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1
INTRODUCTION

The DOWSE (Distribution of Water in Steam Environment) project
was begun in November 1981 for the Swedish Nuclear Inspectorate
(SKI). The purpose of Phase 1 of the project is to ascertain
whether or not there is any justification for carrying out further
testing of the ECCS spray distribution characteristics of ASEA-
ATOM's external MCP-reactors (Ringhals I, Oskarshamn 1 and 2,
Barsebäck 1 and 2). Should there be any such justification, the
tests would be carried out under Phase 2.

This report summarizes the work carried out under Phase 1 and
gives recommendations regarding Phase 2.

Section 2 of the report gives a reappraisal of the tests carried out
in 197* on the above-mentioned spray systems' distribution
characteristics and includes data from that time not previously
published.

Section 3 contains the conclusions from work carried out in
Phase 1 on the conditions (break type and size, pressure range etc)
under which a good spray distribution is required, and considers
whetheror not the requirement is fulfilled.

Phase 1 included a study of non-Swedish experiments on bundle
spray cooling with low spray flows. The findings are given in
section 4.

Section 5 gives the conclusions from Phase 1, and recomm-
endations regarding Phase 2 are given in section 6.

A FRESH APPRAISAL OF THE 197» TESTS

2.1
Oskarshamn 2 (Barsebäck 1 and 2) and Ringhals 1

In Oskarshamn 2, Barsebäck 1 and 2 and Ringhals 1 ECCS-water is
distributed largely by means of cruciform-manifolds housing four
identical spray nozzles (see Fig. 1). A projection of the central
axis of each spray nozzle passes through the centre of the cross-
shaped gap between the four fuel channel boxes which make up a
super cell, at the level of the boxes' upper edges. The central axis
of the nozzle is inclined at 9.7° to the vertical for Oskarshamn 2,
Barsebäck 1 and 2 (Fig. 2), while Ringhals 1 has an inclination of
7.8°. The non-verticality is necessitated by the need for system
redundancy i.e. each fuel channel is served by two nozzles.
Certain peripheral bundles are served by manifolds of other
design, or by single nozzles. A full description of these is given in
Reference 1.

Emergency core cooling experiments carried out by General
Electric in the early seventies form the basis of the spray cooling
heat transfer coefficients specified by the USNRC in the
10CFR.50 Appendix K criteria for ECCS performance. The major
part of the data is based on a spray flow rate per fuel channel of

ml/s (2.45 gpm). The design flow to each redundant set of
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spray nozzles in Oskarshamn 2, Barsebäck 1 and 2 is 170 kg/s.
Allowing for a maximum leakage of 10% from the riser pipe
within the reactor tank, a flow of 153 kg/s is credited for
d:stribution between the various nozzle manifolds. A further
reduction of 10% is made to account for possible maldistribution
between manifolds. Testing with air (ref. 2, 3) shows this to be a
conservative figure. The flow available to a standard *-nozzle
manifold in Oskarshamn 2, Barsebäck 1 and 2 is thus 137.7 •
16/*** = 5 kg/s.

The minimum acceptable distribution factor is given by

F = 0.15* • 16/5 = 0.5

For Ringhals 1, with 6*8 fuel bundles and a design flow of 2*0
kg/s per set of spray nozzles, the flow available to a standard *-
nozzle manifold is 2*0 • 0.9 • 0.9 • 16/6*8 = *.8 kg/s.

The minimum acceptable distribution factor is given by

F = 0.15* • 16/*.8 = 0.51

Oskarshamn 1 has a spray system which does not lend itself to the
use of the distribution factor, and is treated separately below. In
197*, tests were carried out at ASEA-ATOM to verify the
distribution capability of the spray systems for Oskarshamn 1,
Oskarshamn 2 (Barsebäck 1, Barsebäck 2) and Ringhals 1. All
nozzles used in these reactors' spray systems were tested for their
spray distribution characteristics. The nozzles were tested
individually, or housed in manifolds, depending on the situation in
the reactor. The distribution characteristics were obtained by
measuring .volumes of water collected in the group of 16 fuel
channels situated beneath the nozzles to be tested, in the same
geometric relationship to the nozzles as in the reactor. Steam
pressures of up to 5 bar (saturated) were used, with spray
temperatures at the nozzle of between 20 and 95°C. It should be
noted that make up steam was fed through the top of the pressure
vessel.

Results for Ringhals 1 and Oskarshamn 2 (Barsebäck 1 and
Barsebäck 2) are presented in Ref. 1. Figures 3 and * show the
minimum and maximum F-values for the four-nozzle manifolds in
Oskarshamn 2 and Ringhals 1 as a function of spray water
temperature.

