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(i)

The NEA Committee on the Safety of Nuclear
Installations (CSNI) is an international committee made up of
scientists and engineers who have responsibilities for nuclear
safety research and nuclear licensing. The Committee was set
up in 1973 to develop and co-ordinate the Nuclear Energy
Agency's work in nuclear safety matters, replacing the former
Committee on Reactor Safety Technology (CREST) with its more
limited scope.

: The Committee's purpose is to foster international
co-operation in nuclear safety amongst the OECD Member
countries. This is done in a number of ways. Full use is made
of the traditional methods of co-operation, such as information
exchanges, establishment of working groups, and organisation of
conferences. Some of these arrangements are of immediate
benefit to Member countries, for example by enriching the data
base available to national regulatory authorities and to the
scientific community at large. Other questions may be taken up
by the Committee itself with the aim of achieving an
international consensus wherever possible. The traditional
approach to co-operation is increasingly being reinforced by
‘the creating of co-operative (international) research projects,
such as PISC and LOFT, and by a novel form of collaboration
known as the international standard problem exercise, for
testing the performance of computer codes, test methods, etc.
used in safety assessments. These exercises are now being
conducted in most sectors of the nuclear safety programme.

The greater part of the CSNI co-operative programme
is concerned with safety technology for water reactors. The
principal areas covered are operating experience and the human
factor, reactor system response during abnormal transients,
various aspects of primary circuit integrity, the phenomenology
of radioactive releases in reactor accidents, and risk
assessment. The Committee also studies the safety of the fuel
cycle, conducts periodic surveys of reactor safety research
programmes and operates an international mechanism for
exchanging reports on power plant incidents.

The Committee has set up a sub-Committee on Licensing
which examines a variety of nuclear regulatory problems,
provides a forum for the free discussion of licensing questions
and reviews the regulatory impact of the conclusions reached by
CSNI.
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The opinions expressed and arguments employed in this
documenl are the responsivility of the authors and do not necessarily
represent those of the OLCD.

Requests for additional copies of this report should be
addressed to:

Nuclear Safety Division
OECD IMuclear FEnergy Agency
38 boulevard Suchet
F-75016 Paris







SUMMARY

An experiment performed by the Australian Atomic Energy Commission
has been used by the OECD/CSNI Working Group on Water Reactor Containment
Safety as Containment Analysis Standard Problem No. 3. Eight countries
participated in making analysis of the experiment. The results from
these analyses and from the experiment are presented and compared. It
was found that the most difficult problem in the analysis was in deri-
vation of condensation heat transfer coefficients and that for this

particular experiment this parameter was the most important item in the

calculations.
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CONCLUSIONS OF THE WORKSHOP ON

CONTAINMENT STANDARD PROBLEM EXERCISE 3

"It was agreed by all participants that, despite the small scale of
the experiment, this standard problem had been very useful. The Australian
delegate was thanked for having put so much effort into both the experiment
and the comparison report.

"It was agreed that the apparent simplicity of the experiment was
misleading and that it was doubtful whether any participant would have
predicted the shape of the pressure transients satisfactorily in a
"blind" calculation, so study of the problem had stimulated new thought
on the relative importance phenomena involved.

"The small scale of the experiment, giving a large surface to
volume ratio, combined with the high thermal conductivity of the steel
walls, enhanced the heat loss effects so that this parameter dominated
the early response and allowed participants to identify limitations in
their modelling. It was recognised that this aspect was not directly
representative of a full sized containment structure.

"To obtain any agreement with the water carry-over measurements
demanded, the normally used bias in licensing calculations has to be
removed, and even a carry-over factor of zero allowed too much water to
appear in the second compartment, which reflects the problem of esti-
mating the heat losses to the walls of the two compartments. Generally,
the choice of flow loss coefficients, used for the inter-compartment
flow, were not critical in controlling the pressure difference between
the two volumes.

"There was agreement that the large scale containment experiment
proposed in HDR would form an essential step in demonstrating competence
of both codes and code users to predict conditions in containments.
There was also agreement that further separate effects tests of heat
transfer would help in understanding the detail and importance of some

of the phenomena involved."
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1. INTRODUCTION

In response to a request from the OECD/CSNI Working Group on Water
Reactor Containment Safety to the Australian Atomic Energy Commission
(AAEC) an experiment on the Lucas Heights blowdown/containment rig
became Containment Analysis Standard Problem No. 3 (CASP3). The experi-
ment was performed in October 1981 and the report [1] on the results
distributed in January 1982 to twelve prospective participants and two
observers. The AAEC also agreed to act as host country in receiving
participants' analyses of the experiment and preparing the comparison
report. A draft comparison report was bPresented at a Workshop of the
Working Group in Paris in October 1982 and was accepted with minor
modifications. Some participants sought permission to resubmit their
data after rectification of faults, and therg was also one new submission.
Eventually there were eight participants in the problem - Australia,
France, Italy, Japan, Netherlands, Spain, UK and USA.

The experiment was submitted as an 'open' problem because it had
not been performed when originally requested by the CSNI, and to do a
'blind' exercise first would have required too much time. Furthermore,
since the experiment was very different from CASPl and CASP2, an immedi-
ate comparison of calculations with experimental results was thought to
be more productive. Compared with the previous CASPs, the experiment
for CASP3 was performed in a containment which was much smaller and
which had steel rather than concrete walls. It was a simpler system but
made severe demands on some aspects of the analytical techniques and
scaling laws.

