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Abdract — SCKeCEN, the Belgian Nuclear Research Centre, works on the conceptual design and basic engineering of a
multipurpose ADS for R&D, dubbed MYRRHA, a small high-performance irradiation facility with fast neutron fluxes up to
1.10" n/em?/s to start operation in about 2010. It is to serve for demonstrating the ADS concept and to be used for research
on sructural mderials and nuclear fud, liquid metals and associated aspects, reactor physics and subsequently on
applications such as waste transmutation, radioisotope production and safety of sub-critical systems.

In (Van Tichelen, 2000) the basic arguments for the windowless design of the spallation source at the centre of the sub-critical
core (SC) have been outlined. Revised requirements have resulted in the upgrading of the primary proton sourceto 350 MeV and 5
mA. Accordingly, the spallation source will now haveto absorb 1.75 MW from the beam, penetrating into a volume of lead/bismuth
eutectic flow to a depth of about 13 cm. About 80% of this power stay in theliquid metal in the formof heat to be carried away at a
flow rate of 10 I/s. Thetarget isformed by a co-axial confluencein a loop that is now open rather than coaxial, because of the
gpace limitations imposed by the high-performance SC. Because the free surface at the confluence is not the highest point in the
(mainly vertical) loop the flow from the upper annular channel has to be drag limited. The minimisation and enhancement of heat
transfer of the re-circulation zone close to the free surface guide the optimisation of the confluence flow pattern.

Further to (Van Tichelen, 2000), the design verification experiments—at the time being performed with water under ambient
air pressure —have been conducted at IPUL in a mercury loop whose size with a contents of 8 ton Hg presents an even match to
the later MYRRHA loop. Thisloop has also been made to gperate under vacuumin order to comply with thelater requirementsand
to avoid the entrainment of air. The first indications are that the quality of the produced free surface at the desired flow rate does
match the formerly reported one in the water experiments in similar conditions. Moreover, the envisaged optimisation path to
obtain a minimum re-circulation zone has proven to work. This completely closed circuit of proper magnitude has as a by-product
shown a number of systemns properties the knomedge of which will be very valuable in the proper design of the MYRRHA loop.
Three different kinds of nozzes with varying parameter details are being investigated. The circuit, the experiments and the results
obtained so far will be reported.

l. INTRODUCTION nudei. For instance for alead target bombarded with 350 MeV

protons one expedts a yidd of 6 n/p (thick targd, Ait

At the heat of an Accderator Driven System is the
spdlaion target. It is the neutron source providing primary
neurons thet are multiplied or amplified by the surrounding
subcritica core (SC). The primary neutrons are produced by the
spdlation reection of heavy taget nudd under impinging high-
energy protons generated by a suitable particle accderator. The
amount of spdlaion neutrons depends on the initid energy of
the incident patide and on the aomic number of the target

Abderrahim, 2001) and for the Pb-Bi eutectic liquid metd (LM)
the sameyidld is expected.

Due to the high Z dfidency, a heavy med is the mogt
gopropriate solution for the target. Moreover, due to very high
power dendty one arives & due to goece limitations when
optimisng the subaiticd core peformance a liquid med
remans the only option permitting to remove the heet by forced
convection.



The MYRRHA subcriticd core condds of hexagond
assemblies of MOX Fast Reector-type fud pins with an active
length of 600 mm placed cetrdly in a LM pod (Ait
Abderrahim, 2000/2001). Two configuraions - that are
different with respect to the sze of the hexagon — are currently
gudied. In the ‘large assembly'-configuration, one sngle centrd
hexagon is removed. In the smdl assambly configuration, three
centrd hexagons are removed. This is shown in Fg. 1. Both
corfigurations leave a ggp aound the Sodlation target's flow
return tube (of 72 mm ID, 80 mm OD) — beng filled with the
SC liquid Pb-Bi codlant. The outsde dimensions of this gep are
condrained by the neutronic performances of the core in order
to obtan the reguired fagt neutron fluxes for high flux

irradiation samples to be placed in this ggp — eg. for minor
adinide trangmutation invedigations - the ggo width is
regtricted to the dimengons shown in Fg. 1 (Mdambu, 2000).
Above the axid region of the spdlaion source — which, with its
ca 13 cm axid length, is centrdly placed in the SC's 60 cm
adive length - the feeder downcomer and a nozzle, teking the
liquid to the centre postion, can use the full space cregted by
removing the above hexagon(s). It is dear that in the 'smdl
assembly'-configuration the feeder section is more difficult. For
the moment, the investigations have been focussed on the large
as=mbly’ case The postion of the target in MYRRHA is
showninHg. 2in plan view.

