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NOTICE

This report is based on work performed under the sponsorship of the
Swiss Federal Office of Enerqgy. The information in this report has
been provided to the USNRC under the terms of the International
Code Assessment and Application Program (ICAP) between the United
Etates and Switzerland (Research Participation and Technical
Exchange between the United States ! clear Regulatory Commission
and the Swiss Federal Office of Energy in the field of reactor
safety research and development, May 1985). rwitzerland 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 assumee 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 svzh third party
would not infringe privately owned rights.




Abstract

Seven NEPTUN reflooding experiments with varying parameters flooding rate, single
rod power, pressure and initial rod temperatures were simulated with the code RE-
LAPS/MOD2, version 36,02, to assess the code, especially its reflood model. These
calevtations were performed with the specific objectives of evaluating the general pre-
diction capability as well as specific problem areas of the RELAPS/Mod2 code in
modelling boil-off and reflood behavior,

First a study of the effect of the hydraulic and conduction nodalization to the results
of the code was performed using a .igh and a low flooding rate experiment. After the
choice of a proper nodalization, base case calculations were done for all seven NEP-
TUN reflooding tests. The differences between code predictions and experiments are
described and analysed. Implementing new correlations into the code and modifying or
correcting existing correlations, for exampie for wall heat transfer or interphase friction,
some of the weak points of the code during reflooding could be identified.

These modifications were checked with all seven NEPTUN experiments. Additionally,
two FLECHT-SEASET tests were simulated with the frozen version and also with the
modifications mentioned a* ove.
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1 Introduction

The best estimate thermalhydraulic transient computer code RELAPS/MOD2 was used
at Paul Scherrer Institute (P81, formerly EIR) for assessment calculations of NEPTUN

boil-off and reflooding experiments.

NEPTUN is a half length, electrically heated 37 rod bundle facility (33 heater rods
and 4 guide twbes) for core boil-off and forced bottom refloodiny experiments. In this
facility 40 reflonding experiments were performed during 1981-1983. Seven of them
were chosen for assessment calculations with RELAPS/MOD2.

This report summarizes the work which was done at PSI using RELAPS/MOD2 code
with respect to NEFTUN reflooding experiments. These assessment calculations are
part of the contributions of the PSI to the “International Code Assessmert and Appli-
cation Program™ (1CAP), of the US. Nuclear Regulatory Commission (NRC).

This assessment work was performed in the following order. First, hydraulic and con-
duction nodalization studies were done with a high and a low flooding rate experiment.
After the nodalization was chosen, all seven experiments were calculated witn the frozen
version of the code. The differences between calculations and experiments were ana-
lyzed and described. It was tried 10 find the reasons for these differences and if possible,
1o eliminate them by modifying correlations in the code or by implementing better cor-
relations. In this way, a modified version of RELAPS/MOD2, especially tested for
reflooding, was created. With this modified version, all seven NEPTUN reflooding ex-
periments were calculated again. As a final test, two FLECHT-SEASET experiments
were simulated with the frozen and the modified version of RELAPS/MOD2.

The contents of the report follows the same order as described above, In chapter two,
a wescription of the NEPTUN test facility and of the seven NEPTUN reflooding tests
used for this work are given. In chapter three, the used code version is described
and the evaluation of a proper nodalization for the NEPTUN test section is reported.
In chapter four the base case results of all seven NEPTUN reflood experiments are
given. Chapter five describes model improvements to the code which were found as
a real improvement in the NEPTUN reflooding experiments. Chapter six gives the
comparison of the frozen version and the modified version of RELAPS/MOD?2 calcu-
lations for two FLECHT-SEASET expetiments. Chapter seven contains a discussion
of the results of the calculations with the frozen and the mndified v “sion of the code
for the seven NEPTUN and the two FLECHT-SEASET tests. Run statistics of ihe
two NEPTUN experiments with highest and lowest flooding rate are given in chapter
eight. Finally, in chapter nine, the main conclusions of this work are summarized and
reco imendations are made. In the appendices, one finds a sample input deck of one
NEPTUN experiment, the updates to create the modified version of RELAPS/MOD2
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Table 1: Test parameters of the seven used NEPTUN refloading

experiments
Exp.Nr. | Pressure Flooding water Single rod power | Maximum initial
(bar) | Velocity Subcooling (kW) cladd, temp.

