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OVERVIEW REPORT OF RAMONA - NEPTUN PROGRAM
"ON PASSIVE DECAY HEAT REMOVAL

ABSTRACT

The design of the advanced sodium-cooled European Fast Reactor provides
a safety graded decay heat removal concept which ensures the coolability of the
primary system by natural convection when forced cooling is lost. To assess the
reliability of the passive safety system, many experiments were carried out in test
facilities of different scale and detail using mainly water as the fluid simulant for
convenience. An important requirement for the correct simulation of the natural
convection and poo! mixing process is to meet the similarity criteria of the ther-
modynamics. The group of water test facilities includes the setups RAMONA
(360°, scale 1:20) and NEPTUN (360°, scale 1:5) of the Research Center Karlsruhe.
Utilizing both setups, numerous experiments were performed under steady state
conditions and in the transition range from forced to natural convection. All these
investigations serve to prove the inherent safe removal of the decay heat, to study
the physical processes taking place in the pooi-type primary vessel and in the
cooling circuits, and to provide data for the development, improvement, and as-
sessment of computer programs such as the FLUTAN code. The FLUTAN code
was used for the three-dimensional analysis of the combined fiuid dynamics and
heat transport and is provided to serve as tool to extrapolate from model investi-
gations to prototype conditions. o

During the course of the investigations, different design and operating pa-
rameters were studied; in particular: the design of the above core structure, the
delayed sia[_t'gb time of the decay heat exchangers, the number of operating decay
heat exchangers, the reduced fluid ih'ven'tory of a three-loop model compared to
a four-loop model, and the complete flow path biockage at the primary side of the
intermediate heat exchangers. ' :

The findings of the RAMONA and NEPTUN experiments indicate that the decay
heat can be safely removed by natural convection.-The operation of the decay heat
exchangers being installed in the upper pienum causes the formation of a thermal
stratification associated with a pronounced temperature gradient. The veriical ex-
tent of the stratification and the quantity of the gradient are depending on the fact '
whether a permeable or an impermeable shell covers the above core structure. A
delayed startup time of the decay heat exchangers leads only to a slight increase
of the temperatures in the upper'plenum. A complete failure of half of the decay
heat exchangers causes.a higher temperature level in the primary system, but
does not alter the global temperature distribution. The transient developmeht of
the temperatures is faster going.onin a three-loop model than in a four-loop model




due to the lower amount of _heat stored in the compacter brimary vessel. f no
coolant reaches the core inlet side via the intermediate heat exchangers, the core
remains coolable. In this case, cold water of the upper plenum penetrates into the
subassemblies {thermosyphon effects) and the interwrapper spaces existing in the
NEPTUN core. The core coolability from above is feasible without any difficulty
though the temperatures increase to a minor degree at the top end of the core. In
this connection, the important role of the interstitial flow is demonstrated which
contributes considerably to the heat removal from the core. '

The thermal! hydraulic computer code FLUTAN was applied for the 3D numer-
ical simulation of the majority of the steady state RAMONA and NEPTUN tests as
well as for selected transient RAMONA tests. The comparison of analytical against
experimental data indicates a qualitatively and quantitatively satisfying agreement
of the findings with respect to the field of isotherms as well as the temperature
profiles-in the upper plenum and within the region of the very complex NEPTUN
core geometry. -
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UBERSICHTSBER_ICHT ZUM RAMONA - NEPTUN PROGRAMM
ZUR PASSIVEN NACHWARMEABFUHR

KURZFASSUNG

Der Entwurf des fortgeschritienen natriumgekiihiten europdischen Schnelien
Reaktors sieht ein sicherheitstechnisches System zur Nachwarmeabfuhr (NWA)
vor, das die Kiihibarkeit des Primérsystems durch Naturkonvektion sicherstellt,
wenn die Kiihlung durch Zwangskonvektion nicht zur verfigung steht. Zum Nach-
weis der Funktionstiichtigkeit dieses passiven NWA-Systems wurden umfangrei-
che Untersuchungen durchgeflhrt. Aus praktischen Granden wurde haufig Wasser
anstelle von Natrium als Khimittel verwendet. Die verwendeten Versuchseinrich-
tungen unterschieden sich sowohl im MaBstab als auch im Detaillierungsgrad. Um
eine moéglichst korrekie Simulation der Naturkonvektion und der Mischprozesse
bei den Versuchen zu erzielen, miissen die Ahnlichkeitsgesetze der Thermodyna-
mik weitgehend erfiillt werden. Zu den Prifstanden mit Wasserkuhlung gehdren
die Versuchseinrichtungen RAMONA (360°, MaBstab 1:20) und NEPTUN (360°,
MaBstab 1:5) des Forschungszentrums Karlsruhe. Beide Modelle wurden verwen-
det zur Durchfiihrung von stationdren Modell-Experimenten sowie von transienten
Untersuchungen im Ubergangsbereich von Zwangs- zu Naturkonvektion. Ziele
dieser Versuche sind der Nachweis einer inhdrent sicheren Abfuhr der Nachwér-
me, die Untersuchung der physikalischen Vorgénge im pool-férmigen Primérsy-
stem und in den Kihlkreistdufen sowie die Erstellung von Daten zur Entwicklung,
Verbesserung und Validierung von Rechenprogrammen, wie z.B. des FLUTAN
Programms. Das FLUTAN Rechenprogramm wurde angewendet zur drei-dimen-
sionalen Analyse der thermo- und fluiddynamischen Vorgange und ist vorgesehen
far die Exfrépolaﬁon von Versuchsergebnissen auf prototypische Bedingungen.

Die Untersuchungen erstreckien sich im einzelnen auf folgende unterschied!i-

che Geometrie- und Betriebsparameter: Die Geometrie des Instrumentierungs-

stopfens, die verzdgerte Inbetriebnahme der Tauchkiihier und damit der Nach-

warmeabfuhr, die Anzahl der betriebsfahigen Kuhlkreislaufe zur Nachwérmeab-

fuhr,-das reduzierte Kihimittelvolumen einer Verstchsanlage mit drei Kihlkreis------- .

|aufen im Vergleich zu einer solchen mit vier Kreisldufen sowie die vollstandige

Blockade der Strémungspfade auf der Primarseite der Zwischenwarmetauscher.

Die Ergebnisse der RAMONA und NEPTUN Experimente zeigen, daB die
Nachwérme zuverldssig durch Naturumlauf abgefihrt werden kann. Der Betrieb
der Tauchkiihler, die im Oberplenum angeordnet sind, bewirkt die Ausbildung ei-
ner horizontalen thermischen Stratifizierung mit einem ausgepragten Temperatur-

gradienten. Die vertikale Ausbreitung der Schichtung sowie die GréBe des Tem-
peraturgradienten werden beeinfiut durch die Gestaltung des lnstrumentie-r




rungsstopfens mit durchstrombarer bzw. nicht durchstrombarer Ummantelung. Die
verzogerte Inbetriebnahme der Tauchkihler verursacht geringfligig héhere Tem-
peraturen im Oberplenum. Der Ausfall der Halfte der installierten Tauchkiihler
fahrt zwar zu einem hdheren Temperaturniveau im Oberplenum und damit im Pri-
mdrsysiem, verandert aber die allgemeine Temperaturverteilxjng nicht. Die Aus-
biildung des Temperaturfeides lauft schneller ab in einer Anlage mit drei Kiihl-
kreisldufen als in einer mit vier Kreislaufen, was auf die reduzierte Warmekapazi-
t4t der kompakteren Anlage mit ihrem geringeren Wasservoiumen zuriickzufiihren
ist. Versuche mit versperrten Stromungspfaden auf der Primérseite der Zwischen-
wirmetauscher zeigen, daB das Core dennoch kiihlbar bleibt. Kaltes Wasser aus
dem Oberplenum dringt von oben in die Kernelemente (Thermosiphon-Effekt) und
in die Spalte zwischen den Kernelementkésten ein, die im NEPTUN Model! simu-
liert sind. Die Temperaturen am oberen Ende des Kerns steigen hierbei nur leicht
an. Zur Kiihibarkeit des Kerns trégt das in den Zwischenkastenrdumen zirkulie-

rende Fluid erheblich bei.

Das thermohydraulische Rechenprogramm FLUTAN wurde zur drei-dimensio-
nalen Simulation der Mehrzahl der stationaren RAMONA und NEPTUN Experi-
mente sowie weniger ausgewahlier transienter RAMONA Versuche verwendet. Der
Vergleich von numerisch westimmten Daten mit MeBergebnissen fihrt zu einer
qualitativ und guantitativ zufriedenstellenden Ubereinstimmung. Diese Feststel-
lung gilt sowohl far die |sothermenfelder als auch fUr die Temperaturprofile im
Oberplenum und selbst fir die sehr komplexe Kerngeometrie der NEPTUN Anlage.

it



CONTENTS

I N

10.
11.
12.