2. RIG: GENERAL DESCRIPTION

The rig arrangement is shown in Figure 1. The pressure vessel is
insulated and contains an electric heater to boil the water and raise
Pressure. The outlet pipe is heated by an electric heater tape wound
around the pipe and is thermally insulated. This pipe contains a drag-
disc flowmeter, a pressure tapping, an internal thermocouple and an
orifice plate. It is blocked by a copper disc which is ruptured to
start the blowdown.

The containment vessel dimensions are given in Figure 2 and the
positions of transducers in Figure 3. The vessel is not insulated, it
is freestanding within a large building. The two containment compaxt-
ments are interconnected via a square-edge orifice plate 1.67 mm thick

with orifice of diameter 25.64 mm and a flow tube containing a thermo-

couple and a drag-disc flowmeter. In line with and at 45° to the
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incoming blowdown flow a circular deflector plate disperses the influx
around the chamber and prevents large crossflows at the intexcompartment
orifice. The containment is arranged so that water condensed on the
surfaces of the top chamber will collect on the partition plate and not
flow through the orifice. Pipes are fitted to permit the chambers to be
drained separately. This arrangement is used, in conjunction with a
system of evacuating and collecting water vapour in cold traps, to
determine the water distribution after the experiment and also to dry
out the system. -

A summary of the rig dimensions and materials is given in Tables 1
and 2, a list and description of the transducers in Table 3, and the
initial conditions for the experiment in Table 4.

The experimental data were recorded either by a digitising data
logger'or by an ultraviolet recorder. This system was designed and

operated to measure relatively slow transients, with the logger taking

sequential samples at 4 ms intervals, i.e. a complete scan of 12 channels
in 48 ms, and most channels contained filters with 16 ms time constants.
These data were subsequently passed to the AAEC's central computer for
processing and plotting. The recording period was 48 8. Several tem-
perature transients were recorded on the u.v. recorder and the results
extracted by manual measurements from the charts.

Several preliminary experiments were made to ensure proper oper-
ation of all components and also to survey results from all the installed
transducers. A choice was then made of transducers giving the most
useful information to be included in the limited number of channels in
the main experiment. The preliminary measurements were preserved and
analysed for use as background information on the main CASP3 experiment.
3. BLOWDOWN MASS FLOWRATE

The primary flow measurement PFl is from a drag-disc flowmeter and
the signal from this was interpreted by using information from the fluid
temperature measurement PT1l, the differential-pressure pressure-vessel
contents measurement PD1 and the pressure measurement PPl to deduce
values of steam quality. This system produced adequate information
during the liquid blowdown period, i.e. up to nearly 12 s, in which 90%
of the fluid mass was transferred, and in this time interval the mass
flow measurement would be accurate to about * 5% and enthalpy to t 2%.
Beyond about 11 s the pressure-vessel contents measurement was dimin-

ishingly useful and it became more difficult to estimate the flow

quality. However, when integraﬁed over the whole period the derived




mass flowrate transient gave a total mass outflow which was within 0.5%
of the initial mass inventory, providing some confirmation of the val-
idity of the overall flow analysis process. These mass flowrate and
enthalpy values are given in Table 5.

4. CONTAINMENT INSTRUMENTATION: MEASUREMENT ACCURACY AND TIME RESPONSE

4.1 Accuracy

The transducers for bressure measurements APl and BPl were cali-
brated by a dead-weight tester. All the thermocouple amplifiers were
calibrated in gain and zero immediately before and after the experiment.
The containment drag-disc flowmeter for measurement BFl, an insertion
type, was calibrated in the actual flow pipe using single phase water.

The data logger and u.v. recorder were included in calibration
procedures where possible. The stability of the data logger is specified
to be better than 0.1% and so it is unlikely to contribute significantly
to overall errors. There was difficulty in reading the line position qf
the u.v. recorder to better than say 0.5 mm (or about *+ 0.5 f.s.d.)
and the general stability would be at about the same level.

For the overall measurement channels the errors would be as follows:-

Pressure + 1%
Temperature + 1.5%
Intercompartment flow (W2v) + 10%

4.2 Time Response

The data logger was arranged to sample each variable at 48 ms
intervals. 1In processing the data the scan delay effects were minimised
by interpolation between samples to reduce all data in each scan to the
same time. The u.v. recorder frequency response was 300 Hz.

The basic response of the pPressure transducers was 2 kHz and ampli-
fier band-width of the same order. The transducer for measurement AP1
was mounted on a short tube and that for BP1 was flush in the wall. The
response of both channels was likely to be limited pPrimarily by the data
logger.

Thermocouple response depends very much on the conditions of use.
The types used were tested by 1 lunging them into a still water bath, in
which circumstance the time constant for a 0.5 mm thermocouple (AHI1E)

was about 50 ms and that for 1 mm thermocouples (AT 1/8, BT 1/8) was 130

ms. 1In the initial stages of the experiment, when steam velocity was
high, the response would be faster but in still air it would be much

slower. The thermocouple amplifiers have built-in filters with time

constants of 16 ms.




<

The response of the electronics plus data logger for the drag-disc

flowmeter (BFl) was found to be similar to a time constant of 60 ms.

5. EXPERIMENTAL RESULTS

The experimental results are shown in Figures 4 to 10 and are
briefly discussed:

5.1 Compartment Pressures

Compartment pressures are presented on Figure 4 as pressure change
from the initial condition in order to facilitate better display.
Initially the top compartment pressure (APl) rises rapidly to a peak and
then it falls but remains clearly above the bottom compartment pressure
(BP1) until nearly 12 s when the inflow from the pressure-vessel suddenly
reduces. The pressure difference between compartments was derived from
the measured pressures and is shown on Figure ll. It appears to go to
zero at about 15 s, although there is some evidénce in the intercompart-
ment flow temperature transient BT6é (Figure 5) of reverse flow and hence
reverse pressure differences.