Fgure 1. Dimension of the centrd gap for the spdlation target in the hexagond core of MY RRHA

With the above gpace limitations it is intended to ddiver the
5 mA protons in form of a pencil beam scanning the avaladle
surface in Sde the 72 mm ID in such away that it best matches
the re-cdrculdion pettern of the free surface and according
provisons are foressen in the ion optics of the accderaor.
Apat from the space limitaions and materid property short-
comings, dso the current and power dersty figures would
meake the design of a solid window for the pdlaion source next
to impossble: the chosen 5 mA a the rddive low energy leeds
to a current density of order 150 pA/ent (as far as we know a
leest a factor of 3 higher than any window design that has been
atempted to meet). This is the main reason for adopting the
windowless design for MYRRHA which has as a conseguence
that the free surface ultimatdy haes to be compaible with the
vacuum requirements of the beam trangport system of the
accderaor. The totd beam enagy will be dumped into a
volume of ca 05 | leading to a heding power dendty of ca 3

KW/cm?®. In order to remove this heat from the LM with an
average temperdure increese of 150°C on top of the
temperature of the inlet flow of 200°C atotd flow rate of 10 I/s
a an average flow speed of 25 mys is required. It is suggested
from edimaes tha the evgporation from 'hot spots with
devated temperatures beyond the average 350°C - doseto the
free surface in the re-drauaion zone (and these are the only
ones of interest for the vacuum compatibility problem) — is then
dill accepteble. The investigation is therefore directed to assess
and minimise the re-circulation zone inherant in the free aurface
formation under the above geometry and flow requirements.

To summanisg, the chdlenge in the MYRRHA spdldion
target design s to creete a Pb-Bi flow pattern with a free surface
within the geometrica congtraints, adequate to remove the heat
deposted by the proton beam so that the thermd and vacuum
requirements are met.
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Figure 2. The position of the gpallation target in the MY RRHA system

. DESIGN PROGRAM

To gan indght in the characteridics and expatise in the
cregtion of an adequate free surface flow, SCKeCEN has
devdoped a roadmgp of expaiments with incressing
corespondence to the red dtudtion. This roadmep is
supported and guided by Computationd Huid Dynamic
(CFD) cdculations. The CFD cdculaions are dso used to
invedigate the flow paten and tempeaure profile in the
presence of beam heding which canot be sSmulaed
expaimentdly a this sage

I. Dimensionless Analysis

Since tosde experiments with Pb-Bi eutectic LM are
more difficult to conduct due to its high mdting temperature,
water and mercury are usad as dmulding fluids in the firg
and second ingance It can be seen from the andyss of the
rdevant dimensonless numbers thet these fluids are sliteble
for smulaing the LM hydraulics

A free auface flow under gravity in which suface
tendon might play an importat role, is determined by the
dimensonless numbers Reynolds, Froude and Weber:

2
Re = rvbD, Er = \% We = rv-D, )
m [gDh S
Herdnis:

r thefluid density,

m thefluid dynamic visoostty,
S thefluid surface tendon,

Y thefluid velodity,

Dn  achaadteidic length and
g the gravity congtart.

Comparing these numbers for the rdevant vdocty (v =
25 m/s) and characteridic length (D, = 72 mm = centrd
tube diameter) a a rdevant temperaure, leads to the result
shownin Table 1.

| Teco) | Re | FB | we | Pr
Pb-Bi 200 |7.28E+05| 854 13013 | 0.032
H,0 20 |177E+05| 854 5966 6.890
Hg 20 |155E+06| 854 15694 | 0.027

Table 1. Dimensionless numbers



It can be seen that for dl three liquids the Reynolds
numbers for the centrd tube are dealy in the turbulent flow
range this is ds0 true for the annular ggp of the downcomer.
The Reynolds number for PbBi is between the water and Hg
vdues The Froude number is equd in dl cases snce
veocity and charadteridic length are spedified. The Weber
dmilaity is dso acoeptable Again, the Pb-Bi vdue is
between the wae and Hg vdues Theefore it was
concluded tha water and mercury ae suitéble fluids for
smulaing the PbBi flow behaviour. Po-Bi lies within the
goan of the two liquids In view of this the optimisation of
nozzles can be done udng the rdaivdy essyto-handle
waer and mercury and confirmation experiments have to be
carried out usng Pb-Bi.