Introduction

Objectives of the investigations
Procedure of the program
Similarity considerations

Description of the test facilities

5.1 Design of the RAMONA test facility

5.2 Instrumentation of the RAMONA test facmty
5.3 Design of the NEPTUN test facility

5.4 Instrumentation of the NEPTUN test famhty

- 5.5 Operational procedure

Numerical simulation of the experiments
Typical computed velocity and temperature fields

Steady state RAMONA and NEPTUN investigations
8.1 Influence of the ACS design
8.2 Simulation of the EFR geometry by the RAMONA Il setup

Transient RAMONA and NEPTUN mvestlgatlons
9.1 Test parameters '
9.2 Comparison of the baseline tests

9.3 Delayed DHX startup time

.94 Cqmpl'éie failure of two neighboring DHX circuits

9.5 Number of the installéd heat transfer loops™
9.6 Complete flow path blockage of the IHX primary sides
9.7 Numerical simulation of a transient RAMONA experiment

Summary and conclusions

: -Nomenclature

References

Figures

Page

o @ s W ™

10
10
10
11

11
12

14
14
16

17
18
18
21
22
23
24
25
26
29
31
35






1. INTRODUCTION

The reliable removal of decay heat after the shutdown of a nuclear reactor is
an important safety criterion. For this reason, passive measures are the guiding
principle for the design of the Eurdpean Fast Reactor (EFR) elaborated in a
French/British/German cooperation [1], [2], [3].

The investigations into the thermal hydraulics of the passive decay heat re-
moval {DHR) concept were actually initiated in 1984 during the design phase of the
former German SNR-2 project. The design of that sodium-cooled pool-type breeder
reactor with a thermal power of 3,420 MW, provided the installation of four heat
transport loops. Therefore, the primary system consisted of eight intermediate
heat exchangers (IHXs) and four prirﬁary pumps (PPs). Four independent sec-
ondary systems were available each featuring two IHXs. Apart from the normal
DHR system via secondary and steam/water circuits, a safety graded passive DHR
concept was envisaged which comprised four loops. Each of the loops operating
independently from each other was rated to a thermal power of 30 MW, and con-
sisted of a sodium/sodium decay heat exchanger (DHX) immersed in the upper
plenum (UP), an intermediate sodium loop, and a sodium/air heat exchanger
(AHX) arranged at the bottom end of a stack with air inlet and outlet dampers.
Using these direct reactor coocling (DRC) systems, the decay heat can be removed
by natural convection on both sodium sides and natural draft on the air side [4],
[5], [6]. To enforce the startup of the DRC circuits, the air dampers of the stacks
must be opened initiated by an automatic signal of the reactor protection system
or in the unlikely case of a complete loss-of-station service power (LOSSP) me-
chanically by the operator staff.

To prove the inherent safe operation of the DRC systems relying entirely on
natural convectlon a comprehensnve R+D program was performed. For that
purpose the dlfferently scaled test facilitiecs RAMONA and NEPTUN were built

basing on the geometrical features of the SNR-2 [7] which are similar to those of

the French Superphénix [8] In 1988, the EFR deS|gn work with the realization of
three heat transport loops was started. The sodium coolant of this pool-type with
a total thermat power of about 3,600 MW,, is circulated through the core by three
PPs, and the heat is transferred to the secondary sodium by six IHXs. There are
six DRC systems which operate independently from each other. The thermal power
per unit amounts to 15 MW,, under nominal conditions. At that time, the RAMONA
setup was almost in operation and the production of the main NEPTUN compo-
nents was progressing. Therefore, it was decided to go on with the RAMONA-
NEPTUN program utilizing four DRC Ioops,' especially as the fundamental thermal
hydraulic findings allow _comparaible insighis into the EFR behavior with six DRC
loops. The originally planned investigations .into the passive DHR was continued
and comprleted by some key experiments performed in the RAMONA |l test facility
which represents a three-loop arrangement with six DRC loops according {o the



actual EFR geometry. The results of all investigations using the RAMONA and
NEPTUN setups are described in summary reports [ 9], [10], [11]. This paper gives
an overview on the decay heat removal by natural convection and provides a
comparison of RAMONA with NEPTUN results.

2. OBJECTIVES OF THE INVESTIGATIONS
The decay heat removai concept comprises two diverse systems:

1. A nominal DHR system transfers the heat from the IHX secondary sides to the
steam generator units during power operation and during cperational decay
heat removal via the water/steam plant after a reactor shutdown.

2. Inunlikely cases of unavailability of the main heat transfer route or a complete
LOSSP, the decay will be removed by a safety graded DRC system.

The latter system has to fulfill the folloWihg requirements:

® high reliability,
® simple design,
. pasSive characteristics,

L low costs..

In order to meet the overall reliability for the DHR functlon ‘the DRC system
should provide a failure probability of 10-2 per demand [4].

For the proof of the feasibility of frequent passive DHR operations, the precise
know!e’dge:,of te'tn_peratu:je__loadi_ngs_.of__th_e components are needed. Therefore, it
has to be shown that all thermal hydraulic phenomena are well understood and
-can be described adequatel—y—-for--the transition phase from nominal reactor opera-
tion under forced convection to DHR operation under natural convection. The de-
tailed investigations within the RAMONA- NEPTUN program on passive decay heat
removal address only the primary system, the ‘most. important part of the DRC
system [12]. This study focuses firstly on the thermal hydraulics prevailmg under
nominal conditions, that means the geometry of the primary system is mtact and
alt installed DHXs are serviceable. Of particular interest are:

. the effects of a thermal stratification in the UP on the core cooling (RAMONA
and NEPTUN tiests),

® the thermal hydraulic interaction between the UP and the core, where the ef-
fect of the interstitial flow (NEPTUN tests) is of particular importance for the
cooling of the core subassemblies (SAs). -



in a second step, the influences of non-nominal operating conditions on the
behavior of the primary system are investigated under the assumption that:

all installed DHXs fail to operate on demand and some time elapses between
the reactor shuidown and the operation begin of the DHXs,

the complete failure of half of the installed DHX circuits,

the flow channels of all IHXs are blocked at their primary sides leading to a
disconnection of the fluid flow from the UP to the core inlet side,

the coastdown characteristics of the PPs as well as of the pumps at the sec-
ondary sides of the |HXs differ remarkably from the nominal vaiues.

An essential aim of the experiments is to generate a broad basis to analyse

and identify steady state and transient physical processes which must be modeled
in computer codes. Their relevance and quality must be ensured to address spe-
cific scenarios and to apply experimental data obtained from down-scaled test fa-
cilities to full scale nuclear power plant conditions. '

3.

PROCEDURE OF THE PROGRAM

Experiments are carried out in scaled test facilities in order to solve the
aforementioned requirements. An important issue for the down-scaling of the
prototype DHR systems is the fulfillment of the similarity laws. '

‘The model experiments shoutd give reliable measurements about the relevant
temperature and velocity distributions in the primary system. This must be
ensured for the normal operaticn under forced convection as well as for the
transition to natural convection after scram up to quasi-steady state ‘condi-
tlons

For the extrapolation from model experiments to prototypical conditions, a
three-dimensional (3D) thermal hydraulic computer code is necessary. Tur-
bulence models (K,e-models) and temperature dependent fluid property pack-
ages (water and sodium) must be implemented in the code.

The sequence of tasks for the realization of the program is:

availability of reliable measurements performed in the differently scaled water
test facilities RAMONA (1:20) and NEPTUN (1:5),

pretests with original components (core elements, PPs, IHXs, and DHXs) of the
setups in order o determine their thermal hydraulic characteristics (pressure
drop, heat transfer etc) )

fundamental tests to determine the turbulence charactenstxcs necessary for
the modehng of forced and buoyancy driven flows.



4. SIMILARITY CONSIDERATIONS

With respect to an extrapolation of findings based on both measurements
conducted in scaled test facilities using water as fluid simulant and validated 3D
calculations to prototype conditions, the fundamental question on the proper
down-scaling procedure arises in order to caich the crucial physical phenomeha.
In the following, the most important scaling relations are derived and applied to
the down-scaling of the pool-type primary system of a sodium-cocled fast reactor.

The performance of scaled mode! investigations requires the consideration of
the following criteria:

s geometirical similarity of the model and the reactor primary vesse! with its
main components,

e similarity of the main differential equations describing the velocity and tem-
perature fields within the primary vessel,

¢ similarity of the boundary, initiél, and transient conditions.

From the governing conservation equations, dimensionless groups such as

the Richardson number (Ri), the Reynolds number (Re), and the Péclet number

{Pe) can be deduced which shouid be identical for both the prototype and the
scaled model. In addition, the relative pressure field induced by the core, the PPs,
the IHXs, and the DHXs should be similar. A measure for this is the Euler number
(Eu). '

For steady state and'COh_Stant"prope_rties, the two-dimensional (2D) equations
of momentum and/energy in Cartesian coordinates read:

momentum equation -

p(5“+u5”+v5“)=-—ég+v-p(%§ﬂ—5”)+g‘ﬁwﬂew63 (1

bt OX Y dy?

energy eqdation.

