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Abstract

CIGARINI, Marco :
Evaluation of Forced Reflooding Experiments in APWR-Geometry (NEPTUN-III
Facility) using the Advanced Computer Code FLUT-FDWR

A new version of the GRS computer code FLUT, named FLUT-FDWR, was recently
developed in KfK in order to provide an adequate computational means for ana-
lysing the behaviour of the most important APWR designs during the reflooding
phase after a LOCA. The Code was checked by means of post-test calculations of
experiments in PWR as well as in a very tight APWR geometry. The present work
shows the resuits of calculations for a wider APWR geometry (NEPTUN-III Facility)
and can be seen as a further step in the code validation for APWR applications.

Zusammenfassung

CIGARINI, Marco :
Auswertung von Zwangsflutungsexperimente in FDWR-Geometrie (NEPTUN-III
- Anlage) durch das fortgeschrittene Rechenprogramm FLUT-FDWR

Eine neue Version des GRS-Rechenprogrammes FLUT, genannt FLUT-FDWR,
wurde neuerdings in KfK entwickelt, um eine geeignete Rechenmethode zur Ana-
lyse der Flutphase nach einem Kihimittelverluststérfall bei den wichtigsten
- FDWR-Entwirfen verfligbar zu machen. Das Programm wurde durch die Nachre-
chnung von Experimenten in DWR- und in einer sehr engen FDWR-Geometrie
Uberprift. Die vorliegende Arbeit zeigt die Ergebnisse von Rechnungen, die flr
_eine weitere FDWR-Geometrie (NEPTUN-HII Aniage) durchgefihrt wurden, und
stellt einen weiteren Schritt der Validierung des Programms fur FDWR-Anwen-

dungen dar.
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Nomenclature

dy
d

d;

AT,

fuel rod outer diameter (m)

hydraulic diameter (m)

average diameter of the water droplets in the zone of length L imme-
diately downstream of the quench front (m)

average diameter of the water droplets in the remaining part, beyond
the zone of length L, of the dispersed flow region (m)

axial length of the zone of dispersed flow film boiling immediately
downstream of the quench front where the average droplet diameter d,
is used (m)

length L for the reference experiment FLECHT 32114 (m)

pressure (Pa); pitch (m)

volumetric power density in the fluid at reflooding beginning (W/m?)
value of Q for the reference experiment FLECHT 32114 (W/m?)

power per fuel rod (W)

geometrical parameters for the calculation of the interfacial drag coef-
ficient between vapor and liquid water (m)

time at which the measure-level 4 is quenched (s)

cladding temperature at the middle plane at beginning of reflooding
(°C)

maximum cladding temperature during reflooding (°C).

flooding rate (m/s)

void fraction
cladding superheat at the beginning of the reflooding phase (°C)
value of AT for the reference experiment FLECHT 32114 (°C)




1. Introduction

In the concept of the Advanced Pressurized Water Reactor (APWR) with inproved
uranium utilisation, the main new feature is the introduction of a tight lattice core
in order to achieve a higher conversion ratio than in the conventional PWR. For
the determination of the optimum design in consideration of the safety require-
ments it is necessary to establish flexibly-applicabie and highly-accurate predic-
tive metho’ds for core thermal-hydraulic behaviour under accident conditions.

For the past few years much work is being made in this field at the Institut far
Neutronenphysik und Reaktortechnik of the Kernforschungszentrum-Karlsruhe.
The computer codes RELAP5/MOD1-EUR /1/ and FLUT (GRS-Garching) /2/ have
been implemented and further improved in this center. New correlations and
physical models based on both theoretical and experimental work on thermohy-
draulics in hexagonal rod bundels with tight lattice have been introduced in the
codes and the new developed versions RELAP5-APWR /3/ and FLUT-FDWR®
/4/ 15/ have been used to analyse the behaviour of three main reference designs
of APWR during an Anticipated Transient Without SCRAM (ATWS) and during a
Loss of Coolant Accident (LOCA).

The Code FLUT-FDWR, used for the analysis of the reflooding phase of the LOCA,
was verified by means of many post-test calculations of forced reflooding exper-
iments in PWR-geometry as well as in a very tight APWR-geometry (FLORESTAN
experiment /6/).

In this work the validation of the code is extended to the post-test calculation of 7
tests performed in a wider APWR lattice in the NEPTUN facility. A complete com-
parison of the results of the calculations with the experiment was not possible as

only partial data have been published till now /7//8/.

