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SUMMARY AND CONCLUSIONS

Marviken test-data interpretation, second project

A theoretical study performed at Marviken, Sweden

ABSTRACT

A brief description is given of the investigations carriec1

out and the corclusions drawn within the MARTIN-II project,
which involved the evaluation and interpretation of the data
from the full scale containment response tests at the Mar-
viken Power Station. The data from the tests, which were
completed in 1976, provide information about the periodic
pressure oscillations and rapid pressure spikes induced in
the pressure-suppression containment during blowdown.

The investigations performed during the MARTIN-II study corr-
prise the following items:

Influence of test parameters on pressure oscilla-
tions and pressure spikes

Pressure spikes in the wetwell pool

High frequency oscillations

Comparisons between single-pine and rulti-pipe data

The study was carried out by Studsvik Energiteknik AB with
consulting efforts from AB ASEA-ATOM. It was financed by
the Swedish Nuclear Power Inspectorate.
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NOMENCLATURE

A area, vent pipe area, spike amplitude

B spike duration

BD blowdown

C constant factor in the parameter model, period
between sub-sequent spikes

G steam flux through vent pipes

H vent submergence

k correction factor for influence of higher
frequencies

MV average value

n number of parameters

N number of open blowdown channels

OA RMS amplitude ( 1 - 7 Hz)

OF fundamental frequency

P vent outlet pressure

PCM pulse code modulation

PSDF power spectral density function

R air weight fraction in vent pipe flow

RMS root mean square (value)

S degree of synchronization

SA pressure spike amplitude

SD standard deviation

SR pressure spike formation rate

T temperature difference between vent outlet and
primary pool

T period length (fundamental mode)

VP vent pipe

x independent variable, parameter value

y dependent variable, dynamic property
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Ax

Ay

P

o

exponent quantifying the influence of a certain
parameter on a fixed quantity

change in parameter value at a comparison point

change in dependent variable value at a comparison
point

permitted fractional deviation at a comparison
point

density of pool medium

standard deviation of a statistical sample

Superscripts

average value

Subscripts

k

m

P

t

V

1,2

parameter index, event index

dependent variable or quantity index

parameter index

primary (active) pool

time difference distribution

vent pipe

index of data forming a comparison point
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1. INTRODUCTION

The second extensive Containment Response Tests (CRT-II)

program at Marviken was completed in 1976 and the final

reports have been issued (see Ref 1). The experiments

were carried cut as a multinational project both finan-

cially and as regards the performance. The object of the

tests was to generate data which could impart a deeper under-

standing of the problems relating to the behaviour of reactor

containments in certain accident situations.

The phenomena which have been observed, not only during the

CRT-II experiments but also during similar experiments per-

formed in test facilities in the Federal Republic of Germany,,

the United States and Sweden (see Refs 2 - 4 ) , have led to

increased efforts to investigate the pressure oscillatiors

induced in the reactor containment by non-stationary conden-

sation at the vent pipe outlets.

The dynamic pressure response in the wetwell pool is of

special interest, since there might be a risk of the

relatively high pressure amplitudes observed having an

undesirable influence on the containment structures, in

particular the submerged structures in the wetwell pool.

The pressure oscillations observed in the wetwell pool are

of the following different kinds:

Harmonic oscillations at a few well-defined fre-
quencies, i.e. the same type of oscillations as
those which occurred most frequently in the dry-
well volumes

Very rapid pressure spikes which were observed in
the wetwell pool during certain time intervals of
the blowdown

A random noise of low amplitude, which was super-
imposed upon the other pressure phenomena

One objective for CRT-TI was to measure the pressure oscilla-

tions up to a frequency of 100 Hz. The project was not to
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include the development of theoretical models or any comp-

rehensive evaluation of the experimental data collected.

The data generated have instead, after conclusion of the

experiments, been delivered to the respective participating

countries, which then have to carry out any evaluation

required.

In Sweden such evaluations were started in a separate study

during the second quarter of 1977. This work, the aim of

which is an evaluation of Marviken data, should be regarded

as a type of preliminary study for a more extensive evalua-

tion project. In the reporting of the introductory project,

named MARTIN-I (MARviken Test-data interpretations), it was

established that a substantially greater engagement was

necessary in order that the large quantity of test data

generated within the CRT project could be transformed and

processed so as to form a basis for design and safety evalua-

tions of reactor containments (see Ref 5).

The objective of the present project, denoted MARTIN-II, was

to perform a continued and more extensive analysis of the

questions identified during the MARTIN-I project. In par-

ticular the following items were studied.

Systetnatization of the influence of different test
parameters on pressure oscillations and pressure
spikes

Study of pressure spikes in the wetwell pool

Charting of the pressure oscillations observed
in the vent pipes at c 30 Hz

Comparison of the oscillation picture in a single-
pipe cell with that in the other parts of the
wetwell pool constituting a multi-pipe cell

The official documentation of the MARTIN-II project is given

in thirteen reports. Their titles are listed on the back

cover.
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The specific purpose of this report is to suasarize the

investigations carried out within the MARTIN-II project

and present the conclusions deduced fro» these investiga-

tions. The report also presents a brief description of the

Marviken test data selected for the analysis.
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2. THE CRT-II UATA

2.1 The CRT program

The experiments were carried out on a full scale at the

Marviken Power Station, which has a PS-type containment

of reinforced concrete (see Fig 2:1). The test program com-

prised two series, CRT-I and CRT-II. The behaviour of the

reactor containment during an incident of LOCA type was

studied when water and/or steam was allowed to escape from

the reactor vessel into the drywell of the containment

through i*airly large pipes, max 330 mm in diameter. Under

these conditions water, steam and air flow from the dry-

well, through the vent system and down to the wetwell pool,

where the stean- condenses.

The wetwell part is circular in cross-section and the vent

system consists of four vent channels attached to a vent

pipe header from which 58 vent pipes lead to the wetwell

water pool.

In the first series, CRT-I, comprising 16 blowdown tests,

the measurements were aimed at a general charting of pressure

and temperature in the containment during a blowdown process.

In this first series, a number of phenomena were detected

which had a more pronouncedly dynamic character than the

more quasi-stationary ones that it had first been intended

to measure*. Due to this, the speed of the measuring system

in particular was increased in the second series, which

therefore is of greater significance for the MARTIN-II

study.

The following parameters were varied in the CRT-II series,

which came to include 9 blowdown tests (see Table 2:1):

A special group from the Gesellschaft fiir Kern-
forschung (GfK), Karlsruhe, was attached to the
CRT-I project with the specific aim of measuring
pressure fluctuations in a limited region of the
wetwell pool. These data were evaluated separately
by the GfK and are not compatible with the data
processing system used in the MARTIN-II project
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Mass flow from the reactor vessel

Prepurging from the top ot the reactor vessel

Mass flux in the vent pipes

Blocking (detuning) of blowdown channels

Pool level and vent submergence

Pool geometry

Pool temperature

The measurement system

The measurements carried out during the CRT-II experiments

(see Fig 2:2) comprise low frequency measurements, which

were scanned at a rate of 10 Hz and recorded in digital

form on a Varian 620L process computer, and dynamic measure-

ments, which were recorded on a Pulse Code Modulation (PCK)

system at a rate of 952 Hz, or in analog form on a FM

recorder. The PCM data with the exception of those from

the temperature channels were filtered from frequencies

above 200 Hz, thus allowing frequencies up to 100 Hz to be

detected. The temperature channels recorded on the PCM

system were exposed to 50 Hz disturbances and were there-

fore equipped with 30 Hz filters.

To comply with the objectives of the MARTIN-II project,

it was presupposed that a certain amount of representative

data on pressure oscillations and pressure spikes would be

available. Among the great number of experimental data

collected during CRT-II and stored on magnetic tape, those

from the PCM pressure measurements are thus considered to

form the main data base for the MARTIN-II project.

Interest has been concentrated on the PCM pressure data

from the wetwell pool and the lower parts of the vent

system, where the highest pressure amplitudes had been

measured (see Ref 1). The measurement positions for these

data channels are shown in Figs 2:3 - 2:5. For the pressure
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channels in the vent pipes and wetwell pool, the positions

were changed between some of the blowdowns; these changes

are indicated in the last two figures.

In addition to the PCM pressure data, a few other measurements

are used, namely the pressure measurements in the wetwell air-

space, the temperature measurements in vent pipe 11 and the

phase boundary measurements at the outlet of vent pipe 31*.

Further information on the measurement system is given in

MARTIN-201 and Ref 6.

Finally, the water level in the wetwell pool, the average

pool temperature and the flow rate of steam, water and air

into the wetwell pool are taken from the data evaluated

during CRT-II.