(50 50 .. 80\ _ .(.5% . 6% .
p cp(5‘c+u5x +v5y)—/1(——-5x2 +—5y2) | 2

The symbols are defined in a separate nomenclature section. Intro'ducing the
dimensionless quantities:

DV = ; T=—; P= ; XK= Y=7—1 t= 3
7L, 57 L. T 5. P o Ul L. L, To (3)

U=

[ i
o m.aH.:vl\,=.,e}-ﬁ.;{:«.ﬂi.an«mi




into the equations (1) and (2) results in -

the dimensionless momentum equation

SU U su\ . 6P, 1 {38 | % :
(5t+U5x+V5Y)" 5x+Re_(5x2+6Y2>+R' )

and the dimensionless energy equation

5T .. 8T 8T\ _ 1 (06T 8T
(5t+U6X+V6Y)"Pe(5X2+5Y2) ®)

For the design and the operation of the scaled RAMONA and NEPTUN test fa-
cilities, the dimensionless quantities can be defined as follows:

buoyancy force . -AT L
Richardson number: Ri =— Y n Y .= g-p i (6)
inertia force ué -
o __inertia force ' L P _
Reynolds number: -Re = Friction force N =— 7)

i ) heat transfer by convection U, " L,
Peclet number: Pe = heat transfer by conduction = a ®)

( pressure force )
DHX

. \ inertia force A U 2
Euler number: Eut= = SPowc | Lo (9)
_ pressure force APeore  Uprx?
inertia force  / __

For the UP, the guantities and dimensions are summarized in Fig. 1. Eu* de-
notes the ratio of the pressure drops between the DHX and the core for the model
and the reactor, respectively, and thus determines the main flow paths in the pri-
mary system. in Fig. 2, the ratios of dimensionless groups Ri*, Re*, Pe*, and Eu*
are plotted versus the scale of the test facilities:

N Riy,  Rey . Pem ~ Buyt
* . * — . * = . *
Ri TR Rg. Req Pe Po. ’ Eu Eur

(10)

Using water as model fluid, the geometrically similar 1:20 scaled 3D RAMONA
test facility gives Ri, Eu, and Pe numbers which are identical to those of the reac-
tor. For the Re number, however, there exists a deviation of up to 103, This means
that the RAMONA experiments were performed under laminar conditions. There-
fore, the 1:5 scaled NEPTUN apparatus was built which diminishes the Re devi-



ation by about one order of magnitude depending on the shpplied heating power
and consequently on the corresponding physical properties of the fluid. Thus, an
extrapolation of NEPTUN results to the prototype conditions seems to be possible.

Basing on these physical phenomena, the des;gn of the test facilities RAMONA
and NEPTUN was carried out choosing a one-dimensional (1D) procedure The
pressure losses Ap along the fiow paths can be described by:

Aploss= _12— 'C'P'Uz (11)

The friction coefficient { is a function of the geometry and the characteristic
velocity u itself. The pressure gain due to buoyancy effects is assessed by:

Ap'gain' = p* B *g- AT -L (12)
AT denotes the temperature change withi.n or along the heat source or sink

relative to the UP bulk temperature:. L is the relevant distance along which the

buoyant up- or downdraft acts. The power Q of the heat source has to be removed

by the heat sink according to the expression: '

Q=m-c,"AT - _ (13)

Substituting the mass flow rate m by (u - p * A) gives:

Q=u-prc,"A-AT - (14)

For purje”neie}jal convection, the balance of the friction and buoyancy forces
must satisfy the equation:

Aplcss = Apgain : o ' : : (15)
—;-—-C-p'u2=p'ﬁ-g-AT'L _ _ . {16)

Usmg the equatlons (14) and (16}, the followmg characteristic correlations for
the velocity and the temperature difference can be deduced in an abbreviated way:

RS =




The coolant pool mixing occurs predominantly by penetration of the warm fluid
coming from the core into the colder fluid stored in the UP. The warm fluid is
guided by the fower contour of the above core structure (ACS) and appears as a
horizontally spreading quasi-free jet. The penetration depends strongly on the
vertical temperature stratification in the UP (AT} and on the horizontal flow ve-
locity (u,), see Fig. 1. A characteristic dimensionless group for this fiow behavior
is the Ri number. In this case, the Ri number is used to link the characteristic
control parameters of the heat source and the heat sink:

) g-f-ATe-L
Ri = uoz”P s ‘ (19)

In order to preserve similarity of the overall thermal hydraulic behavior of the
UP, it is obvious that the ratio Ri* = Riy / Rir must be one. Using equations {17)
and (18) and introducing the assumption Ri* = 1, the dimensionless physical be-
havior of both test facilitiés can be determined by the following reiations:.

« A% . Y% 73
gt = (_%__.ﬁ_E_) . e e
p*'Cp*'i_.’*
. X2 . () % ¥ _ .
AT = ( ‘\/— i *Cp ? ﬁth ) - X . @1

The definition of X is given by:

1 _ Lwm | |

X = Ta - | | (22)
1 Aw |
X2 o AR (23)

With reference to the _SNR-2 geometry, the scaling factor amounts fo X = 20
for the RAMONA model and X = 5 for the NEPTUN model. Vertical and horizontal

cross-sectons of the RAMONA and NEPTUN models together with the main-di-—

mensions in millimeter are shown in Figs. 3 and 4, respectively. The photographs
of Figs. 5 and 6 illustrate both setups, in addition.

The experimental results of investigations performed under steady state con-
ditions utilizing the RAMONA and NEPTUN fest facilities and the corresponding
numerical findings are documented in Refs. [13], [14], [15]. [16] [17]. The nor-
malized characteristics Ri*, Re*, and Pe* representing a main resuit of the inves-
tigations are plotted versus the dimensionless model power @Q* = Qu/ Qg in Fig.
7. The symbols indicate findings obtamed from experiments car_ned out in both



test facilities. The result réflects the validity of the derived and applied scaling re-
lations and is encouraging for an extrapolation o prototypical conditions.

To characterize the transient behavior of the RAMONA thermal hydraulics, Re,
Pe, Ri, and Eu* numbers gained from experimental results together with the find-
ings of 1D calculations concerning the SNR-2 reactor are piotted in Figs. 8 through
41 versus the time after scram [18]. For the analytical consideration, the ATTICA-
DYANA computer code [6] was applied. With respect to a proper comparison, the
same boundary conditions and relevant parameters were utilized in both cases.
Ri* = 1 and the criterion of geometrical similarity were taken into account. The
diagrams illustrate typical agreements and deviations, respectively, of the tran-
sient profiles. The Pe, Ri, and Eu* numbers show a fairly sufficient matching over
a time period of 104 s. The Re numbers, however, deviate from each other by three
orders of magnitude. For the Eu + number, the similarity is calculated for the na-
tural convection phase in the UP; up to a time of about 400 s, the UP is strongly
influenced by forced convection due to the coastdown of the PPs and the second-

ary circuits of the IHXs.

5. DESCRIPTION OF THE TEST FACILITIES

The model design was based on the idea to start with a small, simple, and
easy-to-handle apparatus and to progress successively in both scale and com-
plexity. Water instead of sodium was preferred in order to make use of available
measuring techniques and to allow the visualization of the fluid motion. The main
design features of the RAMONA and NEPTUN setups are summarized in Table 1.

51 Design of the RAMONA Test Facilities

TthAMQNA test facilities simulate the primary system of the reactor on a
scale of 1:20. RAMONA | and Il are full models (360°) with the arrangement of four
heat transfer loops according to the SNR-2 concept. RAMONA 1li is another full
model {360°) including a three-loop arrangement similar to the EFR design. All
setups made of plexiglass are characterized by an easy accessibility and a rela-
tively quick exchangeability of the installed components. The vessel contains the
entire_primary system which includes: D

e a core consisting of one controllable central heater réd surrounded by eight
individually heatable rings forming eight concentric annular flow channeis.
The maximum core power amounts to 75 kW.

® an ACS equipped with a permeable and imperméable shell, respectively,
e four velocity controlled PPs, _ |
¢ eight IHXs with secondary circuits to t_ransport the hééf,

e  four DHXs with a heat removal circuit-each. =

e R SR e e PRIESEPIEELY IRES LS DL S
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Table 1. Design features of the test facilities.
Setup RAMONA NEPTUN
Component 1:20 scaled 3D test facilities | 1:5 scaled 3D test facility
core 1 heatable rod and 337 heatable 19 rod
8 heatable rings bundles representing
forming 8 concentric fuel and storage SAs,
annuiar flow channels 1 312 unheatable units
representing shielding
and reflector elements
max. power of 75 kW max. pbwer of 1,600 kW
simulation of the simulation of the
radial power profile radial power profile
no simuiation of the simulation of the
interstitial flow interstitial flow
ACS permeable shell design permeable shell design
impermeable shell design impermeable shell design
PP axial pump hydraulic simulation of the
PPs and feedlines by 4 units
with external pumping
4 units (RAMONA I, H)
3 units (RAMONA 111}
IHX straight-tube-type hydraulic simulation of the
' shell side primary coolant |
flow by 8 units with
-external heat exchange
8 units (RAMONA 1, i!)j B B
8 units (RAMONA 1)
DHX straight-tube-type straight-tube-type
U-tube-type
hybrid-type
4 units (RAMONA 1, 1) 4 units
6 units (RAMONA 11f) | '
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5.2 Instrumentation of the RAMONA Test Facilities

About 250 thermocouples (TCs) installed in all components of interest as well
as along measuring traverses serve to record fluid temperatures. Velocities and
mass flow rates are measured by means of Laser-Doppler anemometers (LDAs)
and inductive flowmeters, respectively. More details are given in Ref. [9].

Pleése note: All axial dimensions reported here are related to the reference level
which is located at the bottom end of the high pressure plenum {see Fig. 3).