(cm/s) (°C) °C)
5036 4.1 1.5 11 2,45 757
5052 - 2.5 78 - 867
5051 B a5 - - "
5028 - 10. " N 757
5050 N 13, N a 867
5049 1.0 2.5 . o "
5056 4.1 2.5 - 4.19 »

P —




Table 2: Measurement errors and scatiering of the data during NEPTUN
refiooding tests.

Quantity

" Probable error

Largest scattering min. 10 max, of the data

Flooding water mass flow
Flooding water temperature
Test section pressure

Rod power

Collapsed water leve)

Void fractions

Rod cladding iemperatures between all
rods without external thermocouples

Quench times between all rods without
external thermocouples at measurement
levels 4 and §

+53%

& 08 *C
4+ 0.02 bar
+18%

+ 4 com

+ 0.04

& 9%

+ 1.2

0,42 bar during exp. S050

48°C during exp. 5050
90°C during exp. 5036

2.5s during exp. 5050
14.2s during exp. 5036
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Table 3: Differences of the data between NEPTUN reflooding tests and repetition

experiments

Quantity

Largest scaitering between original and repetition 1est

Rod cladding temperaturs
at representative rod

Quench time of representative rod
at measurement levels 4 and §

Water entrainment

20°C between exp. S050 and repotition experiment
90°C botween exp. 5036 and repetition experiment

4.2s botween exp. 5050 and repetition experiment
9.2s between exp. 5036 and repetition experiment

Identical during experiments with 4.5 - 15 cm/s
flooding velocity

5 % higher in repetition experiment during experiments
with 2.5 cm/s flooding velocity

33 % higher in repetition experiment during experiment
with 1.5 em/s flooding velocity




3 Code and Model Description

31 Code description

I'he code used for this work was RELAPS/MOD2, Cycle 36.02 (Frozen version), with
no further updates. This code was used for the nodalization study and the base case
calculations. Durning the course of this work, modifications were made to the code
which will be explained in due course. The details of the models can be seen in the
code manual [2),

3.2 Model description and study of the effect of the nodalization

The model used o describe the NEPTUN 1est section was very simple (Figure 6).
A pipe component representing the test section fluid volumes is connected to a time
dependent volume at the botiom by a time dependent junction. The upper plenum is a
time dependent volume with constant pressure, connected to the upper end of the pipe
by a single junction, Guide tubes und housing were neglected in the calculation, but
their effect on the flooding behaviour of the NEPTUN bundle is very small. Comparison
of an experiment with heated guide tubes and heated housing to an experiment without
heating of these components leads to this conclusion as indicated in reference (3.

Before choosing a final model, the effect of different nodalizztions to the results of
RELAPS/MOD?2 was investigated for two experiments, 5050 with the highest and 5036
with the lowest flooding rate. Of interest was the influence of the number of hydraulic
volumes chosen and the effect of the number of fine me. b conduction nodes selected
in the heat conduction elements,

The different nodalization were selected and tested using 10, 18 and 32 volumes for
the bundle (Figure 6) by fixing the number of fine mesh nodes in the heat conduction
clements. In the high flooding rate experiment the effect of the nodalization on the
cladding temperatures is small (Figure 7). Higher number of volumes results in higher
wall heat transfer and earlier quenching.

In the low flooding rate experiment as it can be seen from Figure 8, the effect of
the nodalizaton to the results of RELAPS/MOD2 is not systematic. At axial level
4, nodalizations with 18 and 32 volumes give similar results and nodalization with
10 volumes gives the worst wall heat wransfer and later quenching. At axial level
5,32 volumes gives the worst heat transfer, highest cladding temperatures and latest
quench. The main reason for this deviation could not be identified. Though, in this
calculation, there are large differences between measurements and code predictions;
hence, unsystematic effects have to be expected. The same nodalization study was
performe with a modified version EIR-update 75 of RELAPS/MOD2, which gives
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better results for this experiment EIR-update 75 is very similar 1o EIR-update
which will be documented in section ). With this modified version, the results are
much more systematic (Figure 9). The code calculates lowest cladding iemperatures at
least before quenching and earliest quench w1 32 volumes than with 10 volumes.

All the calculations to be presented latter in this report were performed by selecting the
nodalization with 18 volumes as the basis,

Calculations by fixing the nodalization and varying the number of fine mesh nodes in the
heat conduction elements were also performed. In Figure 10 the result for experiment
S050 at measurement level 4 can be seen with 16 and 64 fine mesh nodes per heat slab.
The number of fine mesh nodes does not have an influence on precursory cooling wall
heat transfer, but it has an effect on the quench temperature and thus on the quench
time.