A pretest calculation for a furtner NEPTUN-test, which was characterized by a very

low flooding rate /9/, was also performed.

1 FDWR = Fortgeschrittener Druckwasserreaktor = Advanced Pressurized Water

Reactor.




2. The Computer Code FLUT-FDWR

A few years ago the version No. 5 of the computer code FLUT, developed by the -

GRS-Garching /2/ for the calculation of the reflooding phase after a-LOCA in a
PWR-plant of German design, was implemented on the IBM 3090/SIEMENS 7890
computer configuration of the Kernforschungszentrum Karlsruhe.

The hydrodynamic model in FLUT is a two-fluid model with six conservation
equations for mass, momentum and energy. The interaction between the phases
is modelled by a very simple set of constitutive equations for mass transfer rate,
interfacial drag and interfacial heat transfer, which fulfil basic requirements as
symmetry of phases, increase of phase interaction with growing deviation from
equilibrium and correct behaviour of the disappearing phase (interaction terms
gradually decrease as one phase is disappearing), while the dependence on the
flow regime appears only indirectly /10/. This proved to be an advantage for the
calculations in APWR-Geometry. As a matter of fact most of the presently used
flow maps are based on experim.ental evidences for pipes or for bundles in normal
PWR geometry. Their previsions in case of a different geometry may fail com-
pletely. The pretest calculations of the first forced reflooding experiment in a very
tight APWR Geometry with different codes proved this fact /6/. On the other hand
the simpler formulation of the FLUT code assures a wider generality and can bet-
ter cope with this new geometrical configurations /11/. The one dimensional heat
conduction model of the code is able to simulate plates and hollow or full cylin-
ders. Each heat conductor can have up to three material zones separated by gaps.
Heat generation can be considered in material zones. Suitable heat transfer cor-
relations depending on-the flow regime connect the fluid and the heat conductor
model. The positions of the lower and upper quench-front for each. fuel rod is cal-
culated explicitly by means of analitical correlations for the quench front velocity
/12/ /13/. This compensates partly the lack of the axial conduction in the one
dimensional heat conductor model. ‘

For the simulation of a reactor primary system, a network of one dimensional flow
elements (pipes) and special plenum cells (lumps) is applied. The reactor core
may comprise parallel cells with fuel rods of different power connected to each
flow channel. For the primary coclant pumps,; a centrifugal pump model is avail-
able. The temperatures of the secondary side of the steam generator tubes and
the injected mass flow rates of the ECCS must be given by input data.

The new version FLUT-FDWR contains some new correlations and physical mod-
els which improved its prevision capability /4/.
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The criterion of Hsu and Young for the onset of the quench-front /14/ was intro-
duced in order to avoid a too early quenching of the rod cladding from above.
This criterion allows the beginning of the rewettig process only when the void
fraction a is less then 0.95 and the cladding temperature T, is lower then 540°C
and gave satisfactory results when applied in some cases in PWR geometry /15/.

A new droplet model for the zone immediately downstream the lower quench-front
improved the calculation of the precooling effect in the cases in which the
quenchihg of the cladding takes place at a high void fraction (@ = 0.8 at the
quench-front). Figure 1 on page 13 shows the flow patterns of the two extreme
reflooding situations: flow pattern A occurs usually for high flooding rates (more
then 4 cm/s) while flow pattern B is typical of low flooding rates /16/. The estab-
lishment of one or the other of these flow patterns is also affected by the inlet
subcooling of the flooding water and by the volumetric power density in the bun-
dle: lower inlet subcooling and high power density support the pattern B. In an
APWR core, where the power density is higher than in a PWR, pattern B may

become of major importance.

The original package of heat transfer correlations of the FLUT code is based on a
flow pattern of type A and underestimates the precooling of the cladding before
quenching in case of pattern B, where the zone of the dispersed flow film boiling
begins directly above the quench-front. A very important parameter in this flow
regime is the average droplet diameter used to calculate the heat transfer coeffi-
cient and the interfacial area between vapour and water droplets. In the original
version of FLUT this parameter was set to a unique constant value. Basing on a
study of R. Lee about droplet generation at the quench-front and their subsequent
evolution /17/, a simplified model was implemented in FLUT-FDWR. Here the
region of dispersed flow is divided: into two subregions (see Figure 1 on page
13):

a zone of length L, immediately downstream the quench-front, in which the
calculation uses a value d,=0.127 mm for the droplet average diameter,
accounting for the presence in this subregion of two kinds of droplets gener-

ated below (in the zone of transition boiling) by the bursting of bubbles;

the remaining part of the dispersed flow region, in which the value d, =2 mm
is used as in the original version of the program (in this zone only the bigger
droplets survive, as the smaller ones evaporate completely within the first

zone of length L).
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For the length of the zone in which the diameter d, is used a reference value