2.3 The PCM data

The PCM pressure data already presented in the CRT-II and

MARTIN-I reports are used as much as possible. Where comple-

mentary information is necessary, the data are taken from

the magnetic tapes containing CRT-II data in physical units.

The data are presented as

Time history data

Short term plots

Fourier analysis data

Power spectral density function (PSDF) plots

Root mean square (RMS) amplitude plots

Cross correlation plots

The different vent pipes are identified by (the
letters VP plus) a two-digit number referring to
a vent pipe matrix; this matrix is shown in
Fig 2:6.
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Spike analysis data

High pass filtered data plots

Probability distribution plots

Synchronization analysis data

Probability distribution plots

The new plots generated within the MARTIN-II project are

presented in four reports, MARTIN-221 through 224. The

other plots used are to be found in the CRT-II and MARTIN-I

reports (see Refs 7 - 9 ) .



Table 1

BLOW-
DOWN

num-

1 17

\ l 8

19

20

21

22

23

24

25

!:1 Test

DISCHARGE

top pipe
pre-
purging

no

no

yes

yes

nc

yes

yes

yes

yes

Blowdowi

conditions for

CONDITIONS

main
ori-
fice
diam
nun

330

280

280

280

280

280

280

280

330

n 1 -

discharge
flow re-
duction
from
sec

-

-

-

-

200

125

15

80

70

the CRT-II blowdown tests

1 ine
time of
blow-
down
sec

168

171

146

148

211

340

520

220

180

VESSEL
CONDITIONS

pres-
sure

MPa

4.77

4.64

4.71

4.82

4.71

4.73

4.82

4.80

4.89

raass of
water

and

steam

Mg

111

288

289

290

290

290

284

284

286

16 belonged to the CRT-I series

CONTAINMENT CONDITIONS

depth
wetwe 11
pool

m

4.50

4.51

4.54

2.20

4.50

4.48

4.50

4.50

5.51

-

vent

pipe
subm

m

2.80

2.81

2.84

0.50

2.80

2.78

2.80

2.80

3.81

pool
volume

3
m

560

561

564

277

257/294

256/293

257/294

257/294

314/344

-

nuii.be r

of open
vent
pipes

57

28

28

28

27/1

27/1

27/1

27/1

nix

-

vent

pipe
flow
area

«2.

4.03

1.98

1.98

1.98

1.91/
0.07

1.91/
0.07

1.91/
0.07

1.91/
0.07

1.91/
0.07

wetwell
pooi
temper-
ature
°C

12

16

16

9

15

17

18

16

13

SPECIFIC
FEATURE

As BD 10 in MX-I

Reduced VP flow
area

As BD 18 except
prepurging

As BD 19 except
lower pool depth

As BD 18 except
pool partition

As BD 19 except
pool part and red
flow after 125 s

As BD 22 except
low disch flow
rate after 15 s

As BD 22 except
detuning of vent
system

As BD 24 except
larger pool depth
and single cell
studies

-

DATE OF
PERFORM-
ANCE

1976

Feb 19

Mar 18

Apr 23

May 13

Jul 01

Aug 12

Aug 26

Sep 16

Oct 15

ot>
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141.85

oom no

100.0 Normal sea level

Drain pipe

81.30 D

Fig 2:1 Cross-sectional view of the Marviken
containment
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Water level in the vessel

Temperature in the feed
water line

Pressure in the drywell

Pressure in the wetwell
and vent system

Flow velocity and mass
composition measurements
in the downcomers

Impact load measurements

Visualization

Strain on the lining in
the wetwell pool

Temperature and pressure
in the top pipe

Pressure in the vessel

Temperature in the vessel

DP-over-vessel and tem-
perature in the DP-lead
tubes

Diff pressure, pressure
and temperature in the
discharge pipe

Temperature in the dry-
well

Diff pressure in the dry-
well and wetwell

Temperature in the vent
system

Temperature in the wetwell

Liquid level in the wet-
well
Liquid level in vent pipes

Phase boundary detection

Fig 2:2 Measurements carried out during CRT-II
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106M163

107M173
(VP 21)

105M176

106M164

105M175

107M172 105M169 1O5M171
(VP 31)

107M162 (VP 06)
107M159 (VP 37)
107M174 (VP 11)
105M170

Fig 2:3 Pressure transducers in the wetwe11 pool and the
lower drywell parts (Slowdown 24)
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Blocked vent pipe*

162
o o o

ro o o o o o o
o o o o o o o o

o o
o o

o
o
o
o

.Wetwell wall

.Header with
8 vent

7pipes

o o o o o o o 4 o o
o o o o o o o o o o

o o o
o o o
o o

160

Blowdown 17

One vent pipe blocked
(cracks in concrete coating)

Blowdowns 18 - 20

Thirty pipes blocked

Single cell

Blowdowns 21 - 24

Thirty pipes blocked
with partition wall

Blowdown 25

Thirty pipes blocked with
partition wall and single
cell

Fig 2:4 Pressure measurements in the vent pipes
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Blocked vent pipe*

167

,Wetwell wall

,Header with 58
syent pipes

L66/O O O O O O O

o o o o o o;f>
o o o o o o o o o o

oo
o o

Vl65\

O

o
o
0

o
v

o
M M

• * •

o o o
—

o o o
o o o
o O O,
O O

Blowdown 17

One vent pipe blocked
(cracks in concrete coating)

Blowdowns 18 - 20

Thirty pipes blocked

Single cell

Blowdowns 2 1 - 2 4

Thirty pipes blocked
with partition wall

Blowdown 25

Thirty pipes blocked with
partition wall and single
cell

Fig 2:5 Pressure measurements in the wetwell pool
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Fig 2:6 Iden t i f i c a t i on of vent pipes
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3. INFLUENCE OF PARAMETERS ON PRESSURE OSCILLATIONS

3.1 Evaluation method

The pressure oscillations that may occur in a reactor

containment, in case of a hypothetical loss of coolant

accident, are considered to be of a complex character. As a

point of departure for an investigation of these phenomena,

which are thought to be governed by a great number of

parameter relationships that were initially undetermined,

it was presumed that an equation of the following form

could be used when describing a typical property of the

pressure oscillations.

= C k .' x.
i

(3.1)

where

Ck

x.
l

ki

= dependent quantity (dynamic property)

- constant (specific for the Marviken contain-
ment)

= independent parameter (static condition)

= number of governing parameters

= exponent (strength of the functional
dependence)

A determination of the exponents is the specific purpose

of this investigation. It is assumed that a known value of

a particular av. would show how strong an influence the

parameter x. has on the quantity k which is being studied.

A differentiation of y. with respect to x. gives
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k
.z

1 3x7 dxi
1=1 1

(3.2)

where the partial derivatives are taken from Eq 3.1.

In the following we restrict ourselves to the subspace

where only one of the differentials is allowed to

deviate from zero, i.e. we select the so-called com-

parison points consisting of pairs of data which satisfy

the following conditions

Ax.
i

x.
i

< c.
- 1

i = 1,2,...,

i • m
(3.3)

where

Ax.

x.
i

e.

Xi2 "

(xil + Xi2 ) / 2

sufficiently small number, here the permitted
fractional deviation (for parameter i)

Assuming that the permitted deviations are negligible,

we arrive at the following approximate expression for

the exponent a.

m
Äx"m

(3.4)

where

'kl

correction factor for influence of higher
differences of the functional dependence
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3.2 Data processing

Since the calculation method used calls for specially

adjusted input data, the original Marviken data had to

be arranged accordingly. The utilization of as ouch infor-

mation fron each blowdown as possible was » principal

objective. This was attained by dividing the data from

the blowdown transients into time intervals, each of

ten seconds' length. This particular length was made-

long enough to allow for a reliable determination of

the amplitude and frequency of the pressure oscillations,

but not too long to let the blowdown transient radically

change the general conditions and values of typical

parameters.

Dependent quantities

The pressure oscillations which occur during blowdown

may be explained as acoustic waves in the containment.

In the Marviken containment, it is the third oscillation

mode that dominates the spectrum of the pressure oscil-

lations. In the MX-I1-CRT reports this mode is referred

to as the fundamental mode. This is a correct designation

when it is related to a simpler model of the containment,

neglecting the minor influence of the drywell and wet-

well atmosphere on the oscillations in the vent system

and the pool.

Two quantities have been used to describe the fundamental

mode, namely its frequency (OF) and its amplitude (OA).

The amplitude of thp oscillations was measured by means

of its SMS (Root Mean Square) amplitude (see MARTIN-201).