5.3 Design of the NEPTUN Test Facility

The NEPTUN water test facility made of stainless steel is a 1:5 scaled 3D ap-
paratus which contains four loops. The main features of NEPTUN are:

¢~ the core designed for a maximum power of 1,600 kW consists of 337 heatable
fuel and storage SAs as well as 312 unpowered shielding and reflector ele-
ments. The 337 SAs are individually heatable in seven annular groups. Each
SA consists of 19 heater rods which are hexagonally arranged in circular
shroud tubes simulating hexagonal wrappers of the reactor. The shrouds of
the unheated shielding and reflector elements are designed to simulate their
hydraulic behavior only. About 220 mm below the top end of the core, a per-
forated plate is installed to simulate the pad plane which supports the ele-
ments at the prescribed wrapper—to-wrapper pitch. The interwr'apper spaces
are filled with circulating water. In contrast to the RAMONA core design, the
very detailed modeling of the NEPTUN core geometry allows the investigation
of the thermal hydrauiic interaction between the core elements, the inter-
wrapper spaces, and the DHXs immersed into the UP of the primary vessel.

¢ an ACS equped with a permeable and :mpermeable sheil, respectively,

® 2a snmple:ed hydraullc SImulatlon of the PPs and feedlmes by four dummies
with-external pumping,.

e a simplified hydraulic simulation of the {HXs by eight dummies with external
heat exchange, - '

_. four DHXS Wi;th a ﬁeat rer.n.o.véi éiFCUif éach."’. - .

5.4 Instrumentation of the NEPTUN Test Facility

The most part of the instrumentation consists of TCs. About 1,200 TCs are
available which can be subdivided into two groups: '

1. stationary measuring devices installed at various iocations of interest within
the core, the ACS, the PPs, the [HXs, the DHXs, and the different plena of the
vessel,

E
:
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2. measuring devices being installed-on movable suppbrting systems which al-
low temperature measurements in the UP at nearly each position of the cyl-
indrical coordinate system. ' :

Please note: All axial dimensions reported'here are related to the reference level
which is located ai the bottom end of the high pressure plenum {see Fig. 4).

The mass flow rates through the core are measured by turbine-type flowme-
ters installed in the suction lines of the PP simulators. More details are given in
Ref. [10].

5.5 Operational Procedure

For the investigation of pure natural circulation, power is supplied to the core
of the model and the generated heat is removed by the DHXs exclusively. For
studies covering the transition from forced to natural convection, all active com-
ponents are in operation. The transient behavior of the circuits is modeled by giv-
en time functions using process control units. To overcome problems arising due
fo the simplified secondary circuits with hydraulic simulators for the PPs and IHXs
of the NEPTUN apparatus, external auxiliary water mrcwts are used. Details are
reported in Ref. [11].

6. NUMERICAL SHMULATION OF THE EXPERIMENTS

For the numerical s:mu!atlon of the RAMONA and NEPTUN experiments, the
thermal hydraulic computer program FLUTAN [19] is utilized to analyze the com-
bined fluid dynamics and heat transport for 3D, laminar and turbulent, steady state
and transient problems. The selection of either rectangular Cartesian or cylindri-
cal coordinates/ié provided. The program includes physical models for volume
porosity, ‘surface permeability,-surface heat flux; volumetric heat source, thermal
interaction between the immersed structure and the surrounding fluid. Two tem-
perature dependent fluid property packagés are presently implemented, i.e.; for
water and sodium. This basic concept and structure of FLUTAN relies on the
COMMIX computer program [20] developed in the U.S.A. by the Argonne National
Laboratory {ANL).. COMMIX was made available o the Research Center Karisruhe

: (FZK)mtheframe of i';qqpefétidn contracts in the fast reactor safety fieid.

The development works and imhrovemenis of the FLUTAN code, contributed
by several FZK Departments, consist of the fofllowing innovative features and op-
tions: '

e the full vectorizatlon [21]

® the self optimizing algorlthm CRESOR [22] for solvmg the Poisson. equatlons
for energy, pressure, and turbulence using a finite difference numer_lcal tech-
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nique. CRESOR is a red/black successive overrelaxation (SOR) method com-
bined with the method of conjugate residuals supported by coarse-mesh re-
batancing. '

e the supplement of second-order differencing schemes {QUICK and LECUSSO
technique) [23] in addition to the first-order upwind differencing method (do-
nor cell method) for treating the convective terms of the momentum and en-
thalpy equations,

¢ the two-equation standard turbulence model (k.s-model}. For mixed con-
vection flow and for cases which require a detailed simulation of the turbulent
heat flux, a turbulence model for buoyant flow is implemented in the code

[24].

e the development and validation of a heat exchanger model [25] to accounting
for steady state and transient inlet conditions, i.e., mass flow rate and tem-
perature.

e So far, the FLUTAN program is validated for laminar and turbulent forced
convection flows under steady state and fransient conditions. The same is
true for the laminar natural convection flow under both steady state and
transient conditions.

7. TYPICAL COMPUTED VELOCITY AND TEMPERATURE FIELDS -

For the simulation of the ‘experiments with the FLUTAN computer program,
90° sectors of the RAMONA and NEPTUN test facmtles are modeled by using
noding schemes of roughly 15,000 and 20,000 volume cells, respectively. The
thermal hydraulic characteristics as heat transfer coefficients ‘and friction factors
of the core, SAs, and DHXs are specified for the data input by making use of pre-
test measurements with the original components of the RAMONA and NEPTUN
models [14], [26] Figures 12 and 13 illustrate the nodalization of the setups with
examples of some cross-sections. Figure 14 shows typical RAMONA velocity an__c_l
temperature' fields. The computation bases on sieady state natural convection
conditions. The core power amounts to 8 kW. The upper plots illustrate the flow
paths by way of two vertical sectional planes. On the left-hand 51de the cross-
section-0-A-is a cutting across the core. and the center of a DHX; on the right-hand
side, the cross-section O-B includes the core and the center of an IHX. The refer-
ence vector represents a velocity of 2.5 cm/s. :

The findings describe two main flow paths in the primary system, namely flow
path | and Il. Flow path 1 is obtained under forced and natural convection condi-
tions. The vertically upward flowing water is heated up in the core channels and
enters the gap between the core and the.impermeable ACS. At the bottom end of
the ACS, the warm flow is deflected and forced to flow against the direction of the
cold stream coming from the DHXs (counter_'current flow). Water of mixing tem-
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perature reaches the UP where the flow is bifurcated. One part of the warm fluid
enters the IHXs (flow path 1) and circulates via the lower plenum (LP), PPs into the
high pressure plenum (HPP) where the fluid enters the core again. The other part
of the warm fluid reaches the DHX inlet windows. This flow path 1l is limited to the
UP only. In this case, the warm fluid is led from the UP into the DHXs for heat re-
moval. The increase in density caused by the cooling resuits in a downward flow.
The cold fluid leaves the DHXs at the bottom ends and eniers the lowest region of
the UP, the cavity. Due to the continuous supply of cold water into the cavity, the
fluid stored here is displaced beyond the periphery of the core and mixed with
warm fluid leaving the core. Conditionally, the cold fluid penetrates into the gap
between the core and the ACS and reaches the centerline of the core. On this way,
a stratified flow is established.

-The corresponding temperature fields are represented by the plots given in
lower part of Fig. 14. The isotherm lines have an interval of 1 K. The computations
show a uniform temperature of about 40°C in the lower region of the UP, a small
layer of closely spaced isotherms in the horizontal area between the top end of the
core and the botiom end of the DHX .cutlet windows, and above another region
with- a uniform temperature of about 47°C. The horizontal character of the iso-
therms indicates the formation of a thermal stratification within which the entire
temperature rise of 7 K occurs. The highest fluid temperatures take place in the
center of the gap formed by the core and the ACS. With increasing distance from
the centerline, the temperatures drop in radial direction mainly due fo an in-
creasing mixing effect of the cold water coming from the DHXs and the warm flow
exiting from the core. Within the heated portion of the core, the isotherms have an
essentially horizontal character. |

The FLUTAN. computer code is also applied to simulate the combined fluid
dynamics and heat fransport of steady state NEPTUN experiments. The following
discussion addresses again a natural convection investigation performed for a

core power of 221 kW. Figure 13 shows the nodalization specified for the data in-

put. The arrangement of the fuel, storage, reflector,' and shielding elements to—_
gether with the modeled interwrapper spaces and -th,_e radial power profile deter-
mine the degree of the core nodalization in radial direction. An azimuthal noding

of the interwrapper spaces is not provided. The volume cells of the SAs are de-

scribed by porosities and permeabilities. Heat transport between the SA regions

and the interwrapper space as well as between the core grid piate (HPP) and the

interwrapper space is taken into account.

Figure 15 shows NEPTUN typical velocity and temperature fields. The upper
plots illustrate the flow paths with examples of two vertical sectional planes. On the
left-hand side, there is a cross-section across the SAs of the core and the center
of a DHX. On the right-hand side, the cross-section includes an interwrapper plane
of the core and the center of an IHX. The reference vector represents a velocity of
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5 cm/s. Compared to the RAMONA velocity field (see Fig. 14), the thermal hy-
draulic behavior of the UP is essentially the same. Within the interwrapper space
of the core {upper cross-section on the right), two vortex flows can be seen, one
above and one below the horizontal pad plane indicated by a dashed line. Above
the pad plane, cold water coming from the DHXs penetrates into the outermost
portion of the interwrapper space and proceeds clockwise guided by the pad plane
toward the core centerline. As soon as this inierwrapper fluid reaches the upper
portion of the core, it mixes with the upward flowing warm fluid leaving the SAs.
At the periphery of the core mainly, cold water penetrating into the interwrapper
spaces proceeds vertically downward and is drawn on the way to the bottom end
of the core to an increasing degree in radial direction toward the core cenier.