5.2 Compartment Temperatures

Temperature transients measured in the space of Compartment A are
shown in Figure 5. Measurement AHIE is obtained from a thermocouple in
front of the heat transfer coefficient transducer (AHl) near the top of
the compartment (Figure 3) and is likely to be directly in the path of
the blowdown fluid after the flow is deflected by the deflector plate.
Measurement ATS is near the outlet leading to the intercompartment flow
tube and so relatively remote from the inlet stream. As might be expected
the transient for AT5 lags slightly behind that of AHIE at the beginning
but they are very close after about two seconds, indicating a fairly
uniform atmospheric temperature.

The intercompartment flow tube temperature BT6 is included in
Figure 5 and the transient is very close to the top compartment atmos-
phere temperatures until 19 s where it suddenly falls. This change is
presumably caused by reverse flow from the cooler bottom compartment.
There are further variations in BT6 but any additional flow reversals
must be too small to bring much high-temperature fluid down from the top
compartment.

There is a rather puzzling temperature rise indicated for AHIE at
26 s. No other measurement shows this effect. It might have been
caused by a drip of hot water. Fluid at this temperature was available
earlier, as .can be seen from the other temperature transients. No

faults were found in the amplifier system.




Figures 6 and 7 show temperature transients measured at various
points on the walls or structure of Compartment A. The thermocouple for
AT7 is located in the deflector plate and the transient has a rapid rise
to high values. As shown on Figure 3 AT2, AT3 and AT4 are'on the walls
around the vessel circumference and the transients follow the same
trends with minor variations. That for AT4 appears to rise little
quicker than the others but achieves a slightly lower peak temperature.

An interesting feature is the indication for AT4 and ATS (Figure 7)
of a cross-over of temperatures inside and outside the top compartment
wall opposite to the inflow point. This difference is at about the
level of system accuracy, but recording continued for a further 50 s on
the u.v. recorder and during this time the difference was continuously
reducing, indicative of a real effect.

Only one temperature, BT5, is shown for the bottom compartment,
Figure 8. During the initial trials, all the wall temperatures in this
compartment remained virtually unchanged and therefore were omitted from
the main experiment. BT5, the atmospheric fluid temperature measurement
most remote from the intercompartment flow input, was chosen as being
probably most representative of the general bulk fluid condition.

5.3 Intercompartment Flow

Intercompartment flow is plotted on Figure 9 as the variable Wlv,
i.e. (mass flow rate)? x (specific volume). It is preferable to preserve
this variable as the flow indicator because it is directly appropriate
for drag-disc forces, reasonably convenient for calculation, and includes
both steam and air flow. It is plotted with offset zero because the
unit was designed to measure flow in either direction. There is some
indication of a slight reverse flow at about 19 s, coincident with the
sudden drop in flow tube temperature, but this indicated reverse flow
amplitude is very small and well below unambiguous measurement levels.
As would be expected the measured flow transient is in close accord with
the pressure difference transient derived for Figure 11.

5.4 Water Mass

It was not possible to determine the instantaneous water mass
content continuously throughout the experiment, so only the final values
were measured. About 8.25 kg of water was recovered, of which 7.9 kg,
i.e. about 96%, was in the top compartment. About 89% of the total
recovered was collected by draining and the remainder by collection in

cold traps during evacuation. A simple plug closed the inter-connecting

tube during evacuation and, to minimise leakage, the pressure difference




between compartments was kept very small during the water collection

process.

5.5 Heat Transfer Coefficient

Heat transfer coefficient measurement devices were included in both
compartments. Each device contained two transducers, each consisting of
a bar of mild steel, 6 mm dia. x 25 mm long, insulated except at one end
and with two thermocouples at differing distances from the uninsulated
end. A separate thermocouple measured atmospheric fluid temperature
near the free surface (AH1E). One bar had a matt nickel-plated finish
and the other was coated with a zinc paint of the same type as that
covering the containment surfaces but in a much thicker layer. From the
recorded metal temperature transients it is possible to deduce the free-
surface temperature and heat flux transients, and hence the heat transfer
coefficient transient [2]. »

In a preliminary experiment, all signals from these transducers
were recorded and analysed to confirm the dimensions and physical pro-
perties assumed. The effect of paint was also investigated by comparing
the heat transfer coefficient transient derived for a painted bar against
that for an unpainted bar. The thermal conductivity value given in
Table 2 was derived on the assumption that the difference was due solely
to the resistance of the paint. Although only an approximate value it
appears to offer a reasonable description of the difference. There must
still be doubt as to the similarity in surface bonding etc. to that on
the containment walls.

The heat transfer coefficient transient derived for the unpainted
bar in the top compartment, AHl, is given in Figure 10. It must be
emphasised that this is a local measurement and that the actual values
may not be directly applicable in single node calculations, however the N
general shape of the transient should be relevant. The value rises
sharply over the first three seconds, rises very slowly until just after ’
11 seconds and then reduces when the inlet fluid velocity has diminished.

