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Status of Experimental Verification
of ECCS Efficiency

0. Hein, H. Watzinger

Summary

For the emergency cooling system of KWU pressurized water reactors
with combined hot and cold leg injection an outline is given of
the status of experiments designed to prove the efficiency of the
emergency cooling system. This proof has been established by basic
investigations which clarify the physical processes, by "separate
effects tests" to derive and check correlations, and finally by
investigations on the PKL test facility, in which a 13oo MWe
pressurized water reactor including the primary circuits is simulated.
These "system effects tests" are used to verify computer codes which
are ultimately used to make predictions for the reactor.
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1. Introduction

Licensing procedures for light water reactors call for the proof of
the efficiency of the emergency cooling systems. This means that,
with the help of computer codes based on experimental investigations
and verified by post-test analyses, it must be positively demonstrated,
that the fuel rod cladding does not exceed a prescribed temperature
limit during a loss of coolant accident. In accordance with current
licensing procedures, conservative assumptions must be made to allow
.for all qualities which cannot be uniquely proven. The goal of the
extensive experimental and analytical activity is to show the degree
of conservativity of present-day design and verification procedures
and, hence, the existing margin of safety, and to allow transition
from conservative to more realistic analytical procedures.

2. The emergency cooling system of KHU pressurized water reactors

The emergency cooling system of KWU pressurized water reactors, in
contrast to those of other manufacturers, is unique in the fact that
emergency cooling water is not only injected into the cold leg between
the pump and the reactor pressure vessel, but also via the hot legs
into the upper plenum. A total of 8 accumulators, 4 high and 4 low
pressure pumps guarantee that, following a rupture of a main coolant
pipe or a connecting line, sufficient water is available to cool the
core, even if certain individual components are not available. A
schematic representation of one of the four identical subsystems of
the emergency cooling system is shown in Fig. 1. It consists of a
high pressure chain, via which emergency cooling water is fed to the
primary system in the event of small leaks, and of the low pressure
irrection system. The emergency injection following medium and large
bn ks is provided by the accumulators in the low pressure system,
one accumulator being connected to each of the hot and cold legs
respectively. Each has a water capacity of 34 m3 and carries a



- 3 -

pressure of 26 bar. The low pressure emergency cooling pumps draw
water from the borated water storage tank. When these are exhausted
after about 3o min., long-term emergency cooling is guaranteed by
sucking water from the sump of the reactor containment.

3. Experimental procedure

The efficiency of the emergency cooling system with combined hot
and cold leg injection installed in KWU pressurized water reactors
has been proven by KWU on the basis of extensive analytical and
experimental investigations. Because predictions for the reactor
itself can only be made with verified computer codes, suitable
experiments had to be devised to allow computer codes for refilling
and reflooding to be created, which could then be verified by
investigations of the complete system. The general procedure is
depicted in Fig. 2.

Fundamental investigations, which are usually performed on simple
geometries, supply information about the physical processes, leading
to the conception of a model which then becomes the basis for computer
codes. However, since such detailed investigations are invariably
performed in test facilities which are severely simplified or scaled
down, for instance a single tube with internal flow instead of a
reactor core, further experiments in which the essential details are
identical to a reactor are required, e.g. 34o rod bundle with original
dimensions. Such sub-integral tests are so designed that correlations
can be established by varying the important parameters.

The prediction of the behaviour of the reactor during an accident
can only be made with the help of complicated computer codes. In order
to examine the extent in which these computer codes actually model the
entire complex behaviour and, hence, the accuracy in which the course
of the accident is qualitatively and quantitatively described,
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experiments simulating the entire system, e.g. simulation of the
reactor core with a 34o rod bundle and of the primary circuits
and primary components on a suitable model scale are necessary.

In the following sections, using the results of some investigations
on the refilling and reflooding from the three categories mentioned
above, the status of knowledge concerning the efficiency of the KUU
emergency cooling system will be discussed.

4. Fundamental investigations

A prerequisite for the creation of a computer code to describe a loss
of coolant accident during the refilling and reflooding phase is
information about the course of the flooding process and the phenomena
which influence it. In other words models are required, e.g. for the
progression of the quench front, for the hydraulics of the flooding
process as well as the coupling between both processes.

In order to develop such model concepts, single tube flooding experiments
with known, usually constant boundary conditions, i.e. forced flooding,
were carried out. A simplified schematic block diagram of the test
facility is shown in Fig. 3. The 3 m long internal flow test tube with
an internal diameter of 16.8 mm is heated to the desired initial
temperature by an electrical heater and then flooded. The flooding
water is driven out of an accumulator via an electrically heated
preheater into the test tube by means of a nitrogen cushion. The back
pressure in the containment is simulated with the help of a steam
generator, which is connected via a buffer tank to the test circuit.
The results of a typical flooding test are presented in Fig. 4. In
this figure the progression of the quench front u (t) and the water
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inventory m (t) in the test tube are plotted for a test with the
parameters:
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If the conditions within the test tube are examined at the instant tj,
the flow zones and heat transfer regions depicted on the left of the
picture are found.