The temperature fields with an isotherm interval of 1 K are represented in the
lower part of Fig. 15. The result shown in the left diagram corresponds qualitatively
to a great degree to the finding of the previous RAMONA case. The diagram shown
on the right illustrates the effects of the fluid circulating in the interwrapper spaces
on the field of isotherms. Due to the vortex flow below the pad plane, heat is re-
moved from the core grid plate and the powered central portion of the core. The
flow behavior above and below the pad plane causes an exiension of the temper-
ature profiles up to the core periphery where a vertical orientation of the isotherms
can be observed. ' '

8. STEADY STATE RAMONA AND NEPTUN [NVESTIGATIONS

The main parameters which were varied during the course of the steady state
RAMONA and NEPTUN experiments are summarized in Table 2. The findings of
these tests are described in greater detail in Refs. [9], [10]. From the multitude
of the conducted/t_ests,- therefore, only such are selected here which illustrate the
influences of the ACS shell design and of the number of loops installed in the test

‘facilities RAMONA Il ‘and II! on the thermal hydraulic behavior. Table 3 contains

the parameters of these particular experiments.

8.1 Influence of the ACS Design

The influence of the ACS-design on the experimentally and numerically de-
termined xsotherm flelds is illustrated by Flg 16 with examples of both a permea-
ble ACS shell (test RA. S1, upper part) and an lmpermeable one (test RA.S2, lower
part). The isotherm lines represented in the plots have an interval of 1 K.

' The experimental (left-hand side) and computed (right-hand side) findings of
the two RAMONA tests reflect a largely horizontal character of the isotherms in the
UP due to a thermal stratification. In the case of a permeable design of the ACS
shell (test RA.81), the stratification is present throughout the entire UP. An‘im-
permeable ACS causes a strong temperature stratiflcation with a pronounced fem-




Table 2. Main parameters_undez‘ considerations during the course of steady state

15

RAMONA and NEPTUN experiments.

(8 heating groups)

Setup _ RAMONA NEPTUN
Parameter 1:20 scaled 3D test facilities 1:5 scaled 3D test facility
core power 1 to 8 kW 133 to 221 kW

(6, 7 heating groups)

core flow paths via

- reflector and
storage elements

- |HX primary ioops

biocked, unblocked

unblocked, biocked
unblocked, blocked

ACS shell design

permeabie, impermeable

permeable, impermeable

in operation

6, 3 (RAMONA II1)

DHX design straight-tube-type, U-tube- straight-tube—type
type, hybrid-type
number of DHXs 4, 2 (RAMONA |; II) 4,2

UP fluic_l level .

normal, lowered

normal, lowered

Table 3. Steady state tests under consideration.
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RAS1 YV 8 8 permeable 4 unblocked_ yes
RAS2 V[ . 8 8 ~ |impermeable| 4 | unblocked yes |
RAS3 2| 1 8 | permeable | 6 unblocked ho
RA.S4 ? 1 8 impermeable 6 unblocked no
NE.S1 221 6 permeable 4 unblocked yes
NE.S2 221 6 impermeabie 4 unblocked yes

» Test performed utilizing the four-loop setup RAMONA 1.
2 Test performed utilizing the three-loop setup RAMONA 1.
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perature gradient between the top end of the core and the bottom end of the DHX
outlet openings. The higheét temperatures occur at the centerline of the setup.
The resuits of the FLUTAN simulations carried out for both experiments are in
good agreement with the corresponding measurements.

The computed velocity fields shown in Fig. 17 illustrate the influence of the
ACS design on the thermal hydraulic behavior with examples of two sectional
planes for the NEPTUN tests NE.S1 and NE.S2. The reference vector represents a
velocity of 5 cm/s. :

On the left-hand side, the cross-sections are cuttings across the SAs of the
core and the center of a DHX. On the right-hand side, the cross-sections are cut-
tings across the interwrapper space of the core and the center of an IHX. Within
the UP, a natural circulation path forms between the core and the DHX. A second

flow. path is established between the UP and the LP via the |IHXs. A permeable

design of the ACS shell (test NE.S1, upper part) allows a part of the cold fluid
coming from the DHXs to enter the 200 mm high gap between the core and the
ACS and to advance up to the centerline of the apparatus. One partial flow of
mixing temperature is deflected through the ACS. A second part is forced to move
along the perforated bottom plate of the ACS in opposite direction of the flowing-in
cold water and ascends parallel to the ACS shell into the UP. Within the inter-
wrapper space, two vortexes exist. The reasons for their formation as well as the
flow paths established as a result of an impermeable ACS shell were almost dis-
cussed in Chapter 7. Therefore, the computations of fest NE.S2 (lower part) are
shown without any additional comment. '

The influence of the ACS design on the experimentally and numeribally de-
termined isotherm fields is illustrated in Fig. 18. The isotherm lines have an inter-
val of 1 K. The_res’dlts of test NE.S1 are given in the upper part and those of test
NE.S2 in the lower one. Comparing the numerical {right side) against the exper-
imental findings (left side), it can be seen that the temperature fields of the UP are
generally reasonabie predicted. Even for the interwrapper spaces of the core, the
agreemeht is acceptable in view of the fact that the chosen nodalization doesn’t
simulate the interstitial flow in azimuthal direction (see Fig. 13), a measure which
is required with respect tothe number of mesh ce!ls and consequently to practical

restrictions such as computlng time.

8.2 Simulation of the EFR Geometry by the RAMONA i1l Setup

The EFR geometry with three heat transport loops and six DHXs is simulated
by utilizing the RAMONA Il test facility. Figure 19 shows the measured isotherm
fields of test RA.S3 performed with a permeable design of the ACS shell (upper
part) and of fest RA.S4 with an impermeable shell (lower part). The results of each
test are represented with examples of the cross-sectlons O-A and O-D (see Fig.
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12). The isotherm lines have an interval of 0.5 K. The use of a permeable ACS
shell results in a field of isotherms extended over the whole UP as expected. The
vertical temperature gradient over the thermal stratification layer is reduced and
the maximum temperatures occur at the centerline of the rig. This behavior is si-
milar to the findings of test RA.S1 (see Fig. 16) carried out by ufilizing the four-icop
setup RAMONA Il. The installation of an impermeable ACS shell leads to the al-
most known layer of closely spaced isotherms (see Fig. 16: test RA.S2).

9. TRANSIENT RAMONA AND NEPTUN INVESTIGATIONS

The transient investigations serve to study the thermal hydraulics prevailing
after scram of a reactor during the transition phase from forced to natural circu-
lation up to quasi-steady state conditions [10], [11], [27], [28]. The main param-
eters which were varied during the course of the transient RAMONA and NEPTUN
tests are listed in Table 4.

Table 4. Main parameters under considerations during the course of transient
RAMONA and NEPTUN experiments.

impermeable .

Setup RAMONA NEPTUN _
Parameter 1:20 scaled 3D test facilities | 1:5 scaled 3D test facility
core power _
- before scram 30, 75 kw 800, 1100, 1450, 1600 kW
- after scram. 1,2,3,4,6, 8 kW 133, 155 kW
core flow paths. —_ | blocked
via reflector and unblocked
storage elemenits
ACS shell design | permeable permeable

_impermeable

PP stop aﬁér scram

0, 130, 240, 1200 s

25, 240 s (see Table 1: PP)

number of the

8 (RAMONA 1, If)

8 (see Table 1: IHX)

_operated-IHXs. . | 6 (RAMONA III} _
IHX turnoff time | 15,240 {25,240

| flow paths via unblocked unblocked
IHX primary loops | blocked blocked
number of the 4,2 (RAMONA 1, 1) 4,2
operated DHXs 6, 3 {RAMONA I}
DHX startup time 0, 240, 3000 s

240, 3000 s
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9.1 Test Parameters

The transient tests under consideration are given in Table 5. This study fo-
cuses firstly on the baseline tests which were conducted under nominal condi-
tions, that means all installed DHXs are serviceable. In a second step, the influ-
ences of non-nominal operating conditions on the behavior of the primary system
are investigated under the assumption that

® all DHXs installed in RAMONA and NEPTUN, respectively, fail to operate on
demand and a pericd of 3,000 s elapses between scram and operation begin
of the DHXs, .

¢ only two of the four DHX circuits grouped in pairs in RAMONA as well as in
NEPTUN can be put in operation causing an asymmetrical in-vessel cooling
mode, '

. the flow channels of all IHXs arranged in the NEPTUN test facility are blocked
at their primary sides which results in a disconnection of the fluid flow from
the UP to the inlet side of the core.

9.2 Comparison of the Baseline Tests

The RAMONA baseline test RA.T1 and the NEPTUN baseline test NE.T1 were
carried out under similar boundary conditions in applying a comparable opera-
tional procedure. In both experiments, the power is reduced within a few seconds
after initiation of scram. At scram, the power dro'p of the RAMONA test is about
three'times_ higher compared to the NEPTUN experiment. This, however, is of mi-
nor influence on the physical characteristics of the primary system. The mass flow

rate at the IHX secondary sides drops linearly down to zero very quickly. The op-

eration of the DHXs starts at 240 s after scram. At the secondary side of each DHX
installed in the RAMONA rig, a mass flow rate of 6.4 g/s and a inlet temperature
of about 25°C are kept constant. The correspending data of the NEPTUN test are:
a mass flow rate of 2.1 kg/s per unit and a temperature of 15°C.