The temperature measurement AHIE is a component of the heat transfer
coefficient measurement AHl. The thermoccuple for this is directly in
front of the transducer for AHl and is used in the derivation of heat
transfer coefficient as the measurement of bulk fluid temperature. The
unexpected rise at 26 s (Figure 5) therefore affects the values of heat
transfer coefficient derived for the period 26 to 40 s. This rise would

have the effect of reducing the heat transfer coefficent values, so the

correct heat transfer coefficient transient in this region is probably
higher than that indicated.




In a preliminary experiment the change in metal temperatures for
BH1 in Compartment B was insufficient for analysis to be made, so this
measurement was not included in the main experiment.

6. RESULTS FROM PARTICIPANTS .

The normal variables to be calculated were as follows:

Measurement Description
‘ APl Compartment A pressure
BP1l Compartment B pressufe
ATS Compartment A fluid temperature
BT5 Compartment B fluid temperature
AT4 Compartment A wall temperature
BF1(a) Intercompartment flowrate : air
BF1(S) Intercompartment flowrate : steam/water
AH1 Compartment A heat transfer coefficient
BH1 Compartment B heat transfer coefficient

It was assumed that compartments would be treated as single nodes
in the calculations. The measurements listed, particularly of temperature
and heat transfer coefficient, were not thought necessarily to be good
indicators of mean compartment conditions but it was convenient to use
the same nomenclature.

The participants are listed in Table 6 together with references to
the source documents and also the codes and various detailed information
on the models used. All participants used a single node for each com-
partment. The most important and difficult variable in analysing the ¢
CASP3 experiment appeared to be in the estimation of condensation heat g
transfer coefficients. Flow between compartments would also have been
important but the estimation is more straightforward. Calculation of
heat conduction in the metal walls and structure is usually very impor-
tant but in this case minor differences in the calculations are unlikely
to lead to significant differences in the results because of the high
thermal conductivity of the wall material and the thinness of the walls.
However the layer structures used by |he participants are summarised in
Table 7 for interest.

6.1 Condensation Heat Transfer Coefficients

Most participants used only one heat transfer coefficient transient

for all the walls and structure in each chamber. France and Italy,




however, used several in order to take account of the different con-

ditions in different parts of each compartment, e.g. in the top compart-
ment the partition wall was a floor and was assumed to collect a pool of
water which would considerably affect the heat transfer coefficient for
that surface.

The schemes used are summarised in Table 6. The calculated tran-
sients for Compartment A are shown on Figure 12 together with the mea-
sured transient AHl. The transients calculated for Compartment B are
given on Figure 13.

6.1.1 Australia: ZO0OCO (AUS)

The code ZOCO V normally calculates condensation heat transfer
coefficients from the Henderson and Marchello correlation. This gave
poor results for CASP3 and the code was modifigd to use the expression
given in Table 6. This is basically a correlation of the Uchida data,
which is a function of the steam/air mass ratio, factored by the rela-
tive power in the inlet fluid flow and arranged so that the Uchida heat
transfer coefficient is multiplied by five at the peak input fluid power
flow. The same algorithm is used for both compartments but the Uchida
value is derived separately for each compartment. The resulting tran-
sients are shown on Figures 12A and 13A.

It was assumed that there was no heat transfer from the external
surfaces of the containment vessel.

6.1.2 France: GRUYER (FRA)

The normal calculation of heat transfer coefficient by the code
GRUYER 1 for the top compartment would have been out of the range of
validity of the ECOTRA correlation and so this was not appropriate.
Therefore a transient based directly on the measurement AHl was derived
(Figure 12A) and was used for calculation of heat transfer into the
vertical walls and top dish of Compartment A and the front of the deflec-
tor‘plate. The rear of the deflector was taken as 0.4 of this in accord- ‘
ance with the ECOTRA findings for the rear side of structures. A constant
value of 120 W m 2 x! was applied to the upper side of the partition
wall, as being similar to a reactor sump.

All the heat transfer coefficients in Compartment B were calculated
in accordance with the normal ECOTRA correlations which are a function

of partial air pressure, fluid velocity, temperatures and orientation.

Heat transfer from all the external surfaces was taken to be 1.5
(am*’? wm? K.




6.1.3 1Italy: ARIANNA (ITA)

The code ARIANNA used a concept of heat transfer coefficient for
CASP3 which was similar to that for CASP2. The basic equations are
given in Table 6. The reference value H, is derived from the Uchida
correlation, and the instantaneous heat transfer coefficient is pro-
portional to the blowdown energy rate with a delay dependent on the
position of the particular surface being considered and on the ratio
between steam flow rate and the air present in the volume.

For Compartment A the heat transfer coefficient was calculated
separately for the top dish, the vertical walls, and the partition.
These are shown as curves 1, 2, 3 respectively on Figure 12B. Curves 1
and 2 are derived directly from the energy-rate concept with differing
delays. The heat transfer coefficient for the partition, curve 3, is
also derived from this concept but modified to.account for the presence
of liquid on the surface as shown by the expression H, in Table 6.

For Compartment B only one heat transfer coefficient transient was
used for all surfaces. This was again derived from an energy-rate model
and is shown on Figure 13A.

External heat transfer was assumed to be zero.

6.1.4 Japan: RELAP4 Mod 5 . (JPN)

For Compartment A the heat transfer coefficient was determined by
considering the measured heat transfer coefficient and the measured
inflow quantities. For Compartment B the heat transfer coefficient tran-
sient was determined by reference to the measured intercompartment flow
transient. The results can be seen on Figures 12B and 13A. The tran-
sient for Compartment A is much lower in maximum value than most of the
other single value heat transfer coefficient transients but that for
Compaitment B is much higher over the first two or three seconds than
all the others.

