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NOTICE

This report is based on work performed under the sponsorship of the
Swiss Federal Office of Energy. The information in this report has
been providei to the USNRC under the terms of the International
Code Assessment and Application Program (ICAP) between the United
States and Switzerland (Rusearch Participation and Technical
Exchange between the United States Nuclear Regulatory Commission
and the Swiss Federal Office of Energy in the field of reactor
safety research and development, May 1988), Switzerland has
consented to the publication of this report as a USNRC document in
order to allow the widest possible circulation among the reactor
safety community. Neither the United States Government nor
Switzerland or any agency thereof, or any of their employees, makes
any warranty, expressed or implied, or assumes any legal liability
of responsibility for any third party's use, or the results of such
use, or any information, apparatus, product or process disclosed
in this report, or represents that its use by such third party
would not infringe privately owned rights.
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2.28 Steam Flow and Carry-over Measurement System

The two-phase mixture which is expelled from the test section is separated into steam
and water. The steam flow is measured with a turbine flow meier in the steam exhaust
line, while the entrained water is collected in the carry-over tank.

‘alemg\»_w:a_t_ri separator and carry-over tank (Figure 7)
Directly above the upper end of (hie test section, there 1s a diverting plate which deflects
the steam-water mixture expelled from the test section into horizontal direction. Due
to the large cross sectional area of the steam separator, the steam moves slowly towards
the steam exhaust line. The water falls down to the bottom of the separator and flows

then into the carry-over tank in which the carry-over rate is measured.

Exhaust steam line{ Fignre 1)
After leaving the separator, the steam flows through a flow measuring system consisting

of

- an electrically heated tube to dry and superheat the steam for avoiding any con.
densation {item 12),

. a turbulence promoting plate for equalizing the temperature profile in the flow
(not shown),

- a How straightener to suppress any rotational compenent of the flow (not shown),
- a tap for pressure measurement,

. a turbine flow meter (item %),

- sensors to determine the steam temperature,

2.2.4  Regulation of the Test Pressure

The experiments should be run at a test section pressure as constant as possible, ins  »
of time dependent steam production doring the boil-offl phase. Therefore a regu
system is necessary. It consists of a Voball valve {(Figure 1, item 10) and a rezul,
unit, which actuates the valve in soch w way, that the desired pressure level -« kept
constant, The actual pressure signal is suppliod to the regalating unit from the steam
water separator chamber,

2.3 Water Loop

The water is bronght up to the required inlet or initial conditions (tempera.ure, pressure,
flow rate) in a closed water loap (fig 1) The following compoenents are available to obtain
the desired water conditions:
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o a water supply tank with an electric heater (item 4),
¢ a cooler (item 5),

¢ a pump (item 6),

a regulating valve (item 13),

a motor valve (item 14).

To avoid oxidation of the heater rods as much as possible and to avoid any deposition
on hot surfaces, demineralized water with very low oxygen content is used, This last
condition is obtained by boiling and degassing the water in the water supply tank at
atmospheric pressure.

2.4  Auxiliary Systems
2.4.1  Fresh steam Supply System

A steam boiler (fig.1, item 7) produces steam by boiling demineralized, oxygen free
water. Prior to heating-up the heater rods, steam is fed into the steam water separator:

e to purge the whole test circuit,

¢ to build up and maintain the desired test pressure.

2.4.2 Data Acquisition System

The data acquisition system .s the primary data collecting systemn and consist of a
HP-2100 computer and associaced equipment. The system can record 300 channels of
analog input data representing bundle and systern temperatures, bundle power, flows,
and absolute and differential pressures. Each data channel is recorded at least once
every 2 seconds. The digitized data are stored on magnetic tape. The data reduction
and processing is carried out at the computer center of EIR.

2.4.3 Nitrogen Supply System
Nitrogen is used:

- to adj 15t the pressure in the pressure vessel according to the pressure in the test
section, in erder to avoid an overloading of the housing,

- to maintain a slight overpressure in the main test loop during shut down. This is

a preventive action for keeping the oxygen content in the test section as low as
possible.

T —
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3  Experimental Procedure

This chapter is a summary of significant instroactions which were followed during exper.
iments 50005011,
In each experiment the following 3 parameters defined the test matrix:

o the test section pressure P
and the correspording saturation tempetature / P
¢ the initial temperature of the water in the T,

test section and corresponding saturation pressure  py s

¢ the heater-rod power.

