VS ACC EXCITATION)

The envelope of a TRS associated with a given equipment
already seismically qualified by the corresponding ACC FRS is
not sufficient to assure that the equipment is also qualified (and
only from the structural point of view) to the ACC due to the
differences in nature between the two excitations. Moreover,
from the functional point of view, an active (electrical)
equipment qualified against the seismic actions, could be not
qualified against ACC actions, due to the different frequency
bands involved in these two phenomena that could adversely
affect the functional behaviour (i.e. for relay chatter).
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3.
PROPOSAL FOR IMPACT/SEISMIC EXPERIMENTAL

QUALIFICATION PROCEDURE

A proposal for the ACC qualification of active electrical
equipment already qualified w.r.t. the seismic excitation has to
deal with two different aspects:
- the structural behaviour;
- the functional behaviour.
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3.
STRUCTURAL QUALIFICATION

component
(relay)

equipment (cabine

anchorages

The combined experimental/analytical approach is based on the
data coming from the seismic qualification of the same electrical
equipment.
Assuming that:
- the weakest points of a cabinet are shown to be the
anchorages;
- the data acquired during seismic qualification include transfer
functions (in the frequency range up to 40-*45 Hz) between the
base acceleration and some positions inside the cabinet, where
the electrical components are located;
it is possible to compute the ACC response in the centre of
gravity of the equipment (cabinet) by deconvolution of ACC
base time history with a simple SDOF transmissibility function
where the dynamic parameters (fundamental frequency and
associated damping factor) are derived from the resonance
search investigation performed in the frame of the seismic
qualification process.
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3.
STRUCTURAL QUALIFICATION

Fourier transform
A(f) of the ACC
acceleration a(t)
the base of the

equipment

at

Estimation of the
SDOF transmissibiHty
function of the equipment
or use of the experimental
transmissibilty from
seismic qualification

Estimation of
the response
of the equipment
in frequency domain
R(f)=H(f)*A(f)
(in terms of

acceleration)
relevant
anti-transformation
=>r(t)

and

H(f)

Estimation of stress
time history of the

weakest point of the
equipment
(i.e. anchorages)

Cycle-counting on
stress time history
(i.e. rainflow counting) J

Calculation of damage D
through Miner Rule and
Woehler curve of the
material used in the
weakest point

YES Structural
qualification
achieved

The equipment
has to be
experimentally
qualified
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3.
FUNCTIONAL QUALIFICATION

The approach can be twofold:
1) a combined experimental/analytical approach;
2) an experience-based approach.
The first approach is a classical procedure foreseen also in
international standards (see, for example, para. 4.1.2.2.4 for
IEEE 344). The basic steps are similar to those already
described for the structural qualification, i.e. the computation of
the ACC response at the component level, via a de-convolution
of ACC base time history with a simple SDOF transmissibility
function or with the experimental transmissibility function
measured during the resonance search investigation performed
in the frame of the seismic qualification process. This tune
history can be experimentally applied to the component via
shaking table tests. This procedure could be applied when it is
not possible to perform a similarity analysis between the actual
equipment (or component) and a component already qualified
to a standardised shock pulse for another dynamic
environment.
The second approach (experience-based) is based on the
following assumptions:
- an equipment identical or similar has to be identified (this
equipment is identified as the reference equipment); the
reference equipment has to be already qualified with respect a
standardised shock pulse (i.e. half-sine) hi a different
environment (military, aerospace, transportation, etc.). The
similarity analysis shall include, at least, the following aspects:

- functions of the equipment;
- dimensions and mass;
- main components of equipment;
- shape of the pulse;
- maximum acceleration and duration of the main pulse;
- results of the tests, from both structural and functional

point of view;
- any other information relevant to the application

concerned.
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3.
FUNCTIONAL QUALIFICATION

electrical equipment
seismicaUy
qualified

Is the qualification
required w.r.t.
the shock (ACC)
excitation ?

dmilarity analysis
between the equipment
;oncerned and the
jquipment in the database

Database of elecrical
equipment qualified w.r.t
std. Pulse excit.