The pressing circumstances at the time of writing of Reference 1
did not allow repeatability tests to be included. The wide spread
of results for Oskarshamn 2 clearly indicates asymmetrical
distribution, while the Ringhals 1 tests gave a reasonably
symmetrical distribution, and a minimum F-value of 0.65, as
opposed to the 0.5 obtained for Oskarshamn 2. There are several
inconsistencies which become evident when comparing the results
of different manifolds e.g. the three-nozzle mani old for Ringhals
1 shown in Figure 5 gives a significantly lower F m j n that does the
Fig * manifold, though one would expect the sanne results. The
most probable explanation of the discrepancy is that one of the
Fig. 5 nozzles is misaligned - this could be due to the arm
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alignment, nozzle inclination, or both. The wide spread of results
for Oskarshamn 2 in Fig. 3, is discussed further in § 2.1.1 below.

As a rule, the manifolds other than the symmetrical four-nozzle
type give distributions similar to or better than these. In addition,
these other manifold types are to be found over the peripheral
bundles, where the bundle power is relatively low. Attention will
thus be focussed on the central bundles and, for Ringhals 1 and
Oskarshamn 2, the symmetrical four-nozzle manifolds.

On the basis of Ref. 1 it may be concluded that the minimum
spray rate to a Ringhals 1 bundle is 0.65 • 4.8/16 = 195 g/s i.e a
margin of 41 g/s, while the minimum spray rate to an Oskars-
hamn 2 (Barsebäck I, Barsebäck 2) bundle is 154 g/s, i.e. no
margin at all.

This, however, is not necessarily the case, since there are three
important questions to be answered:

1) For the Oskarshamn 2 case, how much is the wide spread of
the results due to testing equipment errors?

2) For all cases, how much does the occurrence of rising steam
from the bundle influence the spray distribution?

3) Is testing required at pressures above 5 bar?

These items are discussed below and in §3.

2.1.1
Spreading of results due to various errors in equipment

The symmetrical four-nozzle manifolds were made both in mild
and stainless steels. Tests were also duplicated, but these results
have not been previously reported. Figures 6a-d show the
individual results which go to make up the max/min curves of
Figure 3. It can be seen that while quadrants A and D (see
Figure 7) give consistently symmetrical results, quadrants B and C
give consistently asymmetrical results, and it is these which lead
to the wide spread of the results in Figure 3. A glance at the air
test results in Figure 6a indicates a gross asymmetry between B-
O and B-0 which cannot reasonably be ascribed to dynamic
forces, but rathe/ to a fault in alignment.

An attempt was made in 1974 to correct the fault in the B arm,
and the results are shown in Figures Sa-d. Now, it is clearly only
quadrant C which shows spurious results. If the C-quadrant is
disregarded, the remaining curves resemble the curves for
Ringhals 1 quite closely.

The manifold as represented by Figure 8a-d was rotated 90° in an
anticlockwise direction and the tests repeated. The results are
shown in Figures 9a-d. The fact that gross asymmetry is still
shown in quadrant C is not readily explained in any other way than
that the means of volume measurement in that quadrant were
systematically at fault. It is considered fully justified therefore to

s
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regard curves A, B and D in Figure 9a-d as being representative
for Oskarshamn 2, giving max/min curves as shown in Figure 10. It
is proposed, on the basis of Figure 10, that the minimum F-value
for Oskarshamn 2 is therefore 0.65, the same figure as for
Ringhals 1, and close to the theoretical minimum figure from
Reference 8. The minimum spray rate to an Oskarshamn 2 bundle
would thus be

0.65 • 5/16 = 203 g/s i.e. a margin of ft9 g/s.

A further, suspected, source of error is the existence of a rotation
effect in the test vessel, a sort of "wind", which skewed the spray
cones over to the O-boxes at the expense of the 0-boxes. It is
probable that this was a rig-specific effect and that in the
reactor, the <^-and 0-boxes would receive similar flows.

The core is covered by 202 nozzles consisting of * different types
(see Reference 5). Above each quadrant of the core, there is a
complete lack of symmetry between nozzles, but this picture is
repeated for each quadrant. There is considerable overlapping
between spray from neighbouring nozzles, and a bundle can
receive spray water from up to 6 different nozzles. In the 197*
analysis, estimates were first made of spray flow to each box in a
quadrant of the core, by a graphical method. Experiments were
then carried out for those bundles which appeared to receive least
spray flow, by reconstructing the nozzle configurations relevant
to these bundles. It was found that certain of the peripheral
bundles received less than the stipulated 154 g/s, but that this
situation was justified with reference to the low power of these
bundles (Ref. * ) . The lowest measured flow was 79 g/s (1,26 gpm)
which at the time was regarded as acceptable on the basis of the
evidence Ref * . New data on low spray-flow bundle cooling
experiments substantiate this standpoint (see also §4).