Based on the nodalization studies described above, it was decided to use 16 fine mesh
points per heat slab for further calcu'ations.

4 Base Case Results

Using the nodalization scheme mentioned above, base case calculations were performed
for all seven NEPTUN reflooding experiments. The results can be seen in Figures 11a-
26a. They will be summarized for the different flooding rate groups:

a) At high flooding rates the code overpredicts the wall heat transfer coefficient dur-
ing film boiling (Figures 11a, 12a). Therefore, the rod cladding temperatures
decrease too fast before the quench. The quench temperatures are predicted 130-
170 K lower than in the experiment and thus quenching occurs latter than 13 the
measurements,

b) At medium flooding rates, the same behaviour can be observed as in the high
flooding rate cases: the overprediction of the wall heat transfer during film boil-
ing (Figure 13a) and the quench t:mperatures are 90-150K lower than in the
measurements.

¢) In the luw flooding rate experiments the first phase of steam cooling is well pre-
dicted by the code; calculated and measured surface temperatures agree well until
the measured turnaround temperature point (fig. 14a-17a). Though, during dis-
persed film boiling and film boiling, the calculated wall heat transfer is much
lower than in the experiment and hence, the turnaround points are calculated at
higher temperatures and turnaround-times occur later. Calculated and experimen-
tal temperatures differ by as much as 300 K before the quench, The quench-times
deviate within a factor of 2 from the measured ones.
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above have almost disuppeared with this last change.

The summary of all the updates performed in RELAPS/MOD2 at PS! is given in fig-
ure 4%, With the version EIR-update X3 the seven NEPTUN reflood experiments were
re-calculated. The results of the rod cladding temperatures, collansed liquid levels, lig-
uid carry over and some vaid fractions can be seen in Figures 11b-26b, compared with
the caleulation with the frozen version (Figures 1la-26a).

The modified version of RELAPS/MOD2 gives significantly better results for all seven
NEDPTUN reflooding experiments. In particular, the low floading rate experiments were
much beter predicted by the modified version.

6 Calculations of two FLECHT-SEASET reflooding ex-
periments vsing the frozen and the moedified versions
of RELAPS/MOD?2

6.1 The two FLECHT-SEASET tests used for calculations and the
used nodalization

Results of code calculations can be dependent on geometries and facilities. As u test,
in order to assess if the maodifications introduced in the last chapter were also resulting
in improved predictions for experiments it other facilities, two FLECHT-SEASKT (ests
[ (O] were caleulated with the frozen and the modified version of RELAPS/MOD2. The
test parameters of these two tests are given in Table 4. "Test no. 34006 15 » low flooding
rate experiment, while test no. 31701 15 « high flooding rate test.

The input deck for test 31701 was recieved from EG&G, Idabo. Tlie FLECHT ies:
section s simulated by a pipe of 20 volumes of the same length. Upper and lover
plenum arg simulated by a time dependent volume, sinilar to the NEPTUN nodalization
(Figure 6).

6.2 Results with frozen and modified versions of RELAPS/MOD2

The wo FLECHT reflooding experiments were calculated with the frozen and the mod-
ified versions of RELAPS/MOD2. The results can be seen in Figares 49-55,

In the high fooding rate experiment, the results of the frozen and the modified versions
are both very good (Tigure 49). No large differences can be secn betwee  the two
versions with respeci to rod ciadding temperatures. The deviations of the calculaticns
from the experiment are very small. The water in the bundie and the water entrainment
are almest identical with both versions; the mass in the bundle is underpredicted, while
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Bromley heat transfer coefficient up to void fractions of 0.91, as in the frozen version
of RELAPS/MOD?2 is questionable. The prefactor of 0.2 in the Forslund-Rohsentw
correlation, which was set to 0.4 ia this work, could be increased even more, It was
tried with 0.75 for example by using only the Forslund-Rohsenow correlation to very
low void fractions (which is also questionable), instead of using the Modified Bromley
correlution, with good results for the NEPTUN experiments. An important fact is, that
with the Forslund-Rohsenow correlation and the modification in the selection logic one
obtains guite a smooth and well predicted transition from steam cooling to dispersed
film boiling and film boiling, because this formula contains a void fraction dependence,
which goes 1o zero when the void froction goes to 1.0. Additionally, the turaaround
temperatures and times were very well predicted in the NEPTUN low flooding rate
experimen: 5036,

It is very interesting that the spikes in the steam  ocities in the test section caleu-
lated by the code disappeared, and the oscillation  these velocities were suppressed
after implementing the Forslund-Rohsenow corretuaon into the code ard modifying the
interpolation between Bromley and Forslund- Rosenow for high void fractionn, This
effect was very significant both in the calculations of NEPTUN and of FLECHT.

