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Turbulente thermische Durchmischung einer fliilssigen Schwermetallstromung
in einer Fenster-Target-Geometrie - das ,,Heated Jet“-Experiment

Zusammenfassung

Das am Paul Scherrer Institut geplante MEGAPIE Experiment ist ein flissigmetallgekuhltes
Spallationstarget, in dem eine eutektische Blei Wismut Legierung sowohl als Kiihimedium als auch als
Neutronengenerator fungiert. Um eine ausreichende Kuhlung des thermisch hochbelasteten Targets
zu gewabhrleisten, wird die Stromung in angemessener Weise konditioniert. Hierbei wird die Haupt-
strdbmung in einem Zylinderspalt nach unten gepumpt und an einer U-Umlenkung, die sich in der Nahe
des halbkugelférmigen Targets befindet, um 180° in ein Steigrohr umgelenkt. Damit am untersten
Punkt des Strahlfensters keine unzuldssig hohen Temperaturen auftreten, wird durch eine rechteck-
formige Duse eine Jetstrdmung seitlich auf diese Region gerichtet.

Diese Stromungsgeometrie wurde im THEADES Kreislauf des KALLA Labors im Mafstab 1:1
aufgebaut. Ziel der Experimente ist der Nachweis der Kihlbarkeit der kugelférmigen Kalotte bei ge-
eigneter Wahl des Durchflussverhaltnisses in Haupt- und Jetkanal. Hierzu ist der untere Bereich des
Fensters dicht mit Thermoelementen instrumentiert. Das Flissigmetallexperiment wird durch ein ahn-
lich groBes Wasserexperiment, in dem das Strémungsfeld untersucht wird, unterstitzt und von einer
dreidimensionalen numerischen Simulation begleitet.

Zur Ermittlung des optimalen Arbeitsbereiches des MEGAPIE Designs wurden unterschiedliche
Durchflussverhaltnisse, die nahezu den gesamten modglichen Arbeitsbereich umfassen
(7.520in/0je<22.5), vermessen und hinsichtlich der Stabilitdt der entstehenden Strdmungsmuster
untersucht. Das sich einstellende Strémungsmuster und die Turbulenzintensitatsverteilung hangt le-
diglich vom gewahlten Durchflussverhéltnis von Haupt- zu Jetstrom ab. Die Experimente zeigten fur
alle Durchflussverhéltnisse (0,.../O;.;) ein zeitabhangiges instabiles Verhalten. Die Geometrie reagiert
auBerst empfindlich auf Anderungen des Durchflussverhaltnisses (O, )ier), WObEi im Rahmen dieser
Untersuchungen drei unterschiedliche Strdomungsmuster identifiziert werden konnten.

Zur sicheren, adaquaten Kihlung des MEGAPIE Designs kommen lediglich Durchfluss-
verhaltnisse 0,.../0;.. in Frage, fir die 0,.../0,<12.5 gilt. Nur bei dieser Konstellation ist der Jet in der
Lage, den groten Teil des halbkugelférmigen unteren Teils des Targets zu erfassen. Obwohl die
Stromung gerade bei diesen Durchflussverhaltnissen einen hoheren Grad an Instabilitdt aufweist, ist
dies im Hinblick auf eventuelle Temperaturschwankungen im Strukturmaterial des MEGAPIE Targets
unkritisch, da sich die Fluktuationen im wesentlichen in einem Frequenzbereich Gber 1Hz abspielen.
Dabei erfolgt Durchmischung auf groRen Skalen und ist am effektivsten. Bereits 105mm Uber dem
Kugelboden zeigten sich nur noch kleine Temperaturunterschiede. Fir diesen Betriebsmodus sind
daher die kleinsten thermischen Spannungen zu erwarten.

Ubersteigt das Durchflussverhaltnis den Wert 12.5, entstehen komplizierte Strémungsmuster,
die aus mehreren Teilstrémen und Wirbeln bestehen. Im Hinblick auf das MEGAPIE Experiment sollte
dieser Durchflussverhaltnisbereich gemieden werden, weil sich insbesondere am thermisch héchstbe-
lasteten Punkt des halbkugelférmigen Targets eine Zone mit reduzierter Geschwindigkeit ausbildet,
die zu inakzeptabel hohen Temperaturen flihren kann.