As can be seen from the Prandl number that describes
the hegth trandfer cgpability of the liquids, LM experiments
remain indispensable for andysing the thermd agpects

[1. Water Experiments at UCL
In June 1999 an R&D program darted in collaboration
with the themahydrallics depatment of Univesté

Cahdlique LowanlaNewe (UCL, Bedgum), in short
TERM. Within this R&D program, water expeiments on a

b

oe-to-one  scde  under  @mospheric pressure were
peformed. As stated above, water was used because of its
eee of handling. Due to eguipmet limitations a the time
and the initid lower gedfication of the beam spedifications,
mos expaiments were peformed & a nomind flow rae of
5 I/s leading to an average flow speed of 1.3 m/s, only a few
acdoseto7l/s

As reslt of the expeimentd invedigdaions (Van
Tichden, 2000 and Seynhaeve, 2000), a dable free surface
a dffeet flud levds ocoud be edddished. The
experiments showed the necessty of teking providons to
uppress  posshle swirl  cedion in the cetrd  tube
originding from the fesder section. The expaimentd nozde
and the reaulting free suface ae shown in FHg. 3. Alo
shown is a compaison beween LASER Doppler
Vdocimetry (LDV) messurements of the veodties in the
entrance region and the output of CFD cdculaions.

In the centre where the down coming flow mests, a so-
cdled recrcuaion zone or ‘hydradlic jump is formed. In
this zone, the stream lines are forming a dosed odl torus in
which the vdodty direttion is veticdly upwads dong the
centrd axis (negdive veodties in LDV and CFD up to -0.4
m/s), flows redidly outwards and returns pardld with the
man flow dreamlines (postive vdodties up to 1 m/s).

Axial velocity profiles
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Figure 3. The nozzle in the water target experiment

Expaiments introducing dye in the flow have shown
that the resdence time of fluid partides in the redrculaion
zone is on the brink of beng citicd. This has importart
implications on the fluid temperaures a the free surface
when the beam hedting will be presat. The longer the
resdence times, the higher the temperature and the higher
the veporistion of the LM into the beam line Minimisng
the resdence times by minimisng the re-circulaion zore is
seen asamgjor todl to handle the surface heeting.

The water experiments did not dlow this optimistion as
a a catan minimistion levd ar from the amosphere
aove is eatraned in the flow leading to two-phase
conditions with entirdy differet  flow propeties  This
limted the usfunes of the wae expaimetts under
amospheric pressure, however, some confidence was taken
from the coincidence of the expeimentd and CFD flow
fidd evauation in the re-circulaion region.



I11. Hg Experiments at IPUL

To diminagte the posshility of ar entranment and to
sep forward in the approach towards the assessment, a to-
scde expeiment usng liquid Hg a a flow rae of 10 I/s and
under adequate vacuum conditions has been conceved by

SCKeCEN and carried out a the Inditute of Physics (IPUL)
of the Universty of Lavia in Riga Lavia A drawing of the
target module is shown in Hg. 4. This module houses the
different nozzes tha ae teted and is placed into the
exiging Hg loop a IPUL. All experiments are paformed in
collaboration with IPUL.

nozzle housing

Fgure4. Thetarget modulein the Hg experiment

|. Desription of the Experimenta Loop

The expaimentd loop (shown in Fg 5 a IPUL
contains 8 ton of liquid mercury and is in this way an even
match to the laer MYRRHA loop. Its man pats ae an
MHD pump, a loop man vave, a hea exchanger to remove
the pump heat losses to the mercury, a test section and an
MHD flow meter. The MYRRHA module is insated in the
test section.