In Flg 20, the data of the. RAMONA test are represented on the left and those
of the NEPTUN test on the- right. The average core-mass flow rates are shown in
Fig. 20a. At scram, the flow rates start to decrease continuously, drop down to a
minimum value at ~0.5 h after scram, recover then agaln and reach approxz-
mately constant values at ~1.5 h. It can be seen that the stop of the PPs causes a
sharp drop of the mass flow through the RAMONA core. Something similar can not
be identified from the transient profile of the NEPTUN test. This different behavior

can be explained by the higher pressure gradient being effective in the NEPTUN

IHXs which are filled with cold water up to the inlet windows as wel! as by the less
abrupt power ramp at scram. The pronounced mass flow reductions of both tests
at 0.5 h after scram are mainly at_t_ri_buted o the,_f,ol,lowing facts:
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RA'T1_ 30 1 8 imperm.| 130 | unblocked 4 240
bhaseline
RA.T2 ? 30 1 8 imperm.| 130 | unblocked 4 3000 |
RATZ? | 30 | 1 8 |imperm.| 130 |unblocked | 2 | 240
1) :
RA.T4 30 1 8 perm.| 130 | unblocked 4 240
benchmark
RA.TH 2 30 1 8 ~perm.| 130 | unblocked | 4 240
RA.T6 3 30 1 8 perm.| 130 | unblocked | 6 240
NE.T1 1450 | 133 | 6 |imperm.| 25 | unblocked | 4 240
baseline _ _ - _
NE.T2 1450 | 133 | 6 |imperm.| 25 |unblocked | 4 | 3000
NE.T3 1450 { 133 6 imperm.| 25 | unblocked 2 240
NET4 | 1450 { 133 | 6 | imperm.|” 25 blocked 4 240

D Test performed utilizing the four-lc_a-dp”s_eﬂj'p RAMONA 1.
2 Test performed utilizing the four-loop setup RAMONA II.
* Test performed utilizing the three-loop setup RAMONA 1lI.

. Therccid fluid of the_IHXs is cdmpléte.ly J::onsurhed\ and warm water of UP
temperature enters the IHX inlet openings causing a reduction of its natural
convéction-pressure head.

¢ As a result of the operation start of the DHXs at 240 s after scram, the cavity
of the UP is filled up with cold water and a cold fluid layer (temperature stra-
tification) is developed above the core. That stratification leads to a down-
ward pressure gradient within the core. |
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To compensate both efiects, stronger bucyancy forces have to be established
within the core. This is achieved by an increase of the temperature difference
within the core. This thermal behavior is going on up to ~0.5 h after scram as de-
monstrated by the data plotted in Fig. 20b. From that time, the temperature rises
of the cores decrease and the core mass flow rates increase. The graphs of Fig.

20b show typical transient temperatures measured at the iniet and outlet side of

both cores. The RAMONA data represent averaged temperatures. The NEPTUN
measurements are taken from a core elemeni {(heating group No. 4) which is
placed at a radial distance of 362 mm from the core centerline. The transient tem-
perature profiles recorded at the core cutlet sides exhibit considerable temper-
ature drops immediately after scram followed by steep rises of the temperatures.
The temperature drops are due to the reduction of the core power and the still
operating PPs feeding coolant through the core. After the stop of the PPs, the core
temperature differences increase again producing the necessary upward buoyan-
cy forces which counteract the aforementioned effects. At the inlet side of the
core, the femperatures increase due to the fact that the cold water of the jower
plena is mixed with warm water coming from the upper piena. At about 1 h after
scram, these temperature differences reach approximately constant values. From
the energy balance results that the core powers and the quantities of decay heat
removed by the DHXs are about equal at 4 h after scram.

Temperatures measured at the primary side of the DHX inlet and outlet win-
dows are plotted in Fig. 20c. Up to 240 s after scram, the four DHXs of both setups
are not in operation and consequently there exist no-temperature differences be-
tween their inlet and outlet openings. After the start of the DHXs, the outiet tem-
peratures drop immediately. At about 0.5 h after scram, the temperature differ-
ences between the inlet and outiet sides amount to 6 K (test RA.T1) and 10 K (test
NE.T1), respectively. These temperature differences remain approximately con-
stant while the core inlet and outlet temperatures decrease slightly until steady
state conditions are reached at about 4 h after scram.

The transient thermal behavior of the upper plena is illustrated in Fig. 20d.
The data represent the development in time of vertical temperature profiles re-
corded along measuring traverses. Starting with forced convection at the time of
0 s, uniform temperature profiles are registered. After scram, first of all the lowest
parts of the upper plena are affected by cold water flowing out from the cores
during the steep temperatui?é drops immediately after scram. After start of the DHX
operation, the cooling effects are increased considerably in the cavities and in the
UP regions below the bottom end of the ACSs. The top ends of the upper plena,
however, remain warm during the first 1,500 s after scram. With increasing time
after scram, higher level positions begin to be coql'ed down to a greater extent
reaching constant temperature differences between the top and bottom ends of the
upper plena at a time of 15,000 s after scram. Temperature stratifications are
formed which take place in the regicns between the top ends of the cores and the

SR I i A
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outlet windows of the DHXs. The temperature gradients antount to about 3 K in the
RAMONA test and 5 K in the NEPTUN test and the vertical temperature profiles
remain unchanged by far in time.

The comparison of the characteristic findings of RAMONA fest RA.T1 with
those of NEPTUN test NE.T1 indicates that similar results were obtained even
though differently scaled rigs were utilized for the performance of the experiments.
In both tests, the Richardson and Euler numbers are the same. The Péclet and
Reynolds numbers differ by roughly one order of magnitude. This means that only
locally turbulent flow conditions exist during the transient tests even if they are
conducted in the NEPTUN apparatus.

9.3 Delayed DHX Startup Time

" The only difference between the baseline tests and the tests RA.T2 as well as
NE.T2 is the delayed startup time of the DHXs which are put into operation with a
lag of 3,000 s after initiation of scram. The test readings are shown in Fig. 21.

From Fig. 21a, it can be seen that the transient profiles of the core mass flow
rate are characterized by a first steep drop immediately after scram, a recovering
phase, and a second reduction. The first minimum results from the warm water of
the UP entering and heating up the IHXs and the second one from the operation
start of the DHXs. In the case as distinguished from the baseline tests RA.T1 and
NE.T1 (see Flg 20a), both events are separated and it can be deduced that the
heatup phase of the IHXs lasts ~0.3 h and the flow reductlon caused by the DHX
operation ~0.5 h. The effect of the 3,000 s delayed startup of the DHX operatlon
becomes clearly visible and causes a very strong and distinct reduction of the

‘mass flow rate through the NEPTUN core. The reason for this behavior is the in-

terstitial':'flew which contributes remarkably to the heat transport within the core.
The removal of heat from the SAs to the i'nte_rstitial flow diminishes the temper-
ature rises of the fluid insidé the SAs and Rénce thie buoyancy forces. As a con-
sequence, the core mass flow rate is reduced to a greater degree eompare'd to the
RAMONA test. |

These effects are reflected by the core temperatures as well whlch are glven

- in Fig. 21b. The maximum core outlet temperatures are influenced only to a minor

degree by the delayed start of the DHX operation, and a less steep temperature
increase is registered at the outlet side of the NEPTUN core. These small increases
of the core outlet temperatures are due to th_e heat capacity of the in-vessel coolant
and in the case of the NEPTUN test due to the heat transport to the interstitial fiow.
At 1.2 h after scram, the temperature differences within the core are high enough
to increase strongly the buoyancy forces and hence the core mass flow rates. With
the onset of this flow raugmentation, the maximum core temperatures start tc de-
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crease. At about 2 h after scram, the core temperature rise is established and held
constant. :

The measured DHX inlet and outiet temperatures are plotied in Fig. 21c. The
delayed start of the DHXs can be easily identified from the characteristic drop of
the outlet temperatures. The temperature differences between the inlet and outlet
sides are slightly reduced in time. The fluctuations of the outlet temperatures can
be explained by the flow pattern of the cold fiuud Ieavmg the DHXs and the warm
water accumulated in the UP.

The vertical temperature distributions in the upper plena are represented in
Fig. 21d. From these profiles, the delayed startup time of the DHXs becomes
clearly visible too. After 3,000 s, the temperatures of the upper part of the UP are
increased by about 2 K in the NEPTUN rig. Below the top end of the core, however,
the temperatures measured in the NEPTUN cavity are lower than those observed
at scram time. This is due to the “cold shock” cccurring after scram since the
power reduction is reached within a few seconds whereas the rundown of the PPs
needs 25 and 130 s, respectively. A comparison of the vertical temperature profiles
with the corresponding findings represented in Fig. 20d allows the conclusion that
the profiles are basically similar in view of a time shift of 3,000 s.