Die untersuchte Stromungsgeometrie weist eine erhebliche Empfindlichkeit bezlglich kleins-
ter, auch weit stromauf befindlicher, Asymmetrien auf, sodass im Experiment keine symmetrische
Stromung erzielt werden konnte. Ein direkter Vergleich der Simulation, in der Symmetrie angenom-
men wurde, mit dem Experiment, in dem sich immer eine unsymmetrische Temperaturverteilung ein-
stellte, war nur begrenzt maoglich.



Abstract

The MEGAPIE target to be installed at the Paul-Scherrer Institute in Switzerland is a
prominent example of a window spallation target using liquid lead-bismuth both as coolant
and neutron source. An adequate cooling of the target to maintain the temperatures in the
structure within acceptable limits requires a conditioning of the flow. In MEGAPIE this is real-
ized by a main flow transported downwards, u-turned at the proton beam facing the hemi-
spherical shell into a cylindrical riser tube. In order to avoid a stagnation point close to the
lowest part of the shell a jet flow is directed along the shell, which is superimposed on the
main flow.

The heated jet experiment conducted in the THEADES loop of the KALLA laboratory
is nearly 1:1 representation of the lower part of the MEGAPIE target and is aimed to study
the cooling capability of the specific geometry in dependence on the flow rate ratio (Q,uin/Ojer)
of main to jet flow. In this out-of pile experiment a heated jet is injected into a cold main flow
at MEGAPIE relevant flow rate ratios. The resulting temperatures and their fluctuations are
recorded in the densly instrumented lower shell region. The liquid metal experiment is ac-
companied by a water experiment in almost the same geometry to study the momentum field
and a three-dimensional turbulent numerical fluid dynamic simulation (CFD).

Besides a detailed study of the envisaged nominal operation of the MEGAPIE target
with 0,.../ ;=15 deviations from this mode are investigated in the range from 7.5<0,.4in/Ojer
<22.5 in order to give an estimate on the safe operational threshold of the MEGAPIE target.

The liquid metal experiment shows that, the flow pattern establishing in this specific
design and the turbulence intensity distribution essentially depends on the flow rate ratio
(Omain/Ojer) between main flow and bypass flow. All flow rate ratios investigated exhibit an un-
stable time dependent behavior. The MEGAPIE design is highly sensitive against changes of
Qmain/ jet-

In the scope of this experimental study three completely different flow patterns were
identified. A sufficient cooling of the MEGAPIE design is only ensured if 0,.i/0;.<12.5, be-
cause for this configuration the jet covers the whole lower shell. Although for Q,,.i/0;.<12.5
the flow is more unstable compared to the other cases most of the fluctuations close to the
centerline are in the high frequency range (>1Hz), so that they will not lead to severe tem-
perature fluctuations in the lower shell material. For these conditions the thermal mixing oc-
curs on large scales and is excellent. A major temperature equalization is found already in a
distance of 105mm above the lowest part of the shell. Thus in this mode the smallest thermal
stresses can be expected.

For flow rate ratios Q,../O> 12.5 complex flow patterns consisting of several fluid
streaks and vortices were identified. But, for an adequate cooling the MEGAPIE target such
flow rate constellation should be avoided, since the material temperatures close to the bot-
tom of the shell, where the highest heat load appears, may exceed the acceptable limit.

All conducted experiments showed a high sensitivity to asymmetries even far up-
stream. A direct comparison of the simulation, which assumed a symmetric flow, was due to
the experimentally found asymmetry only partially possible.
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Introduction

1 Introduction

Beam windows facing the proton beam of an accelerator have to withstand high surface
heat fluxes of up to 140W/cm? and in case of miscellaneous beam focusing even up to
200W/cm?. Although this is only a minor part (<10%) of total heat released by the proton
beam within the window region it represents one of the most critical technical issues to be
solved. In order to simplify the geometrical configuration for such spallation targets, heavy
liquid metals serving both as coolant and as spallation source are considered in many con-
cepts, see e.g. Yefimov et al. (1998), Salvatores et al. (1999), ADTF design team (2001), or
Rimpault et al. (2003).