In order to establish the desired initial test conditions, a series of operations were
conducted prior to the start of the experiinent. The main operating instructions are
described below:

1. 1-:2 Hours prior to the start of a boil-off experiment:
Degas the demineralized water in the water supply tank by boiling at atmospheric
pressure,
Circulate the water in the water loop and adjust the parameters 1o the desired
values:

(a) The pressure in the water supply tank to a value approrimately 0.5 bar higher
than pe ¢ by hoiling water at a small power rate and bleeding an appropriate
amount of vapour,

(b) the temperature ncar the test section inlet valve to T; by adjusting the flow-
rate (and therefore the heat losses in the piping system) to an appropriate
value.

(¢) Heat up the fresh steam generator to a temperature corresponding Lo a pros
sure of approximately & bars,

(d) Heat up the main components in the contact with steam by means of electric
strip heaters:

the steam-water separator,
the entrainment tank, 10 Teptip

the exhaunst steamline,
the superheater Lo 250 400 °C
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2. Purge all pressure transmission lines of the differential pressure measuring system

with cold, degassed water. Vent the differential pressure celle.

. &) Determine the calibration coefficients of the test section differential pressure

transducers by means of a two point method * assuming a linear characteristic,

b) Set the zero of the absolute pressure transducers at atmospheric pressure,

All other pressure transducers are calibrated prior to experiment 5000 only.

. Set the pressure control system to maintain a constant pressure po, s in the test

-

10.

section.,

Increase the test section temperature (housing, heater rods, guide tubes) to the
initial test wall temperature T, by feeding steam from the steam generator into
the gteam-water separator until the pressure in the test-section reaches py,, .

After reaching peace, purge the test section during a few minutes with a sinall
steam flow.

As soon as temperatures of the heater rod and housing have stabilized at T, :
fill the test section with water of temperature T, from the water loop. The test
section pressure is held consgtant by the pressure control system.

Set the pressure control system to maintain a constant pressure p in the test
section.

Increase the pressure in the test section 1o p by feeding again steam into the
steam-waler separator,

Maintain a continsous steam flow from the steam generator throngh the steam-
water separator and the exhaust steam line.

After reaching p purge the entrainment fank several times with steam to stabilize
the wall temperature at T, .

As soon as the wall temperatures have stabilized at T, ., increase the steam flow
to a value at which both the fresh steam torbine and the exhanst steam turhbine
are operating.

Switel, he data acquisition computer into the fast-scanning mody,

When all of the specified initial conditions are established, start the experiment
by applying the desired clectric power to the heater rods.

®eompletely flooded test sertion and emply test section
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for the experiments discussed in this report, Note that there is anly one active external
surface thermocouple on each of the five LOFT Aype rods, the other external surfuce
thermocouples are replaced by dummy elements.

Overlay plots of the thermocouple responses for many different therimocouples at
each axial elevation are contained in the appendices of reference 5 for each experiment.
These plots indicate that the readings of the external surface thermocouple is well within
the response spread of the internal thermocouples. In this report, as bounding cases,
experiments 5007 (base case) and 5011 corresponding to small and intermedinte break
LOCA decay heat levels, respectively, are discussed.

Overlay plots of the thetmocouple responses at level 4 corresponding to the maxi-
muimn linear heat generation position on the heaters are shown in figures 14 and 15 for
experiment numbers 5007 and 5011 respectively. Notice that a systematic lower temper-
ature is measured by the external sutface thermocouples. This temperature difference
can be taken as an estimate of the cooling effect of the external surface thermocouples
and is less than 20 K. Notice also in figures 14 and 15 that there is less than 510 =
difference in the initial dry-out times for all level 4 thermocouples, both embedded and
external.




6 Code Assessment

The NEPTUN boil-off experimental data were used for assessing the thermal hydraulic
transient computer codes TRAC BD1/MODT and RELAPS/MOD2. The assesstoent
culculations performed with T. ACHDMODT will be given in more detail in the
next subsections, During the eatly phate of the assessment of the RELAPS,/MOD2
code, some simulation and caleulational difficulties were encountered for boil off cases
eg. very large discrepancy in caleulating the amonnt of expelled water out of the
test section as shown in figure 16 (11, Purther calenlations were not performed with
RELAPS/MOD2, umtil the reasons for such discrepancies were identified. Two ather
attempts using RELAPA/ MODE ana RELAPS/ MOD1 were also not vety successful [13].
The RELAPA/MOD6 calculations could be performed until the onsel of nucleate botling
and as soon as vapor was produced, very large pressure spikes were observed, resulting in
time consuiming and costly calenlations, RELAPS /MOD1 which employes five equation
livbrid model calenlated about 100 seconds earlier critical heat flux cccurarce with
respect to RELAPS/MOD2 and the amount of expelled water out of test section was
even more over-predicted.