9.4 Complete Fa_ilure of Two Neighboririg DHX Circuits

The tests RA.T3 and NE.T3 differ from the baseline tests just by the number
of the operable DHX circ_:uits. That means that the same amount of decay heat has
to be removed by two DHXs only which comes down to a halving of the active heat
transferring surfaces since all other test parameters as well as initial and bound-
ary conditions-are kept constant. To remove a twice as high power per DHX, an
increase of ‘the driving temperature differences and of the mass flow rates at the
'primary side of the serviceable DHXs is necessary. Since the DHX iniet temper-
atures and mass flow rates are the same at the secondary sides, the temperature
differences between the inlet and outlet openings of the secondary sides are dou-
bled. Consequently, higher driving temperatures between the primary and sec-
ondary sides of the serviceable DHXs appear which cause hlgher temperatures in
the upper plena too. The readlngs of the experlments RA.T3 and NE.T3 are shown
in Fig. 22. - '

After scram, the core mass flow rat'es measured in both test facilities {see Fig.
22a) are similar to the measurements recorded during nominal operating condi-
tions with four DHXs being in service {see Fig. 20a).

This is also true for ttte inlet and outlet temperatures of the cores during' the
first 0.5 h after initiation of scram (see Fig. 22b). With increasing time after scram,




23

i s

the inlet and outlet temperatures increase slightly until the states of equilibrium
are reached, i.e., when the removed decay heat is identical to the heat input.

Figure 22c shows temperature profiles recorded at the primary sides of the
two active DHXs. Compared to the baseline tests, the temperature differences are
nearly the same, this means that the higher heat transport is mainly caused by
increased mass flow rates through the primary sides of the DHXs.

The time depending vertical temperature. distributions in upper piena are
shown in Fig. 22d. Within the first 1,000 s after scram, the profiles are very similar
to those of the nominal tests with four DHXs being in operation (see Fig. 20d).
However, as socn as the two DHXs are in full operation, above all the temperatures
measured in the upper part of the UPs differ from the symmetrical load case. This
is due to the fact that the steady state conditions are reached at a higher temper-
ature level than in the case of nominal operating conditions. In the upper plena,
the temperature level increases slightly afterward and reaches steady state at
about 20 h after scram. A comparison with the baseline tests shows that the non-
nominal operating conditions lead {o higher steady state temperature levels which
differ by ~5 K in the RAMONA test and by ~8 K in the NEPTUN test.

9.5 Number of the Installed Heat Transfer Loops

The aim of tests RA.T5 and RA.T6 is to demonstrate the influence of the dif-
ferent number of heat transfer loops arranged in the RAMONA |l (four-ioop design}
and RAMONA il (three—Io'op design) setups on the transient thermal thermal hy-
draulic behavior. The results of these tests are represented in Fig. 23. The initial
and boundary conditions are comparable; in particular: the power reduction, the
rundown of the PPs, and the boundary conditions at the secondary sides of the
IHXs and D_HXs"'./Th'e size of the DHX heat transfer surfaces are also the same. The
size of the IHX heat transfer suffaces, however, are not identical. The heat transfer
surfaces of the six IHXs arranged in RAMONA Ill amounts to 75% of the suriaces
available in RAMONA 1l with eight IHXs. This deviation is caused by the fact that
the IHXs of the RAMONA Il rig are utilized again in the RAMONA Ili setup. That
has to be kept in mind when the following results are compared. The comments
concern mainly the differences with regard to the number of the instailed DHX
loops since the general thermal hydraulic behavior doesn’ t change from the phy—

sical point of view.

After scram, the mass flow rate of the RAMONA Il core increases faster com-
pared with the RAMONA |1I core (see Fig. 23a). This is for the reason that the na-
tural convection pressure head exerted by the six IHXs being in operation in the
RAMONA il rig is lower in comparison with that of the eight IHXs avaiiable in the
RAMONA Il. The transient profiles of the core inlet and outlet t_,emperatures' are
different in the tests under consideration (see Fig. 23b). Before scram, a higher



24

temperature level is registered in test RA.T6. This behavior has to be attributed fo
the lower number of IHXs being in operation compared to test RA.T5. Since the
core power and the secondary side conditions of the IHXs of both tests are identi-
cal, the driving temperature difference between the primary and secondary side
of the 1HXs has to be higher in order to balance the heat transport. The maxima
of the core temperatures are reached earlier in time in the RAMONA HIl apparatus.
This is due to the smaller water volume stored in the vessel and results from
higher circulation velocities within the primary system. Therefore, the temperature
gradients at the inlet and outlet opening of the DHXs are also higher as shown in
Fig. 23c. The temperature distributions in the upper plena are comparable as de-
monstrated by Fig. 23d. In the RAMONA {ll test, the characteristic temperature
gradient above the core is less pronounced in comparison to the measurements
performed in RAMONA Ii. This is due to the minor fluid volume being stored in the
UP of the RAMONA II! setup. :

9.6 Complete Fiow Path Bl_ockage of the IHX Primary Sides

The objective of this investigation is to simulate the thermal hydraulic behavior
following a possible break of the hot leg piping system in a top-entry loop-type
reactor [29], [30]. For that purpose, the inlet windows at the IHX primary sides are
closed in order to biock the flow paths between the UP, the LP, and the coolant
inlet side of the core. This means that the core is only coolable by fluid penetrating
from the UP into the SAs and interwrapper spaces respectlvely

Test NE.T4 is a transient experlment and starts under nominal forced con-
vection conditions and initially opened {HX inlet window. Figure 24 shows FLUTAN
computed velocity and temperature fields before scram for cross-section O-B
which includes the interwrapper space and an IHX (see Fig. 13). At the top end of
the core; sti‘bng axial velocities-exist characterizing the behavior at the outlet side
of the SAs. The fluid motion in the interstitial space, hoWever,_is very low or even
stagnant water is predicted. This is confirmed by the field of isotherms being
highly influenced by the core heating and the temperature rise.

After s'cram the IHX windows are closed and.the primary. flow paths via the
IHXs are blocked The vector plot shown on the right-hand side of Fig. 25 ad-
dresses the same cross-section as before and illustrates the situation at 18,000 s
after scram. In order to draw comparisens, the corresponding velocity field of the
baseline test NE.T1 is given on the ieft-hand side. At 18,000 s after scram, a time
at which the steady state of natural convection is almost reached, a strong clock-
wise flow circulation takes place in‘the interwrapper spaces. This flow paitern is
more pronounced in test NE.T4 than in test NE.T1 which has o be attributed to the
enhanced heat transfer from the core elements to the interstitial flow via the
wrapper tubes. o '

2
i



25

To demonstrate again the important cooling part of the interstitial flow, Fig. 26
illustrates the fields of isotherms on the basis of measured and computed data for
hoth the unbiocked and blocked flow paths between the upper and the lower plena.
The experimentally and numerically determined temperature fields of the blocked
case show that the isotherm lines having an interval of 1 K are tighter and indicate
a higher temperature gradient for the interwrapper space compared to the base-
line test. Hence the contribution of the interstitial flow on the decay heat removal
can be assumed to be enhanced. Mass flow rates locally measured in each SA
heating group indicate that in the baseline test NE.T1 about 50% of the core power
is removed by the interstitial flow. In test NE.T4, the portion amounts to 60%. This
contributions are confirmed by heat balances performed on the basis of the com-
puted values. According to that, the core coolability from above seems to be fea-
sible without any difficulty apart from the fact that temperature level is ~4 K higher
at the core outlet side. A comparison of the numerically determined isotherm field
against the measurements shows a reasonable agreement of the temperatures
within the core region, the interstitial spaces, and the UP.

Figure 27 represents the experimental data of the tests NE.T4 (right side) and
NE.T1 (left side}. During test NE.T4, the core mass flow rate couldn’t be registered
because the main flow paths between the UP and the LP are blocked. Figure 27b
shows temperature transients recorded at the iniet and outlet side of the core. it
can be seen that the maximum temperature rise appears at ~0.25 h after scram
and amounts to 20 K for test NE.T4. In test NE.T1, the corresponding value is 16
K. At a time of 4 h after scram, the comparabié differences come to 15 K and 10
K, respectively. This increased temperature rise for the blocked case can be ex-
plained by the fact that the core elements are cooled by thermosyphon effects, i.e.,
there exists a circulation of warm water in upward direction and of cold fluid in
downward direction. It is obvious that these effects produce a higher pressure loss
compared to the nominal flow path via IHXs and PPs In addition, a cooling effect
is caused by the interstitial flow. Cold fluid passes the interwrapper spaces and
contributes remarkably to the decay heat_removal during both tests under con-
sideration. At the DHX inlet and outlet sides (see Fig. 27c), the transient behavior
of the compared tests is very similar. A comparison of the data plotted in Fig. 27d
on the right-hand side with those represented on the left indicates that the vertical
temperature. profiles measured in the UP are very similar at the corresponding
points of time. This means that the installation of DHXs in the UP above the core

" leads to a very effective core coolability even in the case of a flow path biockage

via the IHX primary loops. -

9.7 Numerical Simulation of a Transient RAMONA Experiment

. From the multitude of the performed RAMONA tests, a close-to-reality exber‘—
iment is selected for a numerical simulation using the FLUTAN computer program.
The expenment RA.T4 carried out under reactor typical conditions demonstrates
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the thermal hydraulic behavior during the transition from forced to natural con-
vection [31]. At scram, the core power is reduced from 30 to 1 kW. The PPs stop
at 130 s after scram. At the IHX secondary sides, the pumps are turned off at 15 s
after shutdown. The ACS shell is permeable.