For the high flooding rate NEPTUN tests, the “modified” Bromley correlation is se-
lected for the Post-Dry out heat transfer; though, tais correlation is somewhat madified
and differs from its original foom, and is multiplied by an unjustified void-depended
factor, which results in over-prediction of the film boiling heat transfer. In the FLECHT
high flooding rate experiment, the frozen version calculated quite well the rod cladding
emperatures. The empirical factor, with which the mod.fied Bromley correlation was
multiplied, fited well this experiment, but not the NEPTUN tests. By bringing back the
Modified Bromley correlation to its original form, taking into account the subcooiing by
another more physical factor and by changing an exponent in the Weismann transition
film beiling correlation, the rod surface temperature histories were well predicted by the
code for the high flooding rate experiments in both facilities, FLECHT and NEPTUN.
Without this change in the Weismann correlation, the film boiling wall heat transfer
would be a little underpredicted in the high flooding rate FLECHT experiment,

The correction of the criterion for selecting the pre-dry out interphase friction corre-
lations near the quench front eliminated the void fraction oscillations in calculating
both facilities, FLECHT and NEPTUN. The good prediction of void fractions in the
NEPTUN and FLECHT low flooding rate experiments with the modified version EIR-
update 83 is mainly due to the new bubbly-slug interphase friction correlation and the
suppression of oscillations is also due to the modifications meationed above.

In the NEPTUN facility the quench temperatures calculated by KELAPS/MOD2 were
too low for all experiments. The change of an expenent in the Weismann transition film
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boiling correlation resulting in an increased transition boiling heat transter increased the
predicted quench temperatures in RELAPS/MOD2. To what extent this modification
is reasonable, can only be said after analyzing tests in other facilities. In FLECHT
for example, the experimental quench temperatures were lower than in NEPTUN. For
determining a reasonable value for this exponent in the Weismann correlation extensive
data from quenching of nuclear rods should be analyzed, for example from LOFT, since
the quench behaviowr of nuclear rods could be different from the one of electrically
heated rods [13,14].

An effect not understood is the different behaviour of RELAPS/MOD2 at low flooding
rates in calculating the two facilities NEPTUN and FLECHT. For NEPTUN, the code
calculates lower wall heat transfer during dispersed film boiling and therefore higher
turnaround temperatures and later turnaround times, while in FLECHT the opposite phe-
nomenon is observed: lower turnaround temperatures. In FLECHT, this overprediction
of the wall heat transfer until the turneround point is caused by water droplets, which
evaporate. This momentarily decreases the sceam ternperatures and causes large oscilla-
tions in the steam temperatures and hence, to the wall-to-vapou: heat flux. The driving
force of this behaviour is the interphase heat wansfer (or area), which is probably too
high.

An unresoived problem is also the water entrainment in the FLECHT low flooding rate
experiment, which is overpredicted by the code by a factor of ™ with the frozen version
and by a factor of 6 with the maodified version.

The effect of the nodalization chosen is smaller than the deviation of the code from the
experiment. In the calculated high and low flooding rate NEPTUN tests, the difference
of the cladding temperatures and of the quench times for the thre  tested nodalizations
with 10, 18 and 32 volumes was only 350 percent of the deviation of the frozen version
of the code from the experiment. For a core, not more than 20 volumes should be
used, because there will not be big differences in the results and the computer costs
will increase by using more number of volumes. 10 volues for a core should be the
mininum.

As shown in tables 2 and 3 some uncertainties exist in the NEPTUN tests, for #xample,
in the tlooding water mass flow rate or in the measured entrainment in low flooding rate
experiment S036. It can be stared that the main conclusions drawn from this work are
independent of these uncertainties. The differences of the results of RELAPS/MOD?2
by changing the flooding water mass flow rate by 5.3 percent are small. Hence, one
can safely say that for the separate effect tests analyzed in this work, the differences
between measurements and predictions resuiting from model deficiencies in the code
are dominant over any experimental uncertainties.
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. The implementation of a new bubbly/slug flow interphase friction cor-
relation for rod bundles from CATHARE into the RELAPS/MOD2 code
gives very good prediction of the amount of water in the test section
during reflooding at lew flouding rates.