To remove or add smdl amounts of mercury from or to
the otherwise dosed loop, a cylinder was ingdled and
connected to the loop through a feeding line with a vave a
the outlet of the module and a bleding line with a vave &
theinlet of thenozzle

Flivw meter

A vacuum system was added to the loop @ the top of the
module to establish vacuum cbove the free suface —
typicdly to less then 0.1 mbar. This sygtem dso contans a
whole drcuit for proper dearing of the loop a the dtart-up
as it tumed out duing the fird expaimets tha insuffidet
removd of ar from the loop can caue an ealy onsgt of
cavitation in cartain cases

Other possble sources of cavitation in the loop such as
abrupt changes in crosssection were diminated or  reduced
where possible It is important to dress here that by usng the
term ‘cavitation' we mean grictly the phenomenon of the LM
flov deaching from the wdl (with subssquet re
impingement onto the wadl); we do not & this $age combine
ths in ay way with the suface-corrodve action of
cavitation as seen in anumber of other technologicd aress.

Figure 5. Hg experimentd loop & IPUL, Lavia



During the experiments it became dear that the MHD
pump needs a minimd pump load. At low loop resigance,
the charateridtics of MHD pump current | versus flow rae
\Bshow a kink that is likdy due to cavitaion within the
MHD pump. Therefore, the loop vave was patidly closed
during the subseguent experiments in order to provide a
minimum headload to the pump. The &bove curve then
becomes adraight line except for very low flow rates.

1. Smal Gap Nozzle

The nozzle teted @& UCL gave a lot of useful
information but could never be used in the find godlaion
loop. The free surface of gpdlation is in the red Stuation not
the lowes point in the loop. Theefore the flow through the
nozzle feeder should be drag limited in order to prevent the

fluid from fdling down. The ggp of the feeder of the UCL
noze is 20 mm and this is too wide to prevet the
accdadion and findly teaing off of the liquid. As the
feeder section in the UCL wes rdaively short, this did not
influence the expaiments In redity, the fesder saction will
be of the order of 2 m and the liquid would fdl down.
Cdculaions have shown that for a ggp of 5 mm width, the
drag is aufficet to prevet the flud from accdeaing.
Therdfore, this ggp widh was chosn for the fird Riga
nozzle

To maximise the ussful spece for irradidion samples, a
shap entrance angle into the centrd tube is mogt favoursble
In this way, the samples can be podtioned dose to the
highes flux region. An entrance angle of 33.0° was chosen
for thefirst nozze SG33.0 shown in FHg. 6.

Figure 6. Nozzle SG33.0

The expaiments showed a donificat  difference
between the flow for the nozzle SG330 and the UCL nozze
in three respects

- The reduced gep leads to large difference between the

veodity in the feeder and in the centrd tube, wheress
in the IPUL nozde ther rdio wes dmog 1. This
mismatch (dose to factor 3) in the presant conception
leadsto amuch noiser' free surface

This noider free suface sheds a amdl droplet soray
much esser than wae and this would be
unaccepteble for the target use because the droplets
will be vaporised during ther lifetime thet is of order
fraction of asecond.

Ful through-put to 10 I/s could not be reached
because of the occurrence of frighteningly  noisy
cavitetion in pats of the loop (quite different from

the wae expeaience) predominatly a the diffuser
like widening of the loop coss sedtion in the
SCK-CEN module after the target section.

With respect to the fird point, it was decided to desgn a
second nozzle with a lager feeder cross-section in order to
dimnae the vdodty mismach, but to inst an
intermediate septum to keep the drag limitation (see 8 I1.). It
was expected that dso the problem of the drople soray
would venish with these adeptations as the flow would
become cdmer.

With respect to the third point, different possble causes
or influencing parametes for  cavitation were identified.
Proper de-agration of the loop was made possble through a
vacuum dircuit and adaptations were made to the diffuser.



Fgure 7. Nozzle DG33.0

I11. Double Ggp Nozzle

As dready daed, the second nozze for the mercury
expaiments has a double ggp feeder which diminaes the
veodty mismach with the cetrd tube while kesping the
drag limitation. The entrance angle is kept the same This
nozzeis cdled DG33.0 and is shown in Figure 7.

A fird campagn with this nozze showed tha the
messures taken with regpect to the cavitation problem have a
postive influence The cavitdtion - as messured in redive
teems on a number of rdevant places by accderomeers -
was much reduced and a flow rate of 10 I/s could now be
achieved. However, in mogt of the cases cavitdion was dill
present.