On the basis of a large number of such test results, the code HYDROFLUT
has been developed, which is able to compute the thermohydraulic conditions
within the flow and, hence, the detailed heat transfer conditions. A
comparison of the computed quantities with the measured values, which
are also plotted in Fig. 4, shows good agreement. For a physically
correct description of the processes in the single tube flooding
experiment, thermodynamic non-equilibrium in the flow in the unwetted
region must be taken into account. Measurements at the exit of the test
tube have shown that the steam is as much as 5oo K superheated although
approx. 5o % of the injected water is simultaneously carried over. Thus,
as shown by Fig. 5, the driving temperature difference is not for instance
45o K, which one obtains if the saturation temperature of the fluid is
taken as the steam temperature, but only approx. 2oo K. With these
measured values too, good agreement was found with the computed values.
It must be borne in mind that owing to the coupling between the various
quantities, for instance the steam superheat temperature with the
observed steam velocity and, hence, with the water carry-over the
system is very sensitive to changes in individual quantities. Thus,
the code HYDROFLUT represents a flexible tool with which the flow
conditions in a sub-channel can be described in detail.
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5. Sub-integral tests

Since results from an almost isolated sub-channel cannot be readily
related to a multi-rod bundle which, in addition, contains spacer
grids, experiments must be performed on an adequately large cross-
section of a reactor core. For this purpose, KUU set up a BMFT supported
test facility in which the test bundle consists of 34o rods in a
configuration identical to that of the original reactor core. The
reactor core model also correctly simulates the decay heat generation
by means of the electrically heated rods.

The simulation of the reactor conditions in the experiment is restricted,
as shown in Fig. 6, to the processes within the reactor pressure vessel.
The coupling between the primary circuits and the flooding process in
this experiment is simulated by simply, clearly defined boundary
conditions.

The main objective of the sub-integral tests on the flooding process
is the determination of the heat transfer resulting from tine flooding
process. For this purpose, two fundamentally different approaches can
be taken:

In the*first, an attempt is made to find a relationship
between the heat transfer and a representative hydraulic
quantity, without knowledge of all details of the hydraulics,

in the other, the application of well-known heat transfer
correlations for this special case can be checked.

Both approaches were followed simultaneously during the experiments with
the 34o rod bundle.

Fig. 7 shows the heat transfer coefficient at a fixed axial position
for various tests as a function of the water inventory in the bundle.
The quantity of water in the bundle at any given instant has been found
to be a representative hydraulic quantity for the flooding process and
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is determined by means of the "collapsed level". The quantity of
water entering the bundle is determined by the flooding rate, the
ejection rate through the bypass into the leak as well as by the
evaporated and entrained water flow rate. Due to steam formation
within the bundle, the water level foams up and hence establishes
the boundary between film boiling and spray cooling. This boundary
is donated as the "entrainment level".

These deliberations suggest that the cooling of the bundle at a
particular axial position is a function of the water inventory in
the bundle. In spite of the greatly differing test parameters in
Fig. 7, a distinct trend can be observed in the measured values.
Thus, in spite of the greatly simplified relationship, a useful
correlation is available for any calculation where detailed knowledge,
as available with the single tube tests, is not available owing to
lack of measurements within the bundle.

The second possibility consists in examining the applicability of
correlations from the literature by comparison with the measured
heat transfer coefficients. However, to compute the local heat
transfer conditions, data is generally required about local
thermohydraulic parameters such as flow rate and steam quality.
Because these local quantities are presently not available from
measurements in bundles, such a computation must rely on values
which are estimated from measurements, balances and assumptions.
Fig. 8 shows a comparison of various correlations with the heat
transfer coefficients computed from the measured temperature. The
agreement found in this manner between measurement and correlation
is restricted, however, to a relatively narrow range of validity,
within which the correlation was examined for the field of parameters
of interest.

Also plotted in this figure is a calculation in which an attempt was
made to apply the code HYOROFLUT to a bundle. Here it must taken into
account that thermodynamic non-equilibrium in the rod bundle in the
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region of the spacer grid is diminished, and also that the water
carry-over as a result of the open-sided channels and the spacers
is smaller than in an undisturbed closed channel.

In spite of these restrictions, the correlations verified in this
manner can be used for the analysis of the course of the accident,
since the parameter region of interest is covered by experiments
which, by and large, simulated the accident conditions.

6. Investigations of the behaviour of a complete system

The interaction of all individual effects must still be clarified in
an integral test. In order that the behaviour of the entire system
during the refill and reflood phase can be studied, the following
requirements must be placed upon the simulation in the test:

The reactor core must fee represented by an adequately
large cross-section.