The RMS values available were those from the frequency

interval 1 - 7 Hz. In most cases, however, it is only

the fundamental frequency, often about 3.5 Hz, that

contributes to the RMS value of that particular interval.

The frequency was taken as the maximum of the PSDF

(Power Spectral Density Function) in the frequency range

1 - 7 Hz.
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Since the frequency of the fundamental mode is a global

phenomenon that prevails in the whole wetwell pool it was

found sufficient to evaluate the frequency from only one

measurement channel. These values were calculated from

PSDF plots with a resolution of 0.116 Hz covering the

frequency interval 0 - 11 Hz.

The RMS value of the amplitude on the other hand differs

from location to location in the wetwell pool. To facili-

tate the parameter analysis it was decided during the

MARTIN-1I project to use an average RMS value, obtained

from measurement channels which all had had their trans-

ducers located at the bottom of the primary pool.

Independent parameters

The independent parameters which were considered to have

an influence on the periodic oscillations are given

in Table 3:1.

Table 3:1 Independent parameters

Notation Parameter Unit

Temperature difference (between
vent outlet and pool) K

G

R

H

N

Temgerature

Steam flux (through vent
pipes)

Air fraction (in vent pipe
flow)

Vent submergence

Number of blowdown channels
(detuning)

difference

kg/m2s

kg/kg

m

The pool temperature is one of the primary parameters

to be considered, when discussing PS-containment design.

The important role of the pool temperature was recognized
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at an early stage, when the presence of dynamic pressure

phenomena during blowdowns was first discovered.

The blowdown process that takes place in a PS-containment

after a hypothetical loss-cf-coolant accident can be

characterized as a mass and energy transfer process.

The dynamic pressure phenomena are closely linked to this

process, where the amount of heat transferred from the

drywell volume to the pool water is mainly governed by

the heat resistance between the air-steam mixture in the

bubble and the pool water. Therefore it could be expected

that one of the parameters that govern the pressure oscilla-

tions would be this temperature difference, here expressed

as an area-averaged value, and not the pool temperature in

itself - as was anticipated earlier.

The temperature difference at different times during the

different blowdowns of the CRT-II project was calculated as

the difference between the temperature at the vent outlets

and the evaluated average temperature of the primary pool.

Steam flux

Due to the assumption of a continuously changing conden-

sation rate, it was assumed that a part of the total energy

flow through the vent system was transformed into wave

energy (see Ref 10). This assumption led at an early stage

to the expectation that an increasing energy flow would

result in an increased wave energy in the oscillating

system, and as a consequence of this would manifest itself

in the form of a higher amplitude level. The energy dissi-

pation in the oscillating system would not be sufficiently

high to limit the amplitude at the lower level. Instead the

amplitude would increase, and the energy dissipation likewise,

until a new state of equilibrium was found. These quali-
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tative assumptions were supported by the gross observations

already made during the CRT-II project (see Ref 1).

In accordance with the discussion above, it was strongly

suspected that the energy flux through the vent pipes would

prove to be of great importance to the pressure oscilla-

tions. Since the energy flux of steam was the most dominant

during the blowdown periods that were studied within the

MARTIN-II project and the steam enthalpy was relatively

constant, it was assumed that the steam flux would be one

of the parameters governing the pressure oscillations.

The steam flow in the different blowdowns was evaluated

during the CRT-II project. Due to the evaluation methods

used, especially the splining technique, some oscilla-

tory deviations were introduced into the data (see

Ref 11). These had to be smoothed so that the time integral

of the mass flow to the wetwell should be equal to the

corresponding quantity based on data for the steam flow

evaluated during CRT-II. From the adjusted steam flow data,

a value of the steam flux through the vent pipes was cal-

culated. This was obtained by simply assuming that the

total steam flow was equally distributed over all the open

vent pipes.

Air fraction

In the Marviken tests very small pressure oscillations were

observed in the containment during the early blowdown

phase. However, as the blowdown proceeded and the air

content in the vent flow decreased due to the diminishing

air mass in the drywell compartment, the amplitude of the

pressure oscillations seemed to increase.

It was easy to conclude that the decreasing air content

in the vent flow facilitates the condensation of steam,
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since the air content is enriched during the condensation

and forns an insulating layer at the bubble wall. However,

it was not obvious why a decreased air content should

result in pressure oscillaticns.

Since no detailed information about local quantities at the

vent outlets which might have thrown some light upon the

influence of air, was available from the Marviken data, it

was decided to use a global quantity in the MARTIN-II

project in order to try and quantify the influence of the

air content on the periodic oscillations. The quantity

chosen was simply the mass fraction of air in the vent pipe

steam flow, taken as the quotient between the mass fluxes

of air and steam respectively.

The values of the air fraction for different blowdowns

and times were evaluated from the air and steam flow data

presented in the blowdown reports from the CRT-II project.

As with the steam flow data, and for the same reason, it

was necessary to adjust and smooth the air flow data taken

from the CRT-II reports.

When calculating the air and steam fluxes it was assumed

that the mass flows were equally distributed over the

open vent pipes. In general, the air flow data obtained,

i.e. those calculated from different measured data, could be

subject to a greater relative error than the errors ex-

pected in the steam flow data. The reason for suspecting

this was that the size of the air flow was close to the

resolution limit; the detectable change of mass of air

in the wetwell airspace was of the order of 1 kg. In

addition a slight deviation from the anticipated con-

ditions in the wetwell airspace could lead to a con-

siderable change of the calculated air flow during

periods of low air flow.
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Y^Dt.submergence

During the blowdown transient the distribution of the

total flow of air, steam and water in the different vent

pipes is determined by the pressure loss through each

vent pipe. The pressure loss consists chiefly of hydro-

static loss due to the vent submergence, together with

different kinds of flow resistances in the flow path

through the vent pipe.

During the pressure oscillations the bubble attached to

the vent outlet alters its volume with an oscillatory

motion that is in opposite phase to the pressure oscil-

lations. The effective pool volume that participates

in the oscillations may be assumed to be proportional

to a potential function dependent on the vent submergence

only. This presupposes that the geometry of the pool

volume or container is fixed. This restriction, of

course, makes it difficult to transfer our results from

one geometry to another.

Supposing that a unit volume can be related to each

vent pipe we may study the influence due to changed

vent submergence by comparing different blowdowns, even

if a number of vent pipes were blocked or a partition

wall was installed during some blowdowns. That is, if

our assumptions are fulfilled, the effective oscillating

pool mass would be proportional to a function of the

vent submergence only.

The relevant data presented in the CRT-II reports were

given as the water level above the wetwell pool bottom,

and were obtained from phase probe measurements. Since

the vent pipes terminated 1.7 m above the pool bottom,

the vent submergence was obtained by subtraction of

1.7 m from the pool level data.
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Number of blowdown channels

During the CRT-II project it was decided to make some

changes in the geometry of the vent system in order to

find its influence on the pressure oscillations. The

geometry variation performed was aimed at a blocking of

two of the four blowdown channels. This change in the

vent system geometry during the CRT-II project, called

detuning, was carried out for the last two blowdowns in

the CRT-II series.

During the CRT-II project it was expected that even this

minor geometry change, i.e. the detuning acitivity, would

change the characteristic quantities of the pressure

oscillations, i.e. the frequency and the amplitude. This

was expected since a change in any channel length or

area would affect the standing waves in the system

postulated above.

The parameter that was varied in the detuning was the total

flow area of the blowdown channels. However, since all

four channels had an equal cross-sectional area, it was

found suitable to use the number of open blowdown channels

as the governing parameter in the parameter study.

Comparison points

Through tests and discussions it was found suitable to

set the permitted deviations (see Eq 3.3) for the

different parameters to:

Pool temperature difference

e.x. = 10 K (3.5)

Steam flux, air fraction and vent submergence

e. » 0.15 (3.6)
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The choice of these limits was mainly made so as to enable

a parameter analysis to be carried out. Narrower limits

would have resulted in very few, if any, comparison points

being found. For one parameter, fixed instead of relative

limits were set; this was done because this parameter

expresses differences rather than (as in the other cases)

total values.

With the limits given in Eqs 3.5 and 3.6 a number of use-

ful comparison points were selected with the aid of a

specially designed evaluation program which has been docu-

mented in MARTIN-202. Results from the investigations are

reported in the following section.

3.3 Results

Functional dependences

The results of these investigations are summarized in two

tables. Table 3:2 gives approximate values for the esti-

mated exponents of the power functions, which were used to

illustrate the functional dependence of the fundamental

frequency of the pressure oscillations on the different

parameters, whereas Table 3:3 gives the same information

as regards the RMS amplitude ( 1 - 7 Hz).