CONCLUSIONS OF THE STUDIES ON SPRAY DISTRIBUTION REQUIREMENT AND FUL-
FILLMENT

Since the 197* tests were performed at steam pressures up to
5 bar and without rising steam through the fuel channels, it is of
prime concern to ascertain whether or not good spray distribution
is required at reactor pressures above 5 bar, and to establish those
breaks, if any, for which steam rises through the bundle at
pressures below 5 bar and for which spray cooling is
simultaneously required. These questions are answered and
discussed for Oskarshamn 2 (Barsebäck I , Barsebäck 2) in
Reference 9. It is concluded that the break conditions of interest
are limited to the recirculation line breaks, and that even for
these, there is no break for which spray cooling is required at a
reactor pressure > 5 bar. It is considered in the present report
that the same applies to Oskarshamn 1 and Ringhals 1.

An additional margin is provided by a study in Reference 8 which
shows that increasing the steam pressure to 10 bar would not
cause any noticeable change in spray distribution. In addition, no
rising steam occurs through the core for any break, above 5 bar in
the reactor.
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For pressures £ 5 bar it is shown that the break sizes of interest
are > 250 cm (for which break size reflooding occurs at 5 bar).
Rising steam does occur for all such break sizes, though for
breaks larger than 1000 cm , this does not occur until pressure
equalization with the containment when the rising steam rate is
the boil off rate from the spray. The only break which shows
rising steam of any duration at a greater rate than boil-off, is the
500 cm break (which refloods at 3.5 bar). Even here, the rising
steam flow rate is not of any magnitude to cause any change in
the spray distribution. This conclusion, drawn in Reference 8, is
based on Reference 7. Furthermore, the 500 cm case was run
with no spray flow locally to the hot channel, and even here,
reflooding occurred before any serious temperature excursion. It
was shown that 500 cm represents the largest break which
reflpods. The conclusion is, therefore, that those breaks (< 500
cm ) which reflood, do not require a good spray distribution at all,
while the larger breaks give a very limited steam upflow, which
does not cause any deterioration of the spray distribution.

I
9
8

MARGINS IN SPRAY COOLING FLOW
The most recent work on core spray heat transfer carried out
abroad has been collected in a confidential report. The conclusion
is that the convective heat transfer coefficients for spray cooling
are virtually constant for spray flows above 1 gpm (63 g/s) i.e. the
criterion of 2.*5 gpm currently adopted is conservative. This
finding is in agreement with a previous, more limited survey,
carried out in 197* (Reference *).

The margins in spray cooling flow can therefore be summarised as
follows:

a) although no good spray distribution is needed above 5 bar, it is
most probable that the distribution will be similar to that at 5
bar up to at least 10 bar.

b) the reported minimum bundle flows relate to one ECCS pump
only.

c) leakage and maldistribution are probably less than the assumed
figures of 10% each.

d) local boundary effects in the 197* test vessel probably gave
more asymmetry in the spray cones than would be the case in
the reactor.

e) alignment errors were probably greater in the test rig than in
the reactor.

f) for Oskarshamn 1, some bundles received less than 15* g/s,
though more than 63 g/s, which would be sufficient to cool a
bundle initially at high power. As it is, the bundles receiving
low spray flow are at low power.

g) for Ringhals I, Oskarshamn 2, Barsebäck 1 and 2, the minimum
bundle flows are well in excess of 15* g/s.
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CONCLUSIONS
1) There are no breaks for which good spray distribution is

required at reactor pressures above 5 bar.

2) Recirculation line breaks up to and including 500 cm can be
reflooded, without the need for good spray distribution at any
reactor pressure.

3) Larger breaks than 500 cm require good spray distribution at
and below 5 bar reactor pressure.

*) Some rising steam occurs below 5 bar, though the duration
decreases with increasing break size. Rising steam velocities
are always well below the level at which spray distribution
could be affected.

5) Reappraisal of the 197* tests on Oskarshamn 2 spray
distribution indicates a minimum bundle spray flow of ca
200 g/s which is similar to the Ringhals 1 figure.

6) Fresh data on bundle cooling indicate that bundles of all power
levels in the core may be cooled by spray flows greater than
63 g/s.

7} Some low (< 15* g/s) spray flows have been indicated for the
Oskarshamn 1 core, but these are limited to low power
bundles, and are well above the level of 63 g/s in 6) above.

RECOM MEND ATIONS
The project should be terminated with this, the first phase. There
is no need for further testing of core spray nozzle distributions.
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Oskarshamn 2

Distribution of ECCS spray

1 bar steam pressure
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Distribution of ECCS spray
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Figure 9c
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Oskarshamn 2

Distribution of ECCS spray

5 bar steam pressure
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