Active components in the primary circuit must likewise
be modelled with active components during the test. This
applies in particular to the steam generators, which act
as heat sources during the flooding phase.

Owing to the vital importance of the driving forces of
the water columns to the flooding process, all heights
arid elevations in the circuit must correspond to the
reactor dimensions.

These requirements are fulfilled by the PKL test facility built by
KWU with the support of the BMFT. Fig. 9 depicts the PKL test facility
superimposed on an isometric representation of a 13oo MWe-KWU pressurized
water reactor. The main components of the primary circuit are simulated
with regard to their fluiddynamic influence. Thus, the core is simulated
by 34o electrically heated rods. In comparison to the approx. 45.ooo
rods in the reactor core, this represents a model scale of 1:134 for
the PKL facility. The three primary circuits, one of which is of
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double capacity, contain active steam generators in which the secondary
medium is heated to 28o °C at 56 bar, and hence exhibits the correct
secondary side conditions.

Thus, the requirements which must be placed on the simulation of the
reactor conditions for an integral experiment are fulfilled, and it
is possible, on the basis of the results, to examine whether computed
codes describing the refill and reflood phase adequately describe the
behaviour of the entire system during this phase of the accident.

An important criterion for the cooling of the bundle is, as already
shown with the sub-integral tests, the advancement of the water level
into the core. In Fig. lo this measured value is plotted for the case
in which 3 of the 8 accumulators in the emergency cooling system are
not available for cooling the core. The progress of the collapsed
level up to a height of about 1.5 m into the core is very rapid. Due
to the frothing of the water inventory as a result of steam formation,
this means that the bundle is completely filled with a steam-water
mixture of varying density. The further rise is distinguished by the
reduction of the steam quality.

The post-test analysis of this experiment with the flooding code WAK-2
indicates good agreement between the measured values and the computed
instantaneous water inventories in the region of the core, the upper
plenum and in the downcomer. The flood code WAK-2 contains in addition
to a detailed heat transfer model for the core region, a detailed
description of the hydraulics of the entire primary circuit. The post-
test analysis confirms that in this code, not only are the phenomena
occurring during the refill and reflood phase correctly described, but
also that the measured values are reproduced quantitatively with high
accuracy.

This is confirmed most impressively by the quantities depicted in
Fig. 11 - time history of the measured and computed pressures in the
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upper plenum and at the break section, and the agreement between
the differential pressures between the upper plenum and the cold
leg injection point and also by the mass discharging from the leak.

Ultimately, the efficiency of the emergency cooling system is
demonstrated by the temperature history of the fuel rod cladding.
In Fig. 12, the cladding temperatures calculated with the code
WAK-2 for a normal rod are compared with measured values for
corresponding rods. It is obvious that adequate agreement is obtained
between calculation and measurement, and that WAK-2 is suitable as
an analytical tool for proving the efficiency of the emergency
cooling system of KWU reactors.

The total of 2o tests carried out up to date on the interaction of
the complex flow and heat transfer processes within the circuits
and components and their influence on the heat removal from the
core have not only yielded new information about the behaviour of
the ruptured and intact circuits, the steam generator, the downcomer
and the upper plenum, but have also confirmed the increased efficiency
of the combined hot and cold leg injection of the KWU emergency
cooling system. This has a positive 2-fold effect on the temperature
history of the fuel rod cladding:

1. The maximum cladding temperature reached is lower owing
to increased heat transfer during the refilling phase.
Indicative of the numerous experimental temperatures
recorded are the temperatures of two rods at the hot
spot with combined and with only cold leg injection,
plotted in Fig. 13.

2. The time required for complete quenching of the rods is
shortened (Fig. 14).

Both these aspects have a positive influence on the anticipated extent
of damage in the core in the event of such a hypothetical loss of
coolant accident.
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7. Conclusions

•In summary, it can be asserted that, in the case of the emergency
cooling system with combined injection into the cold and hot leg,
installed in KWU-pressurized water reactors, the increased efficiency
is demonstrated by both the separate effects tests and the systems
effects t >sts. In addition, the observed phenomena of improved cooling
and faster quenching can be better interpreted as a result of the
fundamental experiments.

Furthermore, it can be stated that, even with the flood code WAK-2,
details of the thermohydraulics in the core and in the circuits can
already be described qualitatively and even quantitatively with good
accuracy.

With due reservation, however, it must be said that even the PKL test
facility with its core, which is simulated by 34o heated rods, must
still be regarded as a one dimensional test in regard to the hydraulics.
Thus "separate effects tests" on the influence of three-dimensional
effects on the refill and reflood process are currently being discussed.
As a result of these investigations a further reduction of conservatism
can be expected, since irregularities in the water distribution in the
upper plenum with hot leg injection have a positive effect on the course
of the refill and reflood process.
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