Table 3:2 Influence of parameters on the fundamental
frequency

Parameter

Temperature
difference

Steam flux

Air Fraction

Vent sub-
mergence

Detuning

Exponent

1/3

0

0

-1/3

0

Functional
dependence

cube root

independent

independent

inverse cube
root

independent

Validity range

35 - 95 K

3 5 - 1 2 0 kg/m2s

0.4 - 2.6 V,

3.0 - 4.3 m

2 - 4
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Table 3:3 Influence of parameters on the RMS amplitude
( 1 - 7 Hz)

Parameter

Temperature
difference

Steam flux

Air fraction

Vent sub-
mergence

Detuning

Exponent

3

1

-1/2

5/2

0

Functional
dependence

cube

linear

inverse
square root

"root quin-
tuple"

independent

Validity range

35 - 95 K

35 - 120 kg/m2s

0.4 - 2.6 %

3.0 - 4.3 m ,

2 - 4

Thus, the estimated influence of the parameters on the

fundamental frequency of the pressure oscillations may

be summarized by the following statements.

None of the parameters investigated seemed to have a strong

influence on the frequency of the periodic oscillations,

i.e. the fundamental frequency. This experience was also

consistent with the relations that had been anticipated

prior to the analysis.

The results obtained from the evaluation of the experimental

data revealed that neither the steam flux, the air fraction

nor the vent system detuning had any significant influence

on the frequency. The vent submergence and the temperature

difference at the vent outlet, however, showed a weak

influence. Thus, an increased vent submergence decreased

the fundamental frequency. The converse relation was

found for the influence of the temperature difference.

That is, an increase in this particular parameter led

to an increase in the fundamental frequency. Thus accord-

ing to the evaluation results, all the parameters had a
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very weak influence on the frequency, with a maximum

effect shown by the temperature difference at the vent

pipe outlet. In the latter case the frequency was found to

be approximately proportional to the cube root of the tem-

perature difference.

As regards the influence of the investigated parameters on

the RMS amplitude ( 1 - 7 Hz), the evaluation results revealed

that some of the parameters have a rather strong influence on

the amplitude. These estimations of the influence of param-

eters on the amplitude were consistent with the anticipated

behaviour, at least as regards the sign or direction of the

influence, with one exception. This exception concerns the

estimated influence of the vent system geometry (detuning).

The observations made were few, but the indications were

that detuning had no influence on the RMS amplitude in the

wetwell pool. Earlier estimations made during the CRT-II

project had suggested that an increased blowdown channel

area had led to a universal decrease of the oscillation

amplitude in the containment. The same conclusion would

be arrived at, as if it were assumed that the presence of

the pool partition wall affected the RMS amplitude.

The influence of the other parameters on the amplitude was

estimated and the following values were obtained, taking them

in order of increasing influence. First, according to the

results the amplitude was appioximately proportional to the

inverse square root of the air content in the vent flow. That

is, if the air content in the vent flow during the blowdown

transient decreased to one quarter of an earlier value, then

the RMS amplitude (1 - 7 Hz) increased to about twice the

earlier RMS value. The steam flux through the vent pipes,

however, showed the opposite trend. Thus an increased steam

flux led to an increased RMS amplitude, with approximately

linear proportionality.
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The vent submergence had an even stronger influence on the

RMS amplitude. The relationship was greater than quadratic,

i.e. an increase in the vent submergence resulted in a more

than quadratic increase in the amplitude. Finally, the most

powerful influence was exhibited by the temperature dif-

ference between the vent outlet and the wetwell pool.

The parameter describing the potential of the condensation

process was reformulated in this project, so that instead

of considering only the pool temperature, the "driving force"

was taken to be the temperature difference at the vent out-

lets. With this point of departure, the experimental data

showed that the amplitude was approximately proportional to

the cube of precisely this temperature difference. It was

known previously that the temperature of the wetwell pool

would have a strong influence on the oscillation amplitude,

but it had not been anticipated that this would be to such a

great extent.

All these estimations of the influence of different param-

eters were obtained by applying the evaluation method, developed

during the project, to the Marviken CRT-II data. Thus, the

estimations are strictly valid only for a geometry similar

to that of the Marviken containment, where the parameters

are within the range given by Tables 3:2 and 3:3.

The model used for evaluating the degree of influence from

the different parameters was built on certain assumptions,

which each introduced errors or uncertainties in the results

obtained. Estimations of the size of these errors have been

made, and indicate that they do not affect the estimated param-

eter influences to any pronounced extent. Estimations have also

been made of the scatter in parameter influence data to be ex-

pected as a result of the simplifications made in our evalua-

tion model. These results are in general consistent with the

observed scatter.
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Model predictions

The results obtained from the parameter study were put together

into a pressure oscillation model, with which it is possible

to predict the fundamental frequency and RMS amplitude for

different values of the parameters included in the model.

In order to verify the ability of the model to predict these

quantities that characterize the periodic oscillations, it was

tested on randomly selected Marviken data. The predictions

obtained were compared vilh the actual outcome of the experi-

ments. These comparisons showed that on average the model

predicted the actual values fairly well, and that the preci-

sion of the individual predictions was acceptable for the

fundamental frequency but rather bad for the RMS amplitude.

That is, the predictions of the RMS amplitude were subject to

large uncertainties, expressed by the model through the

standard deviation for the predicted values. Furthermore some

observations were made, where the model completely failed to

describe the two quantities of the harmonic oscillation.

Several reasons for these disparities were outlined. Firstly,

the lack of precision was thought to be a product partly of

the simplified evaluation method used in the determination

of the influence of each parameter. Another factor which

was also thought to contribute to the prediction failures

was that our model expressed too simple a functional rela-

tionship, and that furthermore other parameters or combina-

tions of parameters than the ones anticipated might influence

the phenomena.

As a result of these observations made during the model

tests, it seems as though the pressure oscillation model

established here is a somewhat weak instrument for predict-

ing the behaviour of the pressure oscillations. Although

the model, where the estimated influence of all the different

parameters has been combined, does not furnish results with

the desired accuracy and precision, nevertheless it was

deemed probable that the estimated influence of the different

parameters does give an approximate value of the real
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influence of the parameters investigated. Thus, this

kind of information is considered to increase our

knowledge of the influence of parameters on the pres-

sure oscillations during a blowdown process, where

previously such knowledge was largely qualitative.
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INFLUENCE OF PARAMETERS ON PRESSURE SPIKES

4.1 Evaluation method and data processing

The investigations of the influence of different test

parameters, on the pressure spikes that may occur in a

reactor containment during blowdown, were carried out

along the same lines as described in the previous section

for the pressure oscillations.

Thus, the descriptions of the evaluation method used and

the main part of the data processing are already given in

Section 3, whereas in the present section it has only been

found necessary to present the detail." which are unique

for the investigation of the pressure spikes.

Dependent quantities

The pressure spikes detected in the Marviken experiments,

mainly in the wetwell pool, may be described as characteristic

high amplitude pressure pulses followed by fast decaying high

frequency oscillations.

The method used for quantifying the occurrence and size of

pressure spikes in the data is documented in MARTIN-201. In

brief, it aimed at a determination of the spike formation rate,

i.e. the number of spikes per unit of time, and the spike ampli-

tude, measured from the average pressure level for the anal-

ysed time period. The extraction of the spikes was performed

after the low frequencies, below 10 Hz, had been filtered

away from the original pressure/time sequence. Maxima in the

filtered data were designated as pressure spikes if they

were greater than the relevant value of the so-called discrimi-

nator level, determined by the total RMS value for the fre-

quencies above 10 Hz. Statistics giving the amplitude and rate

of the pressure spikes were then drawn up from these data, for

each interval analysed.

The mean value of the spike amplitude, plus three standard

deviations, MV + 3SD, taken from the spike amplitude statistics,

was used as a measure of the spike amplitude (SA) at a location in
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the wetwe11 pool. This measure corresponds to a probability

of 98.2 Z for an exponential distribution. Use of the maxLnum

spike amplitude for the particular interval, a value which is

usually larger than the MV + 3SD, would have been unsatisfac-

tory, since statistically it can be characterized as a most

extreme value, not related to a precise confidence level. The

spike formation rate (SR) at a location in the pool was taken

as the total rate of spikes.

To facilitate the parameter study, it was desirable to use

one average measure of each of the two quantities SR and SA

for each blowdown time interval, since the values differed

from one location in the wetwell pool to another. The differences

that were detected seemed to be greater for blowdowns with high

amplitude spikes. For this reason, and partly also because of

the limited resources available during the MARTIN-II project,

it was decided to concentrate the evaluation efforts on blow-

downs with a high formation rate and amplitude of the spikes.