For the simulation of the experiment, the RAMONA test facility is modeled
using the 3D network shown in Fig. 12. The number of the volume cells is nearly
15,000. The input data required for the computation take into account all compo-
nents of the primary system as well as their time depending operational behavior.
The calculation covers a time period of 3,600 s, i.e., from steady state forced up to
a time at which essentially constant conditions of natural convection are reached.
The state of equilibrium between constant decay heat of the core and heat removal
by the DHXs is obtained after a long-term period of apprommate!y 20 hours. Th:s
stat;onary state is simulated by a separate computer run.

In F|g. 28, the results of the computatlons (nght side) are compared against
the measurements (left side). The calculated values of the mass flow rates and of
the temperatures prevailing at the iniet and outlet side of the core as well as in the
UP are in good agreement with the experimental findings. The time depending
vertical temperature profiles of the UP reflect clearly the effect of the cold water
flowing from the DHXs into the cavity and the slow'filling of the UP with fluid of
mixing temperature. At 20 h after scram, the temperature distribution exhibits a
thermal stratification with an axial temperature gradlent of about 3 K. These phe-
nomena are well predicted by the computations.

It should be mentioned that the ratio of ‘computing to real time amounted fo
400 which is less advantageous for the simulation of a series of RAMONA and es-
pecially NEPTUN tests utilizing the latest version of the FLUTAN computer code.

10. SUMMARY AND CONCLUSIONS™ ~ ~ =

Experimental and hu'me"rié?.-il"'ih\"iéstigéﬁ'ﬁﬁé' info the steady siate thermal hy-
draulics, the transition phase from forced to natural convection as well as into the
long-term quasi-steady state behavibr of the reactor primary system were carried
out. The differently scaled 3D fest faciliies RAMONA- (scale 1:20) and NEPTUN
(scale 135) were utilized with water as the simulant fluid. These setups are similar
to the pool-type reactor geom_efry.in 'order_t_o_ c_o.i_nply with the requirements of the
similarity criteria. Deviations of the characteristic dimensionless Re number, how-
ever, must be accepted which influence the velocity field and the mass flow dy-
namics. Under forced convection condition during the prescram phase, the UP
reveals identical temperatures. This is also due to the colder temperatures of the
LP. The heat production of the core results in about identical temperatures across
the core diameter. After scram, the fluid of the UP experiences a thermal stratifi-
cation as a resuit of cold coolant supplied by the IHXs and DHXs. This temperature




stratification is maintained during the postscram phase until steady state condi-
tions are reached.

E The start of natural convection is mainly influenced by two effects: the tem-
perature increase at the primary side of the IHXs which leads to a reduction of its
natural convection pressure head and the startup time of the DHXs causing a coid
fluid layer above the core that counteracts the buoyancy forces of the core.

With examples of selected RAMONA and NEPTUN tests, the influence of nom-

inal and non-nominal operating conditions on the thermal hydraulic behavior of
the primary system was investigated. The obtained results of the reported exper-
E iments can be summarized as follows:
5_ * The thermal hydraulic findings of the RAMONA and NEPTUN tests are similar.
‘ I * Even the qualitative results are comparable due to the similarity of the chosen
E boundary, initial, and transient conditions of the corresponding tests.

¢ The installation of a permeable ACS leads to a thermal stratification which is
present throughout the entire UP. An impermeable ACS shell causes a strong
temperature stratification with a proncunced axial gradient between the top
end of the core and the bottom end of the ACS; in the lower and upper parts
of the UP, the temperatures are uniform to a large degree.

e A 3,000 s delayed startup time of the DHXs results in an additional temper-
ature rise in the core elements and in the UP. This slightly higher temper-
atures do not lead to any doubt about the coolability of the primary system
and can be mastered by an optlmlzed startup time of the DHXs.

¢ An asymmetrlcal cool;ng mode due to a comptete failure of two neighboring
DHX circuits causes a remarkably higher final steady state temperature level
of the UP but doesn’t alter the overal! temperature dlstnbutlon

¢ The replacement of the four-{oop RAMONA Il rig by the three-loop RAMONA
Il setup resulis in a ‘decrease of the fluid lnventory contained in the primary
system. The transition from forced to natural_circulation is affected by this
volume reduction. All transient temperature courses are faster and steady
state conditions are i'eac_ﬁhed' earlier since the heat capacities are lower. are
lower.

¢ A complete flow path blot:kage of the IHX primary loops leads to an enhanced
cooling effect of the interstitial flow and gives rise to thermosyphon. (exper-
iment) or backfiow effects (computatlon) ms:de the core elements. At the up-
per end of the core, the temperatures increase sllghtly, but the core coolabil-
ity from above is feasible without any difficulty.
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* The interstitial flow contributes remarkably to the cboiing of the core ele-
ments. Up to 60% of the core power is transferred by this effect during the
transition phase up to the reaching of steady state conditions.

in order to demonstraté capability of the FLUTAN computer program, anaiyt-
ical predictions were compared against the measurements. The obtained resulis
show that all physical effects observed during the course of the steady state and
transient RAMONA and NEPTUN experiments can be numerically simulated. The
comparison indicates a qualitatively and quantitatively satisfying agreement of the
findings. The capability of that advanced version of FLUTAN is encouraging to
provide a qualified tool for the transferability of experimental data to reactor-typi-
cal conditions. To achieve this goal, the code was highly improved and carefully
validated. The improvements include:

¢ the full vectorization and implementation of a self optimizing algorithm for
solvmg the Poisson equations,

¢ the supplement of second-order differencing schemes,

»  the development and implementation of new turbulence models for buoyant
flows and low Re numbers,

¢ the development and implementation of a heat exchanger model to account-
ing for steady state and transient inlet conditions.

The results obtained during the course of the RAMONA - NEPTUN program on
passive decay heat removal allow to draw'th_e foliowing conclusions:

¢ - The investigations performed in differently scaled test facilities indicate that
the decay heat can be removed from the primary system by means of natural
convection. Always flow paths develop which ensure an eﬁectlve cooling of
all regions’in the prlmary system of the reactor models. -

¢ This statement can be transferred to the-EFR prototyplcal conditions since the
~ design and operation of the scaled setups are based on the ‘required similar-
ity criteria.

¢ The flndmgs indicate that the coolability of the pr;mary system is assured
‘even for operating conditions such as the DHXs fail to start on demand and
- the recovery needs roughly one heur, enly halif of the DHX circuits can be put
in service, or no coolant reaches the core inlet side via IHXs and PPs caused
by a complete flow path blockade of the IHX primary loops.

¢ The improved and assessed version of the FLUTAN computer program re-
presents a promising tool to transfer results gained from water tests to prac-
tical situations within the EFR prlmary vessel the individual components, and
the total DHR sysiem. '
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NOMENCLATURE

thermai diffusivity, m?/s

flow cross-section, m?

Euler number (pressure/inertia), dimensionless
specific heat, W - s/{(kg * K}

acceleration of gravity, m/s?

characteristic length, m

mass flow rate, kg/s

pressure, N/m?

Péclet number {conduction/convection), dimensicnless
core power, kW

pressure, N/m?

normalized pressure, dimensionless

radius, m

Reynolds number (inertia/friction), dlmensmnless
Richardson number (bucyancy/inertia), dimensionless
normalized time, dimensionless

normalized temperature, dlmenswnless
characteristic velocity, m/s- '
normalized velocity, dimensionsless
characteristic velocity, m/s

normalized velocity, dimensionsless .

length, m

normalized length, dimensionless

scaling factor, d:mens:onless '

length, m

normalized length, dimen_sionless'

lehgth, m

coefficient of thermal expansion, 1/K
pressure drop, N/m?

normalized pressure drop, dimensionless
temperature difference, K

length difference, m

angle difference, deg

friction coefficient, dlmensmntess
temperature, °C

heat conductivity, W/(m - K)
kinematic viscosity, m?/s

density, kg/m? '

angle, deg

Zeit, s



Subscripts

c .
DHX
M

p
R
th
UrP

Superscript

*
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core

decay heat exchanger
model ‘
pressure

reactor

thermal

upper plenum -

ratio of model/reactor

Abbreviations

ACS
AHX
ANL
DHR
DHX
DRC
EFR
FZK
HPP
IHX
LP
LDA
LOSSP
NE.S
NE.T
PP
RA.S
RA.T
SA
SNR-2
SOR
TC

- UP

1D
2D
3D

above core structure
sodium/air heat exchanger
Argonne National Laboratory .
decay heat removal

decay heat exchanger

direct reactor cooling
European fast reactor
Forschungszentrum Karisruhe

- high pressure plenum
~ intermediate heat exchanger
- lower or cold plenum

Laser-Doppler-anemometer
loss-of-station service power

NEPTUN steady state-test

NEPTUN transient test

RAMONA steady state test
RAMONA transient {est
subassemb!y

"German design of a sodium- cooled fast reactor '
- successive overrelaxatlon

thermocouple

upper or hot plenum
oche-dimensional
two-dimensional
three-dimensicnal
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b) Temperatures at the core inlet and outlet side.
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¢) Temperatures at the DHX inlet and outlet side.
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d) Temperature profiles in the upper plenum as function of the time after scram.

Fig. 28. Cdmparison of computed against experimental results, test RA.T4.