Different runs with different initid (i.e a 0 I/s) mercury
levels showed the onst of cavitation a different flow rates.
This is shown in Hg. 8. The Idt figure shows the levd of
vibration — the rdative indication of the extent of cavitation -
messured by a sensor atached to the module for different
initid levels The right figure gives the pressure & the outlet
of the module (not corrected for the manometer height). For
Run 4 the initid levd is 14 cm above the nozze entrance to
the centrd tube (e end point of the nozze inner cylinde).
For Runs 5, 6 and 7 the initid leve is respectively about 20
cm, 18 cm and 19.8 cm above the inner cylinder end poaint.
The obsarvations during these runs are the fallowing:
> Run 4 Cavitation gradudly sts in and reeched a high

levd a high flow raes Vibration levds become vey

high and inceese with the flow rate in a more than
quadraic way. The pressure a the outlet of the module
goes to — 1 ba which corresponds to vecuum and
indicates the presence of cavitation = detachment in this
point. As the presure reading indicates that cavitation
tekes place a the wdl of the centrd tube following
downward from the nozzle we expected thet one should
be dle to influence the levd of cavitaion by
‘backfilling this centrd tube This would take the point

where the cavitaion region re-collgpses up and would

reduce the led of cavitdion. Theedore Hg was

inected from the cylinder through the lower presure
tap a 9 I/s The expected effect occurred! The cavitation
decreesed and findly disgppesred completdy and the
pressure reading recovered. Next, the cylinder was filled
again and thus mercury was taken from the loop through
the upper tgp. In the firg indance the vibration leve
dayed a low vdues ad the free sufece levd
decreesed. Only when the coylinder was nearly
compledy filled agan, the vibration levd began to rise
up to high vdues ad the free suface levd did not
decrease anymore.

> Run_5: The vibraion days & a low levd and the

pressure remains positive No cavitation occurs up to 11

I/s At 9 I/s the cylinder was filled. Cavitation seemed

not to st in, even untl the coylinder was dmogt

completely filled. The free levd surface levd decreased
but the tet had to be Stopped as the cylinder wes
completdy filled.

> Run 6 For this run with an intemedige levd, no
cavitation could be heard up to a flow rae of 9 I/s From
then on, cavitation occurred but disgopeared when the
flow rae was reduced again. No mercury was taken
from or fed to theloop.

> Run 7: At 9 I/s the ¢ylinder was filled through the upper

pressure tgp. The behaviour was smilar to the Run 5,

excgpt thet for high coylinder filling levds cavitation

Hsin.

Thee expaiments seemed to indicate tha high dating
levels might leed to nealy cavitation free runs even when
mercury is laer on removed from the loop to the cylinder
and the free surface levd goes down. The desred very low
aurface leve could not be edtablished however as the volume
of the prest ¢ylinder was to andl to remove the auffident
amounts of Hg.
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Fgure 8. Dependence of cavitation onsat on theinitid leve and the effect of bedkfilling

A second campagn was caried out in which the volume
of the cylinder was doubled to dlow further removd of Hg
from the loop. Fg. 9 shows the reallts of a run with an
initid levd & 20 cm above the end paint. The flow rate is set
a 9 I/s The am was to investigate whether the free surface
levd could be further reduced by taking more Hg into the
larger cylinder.

Fg. 9 shows a the right the levd of the mercury in the
nozze and the cylinder meesured with a newly inddled
resstance levd probes (where O mm corregponds to the
nozzle inner cylinder end point) and & the Ift the pressure a
the ing of the nozZe and a the dffusr (.e the modue
outlet) messured with new dectricd manometers. It is to be
sad that while Hg is removed from the loop to the cylinder,
the nozzle manometer measured an dmogt zero veue as the
manomeler is inddled in the draining line of the loop. While
the Hg is added to the loop from the cylinder, the diffuser
manometer shows more or less the datic pressure of the Hg
in the oflinder as this manometer is inddled in the filling
line. When the actions - removing or adding - are interrupted
by dodng the vdves the presure vadues recover. This
causesthe pesksin the pressure curves.