For these blowdowns average values of the pressure spike rate

and amplitude were calculated, from measurement channels which

had had their transducers located at the wetwell pool bottom

in the primary pool, while for blowdowns with spikes having

a low rate and a low amplitude, only one measurement channel

was used.

Independent parameters

The independent parameters which were considered to have an

influence on the pressure spikes are given in Table 4:1.

Table 4:1 Independent parameters

Notation Parameter Unit

Temperature difference (between
vent outlet and pool) K

Steam flux (through vent
pipes)

Pressure (at vent outlet)

kg/m s

Air fraction (in vent pipe
flow) kg/kg

Pa
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Vent outlet pressure

During a blowdown situation the distribution of the total

flow in the different vent pipes is determined by the condition

of equal pressure difference over each vent pipe. The pressure

difference consists chiefly of the hydrostatic pressure

difference due to the vent submergence, together with different

kinds of pressure losses due to flow resistances in the flow

path through the vent pipe.

In Ref 12 a simple energy discussion is reported. It was shown

that the available potential energy to be transformed into

pressure spike energy is proportional to the bubble volume and

the (back) pressure outside the bubble at the vent outlet.

Thus, if it is assumed that the volume of the bubble may be

regarded as a constant, the released energy will be propor-

tional to the pressure, which occurs in the vicinity of the

bubble, before the bubble collapses.

The relevant data were taken from the CRT-II reports of each

blowdown. The pressure in the wetwell airspace was taken from

the pressure-time history plots. To this pressure, the hydro-
2

static pressure pgH was added, where g equals 9.81 m/s and

p = 960 kg/m , which was an assumed approximate value for

the conditions that prevailed during the blowdown periods

that were studied. The vent submergence H, finally, was

taken from the data on the water level above the wetwell

pool bottom, which were obtained from phase probe measurements.

Since the vent pipes terminated 1.7 m above the pool bottom,

the vent submergence was obtained by subtraction of 1.7 m

from the pool level data.

Comparison points

Through tests and discussions it was found suitable to set

the permitted deviations (see Eq 3.3) for the different

parameters to:

Pool temperature difference

10 K (4.1)
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Pressure

e.x. = 20 kPa
i i

Steam flux and air fraction

£. = 0.15

(4.2)

(4.3)

The fixed limits set for two of the parameters were used

because these parameters express differences rather than

(as in the other cases) total values.

Within these limits a number of useful comparison points were

selected with the aid of a specially designed evaluation

program which has been documented in MARTIN-202. Results from

the investigations are reported in the following section.

4.2 Results

Functional dependences

The results from these investigations are summarized in two

tables. Table 4:2 gives approximate values for the estimated

exponents of the power functions, which were used to illustrate

the functional dependence of the pressure spike formation rate

on the different parameters, whereas Table 4:3 gives the same

information as regards the pressure spike amplitude.

Table 4:2 Influence of parameters on the pressure spike
formation rate

Parameter

Temperature
difference

Steam flux

Air fraction

Vent outlet
pressure

Exponent

1/3

-1/3

•-1/3

-3/2

Functional dependence

Cube root

Inverse

Inverse

Inverse

cube root

cube root

"root cube"

Validity range

55 -

40 -

0.2

266

100 K

120 kg/m2s

- 3.0 %

- 295 kPa
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Table 4:3 Influence of parameters on the pressure spike
amplitude

Parameter

Temperature
difference

Steam flux

Air fraction

Vent outlet
pressure

Exponent

1

3/2

-1

3

Functional dependence

Linear

"Root cube"

Inverse linear

Cube

Validity range

55 - 100 K

40 - 120 kg/m2s

0.2 - 3.0 %

266 - 295 kPa

Thus, the estimated influence of the parameters on the pressure

spike formation rate may be summarized by the following state-

ments.

Only one of the parameters investigated seemed to have a strong

influence on the pressure spike rate, and that was the vent

outlet pressure. These results were in most cases consistent

with the relations that had been anticipated prior to the

analysis.

The results obtained from the evaluation of the experimental

data revealed that neither the temperature difference, the

steam flux nor the air fraction had any pronounced influence

on the pressure spike rate. One of these, namely the tempera-

ture difference, seemed to influence the spike rate to some

extent, but this influence was at most proportional to the

cube root of the parameter value; the other two factors showed

approximately a correspondingly strong inverse proportionality.

Finally, the results obtained during this study indicate that

the pressure at the vent outlet has an influence on the spike

rate, which may be expressed as follows: the spike rate is

approximately proportional to the inverse of the vent outlet

pressure raised to the power 3/2. However, it should be noted

that this figure is based on observations within a rather

limited pressure range.
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As regards the influence of the investigated parameters on

the spike amplitude, the evaluation results revealed that

most of the parameters have a rather strong influence on the

amplitude. These estimations of the influence of parameters

on the amplitude were consistent with the anticipated behaviour,

at least as regards the sign or direction of the influence.

The following values were obtained for the magnitude of t.ie

estimated influence, taking them in order of increasing

influence. First, according to the results the spike ampli-

tude was approximately proportional to the inverse of the air

content in the vent flow. That is, if the air content in the

vent flow during the blowdown transient decreased, then the

spike amplitude increased to about the same extent.

The parameter describing the potential of the condensation

process was reformulated in this project, so that instead

of considering only the pool temperature, the "driving force"

was taken to be the temperature difference at the vent out-

lets. With this point of departure, the experimental data

showed that the spike amplitude was approximately linearly

proportional to precisely this temperature difference. It

was known previously that the temperature of the wetwell

pool would have a strong influence on the spike amplitude.

The steam flux through the vent pipes, however, showed an even

stronger influence. Thus an increased steam flux led to an

increased spike amplitude, with an approximate proportionality

to the steam flux raised to the power 3/2.

Finally, the most powerful influence was exhibited by the

pressure at the vent outlet. Thus, within the narrow pressure

range being investigated, the spike amplitude seems to be

proportional to the cube of the vent outlet pressure. This

pressure constitutes the back pressure available in the

initial stage of the bubble collapse, and is mainly deter-

mined by the pressure in the wetwell airspace and the vent

submergence, i.e. the hydrostatic pressure increase down to

the vent outlet.
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All these estimations of the influence of different parameters

were obtained by applying the evaluation method, developed

during the project, to the Marviken CRT-II data. Thus, the

estimations are strictly valid only for a geometry similar

to that of the Marviken containment, where the parameters

are within the range given by Tables 4:2 and 4:3.

The model used for evaluating the degree of influence from

the different parameters was built on certain assumptions,

which each introduced errors or uncertainties in the results

obtained. Estimations of the size of these errors have been

made, and indicate that they do not affect the estimated param-

eter influences to any pronounced extent. Estimations have also

been made of the scatter in parameter influence data to be ex-

pected as a result of the simplifications made in our evalua-

tion model. These results are in general consistent with the

observed scatter, but in some cases the scatter in the observed

data is smaller than that expected. THs is due to the fact

that some of the selected data were statistically dependent.

Model predictions

The results obtained from the parameter study were put together

'into a pressure spike model, with which it is possible to

predict the spike formation rate and the spike amplitude for

different values of the parameters included in the model.

In order to verify the ability of the model to predict these

quantities that characterize the pressure spikes, it was

tested on randomly selected Marviken data. The predictions

obtained were compared with the actual outcome of the experi-

ments. These comparisons showed that, for cases where the

values of the parameters were within the validity area, the

predictions were correct on average, but that the preci-

sion of the individual predictions was rather bad. That is

the predictions were subject to large uncertainties, expressed

by the model through the standard deviation for the predicted

values. Furthermore some observations were made, where the

model completely failed to describe the two quantities of the

pressure spikes.
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Several reasons for these disparities were outlined. Firstly,

the lack of precision was thought to be a product partly of

the simplified evaluation method used in the determination

of the influence of each parameter. Another factor which

was also thought tc contribute to the prediction failures

was that our model expressed too simple a functional rela-

tionship, and that furthermore other parameters or combina-

tions of parameters than the ones anticipated might influence

the phenomena.

As a result of these observations made during the model

tests, it seems as though the pressure spike model estab-

lished here is a somewhat weak instrument for predicting the

behaviour of the pressure spikes. Although the model, where

the estimated influence of all the different parameters has

been combined, does not furnish results with the desired

accuracy and precision, nevertheless it was deemed probable

that the estimated influence of the different parameters does

give an approximate value of the real influence of the param-

eters investigated. Thus, this kind of information is consid-

ered to increase our knowledge of the influence of param-

eters on the pressure spikes during a blowdown process, where

previously such knowledge was largly qualitative.
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5. PRESSURE SPIKE ANALYSIS

The pressure spikes developed in the wetwell pool during

a blowdown may be described as characteristic high ampli-

tude pressure pulses followed by fast-decaying high frequen-

cy oscillations. These spikes, which usually have a du-

ration of 5 - 10 milliseconds, occur rather randomly in

time and their shape varies from one occasion to mother.