6.1  Assessment of the frozen version of TRAC-BDI1/NMODI
and problem areas

A number of NEPTUN boil-off experiments have been utilized for assessing the predict-
ing capabilities of the thermal hvdraulics transient analysis code TRACBD1, Origi-
nally, the experiments were analyzed with version 12 of TRAC-BD1 (3] and the problem
areas were identified '6,7). Subsequently, five of these experiments were re-analyvzed by
using a frozen version of the code (version 22 commonly known as MODI [K].

Since the models related to the dominant physical phenomena in these core uncavery
experiments are the same in both versions of the code and the problem areas identified
with MOD1 were almost the same with the ones of version 12, we shall concentrale on
the results obtained by employing TRAC-BD1/MOD1. For more details, the interested
reader is referred to & series of reports (6,7); here we shall outline our findings related 1o
the problem arcas as well as ihe model improvements alveady implemented in MODL,
One of these improvements is already included in the BF1 version of the code recently
relen ed.

Four boil-off experiments at 5 bar and one at 1 bar were analysed using the frozen
version of TRAC-BD1/MOD1 and experiments are separately summarnezed in Table 2. A
number of numerical problems have been revealed in the course of the analysis of these
expetiments with TRAC and have been extensive’  analysed and reported elsewhere
16,71 here, we shall restrict our attention on the problem arcas of the code related to
the nctun) physical modeling of the phenomena taking place,

lomparison of measured and caleulated collapsed liguid level (CLL) and peak axial
power level rad surface temperature histonies for the five experiments are shown in
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Figures 18 to 22. One can readily draw the following conclusions regarding the predicting
capabilities of the code:

(a) TRAC-BD1/MODI underpredicts the CLL histories and hence, predicts an earlier
CHF than the measurements show. Cleatly, the code overpredicts the amount of
water expelled from the test section. These differences are more pronounced for
the | bar experiment.

(b) Generally, TRAC BD1/MODI predicts an earlier CU'F thay the neasirements
shown; hence, the sudden expulsion of water from the test section is predicted to
oceur earlier [6,7]. Also, the predictod rod surface temperatures during nucleate
boiling are 8 15 K below the measured ones.

() 1t was noticed that after the rod power was turned off, the slopes of the predicted
and measured rod surface temperatures were different, indicating that the caleu.
lated hieat transfer coefficient in this region was overpredicted. This can be seen
in Fig. 20 for Exp. 5007, This was changed as ve shall discuss in due course; all
the boil-off runs to be reported in this report were made with the code version
incorporating this change,

6.2  Model lmprovements

Ax Figs. 18-22 show, the main problemof TRAC BDI is that it overpredicts the amount
of water expelled in the boil-off tests. The origin of this was traced back to the rather
high interfacial shear calculated by the interfacial friction correlation used for biuh.
bly /slug flow. This correlation although appropriate for tubes, has recently been shown
not to be suitable for rod bundles (9], The interfacial shear force per unit volume L
in TRAC-BD1 for the bubbly /slug flow regime i based o, the following vapor drift
velocity correlation

. ~feglp A ERA )

Starting from this expression, it can readily be shown [8,10) that

profl — o)t

/. o 1O~ Gl P (6y¥, ~ OV (2)
where @ is the surface tension, g the gravity constant,
‘ 1 el '
'y | {3
8

and (= 1.3, Based on the work of Bestion (8], we implemented in TRAC-BDI & new

bubbly slug f, correlation suitable for rod bundles: it is based on the following vapor
drift velocity correlation

P U e —

|
;
]
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’.{ h‘v i htulumvhr hr,lam (li)
1] hy < hoperhs = Byqe (12)

This was modified as follows (for @ » 0.099):

he - MAx{hvnrshv.hn} (13)

Comparison between measured and predicted peak axial power rod surface temperature
histories for Exp. 5006 are shown in Fig. 28a (standard MOD1) and 28b (modified as
above )

Based on the experience gained from TRAC BD1 modifications, the bubbly and slug
flow regime interfacial friction correlation used in CATHARE code for bundle geometries
was implemented into RELAPS/MOD2. As it can be seen from figures 16 and 17, the
results of the calculated entrained water and cladding surface temperature are very well
comparable with the experimental data of experiment 5007,

7 Conclusions

The NEPTUN experiments have provided thermal hydraulic data simulating nuclear
reactor core boil-ofl conditions at low pressure (1-3 bar). The data obtained from these
tests proved to be useful in assessing the modeling capability of available computer
codes.