. The use of different correlations for the interphase friction in rod bundles
and in tubes makes necassary to have different correlations for core and
for ihe other system components. It is suggested that other correlations
are used in the core than the ones used for pipes.

The modifications of the wall to liquid heat transfer during reflooding
resulted in better agreement between measurements and predictions and
eliminated some numerical oscillatons which were resulting in “numer-
iwal” liquid carry-over.

The interphase friction is one of the dominant parameters during re-
flooding, mainly for low flooding rates. Void fractions and therefore
heat transfer coefficients are strongly dependent on ths interphase fric-
tion.

viil. Attention should be paid to the quench temperatures predicted by RE-

LAPS/MOD2: the code calculates too low quench temperatures. Within
the framework of existing logic in the code, we have shown that this
probl:m can be solved by modifying the Weismann transition boiling
correlation

ix. Nodalization effects are not very important during precursory cooling

but acquire some importance in calculating the quench wemperature. For
a reactor core, 15-20 volumes are recommended, but we believe that
ong should aot use less than 10 core volumes for large break LOCA
caiculations.
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APPENDIX A

Listing of Input Deck of NEPTUN test 5036
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APPENDIX B

Updates to create version EIR-update 83 of RELAPS/MOD2
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APPENDIX C

Matnematical formulation of the implementation of the new bubbly/slug flow
interphase friction correlation into RELAPS/MOD?2
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, (1l =a)a+ ap,

)} = 8
g all = a)pepy "

n and n + 1 refer to the old and new time levels, respectively, P is the pressure,
A", W are coefficients of variables evaluated at time n and also of mesh-size Az,
and time-step At j denotes the cell-boundary and K and L denote the cell-centres
upstream and downstream of 3, respectively.
After rearranging Eq. (7), Egs. (6) and (7) form a system of two linear algebraic equa-
tions with V" and V""" as unknowns and are solved for each n and ;.

The bubbly/slug interphase friction correlation was implemented in RELAPS/MOD2
by modifying the uifference phasic momentura equation both in the semi-implicit and
the nearly-implicit solution schemes; for the former scheme, Eq. (7) now reads:

{E™ 4 (p'F)" Aty | CV, ~ CoVe | }V"‘H
—{G" + (F)"AtC | OV, ~ CoVe [JV =

= ( AP '“P[ 1 )n-(»] A

nyzn nyn
Py Az it e el @

Hence, for bubbly or siug flow, Egs. (6) and (7) are solved.

For the implementation of this new bubbly/slug flow interphase friction correlations
the subroutines PHAINT, VEXPLT and VIMPLT had to be changed, as it can be seen
in appendix B.
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APPENDIX D
Summary description of the FLECH (-SEASET facility and tesis
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Summary description of the FLECHT-SEALET facility and ests will be presented in
this appendix for reader convenience. Further detailed information about the facility |
and the tosts can be obtsined from the references given at the end of this appeniix ‘
(references D.1 o D.3), |
The USNRCGEPRUWestinguouse jointly sponsored Full Leagth Emergency Core
Heat Transfer Separate Effects And System Effects Test (FLECHT-SEASET) program
was developed 10 ootain Getailed 'wo-phase flow ard heat trunsfer information n eded
for developing or assessing best estimate computer models for the reifood phase of a
postulated loss of Coolam Accident (LOCA).
The F' SCHT-SEASET unblocked bundle test facility is a once-through forced .
gravity flow reflood heat transfer sy stem which includes:

. A water injecticn svstem for either forcerd flooding or gravity refleoding, Initial
flooding rates were varying between | em/sec to 15 em/sac nlet coolant velocities.

S A full langth heater rod bundle of 17 x 17 PWK fuel bundle assembly dimensions
with 161 Leater rods.

3 A lower planum to straighten tl e inlet flow,

RN RRREr R,

i 4 A upper plenum to act &7 a steam wate: separator,
5. Liqud collection tans ‘o collect the entrained liquid at the test secacn exit,

6. A steam aater separator 'o permit the diving of the «it steam so that a singie
phase fiow meosurement can be made.

7. Various instrumentation to measure flows, heater 1od, vapor, fluid, and piping
temperaitres, voiu fracdon, and entraine” liguid. |