The spikes are probably caused by condensation collapses

of detached steam bubbles at the vent outlets.

In the analysis the pressure spikes are isolated from the

low frequency oscillatioi s by performing a Fourier analysis

and removing frequencies below 10 Hz. A spike is recognized

only when the filtered pressure data (see Fig 5:1) exceed

the discrimination level, which is set equal to a factor

f~2 times the RMS amplitude for the frequency range 10 - 200 Hz.

The amplitude discrimination is necessary in order to eliminate

the influence of random noise and low amplitude harmonic

oscillations above 10 Hz.

It should be noted that only positive spikes are identified

and that, contrary to the definition used in the CRT-II

project, all maxima above the discriminator level are

recognized as spikes.

The majority of the investigations of the presssure spikes

were made in the time domain, giving statisical information

about the amplitude, duration and periodicity of the spikes as

well as the synchronization of the spikes with the periodic

pressure oscillations. In the frequency domain the investiga-

tions comprise the spectra of the single spikes and the

relationship between spikes measured at different locations.

5.1 Frequency content

An ordinary Fourier analysis method was used for the determina-

tion of the frequency content (see MARTIN-201). The length

of the interval analysed was 1.08 seconds, which gave a
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frequency resolution of 0.93 Hz. Since pressure spikes occur

more frequently than once per second, the selected time

interval was reduced to 0.3 seconds by filling up the rest

of the 1.08 second-interval with zeroes.

Three main kinds of spike behaviour may be distinguished

among the analysed results, which were given as PSDF plots.

First there is a group characterized by the occurrence of

a single pressure pulse followed by a number of rapid, small

amplitude oscillations. Besides these oscillations which

show a fast decay, a number of low frequency modes occur. In

the PSDF plots the low frequencies (12 - 25 Hz) dominate and

make the contribution from the higher spike frequencies look

very small. The low frequency modes are thought to be higher

harmonics of the fundamental mode or acoustic resonances in

the vent pipes.

The second group may be characterized by an event which in-

cludes several pressure pulses. The cause of this could be

that two or more bubble collapses occurred almost simul-

taneously at different vent pipes or that a bubble collapse

occurred in several stages, producing a series of pressure

pulses. An even more plausible explanation would be that

some kind of resonance phenomenon occurs. The resonance

frequencies, typically in the range 50 - 100 Hz, may be

hydrodynamic resonances in the pool or emanate from the

containment building. The previously mentioned low fre-

quency contribution is also present in this group.

The third group includes a most evident repeat of an oscil-

latory sequence. The PSDF plots show a dominating contri-

bution from the frequency range 50 - 85 Hz, though smaller

contributions around 15 and 25 Hz are also present. The

data from this group indicate that the reaonances occur in

the wetw/ell pool.
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5.2 Cross correlations

Cross correlation analyses for certain pairs of data

channels were carried out to determine the frequency

relationship between measurements at separate locations

in the vent pipes and wetwell pool during the last two

blowdowns, where relatively high pressure spikes had been

observed. The analysed results were given as plots of the

coherence function and the phase angle (see MARTIN-201).

These plots were examined with respect to the coherence at

the frequencies which had been found to be characteristic

for the pressure spike events (see previous section). The

coherence obtained in time intervals where the pressure

spike amplitude was high was compared with the coherence

for periods without spikes. Thus, it was possible to de-

termine whether a high coherence was caused by the pressure

spikes or by other oscillation modes.

Correlations within wetwell pool

Though a series of combinations were tested, only the ones

applying to pairs of neighbouring measurements were corre-

lated. The channel combinations which showed increased

coherence during spike periods were (giving the last three

digits of the channel identifications) 169/171, 170/171,

170/175 and 175/176. The measurement positions for the

pressure channels in the pool are given in Fig 2:5.

No phase changes between these neighbouring locations were

founc for the frequency range studied.

Correlations between vent pipes and pool

No evidence was found of any increased coherence during

periods with pressure spikes.

Correlations involving the single cell

Since there were spikes present during all analysed periods,

it was not possible to find out if the relatively high

coherence between the two measurements in the single cell

was caused by spikes or other oscillations.
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The coherence between the pool aid single cell measurements

was also low during spike period.;.

Conclusions

The investigations confirm the strong decay of the pressure

spikes with increasing distance from the collapsing bubble,

which was found during the MARTIN-I project (see Ref 7).

5.3 Amplitude, duration and periodicity

Evaluation method

The pressure spikes may be considered as a series of random

physical events, which could be analysed and described by

statistical methods. The statistical analyses were performed

on the filtered pressure data, at time intervals of 8.6

seconds. This particular length was considered long enough

to bring forth a sufficient number of spikes for the statis-

tical analysis, but not too long to permit any appreciable

variation in the conditions governing the pressure spikes.

The probability distributions obtained from the statistical

analysis provide information about the amplitude, duration

and periodicity, which are the three parameters chosen to

characterize the pressure spikes (see Fig 5:1).

In the evaluation of the spike amplitude probability distri-

bution, the amplitude range above the discriminator level

was divided into a number of equally sized intervals. The

normalized distribution was then calculated from the number

of spikes within the different pressure intervals. The

cumulative distribution and the maximum amplitude as well

as the average value and the standard deviation of the

distribution were also computed.

The probability distributions for the pressure spike duration

and the period between subsequent spikes were calculated in

a similar way.
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For the blowdowns where relatively high pressure spikes had

been observed, the statistical analyses were carried out

for all channels having their measurement position in the

wetwell pool; for the other blowdowns only one measurement

channel was chosen for analysis. The number of analyses

carried out and the number of distributions plotted for the

different blowdowns and channels are given in Table 5:1. It

should be noted that each analysis indicates the evaluation

of all the three distributions defined above.

i'esults

The probability distribution plots are presented in the

reports MARTIN-221 through 224. As an example, the plots

from Blowdown 19 showing the distributions for spike ampli-

tude, duration and periodicity are given in Figs 5:3 - 5:5.

Amplitude

The shape of the spike amplitude distribution was found to

be close to an exponential distribution, but a more refined

model might be necessary to describe the measured distribution

accurately.

The spike amplitude variations within the wetwell pool were

investigated by using a statistical measure, which was equal

to the average of the distribution plus three standard devia-

tions. This value corresponds to a probability of 98 7 for

an exponential distribution. The following observations were

made concerning the spike amplitude:

The deviation among the channels on the pool
bottom inside the vent pipe area was about 16 %
(5 blowdowns).

The values on the pool bottom outside the vent
pipe area were about 48 % smaller than those
inside the vent pipe area (3 blowdowns)

The values at the pool wall were about 55 %
smaller than those on the bottom inside the
vent pipe area (3 blowdowns).
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The values in the secondary pool were about 10 Z
higher than those for the corresponding locations
in the primary pool (2 blowdowns).

The value; in the single cell were about 42 Z
higher than the ones at similar locations in the
primary pool (1 blowdown).

The values at the cell wall were 28 Z lower than
those on the cell bottom (1 blowdown).

The maximum spike amplitude observed during each particular

blowdown time interval was on average about 40 Z higher than

the spike amplitude defined as the average value plus three

standard deviations. The highest spike detected during the

tests was 127 kPa.

Duration

The distribution shown in Fig 5:4 may be taken as a typical

example of the distributions for the channels measuring the

pressure on the bottom of the primary pool inside the vent

pipe area. A characteristic feature is the high fractional

standard deviation, about 50 %. This group of channels shows

an average spike duration of 5.2 + 0.6 ms measured at the

discriminator level.

The average spike duration for the other channels in the pool

and in the single cell is slightly higher, 5.9 t 0.3 ms. The

shape of the measured distributions is similar for the two

groups of channels.

Periodicity

The distribution for the periodicity of the spikes generally

has the shape of an expontiicial distribution. Thus, the

standard deviation is equal to the average, i.e. the inverse

of the spike formation rate.

As regards the variation of the spike rate with blowdown and

location, it was found that the rate of high amplitude spikes

(> 25 kPa) shows a variation similar to that for the spike

amplitude, while the variation in the total spike rate shows

a different pattern.
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5.4 Synchronization analysis

Evaluation method

In several of the experiments in the CRT-II blowdown tests

at Marviken, a tendency towards a synchronization of the

pressure spikes with the fundamental oscillation was observed

(see Fig 5:2). Since such a synchronization could be essential

when considering the influence the spikes might have on the

containment structures, the synchronization effect was in-

vestigated further.