Lp=0.2 m was determined by means of optimisation calculations of the exper-

iment FLECHT No. 32114. For the other cases L was calculated by means of a

simplified energy balance. Supposing that the zone of influence of the small dro-

plets depends linearly on the volumetric power density on the fluid Q and on the
~initial cladding superheat AT, referring to the value Lo we obtain:

L = Ly(Qp/Q) (ATo/AT)

where the values with index 0 refer to FLECHT exp. No. 32114 /5/. This simplifi-
cation gave good results in the calculation of many experiments in PWR and
APWR geometry /4/and was used also in the present work.

For the calculation of the friction factors, new relations for a properly evaluation
in APWR core channels were introduced in FLUT-FDWR /4/.

The dependence of the interfacial drag-coefficient on the channel geometry may
be accounted for in FLUT-FDWR by giving different values of the parameters R,
and R, of the relation of Oseen /18/ in the different component of é system.
According to the results of parametric calculations of many reflooding exper-
iments and to the experiences of other authors, we established the following ref-

erence values in a previous work /4/:
R, = R, = 0.70 m for avery tight APWR rod lattice (p/d=1.06, d, =2.6 mm)
R, = R, = 0.25 m for a PWR geometry (square rod lattice with d), = 12.0 mm)

R, = R, = 0.10 m for pipes.

3. The Reflooding Experiments in the NEPTUN-1lI Facility

The NEPTUN-III Facility consists of 37 electrically heated 10.7-mm-diameter rods
(Figure 2 on page 14) arranged in a triangular lattice with a pitch-to-diameter
(p/d) ratio of 1.13 (Figure 3 on page 15). Each rod is 1940 mm in total Iength, of
which 1680 mm is heated with a cosine-shaped power distribution (Figure 4 on
page 15). Clad surface temperatures are measured at various elevations as indi-

cated in Figure 3 on page 15 by level numbers. The test conditions taken from
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1/ and /9/ are listed in Table 1 on page 5. All the tests were performed with
constant flooding rate and rod-power.

Test No. Q (kW) T (°C) vgy(cmis) p (bar) ATsub(°C)
APWRH1 2.45 757 10 4. 80
APWR2 1.9 757 4.5 41 80
APWR3 1.19 597 4.5 4. 80
APWR4 119 477 45 - 44 80
APWRS5 2.45 597 4.5 4.4 80
APWR6 1.19 757 10 4. 80
APWR? 1.19 . 757 15 4. 80
APWRS 119 597 2.5 4. 80

Table 1. Main Forced Reflooding Test Data: The data for the first 7 tests are taken
from /7/. The 8th test was object of a pre-test calculation and the corre-

sponding data are taken from /9/.

4. Nodalisation and Calculation Option

Figure 5 on page 16 shows the nodalisation used for the calculations. The test
section was simulated by means of an 8-cell pipe connected to a group of 43
conductors representing the 37 rods-bundle. The lower and upper plena of the
facility are simulated by 2 lumps. The injection of the reflooding water takes place
in the lump-cell L1 (lower plenum) while the upper plenum L2 is imposed a con-
dition of constant pressure. The first cell of the pipe has a iength of 200 mm and
Is connected with a single conductor simulating the cold end of the rod-bundle.
Each one of the other seven 240 mm long cells is coupled with 6 conductor seg-

ments simulating the heated part of the rods.

The radial discretisation of the conductor segments was a problem for these cal-
culations. As mentioned in Chapter 2 the conduction model of the FLUT-Code can
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account for a maximum of three different material zones per segment, separated
by gaps. The complicated radial geometry of the NEPTUN fuel rod (see Figure 2
on page 14) cannot be represented precisely using this model. Beginning from the
center, the first material zone must be used for representing the kanthal-heater
- and the third one for the simulation of the inconel-cladding. The remaining sec-
ond zone must then comprehend the boron insulation and other four layers
respectively of inconel, .cupper, inconel and aluminium-oxide. For this zone a
pseudo-material was used, whose physical properties were obtained averaging
the properties of the real materials taken from Ref. /9/. The density and heat
capacity values were averaged on the volume and mass of the corresponding
material respectively. For the heat conductivity a logarithmic average on the lay-
ers-diameter was used, taking into account also the thermal resistence of the
contact surfaces between different materials.