In the fird indance, the removd of Hg to the cylinder
has an influence on the nozze levd. During this fird period,
no cavitation could be heard. At a certain time, cavitation
s in. This can be seen from the decrease of the diffuser
pressure. From this moment on, the removad of Hg has no
influence on the nozze levd. One dealy sees that dthough
there is a dgnificant change in the oylinder levd, the nozzde
levd says more or less condant. The crosssection of the
nozzle and the oylinder are of the same order of magnitude,
%, if the Hg that is filled to the cylinder would come from
the nozze, there should have been a dgnificant change in the
nozzle leve too! As this is not the case, the Hg should come

from somewhere ds2 and mod likdy, the Hg is removed
from the“ cavitation” region.

When adding Hg from the cylinder to the loop, the
nozzle levd is only dightly influenced. However, the levd
of vibration is sgnificantly reduced. The Hg added to the
loop, most likdy beck-fills (i.e reduces the void &) the
cavitetion region. This can be seen from Fg 9 (bottom)
showing the mut-meler vdue of a nenly inddled
accderometer a the module outlet.

Thee expaiments dealy showed that this nozde

cedes a flow with a lage Hg dome a the free surface
region that can be supported by the large radid veodties &
the entrance of the free surface region. One is not adle to
influence the height of the dome through the removd of Hg
from the loop as soon as cavitaion sas in. The Hg is
removed from the cavitation region.
In order to overcome this difficulty, the new, more dender
nozzle wes conceived and fabricated a IPUL. The entrance
angle was reduced to 16.5°. CFD cdculaions have indicated
tha a this ange (see § ILIV), cavitdion free flow is
posshle They dso predict the posshility to podtion the free
surfacedmod & liberty.

IV. Double Gap Nozzle with Smooth Entrance

The previous experiments showed tha it was necessary
to reduce high inwad radid accderation and veodty of the
flow in the entrance region in order to reduce cavitation and
to be dle to reduce the lage Hg dome This is done by
reducing the entrance angle of the nozze from 330° to
165°. The double gap is 4ill preset. Therefore, this nozzle
was cdled DG165 ad is sown in Fg 10
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Fgure 9. Effects of adding and removing Hg to and from the loop on Hg levels, pressures and vibrations

Fgure 10. Nozzle DG33.0

The initid Hg levd was st & 20 cm above the lowest
point of the inner nozzle cylinder. The flow rae was st to
10 I/s At this flow rate and Hg content of the loop, a
rddivdy high free surface podtion was edadlished. By
removing Hg to the cylinder, the surface could be lowered
and now as far as we wanted. The free surface did nat g4l &
a cetan levd. As cavitaion was never present, mercury
removed from the loop was taken from the free surface
dome Fg. 11 shows on the I€ft a picture of the surface in an
intermediate pogtion. The conica shgped main flow a& ~ 2.5

m/s and the re-dirculaion region can dealy be sen. In the
middle, a picture of the surface & a lower postion is shown
where the re-drculaion region had disgppesred completdy
and a V-shaped free surface was obtained. In this lowest free
auface podtion, sgnificant spitting of Hg droplets from the
surface was present. This is of course to be avoided. The
loop was then filled agan. At the levd shown in the right
piccure of Hg 11, the goitting disgppeared dmost
completdy.



The levd of Hg in the cylinder is shown in FHg. 12. The
nozzle levd metler was removed because of mounting
problems and not to obgruct the free surface formation. At

10 I/s pressures were dways pogtive, as can dso be seen
from thefigure.

Figure 11. The free surface a three different positions
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Fgure 12. Effects of adding and removing Hg to and from the loop on Hg level and pressures

It was conduded from these experiments that the more
dender nozze DG165 has the dedred potetid. The
absence of cavitation dlows us to podtion the free surface
abitraily by adding or removing Hg toffrom the loop. A
conicad shgped flow paten with a reduced redroulaion
zone & the centre can be obtained. The conicd flow hes a
veodity of aout 25 m/s and is expected to be capable of
removing the heat deposited by the proton beam (according
to CFD cdculations).

Bdow a cetan vdue for the leved, droplet spitting
occurs This is of course to be avoided as the droplet might
evgporae and jeopardise the vacwm of the beam line In the
future, we will edimate to which extent (if a dl) droplet
formetion can be tolerated. An optimisation process needs to
be caried out to minmise the formation. One should dso
mertion that due to a difference in surfece tension, the
behaviour of Hg and Po-Bi with respect to the droplet
formation will probably be different and — backed by some
indicative and quditative experience in other |aboraories - it
is expected thet the formation will be lower for Po-Bi.