Tae facility was designed for 4.1 bar nominal pressure and is capable of repeated
tests wilh heater rod \emperatures not e.oceding 1100°C . A schemotic of *he flow loop
| is shown i figure 0.1
A cross section of the test bundie is shown in figure N2, The bundle is comprised
| of 161 heater rodds (93 noninstrumented and 68 instrumented), 4 \himbles instrumnented
with ' all thermccoupies, 12 steam probes, 8 solid tiangular fillers, and 8 gnds. The
triangular fiLers reduced the “ mount of excess flow area from 9.3, 1o 4.7 percent and
they were alse welded # r g5d location. The axial
power shape buiii in the heater rod wes the modi ne with a power peak-to-
averpe ratio of 1.66 as shown in figure D-3. Peak power value of 2.3 kw/m could be
achieved. Radial power distiibution was umform in the bund'e. A low mass heusing
desiin was utilized in order 1o minimize the housing effects.
One of the key mesurements made in the unblocked bundie w's was the noa-
equilibriutn vapor temperature measurement, Aspirating stenni probes were used to
measure the vapor temperature and were located in the bundle une' in the test section
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outlet, The te it facility was designed for autematic operation whenever critical functions
requ.red a hign degree of sophistication, safety or repeatability. The Comprter Daa
Acquisition System (CDAS) was the heant of the operation by monitoriag, piotecting
and controlling the facility operation besides coligcting data.

The details on the design of the facility, the data obtained trom FLECHT-SEASET
tests, and the analysis of this Jat can be found in references D.1 - D.3
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Uigure 2: NEPTUN test bundle configuration
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Figure 11: Rod cladding temperatures at measu rement levels 3-6 in NEPTUN high flooding
rate experiment 5050, calculated by RELAPS/MOD2 with the frozen version (figure a)) and
with version EIR-update 83 (figure b))
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Figure 12: Rod cladding temperaturcs at measurement levels 3-6 in NEPTUN high flooding
rate experiment $025, calculated by RELAPS/MOD2 with the frozen version ‘figure a)) and
with versioa EIR-update 83 (figure b)),
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Figure 13: Rod cladding temperatures at measurement leve!s 3-6 in NLPTUN medium
flooding rate experiment 5081, calculated by RELAPS/MOD2 with the frozen version (fig-
ure 4)) and with vorsion EfR-update 83 (figure b)).

S eSS W T N ST = =












PRI 1., 510N LT LT DL LR

- ' e . 00 0 e 8t i S 4
Lol e oo Mmet meas ey TR

- TEy
i g e A SE e s e s

-
T i
e s

- MANES LT B IS NN SR e
- p—
-~ )
Rl Lr h\
- A\
B \ f
sl | .
fwl \
]
g - d
.|
————h s b e Sl
- l .
-3 | ke Jaem w‘; S B G

e W AR . IR S M LW ¢

e MAGRN T ST

59

vy St e v

« % 8 i 25 K &

e S Ar———

'tﬁtllsi

MR MR AN SN

- :

=

. N e S
L W AN R MR W R S e e

— e LSRG
/” \\

R

L
e
4

e A A e AT, G AL S

——————
T 4 5 K B GE

B S B S

— DAL 8 SR NI R RN G TR B

Q
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Prgure 18: Collapsed waier level and water carry over in NEPTUN high flooding rate
cxperiment S080, calculated by RELAPS/MOD2 with the frozen version (figure a)), and
with the modified version EIR-update 83 (figure b)).
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Figure 19: Collapsed water level and water carry over in NEPTUN high flooding rate
experiment 5028, calculated by RELAPS/MOD2 with the frozen version (figure a)), and

with the modified version EIR-updae 83 (figure b)),
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Figure 21: Coo.~sed water level and water carry over in NEPTUN low flooding rate
experiment 5052, calculated by RELAPS/MOD2 with the frozen version (figure a)), and
with the modificd version EIR-update 83 (figure b)).
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Figure 24: Collapsed water level and water carry over in NEPTUN low flooding rate
experiment 8036, calculated by RELAPS/MOD2 with the frozen version (figeee a)), and
with the modified version EIR-update 83 (figure b)),
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Figure 26: Void fractions at mieasurement levels 3 (left side) and § (right side) in NEPTUN
tow flvoding rate experiment 5050, measured (top) and calculated by the frozen version of
RELAPSMOD2 (middie) and the modified version EIR-update 83 (hottom),
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Correction of the Modified Bromley ¢ ‘orrelation

Froven version of RELAPS/MOD:

N b ~ Tl 10
hg, = [k;(p, p’)p'[Tw- -_’gr.“ + 0.68( pv] ‘/')l; g ’)'] Y

-[1 + 0.4{1 -~ -::)’J:

Correction, same formula as in the manual (E7-update 53 #.):

i 0.1%
hp. = 0. 02[&' (pg = p.)n,[Tm-»«L- + 0. 68(‘,.] \/"’(ff---_f_) : ,

—

Fifect of this correction:

]025
0. b.[{-vg = 0022

140, 1...1.96
- ———

Figure 27; Corrections performed in the Modified Rromley Correlation,

P Cn N S R W VeI RN TN Ry Ty A BTV W R AR e el e L S R Y e et R g T e T e ! = P LSRR R ESSATTTTET R RS s =









e T B R . R S S S —i

Implementation of a new interphase friction correlation for bub-
bly and slug flow in rod bundles in RELAP5/MOD2

Original corvelation:

withes = 1.2,01 8 S i i
'\ = X
§
TRAC-BD1/MODI1 assessment with NEPTUN boil-off experiments:
all = al?p
5 = 65—‘;1::—"! | CiVg = €g” 4| '((.‘)Lv - Cnvl) Cp, €1 saIne
| In RELAP5/MOD2 (EIR-update 68 fI.):
same formula as in TRAC, eg and ¢; same, but with
0.7 < ¢y S 1
| (to eliminate some problems in the upper parts of the test section)
]
, f
Figure 30: Implementation of a new interphase friction correlation for bubbly and slug i
fiow in rod bundle geometry into RELAPS/MOD2, ﬂ
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Figure 32: Collzpsed liquid level and water entrainment in NEPTUN fow flooding rate
experiment 5082, calculated with (=EIR-update 68, figure b)) and without (=EIR-update
53, figure a)) new formula for the interphase friction in bubbly and stug flow, and with
previons update.
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low flooding rate experiment §036, measurement (top) and calculated by RELAPS/MOD2, i
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Figure 34: Rod ciadding temperatures at measurement levels 3-8 in NEPTUN fow fiooding
rate experiment 5036, caleulated by RELAPS/MOD2 with (=EIR-update 68, figure b)) and
without (=EIR-update 53, figure a)) new correlation for the interphase friction in bubbly

and slug flow, and with previous update,
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Implementation of the formula of Porslund-Rohsenow for the
reflood heat transfer coefficient at high void fractions in RE-

LAP5/MOD2

RELAPS/MOD2 (frozen version):

a<0.41: Ao = Lipg = hpp 4+

081 < e < 0.99: Iuterpolation

a > 099 hiat = (1 =)hpp + ahpr + ...
with

hpp - Maximum of modified Bromley filir boiling and Weismann transition boiling heat
transfer coefficient;

hpr @ Dougall-Rohseiow heat transfer cosfRicient

: Radiation terms

Formula of Forslund-Rohsenow for dispersed film boiling:

hpp = 021? ( g)z/ﬂ(l = Q-.?/:[,__,. gp,p’h!'k; bt
d\r, T UTy = Ty)ug(mj6)1 3y

implemeuted in RELAPS with:

prefactor 0.4 tnstead of 0.2

dy = -—-3-9‘-‘—«)1 droplet diameter with restriction 1.5-10"*m < dg < 3:10"%m

pelvy=ry

New in RELAP5/MOD2 (EIR-update 71 ff.):

a<06: hiot = hpp + hpr + ... as hefore
06<a<08: Interpolaticn

a>08: hyat =hpR +hpR+ .-

Figure 35: Implementation of the formula of Forslund-Rohsenow for the refiood dispersed
film boiling wall heat transfer coefficient in RELAPS/MOD2.
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Modification of the Weismann re*.ood transition boiling heat
transfer coefficient in RELAP5 'MOD2

Firozen version of RELAPS/MOD2:

Transition boiling heat transfer coefficient (Weismann):

02
hygy = hmc-o 040aT 3 4500(_(_:‘6_"_‘) CO 012ar
'R

where

geT
%

AT = Ty = Ti = QT
| 9.260
& Qer.
afa 5(2.253)
and § is the Chen's boiling suppersion factor, g., the eritical heat flux, G the mass flux and Gp
= 67.8 kg /m%s
Modification (EIR-update 83):

Decreasing exponent 0.040 in first term of Ay to value of 0.0175

Modification also included in EIR-update 83:

Multiplying modified Bromley heat transfer coefficient correlaticn with factor

14 0.025(Toes ~ Tf)

to consider to the effect of the subcooling

Figure 44: Modification in the Weismann reflood trausition film beiling heat (ransfer
correlation performed in RELAPS/MOD2 to increase the quench temperature of the code
and implementation of a correction factor to consider the effect of subcooiing.
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Figure 45: Rod cladding temperatures at measurement levels 3-5 in NEPTUN high flooding
rate experiment 5030, calculated with (=EIR-update 83, figure b)) and without (=EIR-
update 77, figure &) the modification of the Weismann correlation and the correction
factor to consider subcooling, and with previous updates,
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Figure 46: Rod cladding temperatures at measurement levels 3-5 in NEPTUN high fiooding
rate experiment 50285, calculated with (=EIR-update 83, figure b)) and without (=EIR-
update 77, figure 2)) the modification of the Weismann correlation and the correction
factor to consider subcooling, and with previous updates.
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Figure 47: Void fraction at measurement level 3 in NEPTUN low flooding rate experiment
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Updates in RELAP5/MOD2/36.02 performed at EIR

In a higher EIR-update number the modifications of the lower update numbers are included.

EIR-update 53:
EIR-update 68:

EIR-update 71:

EIR-update 76:

EIR-update 77:

EIR-update 83:

Correction of the Modified Bromiley correlation.

Implementation of a new correlation for the interphase friction in
bubbly and slug flow in rod bundle geometry.

Luplementation of the formula of Forslund-Rohsenow for the re-
fiood dispersed fihu boiling heat trans(er coefficient.

Reduction of the interphase friction in rod bundle geometry in in-
verted slug flow by a factor of 0.4 and in dispersed flow and annular
mist flow by a factor of 0.5.

Changing the criterion for selecting the pre-dry out interphase fric-
tion correlation near the quench front to reduce unphysical void
fraction osciilations.

Changing a1, exponent in the Weisimann reflood transition boiling
correlation to increase the quench temperature of the code and
adding a factor to the Modified Bromley heat transfer coefficient
to consider the effect of subcooling,

Figure 48: Summary of all updates in RELAPS/MOD2 performed at EIR.
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Figure 49: Rod cladding temperatures at elevations 1.19 m, 1.92 m, 2.47 m and 2.84 m
in FLECHT-SEASET high flooding rate experiment 31701, calculated by RELAPS/MOD2
with the frozen version (left side) and with the modified version EIR-update 83 (right side).
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Figure 50: Mass in the bundle and water ¢ rainment in FLECHT-SEASET high floeding
rate experiment 31701, calculated by RELAPS/MOD?2 with the frozen version (figure a))
and the modified version EIR-update 83 (figure b)).
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Figure 51: Rod cladding temperatures at elevations 1.19 m, 1.92 m, 2.47 m and 2.84 m
in FLECHT-SEASET low flooding rate experiment 34006, calculated by RELAPS/MOD2
with the frozen version (figure a)) and with the modified version EIR-update 83 (fi* ure b)),

s > e " & T R R S R R R T I A N O N O R N N R R S B R Ny R N O W AN ) RNy S = =

PP P R L Ly ———— N R—— . . B R S T v — R ey WP

e P S R

B b e



YEISH

in FLECHT-SEASET
frozen

calculated by RELAPS/MOD2 with the

rs10n i-.!l(-t.-;nhdv 53

47 m

92 m and 2
figure b

i

7

al eleva
340y
1 Ver

$




94

A 5, 8 L ! w HLAFS/2/ 5., 82 FLEOHT B4B@s. 1510, P23
w & o - e e
. L d % | }
, i % {
" 4 ! aee 040 WRBAN 0
| — WL AT WGBY ! . .j
“ o o 3 Sh RAeE Rt
' wwwes LMy { ] '
- @ ’. 1 - “ d
- % . 4 o [ A
-~ | " i b | } —/~ 1
g »; " 1 ! ol “‘0‘;/
v - a »
‘ = | N : M s . ' ,[ "ﬂ—’
ol v 1§t
g ! - i B n /
i & i et/ !
LI ¥ £ l
B r;...- PETRIT VNSRS U] VSR S-SR, W——— WNO==Pe L] FRSN — Y 4 i !
¥ " N » o e [+ " [N 0. wa e [ e . o
g T iy L
CONIe, WO WA 1] CONTRAL COREY ] MBSER »

Figure 53: Mass in the bundle in FLECHT-SEASET low flooding rate experiment <006,
calculated by RELAPS/MOD2 with the frozen version (figure a)) and with the modified
version EIR-update 83 (figure b)),
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Figure 54: Water entrainment in FLECHT-SEASET low flooding rate experiment 34006,
calculated by RELAPS/MOD2 with the frozen version (figure a)) and with the modified
version EIlc  date 83 (figure b)),
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