These investigations were started on a qualitative basis

during the MARTIN-I project, where it was indicated that the

degree of synchronization was dependent on the amplitude of

the low-frequency periodic oscillations.

During the MARTIN-II project this synchronization effect

was investigated by calculating the probability distribution

for the positions (in time) of the spike maxima in relation

to the phase of the fundamental mode. The analysis was

carried out by comparing the filtered pressure data with the

fundamental oscillation mode in the time domain. This mode

was extracted from the low frequency part that was removed

in the filtering process.

For each period (T ) of the fundamental oscillation, the

maximum pressure spike was identified and its position relative

to the beginning of the period, the so-called time difference,

was determined. After having analysed a time interval of 8.6

seconds' length (cf Section 5.3) the mode, i.e. the most

frequent value, the average and the standard deviation (o )

of the time difference distribution were calculated.

Since a high synchronization would correspond to a narrow peak

in the time difference distribution, the degree of synchroni-

zation (S) was defined simply as

S =
2a. (5.1)
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Results

By plotting the inverse value of S against the RMS amplitude

of the fundamental mode OA, using data for Blowdowns 17

through 25 taken from the same channel on the pool bottom,

the following approximate correlation was found:

1/S = 0.61 e"°-17 °A (0 < OA < 8 kPa) (5.2)

The statistical uncertainty of this relatively strong rela-

tionship, in particular the constant 0.17, is significant.

It is possible to compare Eq 5.2 with an extreme case, namely

the one with a rectangular distribution of time differences.

The value obtained from Eq 5.1 would in this case be 0.58,

which should be compared with the one obtained using Eq 5.2

with OA equal to zero. This gives a value of 1/S equal to

0.61, i.e. close to the theoretical value.

The mode value normalized through division by T was also

plotted against the RMS value of the fundamental mode. These

data showed a pronounced concentration of the pressure spikes

with increasing RMS value towards the time when the funda-

mental mode passes with positive derivative through its aver-

age value.



Table 5:1 Statistical analyses of pressure spikes in the wetwell pool

Channel

105M165

166

167

168

169

170

171

175

176

105M180

181

Location

Pool bottom

n_

n_

Pool bottom

Pool wall

Cell wall

Cell bottom

Number of time intervals analysed / plotted*

BD17 BD18 BD19 BD20 BD21 BD22 BD23 BD24 BD25

12/ 12/ 9/ 6/

12/ 12/

12/ 12/

12/1 12/1 12/1 12/1 9/1 9/1 12/1 6/1 9/9

6/ 9/1

9/ 6/ 9/1

9/ 6/ 9/1

9/ 6/ 9/1

9/ 6/ 9/1

15/1

15/1

o

TO

a

>

--I SO <~.

rx H p

I V

The first value gives the number of time intervals being analysed, and the second value gives
the number of time intervals for which the three probability distributions are plotted.
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Fig 5:1 Nomenclature used in the statistical analysis of
pressure spikes
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Fig 5:2 Pressures in the vent pipe header, in vent pipe 37 and
at the pool bottom
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Fig 5:3 Pressure spike amplitude on the wetwell pool bottom
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Fig 5:4 Pressure spike duration on the wetwell pool bottom
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Fig 5:5 Period between subsequent pressure spikes on the
wetwell pool bottom
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6. HIGH FREQUENCY OSCILLATIONS

The pressure oscillations in the drywell and the upper

part of the vent system are dominated by the fundamental

frequency mode. In the vent pipes and wetwell pool,

however, the response in most of the blowdowns also

includes significant oscillations in the frequency

range 7 - 3 0 Hz and low amplitude oscillations up to

a frequency of 100 Hz (see Figs 6:1.1 - 6:1.3).

In the present investigation, which includes studies of the

RMS amplitudes and the frequency spectra as well as the

correlation between measurements at separate locations,

the oscillations with frequencies above 7 Hz are referred

to as high frequency oscillations.

6.1 Maximum amplitudes

The observations made during the CRT-II project regarding

the pressure oscillations show that the high-frequency

contribution to the RMS amplitude dominates over the

contribution from the fundamental mode during most of

the blowdowns (see Ref 1).

A detailed analysis of the CRT-II data has led to the

following conclusions regarding the magnitude of the

high frequency oscillations:

The variations of the maximum of the RMS
amplitude with blowdown number show a si-
milar pattern for the different frequency
intervals

The highest RMS amplitudes were obtained in
Blowdown 25

In Blowdown 19 the amplitudes were almost as
high as in Blowdown 25

A second group of blowdowns with high RMS
amplitudes is formed by Blowdowns 20 and
22

Blowdowns 18 and 24 also showed relatively
high amplitudes

The RMS amplitudes were lowest during Blow-
clowns 17, :>] ,-uifi :n
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6.2 Frequency modes

The high frequency oscillations may be divided into four

categories:

Superharmonics of the fundamental mode

These oscillations occur only in some of the blowdowns

as equidistant peaks in the frequency range 7 - 20 Hz

(see Fig 6:2). In other blowdowns the superharmonics are

barely detectable. The investigations performed have shown

that these oscillations occur for the blowdowns where the

pressure spikes are synchronized with the periodic oscil-

lations (cf Section 5.4). Relatively high coherence was

observed for channels in the vent pipes and pool (second

harmonic).

These oscillation modes are thought to appear as a

result of the synchronization of the pressure spikes

with the fundamental mode. This effect will cause a

deformation of the waveform for the fundamental mode,

and thus produce a series of higher harmonics (cf Refs

1 and 6).

The broad-band frequency modes

This response occurs in the frequency range 12 - 30 Hz

during periods with high pressure spikes, independently

of the synchronization phenomenon mentioned above (see Fig

6:1.1). The amplitude is usually much higher in the vent

pipes than in the wetwell pool (see Fig 6:2), The oscilla-

tions are not coherent.

These oscillation modes are explained as the frequency

transform of the pressure spikes, which occur as non-

periodic pressure pulses.

The 30 Hz modes

This category was observed as a more distinct frequency

band, which appears at a relatively low rate of steam flow
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to the wetwell (see Fig 6:3). The oscillations are observed

in the vent pipes only. The resonances observed were found

to be unstable and of local character (see Figs 6:3 - 6:5).

The relatively high coherence found for channels measuring

in neighbouring vent pipes was only observed for narrow

frequency intervals. These intervals never coincided with

the higher PSDF amplitudes. The phase differences for

neighbouring channels were close to 180 .

These oscillations are thought to be slightly damped

and caused by pulses occurring at the vent outlet when

the steam bubbles collapse and water re-enters the vent

pipes (ef Ref 6).

The 65 - 70 Hz modes

These oscillations appear to be similar to the 30 Hz

modes, as regards occurrence (see Fig 6:1.3). High cohe-

rence was observed for channels in neighbouring vent

pipes, while for more distant vent pipes the coherence was

low or moderate. The phase differences were 180 for the

neighbouring pipes and zero for the more distant pipes.

The oscillations in this category are thought to be caused

by processes similar to those for the 30 Hz modes.
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Fig 6:1.1 Pressure in vent pipe 11 (0 - 110 Hz)
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Fig 6:1.2 Pressure in vent pipe 11 (0 - 110 Hz)
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Fig 6:1.3 Pressure in vent pipe 11 (0 - 110 Hz)
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Fie 6:2 Pressure in the wetwell pool (0 - 110 Hz)
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Fig 6:5 Pressure in vent pipe li (22 - 44 Hz)
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7. PRESSURE OSCILLATIONS AND SPIKES IN THE

SINGLE CELL

Before Blowdown 25 a 900 mm pipe, the so-called single

cell, was instrumented and installed in the wetwell pool

(see Fig 7:1). The purpose of this arrangement was to

allow comparisons between the dynamic pressure for a

bounded single-pipe cell and the response for a multi-

pipe cell.

The single cell was positioned around vent pipe 34 in the

secondary pool, allowing the water inside the cell to

communicate with the surrounding pool water. The instrumen-

tation of the single cell consisted of three pressure trans-

ducers and seven thermocouples.

A more detailed description of the single cell arrangement

is given in Ref 13.

7.1. Selection of data

The conditions which are thought to govern the pressure

oscillations and the pressure spikes are described by the

following parameters:

G

R

P

The temperature difference between the vent out-
let and the surrounding pool water. The data
for the single cell were calculated from the
evaluated average water temperature in the
single cell, and the temperature in VP 11, which
was assumed to be equal to the temperature in
the single pipe (VP 34).