IV. Qupporting CFD Smulations

In padld with the expaiments numericd dmulaions
usng CFD codes are peformed amed a reproducing the
exiging expaimentd reslts and gving input for the
optimisstion of the heed geomery in the experiments This
paper dexcribes the dmulaions in suppot of the Hg
experiments. Other cdculdions were dready reported (Van
Tichden, 2000). All reported smulaions are peformed usng
the VOF-mode of the FLOW-3D code (Hirt, 1981).

Frag CFD cdculations were peaformed for the nozde
DG330 in orde to evduae its peformance before
expaimenting. In the firg indance, the cavitaion modd was
not usad. This lead to the unphyscd results shown in Fig. 13. A
zone with large negative pressures occurs & the entrance of the
centrd tube. As the region above the free surface was fixed to
zero pressure because of the vacuum, these negative pressures
ae not phydcd. Correspondingly, a very large acoderation of
the fluid takes placesin this zone.



Thee unphysicd realts led to bdieve that cavitdion
would occur in the nozzle at these very places. An indication for
correctness of this condusion was found when the cavitaion
modd was turned on. The reaults are given in FHg. 14. One
dealy sees the fluid detaching from the wall a the entrance of
the centrd tube. A zero pressure cavitation region is formed.
The exact gppearance and extent of this region can however not
be predicted by the code. Referring to § 11111111, the effect of
‘backfilling' is the reduction of the cavitating region by insating
Hg. In this way, the region can be reduced to the extent that the
liquid only fdls over a smdl digance such tha the force behind
the liquid returning to the wal is limited. We would dso expect
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thet later on to have only limited effect on the dameging the
gructurd materids, hence our drict definition of cavitation a
thisstage.

The resllts dso show tha — due to the zero pressure
cavitaion region — there is a phydcd de-coupling between the
lower pressure boundary and the free surface dome by a zero
pressure region. Reducing the height of the dome by decreasing
the outlet pressure is not possble Moreover, the high radid
velocity component makes that a high dome can be supported.
This was confirmed by the experiments dbeit the gppearance of
the dome in expaiment and CFD smulaion does not match.
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Fgure 13. DG33.0: Pressure and vel ocity fields for the no- cavitation modd (units g am-s)
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Fgure 14. DG33.0: Pressure and velocity fidds for the cavitationmodd (units g-am-s)
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Figure 15. SG33.0: Pressure, velocity and fraction of fluid fidds for the cavitation modd (units: g-am-s)

The same condudons were arived a retrogpectivdy for
the smdl ggp nozzle SG330 (Fg. 15). The region of
cavitdion is even lager hee due to the larger radid
veodties Agan, the height of the dome could not be
minimised.

For completeness, Fig. 15 shows a plot of the fraction of
fluid in each grid cdl. One can e tha the surface is quite
sharply tracked. However, when compaing to the
expaiments, the heght of the fluid dome is overesimated in
mos of the caxes Thedore in genad, the vdodity
digributions are not to be believed at the free surface region.
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The ned for a amdler entrance angle became dear from
the expeiments and cdculations. An angle of 165° was
choeen and the flow for this nozde was dmulaed - fird
usng the nonrcavitation modd. The free surface region and
the pressure outlet are then coupled and a reduction of the
lower pressure immediady lower the free suface The
postion of the surface can be st abitraily by chenging the
lower boundary condition. Two results a two different
surface pogtions are shown in Hg. 16. However, in both
caxs a negaive presaure region & presant a the centrd tube
entrance —thisindicates the possible presence of cavitation.
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Figure 16. DG16.5: Pressure and velocity fieds for the non cavitation modd a two free surface positions (units: g-am-s)
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Figure 17. DG16.5: Pressure and velocity fields for the cavitation modd a high free surface position (units g-am-s)

For the higher surface pogtion, this negative pressure is
amdl. It is therefore expected that cavitation will be limited
and will nat have a lage influence on the free surface flow
fidd. A prdiminary cdculaion with cavitaion points in this
direction. The results are shown in Fg. 17. Moreover, due to
the limited cavitdion, there is dill a coupling of the free
aurface region and the pressure outlet which might dlow a
further lowering of the free surface This will be investigated
in the neer future.