This method had already been used by the author with satisfactory results /19/.

All the calculations were performed using the droplet model shortly described in
Chapter 2. For the droplet diameters d; and d, the standard values mentioned
above were adopted in all cases. For the length L the equation of Chapter 2 gave
results greater then the limit value 0.2 m in all the cases with lower power. Here
the limit value was used in the calculations. For the two tests with higher rod
power, APWR1 and APWRS5 in Tab. 1, values of 0.1273 m and 0.1723 m respec-
tively were calculated.

The geometric parameters for the interfacial drag coefficient were determined for
the NEPTUN-I1II - test scection by means of a linear interpolation on the hydraulic
diameter of the values for the PWR and for the APWR case given above. Having
a hydraulic diameter of 4.177 mm we obtain for R, and R, a value of 0.62 m.

For the wall friction factors the correlation of Cheng and Todreas for the laminar
flow and that of Koo-Drew-Mc Adams with the correction factor of Baxi-Dalle

Donne for turbulent flow were chosen /5/.

The pressure loss due to the grid spacers was taken into account by means of
. constant form loss coefficients given as input.




5. Results

Table 2 shows the main results of the calculations. For the first 7 tests the calcu-

lated quench-time of the 4th|evel is compared with the measured value taken from

/1] and we can notice a good agreement.

Test No. tys (S) tye (s) collapsed Tmax (°C) Turn
(meas- (calcu- liquid (calcu- around
ured) lated) level(m) lated) time (s)
(calcu- (calcu-
lated) lated)
APWR1 109 23 0.88 812 44
APWR2 109-114 112 1.06 769 54
APWR3 82-86 92 1.06 618 55
APWR4 55-61 69 1.03 499 17
APWRS5 142-148 141 0.81 714 73
APWR®6 84 77 114 766 31
APWR7 62 65 114 766 25
APWRS - 127 0.89 666 76
Table 2. Main Results of Calculations.: The collapsed liquid level reported in this

table is calculated at the time at which level 4 is quenched (see {, calcu-
lated). The measured quench time for the fourth level is also given for

comparison.

A more complete comparison of the computed and measured quench-front prog-

ression can be seen in Figure 6 on page 16 to Figure 12 on p'age 19. Satisfactory

results were obtained in all cases for the lower quench-front, while for the upper

quench-front a too high velocity was computed, especially for the tests with a high
flooding rate (APWR1, APWR6 and APWR7). For the test No. 1, for which no upper
~quench-front was detected during the experiment, a second calculation was per-

formed in which the upper quench-front velocity was set to zero. In Figure 6 on
page 16 this is labelled as ‘Calculation NQ’. The figure shows that even without a
quench-front from the top, the upper part of the rod is rewetted too early, as a too
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high velocity of the lower quench-front is calculated for it. For the test No. 1 we
can compare with the experimental data from /7/also the cladding temperatures
computed for the mesurement levels 3, 4 and 5 (see Figure 3 on page 15).
Figure 13 on page 20 (cladding temperature at level 3) shows a good agreement
of both calculations with the experiment. At the 4th level ( Figure 14 on page 20)
the quench-temperature (temperature at which the quenching phenomenon
begins) and the quench-time are still good evaluated in the calculations, but the
overall trend differs from the measurement. In Figure 15 on page 21 (Sth level) the
curve calculated with the standard options of FLUT-FDWR differs considerably
from the measured values. The quench temperature corresponds to the measured
one, but rewetting takes place 47 s before then in the experiment, because of the
upper quench-front calculated by the code (see also Figure 6 on page 16). In the
calculation NQ, where the upper quench-front was eliminated, the results are bet-
ter, but the rewetting of the sth level takes place still 18 s too early, because of the
too high velocity of the lower quench-front (see Figure 6 on page 16). The tem-
perature trend shows another peculiarity of the FLUT-calculations. The computed
curves at all three levels have small oscillations with no correspondence in the
measurements. They are due to the strong oscillations of the fluid-temperature
(see Figure 16 on page 21). This problem is present also in all the other calcu-
lations reported here (see Figure 17 on page 22 to Figure 22 on page 242 ) and
was already noticed also in previous calculations /19/. Due to the lack of axial
conduction the position of the quench-front must be determined by means of a
quench-velocity model. As the quench-front advances from one segment to
another the heat flux from cladding to liquid reaches peak values. This produces
a strong oscillating evaporation rate in the fluid cell containing the quench-front
and consequently the oscillations of the vapour temperature in the zone above.
The frequency of these oscillations depends directly on the discretisation of the

heater rod and of the flow-channel.