6.1.5 Netherlands: 2Z0OCO V (NLD)

The correlation of Henderson and Marchello was used for both
Compartments and for the exterior heat transfer. It is given on Table
6. This is based on the Nusselt falling film condensation heat transfer
analysis modified by the mole fraction of noncondensable. The resulting

transients are shown on Figures 12C and 13B.

6.1.6 Spain: COMPARE (SPN)

The heat transfer coefficient transients for both compartments are

based on a correlation of the Uchida data. For Compartment A this is

multiplied by six over the liquid blowdown period, up to 11.7 s, and
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! thereafter. For

then maintained at a constant value of 3 kW m ? K~
Compartment B the Uchida correlation is multiplied by six for the whole
period. The transients are shown on Figures 12C and 13A.

Heat transfer to the environment was considered to be negligible.

6.1.7 UK: CILAPTRAP (UK)

The algorithms used in the code CLAPTRAP 1II for CASP3 were similar
to those used for CASPl and CASP2. For Compartment A, an additional
term was incorporated to account for the presence of air at the begin-
ning of the transient. It had been found that the calculated coefficient
was otherwise much too high in the initial period. The numerical
coefficient used in previous CASPs was found to be suitable and the term
containing the relationship between the steam and air masses was limited
to values at or below unity. The algorithm, Hg, is given in Table 6 and
the result shown in Figure 12D.

For Compartment B, the algorithm used in previous problems was
used again unchanged, although the values of limits appear to have been
changed. It is given as Hh in Table 6 and the derived transient is
shown in Figure 13B.

These modified heat transfer coefficient algorithms were tried
again on the previous CASPs and were found to give little difference in
the results. This is due to the relative insensitivity to heat transfer
coefficient estimation in those problems.

Heat transfer from all external surfaces was calculated by assuming
a constant heat transfer coefficient of 11.36 Wm™? x'.

6.1.8 USA: COBRA-NC (USA)

Several heat transfer schemes were tried in initial calculations
and the set of transients given here were derived by using a scheme
based on the Tagami method for Compartment A and the Uchida method for
Compartment B. Details of these are given in Table 6, and the tran-
sients in Figures 12D and 13B respectively. For Compartment A the
initial ramp rate was adjusted to give best fit to the measured pressure
transients and the maximum level was limited by the peak of Tagami.
After 11.8 seconds, at the end of liquid blowdown, the value was set to
3kWwm? x!, For Compartment B the transient was derived directly from
a correlation of the Uchida data.

To derive heat transfer from the external surfaces the temperature
of the outside wall surfaces for Compartment A was assumed to follow the

measured transient AT8, Figure 7 and the heat transfer calculated

accordingly. A constant heat transfer coefficient of 3.75 Wm 2 K
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was taken for Compartment B exterior surfaces.

6.1.6 Heat transfer: general comments

Several of the participants used heat transfer schemes in which the
heat transfer coefficient was affected by the instantaneous blowdown
fluid power, and some of these also included terms depending on the
presence or absence of air. However the algorithms used are different.
The data on heat transfer coefficients for Compartment A are rather
difficult to compare because some participants gave several different
values for this compartment.

Analysis of this experiment is particularly sensitive to calcula-
tion of heat transfer in both compartments. The heat transfer coefficient
must actually be instantaneously different over all the surfaces and
parts of surfaces but mean values must be used in the calculations. It
would generally be expected that the local values would depend on the
local fluid velocity and on the local density of the condensable compon-
ent relative to the non-condensable component and perhaps on the inverse
of temperature difference between wall and fluid as in the Nusselt
falling film condensation analysis. Therefore heat transfer coefficients
would tend to be high in Compartment A during the high-inlet-velocity
liquid-blowdown period, up to about 12 s, and also rising in this period
as the air content reduces, see Figure 22. At 11.8 s there is a sudden
reduction in inlet mass flow and the heat transfer coefficient would then
be approaching stagnation values for the particular steam/air content.
The measured transient, Figure 10, generally supports such an assessment.
In Compartment B, the heat transfer coefficients would be highest during
the first four seconds when the inlet flow velocity is high (Figure 9),
but then be near stagnation values. The air content must increase
because of the transfer from Compartment A but the change is not large
as the compartment volume is much greater, so the change in heat trans-
fer coefficient from this effect would probably not be large, particularly
after the first few seconds. Heat transfer in Compartment B has a sig-
nificant effect on the pressure transient for Compartment A, particularly
in the later stages of the transient, due to the effect of the pressure
in Compartment B on the intercompartment flow.

The actual values derived are the result of complex calculations in
the codes but there are some departures from the expected trends. The
CLAPTRAP (UK) results for the heat transfer coefficient in Compartment A

are as expected over the first 7 s but then start to reduce (Figure

12D). For Compartment B, the heat transfer coefficient is low up to 8.5 s
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and then it increases. The ZOCO (AUS) heat transfer coefficient calcu-
lations for both compartments take into account both inlet flow condition

and relative density of the non-condensable component. However the

2 1

calculation is restricted to a lower limit of 300 W m ° K~ which was
important in the calculation of conditions in both compartments after
about 15 s.

The GRUYER (FRA) heat transfer coefficient transient for Compart-
ment A is the highest for all participants over the first 14 seconds but
falls to near iero at about 31 s. Use of the measured data in the
calculation forms a very interesting test of the validity of this
measurement and its relationship to the mean for the whole compartment.