The thickness of the beam window material is usually small, because of the considerable
heat release within the structure by the proton beam, which could lead to a possible exceed-
ing of the maximum sustainable material temperatures. A prominent example of such a
highly heat loaded beam window is the MEGAPIE beam window made of a 2.5mm thin T91
(9Cr-1MoVNDb) martensitic steel shell, see Salvatores et al. (1999) and Knebel et al. (2001).
The MEGAPIE spallation target is planned to be set into operation in the SINQ facility of the
Paul Scherrer Institute (PSI) in Switzerland in 2005. A schematic graph of this eutectic lead
bismuth (Pb**Bi*) cooled configuration is shown in figure 1.1.

Besides the material issue, an adequate heat transfer from the wall towards the cooling
and neutron producing heavy liquid metal PbBi has to be ensured for all beam states appear-
ing during beam-on operation in order to guarantee a reliable system. Thus, only the detailed
knowledge of the convective-diffusive heat transport phenomena in turbulent heavy liquid
metal flows enables an adequate design of such a beam window. Due to the low molecular
Prandtl number of liquid metals of the order O(107"-10?) a non-similarity between the kine-
matic and thermal transfer processes appears, which is often not sufficiently treated in com-
mercial computational fluid dynamic (CFD) codes, see e.g. Arien (2004). Therefore, numeri-
cally calculated temperature distributions may lead to design misconceptions. This problem
is enforced in most technical applications, where the flows are thermally developing, so that
the heat exchange through the thermal boundary layer plays a significant role.

The simulation of a 1:1 heat production scenario in a beam window like in MEGAPIE as
depicted in figure 1.1a, is out of pile hardly feasible, because simultaneously three different
heat transfer problems of a turbulent liquid metal flow occur in the immediate vicinity of the
hemispherical shell as depicted in figure 1.1b. The individual energy transfer phenomena
associated with any liquid metal cooled beam window configuration are:

a.) Turbulent heat transfer from a highly heat loaded surface (about 5-10% of the to-
tal heat generated by the proton beam).

b.) Cooling of the vicinity of a stagnation point on the shell. In MEGAPIE this is real-
ized via a superimposed jet flow. Here, the mixing phenomenon of thermal energy

in low Prandtl number fluids occurs.

c.) Internal heat generation (volumetric heating) by the spallation reaction.
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Considering a turbulent flow with hydraulic Reynolds numbers Re of order 10° in the first
two problems, the temperature is mainly behaving as a passive scalar and is thus via heating
or cooling in a simulation experimentally accessible. The latter issue c.) is out of pile almost
impracticable to deal with.

Hence, the solution strategy for the MEGAPIE window is to validate for the first two prob-
lems the numerical CFD tools by means of two benchmark experiments in the real 1:1 ge-
ometry. Under this premise flow rate configurations of main and bypass flow are investigated
in a range likely to be attained in MEGAPIE.

Finally, if the heat transfer problem at the beam window and the mixing phenomenon is
both experimentally and numerically solved, the impact of the volumetric heating on the tem-
perature distribution may be computed numerically, see e.g. Smith at al. (2002). The heat
transfer of the turbulent heavy liquid metal flow from a highly heat loaded surface is investi-
gated within the context of the KILOPIE experiment, where the surface heat flux generated
by the proton beam is simulated by heat emitting temperature sensing surfaces so-called
HETSS. A detailed description of this technique and the related experiment may be taken
from Patorski et al. (2001).
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Figure 1.1:  (a) Principle sketch of the PbBi operated MEGAPIE target. (b) Sketch of the
lower target shell, in which a cross flow is induced via a jet exiting a bypass
nozzle and fed by a pump. (c) Geometric dimensions of the lower target shell
and zones of different heat transfer problems.
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The objective of this report is first to elaborate the types of flow pattern which develops
close to the hemispherical shell by the interaction of the main flow with the bypass flow at the
nominal MEGAPIE flow rate ratio of main to bypass flow of 15:1 (later on called reference
case). For this purpose a heated jet is injected into a colder main flow in a 1:1 experimental
mock-up in such a way as to act also as an indicator for the flow pattern establishing by the
interaction of both streams. The second goal is to investigate the thermal mixing of both
streams at the nominal conditions in order to ensure that no thermal stresses and tempera-
tures beyond acceptable limits appear in the structural material. Another purpose is to com-
pare the experimental data with results from the numerical simulation on which the design is
based on. Deviations from the nominal operation mode of the target as they may appear dur-
ing the start-up/shut-down procedure or by regulations of the pump power may exhibit other
flow patterns than the nominal operation mode. The influence of a variation of the flow rate
variation as well as shifts of the temperature level on the flow pattern establishing and on the
thermal mixing is investigated in the last step. This is of crucial importance since it deter-
mines the flow rate ratio threshold, in which the target can be reliably operated.