Fot the test No. 8 no experimental data are yet available for comparison. In
Figure 23 on page 25 to Figure 27 on page 27 the main results of the standard
FLUT-FDWR calculation, named calculation 1 (see the nodalisation description
and calculation options described in Chapter 4), are compared with a second cal-
culation for which a finer discretisation of the fluid channel was used. The first cell

of the flow channel (see Figure 5 on page 16) and the corresponding heater

2 For the experiments No. 2 to 7 no experimental data about cladding temperatures
were available and only the computed cladding and vapour temperatures at the 4th

level are reported in the figures.
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segment (cold end of the heater rod) were divided into two parts. Every other cell
was divided into three parts leaving the heater segments unchanged, so that in
the new nodalisation every cell of the heated part is connected with only two
heater segments instead of six as in the first one. Altogether the new nodalisation
comprehends 23 fluid cells and 44 heater segments.

In Figure 23 on page 25 the lower quench-front of the second calculation
- advances slightly quicker than in the first one (standard case), due to a higher

collapsed liquid level (seé Figure 24 on page 25). Owing to the finer discretisation
- of the fluid cells, the progression of the collapsed liquid level is more regular in
calculation 2 and the carry over becomes smaller (see Figure 25 on page 26). On
the other, hand the parameters R, and R, for the calculation of the interfacial drag
coefficient had been optimized for a coarser mesh /19/ and are probably too high
for the finer discretisation. Anyway the calculated maximum cladding temper-
atures for the 4th level are aimost equal in the two cases (see Figure 26 on page
26 and Figure 27 on page 27), though the general trend is much more regular in

the second calculation.

6. Conclusions

The limited comparison of the results of the calculations with the experimental
data confirms the capability of the program to satisfactory compute the advance-
ment of the lower quench front in an APWR bundle. On the other hand, most cal-
culations show a too quick progression of the upper quench front.

The oscillating trend of the computed vapour and cladding temperatures for all
tests points out the need of further improvements in the calculation of the heat
- transfer form cladding to fluid in the cell containing the quench front.

The differences in the results of the two pretest calculations performed for the test
No. 8 show the importance of the nodalisation effect for the determination of the

values of the empirical parameters used by the code.
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Geometry of the NEPTUN heater rod: Dimensions are in millimetres.
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Figure 3. NEPTUN bundle: Dimensions are in millimetres.
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Figure 4. Axial power distribution of heater rods.
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Components of the Nodalisation:

1 Pipe (B fluid cells)
2 Lumps (L1 ond L2)

43 Hedt conductors

FLUT-Nodalisation of the NEPTUN-Test section.
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Figure 8. Test Nr. 3 - Quench-front propagation.
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Figure 12. Test Nr. 7 - Quench-front propagation.
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Figure 13. Test Nr. 1 - Cladding temperatures at level 3.
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Figure 14. Test Nr. 1 - Cladding temperatures at level 4.
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Figure 15. Test Nr. 1 - Cladding temperatures at level 5.
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Figure 16. Test Nr. 1 - Cladding and vapour temperatures at level 4.
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Figure 17. Test Nr. 2 - Cladding and vapour temperatures at level 4.
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Figure 18. Test Nr. 3 - Cladding and vapour temperatures at level 4.
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Figure 19. Test Nr. 4 - Cladding and vapour temperatures at level 4.
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Figure 20. Test Nr. 5 - Cladding and vapour temperatures at level 4.
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Figure 21. Test Nr. 6 - Cladding and vapour temperatures at level 4.
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Figure 22, Test Nr. 7 - Cladding and vapour temperatures at level 4.
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Figure 23. Test Nr. 8 - Quench-front propagation: Pre-test calculations.
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Figure 24. Test Nr. 8 - Collapsed liquid level:
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Figure 25. Test Nr. 8 - Carry over: Pre-test calculations.
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Figure 26. Test Nr. 8 - Cladding and vapour temperatures at level 4 (1).
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Figure 27. Test Nr. 8 - Cladding and vapour temperatures at level 4 (2).