‘The heat transfer coefficient transient for Compartment B falls as
expected in the first few seconds but then rises towards the end of the
period. As the GRUYER calculations for Compartment B were derived from
the ECOTRA correlations this must be caused by the particular conditions
calculated within the compartment at that time, perhaps by a diminishing
temperature difference between fluid and walls.

6.2 Intercompartment Flow

The general concepts used by participants to calculate the inter-
compartment flow are listed in Table 6. Homogeneous mixtures are usually
assumed, but slip is included in the CLAPTRAP (UK) calculations. There
are differences in the water carryover and in the orifice coefficient.
Generally the components of the flow are assumed to be in proportion to
the relative mass content in the upstream compartment but the ZOCO (AUS)
calculation assumes that the initial flow is all air, phasing smoothly
to a mass weighted mixture over the first 4 s.

The flow transients calculated by participants are shown in Figures
14 and 15 for the air and steam components respectively. The data from
RELAP4 (JPN) were not available and so these transients are not included.
In order to make some comparison with the measured flow, Figure 9, the
calculated data were processed to obtain the parameter W2v, by assuming
that -

. the steam and air components were thoroughly mixed;

. the component densities could be derived directly from the

calculated pressure and temperature of Compartment A and were

unchanged at the meter; and
. the liquid water flow was negligible.
Some participants calculated negative flow over parts of the transients

and so the calculation was arranged to preserve the sign of flow.
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The resulting transients are shown in Figure 16 together with the mea-
sured transient. In this case the timescale has been changed in order
to expand the more interesting part. The GRUYER (FRA) transient is
nearest in peak value although slightly earlier than that measured; the
ARIANNA (ITA) transient is of very similar shape to that measured but
slightly lower at the peak. The COMPARE (SPN) and both the Z0CO calcu-
lations (AUS, NLD) estimate much higher flow in the initial peak than
that measured, although the pressure difference transients, Figure 18,
are similar to or lower than that measured. It is understood that the
COMPARE (SPN) calculation was done for a flow pipe without orifice plate,
which would account for the high flow values in this case. Note that
the reverse flow pulse at 12 s derived here from the ZOCO (NLD) results,
must be incorrect in amplitude because the fluid comes from Compartment
B and not, as assumed here, from Compartment A.

6.3 Pressure Transients

Pressure transients from the various calculations are given on
Figure 17 together with the measured transients. 1In general the main
features of the measurements are reproduced but there are some differ-
ences.

The initial pressure peak for Compartment A at about 1.5 s is
generally well-distinguished although the actual value may be different.
The sharp drop following the peak is reproduced in all calculations
except Z0CO (NLD). In attempting to establish a relationship between
the value of the pressure peak over the first 2 to 3 s and the heat
transfer coefficient transients it is noted that ARIANNA (ITA), CLAPTRAP
(UK) and COBRA (USA), all giving good fit to the pressure peak, have
relatively high heat transfer coefficients in Compartment A and low
values in Compartment B in this period. Alternatively RELAP4 (JPN) and
Z0CO (NLD) also giving good pressure peak fit have low heat transfer
coefficient in Compartment A and high in Compartment B. The highest
pressure peak is given by COMPARE (SPN) which has middle values of heat
transfer coefficient in both compartments.

After the first 5 s the measured pressure transients for the two
compartments come close together and after 15 s there is virtually no

difference between them (Figure 18). This is reproduced by most of the

codes. CLAPTRAP (UK) also gives a small pressure difference at 5 s but
this increases considerably at 8 s and after. COMPARE (SPN) gives a

large pressure difference up to nearly 12 s. These effects are perhaps

due mainly to the heat transfer coefficients. Examination of the heat
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transfer coefficient transients (Figures 12 and 13) shows that CLAPTRAP
(UK) has a turndown in Compartment A at 8 s, and a rise in Compartment B
at 8.5 s, which coincides with the increase in the pressure difference
given by this code. 2Z0CO (NLD) has the lowest pressure after about 12 s
and also has the highest heat transfer coefficient in both compartments.

6.4 Temperature Transients

6.4.1 Compartment A

The measured temperature AT5, originally specified as indicating
Compartment A atmospheric temperature, is given on Figure 19 to compare
with the calculations. However this measurement indicates a short delay
of about 0.5 s before any temperature change and even dips slightly
before rising. The thermocouple making this measurement is placed near
to the intercompartment flow opening, so the delay indicates the time
for the incoming fluid to reach this opening. .The thermocouple measuring
bulk fluid temperature AH1E for the heat transfer transducer, indicates
the atmospheric condition at the top of the chamber. The transient from
this is shown on Figure 5 together with AT5. It rises immediately
without delay but the two temperatures are virtually identical after 2 s
until about 25 s where AHIE unexpectedly rises. As discussed in Section
5.2, this rise must be due to effects other than real atmospheric con-
ditions and cannot be taken as a correct measurement of bulk fluid
temperature. The implication therefore is that the atmospheric tempera-
ture is reasonably uniform after the first few seconds and that ATS5 then
provides a reasonable estimate of the average fluid temperature.

All the calculated Compartment A atmospheric temperatures shown on
Figure 19 rise quickly, more comparable with AH1E than with AT5. The
Z0CO (NLD) transient is high at the beginning but becomes close to the
measurement towards the end. COBRA (USA) is low at the beginning but
close at the end. ARIANNA (ITA) is probably closest to the measurement
overall. All the rest tend to be rather high after 12 s, the end of the
liquid blowdown period, although the pressures calculated by 2ZOCO (AUS),
RELAP4 (JPN) and CLAPTRAP (UK) are close to the measured pressures and
lower than the pressure derived from ARIANNA (ITA).