The steam flux through the vent pipes.

The air weight fraction in the vent pipe flow.

The pressure at the vent outlet. The data for
the single cell were taken from the measured
pressure in the wetwell airspace, adding the
hydrostatic pressure (pgH) due to the vent
submergence.



STUDSVIK ENERGITEKNIK AB STUDSVIK/K2X-78/13
MARTIN-231
1978-12-01

63

H The vent submergence. The data for the single cell
were calculated from the measured water level in
the secondary pool.

N The number of open blowdown channels, i.e. the
geometry of the vent system.

The two parameters characterizing the vent pipe flow, i.e.

the steam flux and the air weight fraction, were taken from

the mass flux data for the primary pool. Thus, the values

of these two parameters for the single-pipe cell were assumed

to be equal to those for the multi-pipe cell. This approxi-

mation is justified because of the small difference in water

]«>vel between the primary pool and the secondary pool.

Four quantities were used to describe the dynamic pressure

response:

OF

OA

SR

SA

The frequency of the fundamental oscillation
mode

The RMS amplitude for the frequency range
1 - 7 Hz, which gives the amplitude of the
fundamental mode.

The pressure spike formation rate

The pressure ?pike amplitude defined from the
spike amplitude statistics as the mean value
plus three standard deviations.

The data on these parameters and quantities, which were

chosen for the investigation of the single cell experiment,

were taken from the blowdown transient at time intervals of

ten seconds' length. These data were then analysed by com-

parisons of the dynamic pressure response measured in the

single-pipe cell with the corresponding measurements for

the multi-pipe assembly. The results of the investigations

are presented in the next section.

7.2 Outcome of the investigations

The difference between single-pipe data and multi-pipe data

for these quantities was evaluated by three different methods,
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With one exception the results were found to agree qualita-

tively. The discrepancy was founu in the first method, which

employed the parameter model developed in the multipipe

investigations (see MARTIN-211 and 212). This method

yielded results which were considered to include too much

of the uncertainties inherent in the model. The uncertain-

ties were founo to be particulary high for the RMS amplitude

model (cf Section 3.3)

The second method was based on comparisons at the so-called

reproducible points, where the differences between the static

conditions for the single-pipe cell and the multi-pipe cell

were small. The precision of the results obtained by this

method is limited by the deviations allowed at each repro-

ducible point. This limitation, and the fact that the repro-

ducible points were confined to a short period of one blow-

down test, were the reasons for using a third method.

This method, which combines the advantages of the other two

methods, involves a correction for the difference between

the single-pipe and multi-pipe static conditions before

the comparisons are made. By means of this correction, which

is found from the relationship used in the parameter model,

it was also possible to extend the period containing the

comparable points. Thus the results from this method, which

are largely supported by those of the second method, are

considered to be the most accurate.

The conclusions concerning the differences between multi-

pipe and single-pipe data are as follows.

The fundamental frequency is unchanged

The RMS amplitude ( 1 - 7 Hz) is increased by
about 80 % in the single-pipe case

The pressure spike formation rate is reduced by
about 16 %

The pressure spike amplitude is increased by
about 57 %
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In addition to these results, the following observations

were made.

High coherence at the frequency of the fundamental
mode was found between the pressure oscillations
in the single-cell and in the multi-pipe region.

The corresponding phase angle difference was
equal to zero.

As regards the synchronization of the pressure
spikes with the periodic pressure oscilla-
tions, the relationship correlating the
strength of the synchronization to the RMS
amplitude ( 1 - 7 Hz) seemed to agree well
with the corresponding relationship found
for the multi-pipe data.

There are several conditions that may contribute to the

differenc€is observed between the single-pipe and multi-pipe

dynamic results. The following circumstances are considered

to be the most important in this respect.

The values for the ratio of vent pipe flow area
to active pool area are not the same for the
single-pipe and multi-pipe assemblies.

The steel wall of the single cell does not have
the same stiffness as the concrete wall of the
wetwell pool.

The superposition of the pressure waves from
different vent pipes in the multi-pipe cell may
involve interaction effects.

The quantities compared represent data recorded
at the pool bottom. Thus, the data include the
pressure wave attenuation between the vent outlet,
where the rondensation occurs, and the pool bottom.
This attenuation is dependant on the geometry and
could differ from the single-pipe cell to the
multi-pipe cell.
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Fig 7:1 The single-pipe cell arrangement



STUDSVIK ENERGITEKNIK AB STUDSVIK/K2X-78/13
MARTIN-231
1978-12-01

67

8.

1.

2.

3.

5.

6.

7.

8.

9.

REFERENCES

The Marviken Full Scale Containment Experiments,
Second Series
Summary Report, MXB-301
Aktiebolaget Atomenergi, Sweden, 1977

BECKER M
Dynamic Phenomena during Condensation of Steam in
the Pool of the Pressure Suppression System.
Paper from the IAEA Technical Committee Meeting
on "Thermo-hydraulic consequences of Loss-of-
Coolant Accidents Inside and Outside the
Containment", Cologne, Federal Republic of
Germany, 7 - 8 December 1976

BERTA V T, LEACH L P, KESTER J P
Dynamic Loading Experiments on the LOFT Multivent
Suppression Tank
Paper from the same IAEA Technical Committee
Meeting as Ref 2

Theoretical Efforts on Containment Pressure
Oscillations
Summary report, TECPO-401
Aktiebolaget Atomenergi, Sweden 1977

Marviken Test-data Interpretations
Conclusions and Recommendations, MARTIN-131
Aktiebolaget Atomenergi, Sweden, 1978

The Marviken Full Scale Containment Experiments,
Second Series
Measurement System, MXB-102
Aktiebolaget Atomenergi, Sweden 1977

The Marviken Full Scale Containment Experiments,
Second Series
Blowdown Results, MXB-217 through 225
Aktiebolaget Atomenergi, Sweden, 1977

The Marviken Full Scale Containment Experiments,
Second Series
Appendix to Blowdown Results, MXB-217 App through
225 App
Aktiebolaget Atomenergi, Sweden, 1977

Marviken Test-Data Interpretations
Additional Diagrams, MARTIN-121 and 122
Aktiebolaget Atomenergi, Sweden, 1978



STUDSVIK ENERGITEKNIK AB STUDSVIK/K2X-78/13
MARTIN-231
1978-12-01

68

10.

11.

12.

13.

Theoretical Efforts on Containment Pressure
Oscillations
Theoretical Investigations, TECPO-301
Aktiebolaget Atomenergi, Sweden, 1977

The Marviken Full Scale Containment Experiments,
Second Series
Evaluation Methods, MXB-106
Aktiebolaget Atomenergi, Sweden, 1977

Marviken Test-Data Interpretations
Pressure spikes in the wetwell pool, MARTIN-111
Aktiebolaget Atomenergi, Sweden, 1978

The Marviken Full Scale Containment Experiments,
Second Series
Description of the test facility, MXB-101
Aktiebolaget Atomenergi, Sweden, 1977



LIST OF MARTIN-II REPORTS

MARVIKEN TEST-DATA INTERPRETATIONS

DATA PROCESSING

COMPUTER PROGRAMS
FOR DATA PROCESSING

INFLUENCE OF PARAMETERS
ON PRESSURE OSCILLATIONS

INFLUENCE OF PARAMETERS
ON PRESSURE SPIKES

PRESSURE SPIKE ANALYSIS

HIGH FREQUENCY
PRESSURE OSCILLATIONS

PRESSURE OSCILLATIONS AND SPIKES
IN THE SINGLE CELL

ADDITIONAL DIAGRAMS
BLOWDOWNS 17 - 20

ADDITIONAL DIAGRAMS
BLOWDOWNS 21 - 22

ADDITIONAL DIAGRAMS
BLOWDOWNS 23 - 24

ADDITIONAL DIAGRAMS
BLOWDOWN 25

SUMMARY AND CONCLUSIONS

SAMMANFATTNING OCH SLUTSATSER*

MARTIN-201

MARTIN-202

MARTIN-211

MARTIN-212

MARTIN-213

MARTIN-214

MARTIN-215

MARTIN-221

MARTIN-222

MARTIN-223

MARTIN-224

MARTIN-231

MARTIN-232

Summary and conclusions in Swedish



3s
2 <

X

tu C
3 2
sr 3
2 >

II
S o
2 Z
•3 oIi
11
s w
oo

g.
•a
o

Studsvik
Studsvlk Energiteknik AB S41182 NYKÖPING
SWEDEN Telefon 0155-80000 Telex 64013 studs s

n
o

I
3
o

s
I