For the lower free surface postion, the negdive pressure
is larger. Therefore, switching on the cavitation modd is
expected to have a larger influence A firg indication can be
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found in the prdiminay resdts with cavitaion shown in
Fg. 18. The cavitdion region is larger but could possibly be
reduced by badfiling & no dgnificat cavitaion s
observed in the expaiments. Splashing of the liquid occurs
a the catre It is to be invedigaed whether this is a
numericd atefact — semming from the fact that we permit
only axi-symmeric solution - or whether it is a
representation  of the droplet  soitting observed  in the
expaiments However, it is dear tha only smdl amounts of
liquid ae shown to excepe the man flow and have to be
conddered for the overheating problem.

Figure 18. DG16.5: Pressure and velodity fields for the cavitation mode a low free surface postion (units g-am-s)



. FUTURE STEPS
I. Optimisation Experiments with Water and Mercury

It can be concluded from § ILIILIV. that a smooth
ettrance angle is necessay to diminate cavitaion and to
dlow abitrary pogtioning of the free suface A smocth
angle however reduces the avalade irradiaion pace The
agle of 165° was abitraily chosen s0 an optimisation
progran is necessay to detlermine the threshold angle of
cavitation. FLOW-3D is being used for this optimisation as
the balance of momentum iswell conserved.

In order to asess the hest removd capabilities of the
free surface flow, the veodties a the free surface must be
well known. The current CFD codes are not adle to predict
thee veodties in a way tha is auffidetly rdidbe
Therefore, an elaborate measurement program is necessary.

Moreover, the CFD codes ae not successul in
describing the observed phenomenon of droplet soitting  at
the suface and can therefore not be used to optimise the
nozZle to minimise this gotting Agan, an  extensve
expeimentd program is indispenssble for  fine-tuning and
optimisgion of the nozzle

Becaue of thdr rdaive dmplicty, waer expaiments
ae now reconddered for this optimisation, however, this
time under vacuum and a flow raes up to 10 /s
Subsequently, the optimised nozde will be teded in the
mercury loop.

I1. Pb-Bi Experiments with ENEA

The logicdly firda PbBi loop expeiments are foreseen
to be peformed in the CHEOPE loop a around 300°C in
collaboration with ENEA (Braamone, Itdy) in 20012 and
joint desgn activities are under way. A to-scde modd of the
MYRRHA gpdlation target will be inserted in the CHEOPE
expaimentd  vessd  together with a MHD pump, a
configuration that will correspond to the minimum dosed
loop corfiguration of a MYRRHA like spdlaion circuit.
That way the experimentd set-up will be free of mogt of the
possble interference by other components of alarge loop.

I11. Pb-Bi Experiments with FZK

As the spdlaion taget desgn is a cudd point for the
MYRRHA project, find confirmaion expeimets ae
foreseen to be peformed with the eutectic LM a smilar
temperatures.  In view of this a oollaboration with
Forschungszentrum  Karlsuhe  (FZK, Germany) has  been
negotigtled and desgn work is dso underway, a@ming a
inserting a to-scde modd of the MYRRHA spdlation target
smilar to the one in Fg. 4 in ther KALLA Pb-Bi loop. This
large drcuit will then have two free sufaces - the 2nd one
on top of the main loop pump (sump pump type) — and will

2 dlow to peform expaimetts in a configurdion doser
reembling the laer godlaion loop. This will  ultimady
yidd dso daa on loop control parameters and corroson-like
phenomena (cf. Sobolev, 2001).

V. CONCLUSION

The deign of the MYRRHA gdldion is vey
chdlengng: a PbBi flow patern with a free surface needs
to be edddlished within the geomericd congdrants,
adequate to remove the very concentrated heat depostion of
the proton beam s tha the themd ad vacuum
requirements are met. A number of the desgn adtivities have
been and ae beng peformed to study the flow behaviour
and to obtan an adeguae design. Thee desgn activities
indude both experiments and CFD cdculaions and ther
interaction. In summary, the resllts of thexe adivities
dthough not yet totdly condusve look very encouraging to
yidd the dedred taget oconfiguration. Another effort a
SCK-CEN, not gone into here, is deding with the vacuum
and acoderaor compatibility of the corfiguration. (cf. dso
Sobolev 2001).
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