The wall temperature AT4 depends on the fluid temperature and on
the local value of heat transfer coefficient. Other wall temperature
transients measured, AT2 and AT3, are shown on Figure 6. These are
quite similar to AT4 although AT2 and AT3 are about 10°C below AT4 at 5
s. At 35 s they are all well within 4°C of each other.

The calculated wall temperature transients are given on Figure 20.
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Those from ARIANNA (ITA) and GRUYER (FRA) are generally closest to the
measurement AT4 over the first 10 s, although Z0CO (NLD) , CLAPTRAP (UK)
and COBRA (USA) are closest towards the end and are all generally close
to AT2 and AT3 over the whole transient.

6.4.2 Compartment B

The measurement taken as indicating the atmospheric temperature of
Compartment B is BT5 which is at the bottom of the compartment, remote
from the intercompartment flow tube outlet but in line with it. 1In a
preliminary experiment all the channels shown on Figure 3 for this
compartment were logged and BT5 indicated a rise in temperature of about
one third of the rise in BT3 which is nearer the flow pipe. None of the
wall temperatures changed by more than 2°C.

Results from the various calculations are shown on Figure 21 to-
gether with BT5. Generally the calculated transients are well below the
measurement between 2 and 12 s although Z0CO (NID) is higher initially.
Subsequently GRUYER (FRA) and ARIANNA (ITA) are slightly above the
measurement, which accords with the pressure transients which are also
above the measured pressure in this period. ZOCO (AUS), RELAP4 (JPN)
and CLAPTRAP (UK) predicted temperatures well below the measurement over
most of the transient but the other codes gave values near to or slightly‘
above that measured after about 15 s. 1In this chamber the measurement
might be expected to be rather higher than the calculated mean tempera-
tures in the first few seconds because it is in line with hot fluid
coming into the compartment and there is a large region in the compart-
ment into which this incoming fluid would be slow to penetrate.

6.5 Air Mass in Compartments

Compartment air content was not requested as an explicit parameter
in this problem but it was thought of interest to derive it from the
data given for air flow in the intercompartment flow channel, Figure 14.
The derived transients are given on Figure 22 for Compartment A and
generally fall to low values towards the end of the period except for
ARIANNA (ITA) and ZOCO (NLD) which tend to rise due to reverse flow.

The transient for Compartment B is not given since the change is
small because the initial air mass is about four times that of Compart-

ment A.

6.6 Water Distribution

An uncertain variable in the estimation of intercompartment flow is

the amount of liquid water carried over in the stream. In the CASP3

experiment the intercompartment flow outlet in Compartment A was shielded
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from the incoming blowdown flow by the deflector plate which would tend
to direct the flow onto the compartment walls. The inlet to the flow
outlet was designed so that the liquid pool collected on the partition
would stay there and not spill into Compartment B. The experimental
result indicated that only about 4% of the initial water inventory had
passed into Compartment B, including ligquid water and steam. Results
from participants are shown in the following table.

Final Water Content

Code Compartment Carxyover Comment
A(kg) B (kg)
20CO (AUS) 7.72 0.84 0.0 Water mass in-

cludes steam and
also original

vapour |
GRUYER (FRA) 7.54 0.01 Water + steam |
ARIANNA (ITA) 7.884 0.588 Liquid pools

only
RELAP4 (JPN)
Z0CO (NLD) 8.04 0.5 0.0 Water + steam
COMPARE (SPN) 7.1 1.13 0.0 In sumps §
CLAPTRAP (UK) 1.0 0.03 f
COBRA (USA) 8.28 0.34 0.0 ;
Measured 8.14 0.36 Estimated from

proportions of
8.25 kg of fluid |
collected, see
Section 5.4

In general the calculated results overestimate the flow of water
and/or steam into Compartment B. It is not clear whether all the water
carryover constants are defined in the same way. The lowest Compartment
B water content is given by COBRA (USA) which is the only one smaller
than that measured.

7. GENERAL COMMENTS

Some of the participants felt that CASP3 had been useful in
the development of their codes by providing a very different scale of
containment from previous CASPs and having steel rather than concrete
walls. An alternative view is that the vast disparity in scale between

CASP3 and a reactor containment makes the behaviour so different that




it nullifies the value of the cxercise. Judgement of these opinions is
an individual matter. Certainly the apparent simplicity of the experi-
ment is misleading. Although the containment structure is relatively
uncomplicated more severe demands are placed on the methods for esti-
mating condensation heat transfer coefficients than in previous CASPs.
It seems doubtful whether any participant would have predicted the shape
of the pressure transients satisfactorily in a 'blind' experiment, so
study of this problem will have stimulated new thought on the phenomena
involved. Where calculational methods have been derived which give
reasonable estimates for CASP3 as well as for large scale experiments,
it must lead to greater confidence in their ability to deal with new
situations.

It is suggested, however, that ability to predict the pressure
transients is not the only criterion for regarding a code as satisfac-
tory. The supporting transients, e.g. heat transfer coefficient and
temperatures, must also be reasonable and bear scrutiny in comparison
with general expectations of trends and values. In this regard, it may
well be productive for participants to re-examine their results and to
compare them with the other calculations as well as with the measure-
ments.

It is evident that even in a small scale rig very detailed measure-
ments need to be made over the various surfaces and volumes to derive
valid estimates of mean conditibns for comparison with point model
calculations. In some cases more sophisticated equipment is required to
measure the parameters, e.g. the components of the intercompartment
fluid flow. An experiment on the present scale might be regarded as an
extension of 'separate effects' experiments and in CASP3 the condensa-
tion heat transfer appears to be by far the most important parameter.
An apparently satisfactory measurement of the heat transfer coefficient
at one point has been made but a more extensive survey is needed to
complete the picture.