Electrical, physical,
restraint data

Std. Pulse test data

NO perform the experimental
qualification w.r.t. the

shock excitation

YES

comparison between
the charact of std.
pulse and the actual
shock environment

Std. pulse charact
envelope actual
shock environ,
haract. ?

perform the qualification
w.r.t. shock excitation

SHOCK QUALIFICATION

ACHIEVED
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3.
REPRESENTATIVE PULSE

std. shock pulse
(from qualification
other than nuclear)

ACC shock

transmissibility
function of a SDOF
system (equipment)

absolute response
of the SDOF system

component
excitation

fori=l,Nfreq

In
f(Hz)

BANDPASS
filtering

(f o is the central
frequency)

absolute response of the
SDOF system, relevant
to the fo harmonic

Rainflow counting, in
order to obtain the Ni
of cycles at freq. fi. for
the relevant amplitude

The same procedure
is applied

\7
construction of cumulative
:ycles diagrams(CCD):
low many cycles with range
greater than or equal to a
given range are contained

^ in the freq. band, excited ?

construction, of cumulative
:ycles diagrams(CCD):
low many cycles with range
greater than or equal to a
given range are contained

^in the freq. band, excited ?

Does the
CCD of std. pulse

envelop the CCD of

YES

Qualification
wxt ACC is
achieved
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4.
RBMK-TYPE NPP: THE REFERENCE CASE

TABLE 1

Plant

Ignalina 1
Ignalina 2

Chernobyl 1
Chernobyl 2
Chernobyl 3
Chernobyl 4

Kursk 1
Kursk 2
Kursk 3
Kursk 4
Kursk 5

St. Petersburg
1

St Petersburg
2

St Petersburg
3

St. Petersburg
4

Smolensk 1
Smolensk 2
Smolensk 3

Generation
4

2
2
1
1
2
2
1
1
2
2
3

1

1

2

2

2
2
2

Status

operational
operational
operational
Shutdown

operational
Shutdown

operational
operational
operational
operational

Under
construction
Operational

Operational

Operational

Operational

operational
operational
operational

Number
of

channels
211
211
179
179
211
211
179
179
211
211
223

191

179 (191)

211

211

211
211
211

Number of
fuel

assemblies
1661
1661
1693
1693
1661
1661
1693
1693
1661
1661

-

1693

1693

1661

1661

1661
1661
1661

(from 1997 World Nuclear Industry Handbook, published by Nuclear Engineering
International):

4 The term "Generation" pertains to the initial design or an updated version of the initial design.
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4.
THE "AS-BUELT" STATUS OF THE EQUIPMENT FOR THE

REFERENCE CASE
(RECOMMENDED UP-GRADING)

• welding at the junctions between beams of the same structure
(steel frame, supports, anchorage structures);

• integrity of supports/steel frames which appeared to be
broken or decoupled from the civil structure anchorage;

• the cable routing/cable penetrations/cable identification;
assure as minimum the separation of independent safety
related trains;

• the anchorage of pumps, heat exchangers, headers, panel
boards, piping;

• the anchorage between supports/steel frame and the civil
structure (both concrete and steel frame);

• repairing/maintenance where past operation had promoted
damage/cracks and temporary (still living) actions had been
implemented;

• walkdown frames, in-service inspection frames for equipment
also in congested plant layout areas;

• inspection of piping/headers/exchangers/tanks actual
thickness to evaluate erosion/corrosion damages, which may
promote unexpected weakness in the structure.
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4.
SOME DATA ABOUT ELECTRICAL CABINETS

The following data about the dynamic characteristics of typical
electrical cabmets have been communicated by VNIIAM:
• dynamic coefficient (i.e. the amplification of base motion): K

= 2---15;
• natural frequencies (of the cabinets and internal

components): 2-r50 Hz.
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4.
INTERFACE DATA FOR IMPACT/SEISMIC

EXPERIMENTAL QUALIFICATION

- from seismic qualification previously performed on the same
equipment:

- transmissibility function up to 45-r50 Hz at the component
level;

- fundamental frequency and associated damping factor of
the equipment;

- floor response spectra and relevant time histories at the
base of equipment;

- from ACC FEM analysis:
- floor response spectra and relevant time histories at the

base of equipment.



Gruppo Enel

4.
INTERFACE DATA FOR IMPACT/SEISMIC

EXPERIMENTAL QUALIFICATION:
CONCLUSIONS

1. List of equipment safety related for which the qualification is
required (i.e. list of cabinets); (NPP Utility)

2. List of components housed into the above mentioned
equipment (i.e. the essential relays); (NPP Utility)

3. Information on the actual as-built mounting conditions of the
equipment; (Walk-down visit)

4. Dynamic characteristics of the equipment (i.e. transfer
functions or natural frequencies/mode shapes/associated
damping) from the seismic tests; (AEP & VNTIAM)

5. Equipment experimental data relevant to the standardised
pulse tests (AEP & VNIIAM).