Analysis of the experimental boil-off data indicate that:

® increasing core power resulted in more rapid boil-off and cladding heat-up, while
decreasing power resulted in the opposite trends, as expected

o the lower system pressures resulted in more rapid decrease of liquid Jevels and
faster rod dry-outs relative to the base case

o dry-out times of the internal and external surface thermacouples were within
10 seconds of each other at any axial elevation for all rods in the bundle. The
cladding external surface thermocouples measure the cladding tempetatures that
would have been measured in their absence within 0 to -20 K.

Analysis of a number of NEPTUN bail-off experiments and comparisons with TRAC-
BD1/MODI predictions showed that:

o the collapsed liguid leves history is underpredicted and consequently, CHF occurs
earlier than in the experiments. Cleatly, TRAC overpredicts the amount of water
expelled from the test section.




o Generelly, eatlier incipience of nucleate boiling s predicted; and recent inves
tigations indicate that differences between measured and predicted rod surface
temperatures during nucleate boiling con be due to the formation of an oxide
lnyer around the electrical heater rods.

o After the rod power was turned off, t wes of the predicted and measured rod
surface tomperatures were different, in ag that the calculated steamn cooling
heat transfer coeflicient was overpredicte,

To improve the prediction capability of TRAC BD1/MOD1 the following main modifi-
cations were introduced:

- o

o An alternative bubby /slug interfacial shear correlation, more aporopriate fur bua-
dles and used in the CATHARE code, is implemented in the code. As a result of
this change, the collapeed liquid level histories are correctly predicted by decreas.
ing the interfacial friction in this flow regime.

¢ The steam cooling heat transfer logic used in version 12 is re introduced in MODIT,
specifically to eliminate the differences during the steam cooling phasc wfter the
power was turned otl,
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[12] G. Th. Analytis, S.N. Aksan, F. Sierli, G. Yadigarogly, “Dynamics of Core Voiding
During Boil-Off Experiments”, ' Miami International Symposium on Multi-Phase
Transport and Pariiculate Phenomena, Miami Beach, Florida, USA (Decomber
1986)

[13] M. Andreani, “Brief Notes on the Simulation of the NEPTUN Boil- Off Experiment
5007 by means of the RELAP4/MODE and RELAP5 'MOD1 (cycle 25) Computer
Codes”, Letter to SN, Aksan, 24.11.1986
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Table 1: Summary of NEPTUN Boil Off Experiments

e
Bundle Peak
Experiment | Power Power
| Nuwber | (kW) | (kW/m) |
5000 246 0744 4.4
5001 46 0.744
5007 24 6 0.744
5004 44 0.7
mi0s 42.1 1.276
5006 42.1 1.276
5007 246 0,744
SU08 10.5 0.319
5008 42.1 1.276
S0 75.1 2276
5012 421 1.27G

Systemn
Pressure

[+,

-

o

dnital |

Conlam
Temperature

L re)

1o

100

10

124

121

114

iq0

140

149

142
steam

Titial
Subcoaling

K

o

32

32

12

12

12

K]
steam

Com  uis

Power was too bigh

for Ahe figst test: the
duta were nol evaluated
from this experiment

Repeat experiment at low
pressure

Hepeat experiment at low
pressure

Effects of changing rod
power and initial
coolant subcooling

Effects of changing tod
power and imtial
coolamt subcooling

Effects of chaning rod
power at high system
pressure

Effects of changing rod
pawer at kigh system
pressure

Effects of chaunging rod
power ol high system
pressure

Repeat of high-power,
high-pressure experiment
H006 with higher data-
scanning rate

"~ High power test

Adiabatic heat up test
and, lrom 345 to 470 s
flonding with Hooding
velacity of 15 cm /s and

coolant temperature of 74°C
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Figure 16: Water entrainment in NEPTUN boll-off experiment 5007, calculaved
by RELAPS/MOD2, with and without new correlation for the inter-
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power level rod surface temperature
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BBl for NEPTUN boil-off experiment 5008.
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