Some of the trends in the relationship between the predicted
pressure transients and the heat transfer coefficient given by the
different codes are unexpected and perhaps indicate that other inherent

features of the codes are more important than has been considered. The

situation is complex because the pressure transients are affected not
only by the heat transfer coefficient in the particular compartment but

also by that in the other compartment. Extra insight might be gained by

running one code using all the different heat transfer coefficient
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transients but with everything else identical, or to compare results

from the different codes with each code using an identical heat transfer

coefficient transient.
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area of flow orifice

discharge coefficient

Blowdown flow instantaneous power derived from W x h in

Table 5
Peak blowdown flow power

a coefficient

fraction of water flow

heat transfer coefficient
enthalpy

water thermal conductivity

mass of air in compartment

mass of steam in compartment
pressure

depth of pool

time

temperature

volume of compartment

specific volume

mass flow rate

steam quality

mole per cent non~condensable gas
Nusselt falling film condensation heat transfer

coefficent with no non-condensable compartment.
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TABLE 1: MAIN RIG COMPONENTS
Item Enclosed Surface Thickness® Material?
Volume Area
m’ m® mm
COMPARTMENT A°
Dished end 0.112 1.10 6.4 CSs
Cylinder (inc.ports) 0.257 1.24 6.4 Cs
Partition wall®’?® - 0.77 12 MS
Deflector (front only) - 0.041 2.4 MS
COMPARTMENT B®
Partition wall' - 0.66 12 MS
Cylinder (inc.ports) 1.33 5.97 6.4 Ccs
Dished end 0.108 1.07 6.4 cs
Supports“ - 2.47 6 MS
Support shelf - 0.57 21 Ccs
Flow pipe internal 0.00055 0.137 3.8 Galv'd Ms
external - 0.147
PRESSURE VESSEL 0.0136 0.57 8.5 SS.A182F-316
OUTFLOW PIPE 0.0008 0.04 1.6 Ss.TP316/321

Notes: 1. Thickness of region with most surface area (rounded off).
2. cCarbon steel AS.B58 (CS): mild steel (MS): stainless steel (SS).
3. Unless otherwise stated, all internal surfaces covered with zinc-
rich paint British Paints Zincanode 304 at nominal thickness
-6
75.10 m.
4. 2inc plated, not painted.
5. Includes flow pipe mount.
TABLE 2: MAT' . IAL PROPERTIES
. Density | Specific Heat | Thermal Conductivity | Temperature
Material kg m_ 3 J kg™t k7! Wm ! K} °C
Carbon steel’ 7860 486 51 100
Mild steell 7860 486 51 100
Stainless steel! | 7900 550 18.4 300
Zinc paint? 3260 430 11 -

Notes:

1.

Data taken from "Metals Reference Book",

C.J. Smithells

(Fifth Edition) for materials of nearest specification.

2.

Data estimated (see text).
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TABLE 3: TRANSDUCER DETAILS
Measurement Location Figure Description Manufacturer
Channel
AH1 Compartment A 3 Transient heat transfer AAEC
coefficient transducer.
Thermocouples, SS sheathed,
0.5 mm diameter.
AP1 Compartment A 3 Pressure transducer, strain | Bell & Howell
gauge
AT1/8 Compartment A 3 Thermocouple, SS sheathed -
1 mm diameter
BF1l Compartment B 3 Flowmeter, drag-disc Ramapo
BH1 Compartment B 3 Transient heat transfer AAEC
coefficient transducer
BP1l Compartment B 3 Pressure transducer, strain Bell & Howell
gauge
BT1/8 Compartment B 3 Thermocouple, SS sheathed -
1 mm diameter
PD1 Pressure 1 Differential pressure Rosemount
Vessel transducer
PF1l Outlet Pipe 1 Flowmeter, drag-disc Ramapo
PP1 Pressure 1 Pressure transducer, strain Bell & Howell
Vessel gauge
PP2 Outlet Pipe 1 Pressure transducer, strain Bell & Howell
gauge
PT1 Outlet Pipe 1 Thermocouple, SS sheathed -
1 mm diameter
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TABLE 4: INITIAL CONDITIONS

Item Value

Pressure vessel

Pressure 10.4 Mpa
Temperature in vessel 587 K
Water mass (total) 8.5 kg

Containment (both Compartments)

Pressure : 100 kPa
Wall temperature 16.3 C
Humidity 100%

Ambient conditions
Pressure 99.3 kPa

Temperature 16.5°C




TABLE 5: INFLOW QUANTITIES

Time Mass Flowrate Enthalpy

s kg s™! kJ.kg™?!

0. 0. 93.5
0.048 0.875 322
0.15 0.96 1000
0.55 0.833 1125
0.65 0.834 1134
0.82 0.895 1091
1.0 0.817 1169
1.3 0.829 1283
2.0 0.784 1351
3.0 0.747 1379
4.0 0.707 1373
6.0 0.638 1351
8.0 0.578 1334
10.0 0.520 1306
10.9 0.503 1290
11.7 0.488 1274
11.8 0.093 2170
12.5 0.104 2161
13.0 0.106 2153
18.0 0.040 2810
30.0 0.008 2913

43.0 0.0 2900
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Compartment B
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Figure 2. CONTAINMENT DIMENSIONS
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