The report is organized as follows. First, the MEGAPIE target configuration is described.
Herein, the flow paths, the mean temperatures, the flow velocities and the flow rates at the
nominal operation point of the target are presented. The flow pattern establishing at the
nominal operation point is qualitatively discussed in chapter 3 for a water experiment con-
ducted in almost the same geometry. Within this context the physical phenomena appearing
in merging flows in complex geometries are elaborated by means of plausibility arguments,
vortex theory and similarity considerations. In section 4 the main features and assumptions
of the numerical simulation of the liquid metal experiment are described and the flow field as
well as the temperature distribution are presented. Then in paragraph 5 the thermal-hydraulic
loop THEADES is described, in which the 1:1 experimental mock-up is embedded. This in-
cludes all instrumentation positions, the used coordinate system, the measurement matrix
conducted and the relative errors of the individual instruments. The chapter 6 discusses the
mean and temporal characteristics of the temperature field measured in the liquid metal ex-
periment at the nominal operation point of the target. Based on a spatio-temporal analysis
conclusions on the flow field can be drawn, which yields similar results as observed in the
water experiment. The chapter is finished by a comparison of the numerical data with the
experimental ones. Deviations from the nominal operation point (reference case), which are
essentially described by another flow rate ratio of main to jet flow are investigated in para-
graph 7. Finally, in chapter 8 from the results some final conclusions are drawn with respect
to the operation threshold of the MEGAPIE beam window.
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2 The MEGAPIE flow configuration

The Heated Jet experiment is closely related to the MEGAPIE experiment. A qualitative
sketch of the fluid flow of the eutectic lead-bismuth eutectic alloy (LBE) flow through the
MEGAPIE geometry is shown in figure 2.1. Besides the geometric dimensions given in milli-
meters typical temperatures and velocities are displayed.

The main flow is generated by an annular linear induction pump, which sucks cold fluid
(T=230°C) from a pool below the PbBi-Oil heat exchanger and transports it via a manifold
and a flow straightener through an annular gap. In this annular gap, called the ‘downcomer’,
the fluid flows with a mean velocity of 0.33m/s downwards. Before leaving the gap the cross-
section continuously decreases and hence the fluid is accelerated. Then it enters the beam
window region. Within the beam window region the flow is turned by 180° into the riser tube
where the spallation reaction takes place. In order to remove the stagnation point with its bad
heat transfer capabilities from the center of the window as it may appear in an axis-
symmetric configuration the riser tube is slanted. This ensures a defined flow singularity out-
side the highly heat loaded area and moreover introduces a swirl flow in the riser tube, which
is desired for a homogeneous temperature distribution.

Although a recirculation is introduced in the mean flow by the slantation of the riser
tube this measure is not sufficient to cool the immediate vicinity of the lower part of the beam
window facing the proton beam, see Dury (2002). Therefore, a cross flow is superimposed
on the main flow to ensure the cooling of the hemispherical window shell. The cross-flow is
generated by a bypass or jet pump located in the upper target enclosure. This pump, also
designed as an annular linear induction pump, transports fluid from the heat exchanger
through the bypass duct to the nozzle. In order to ensure that along the hemispherical shell
no stagnation point appears ( which is accompanied by an excess of the temperature beyond
material acceptable limits) the geometrical arrangement of the nozzle in the annular gap and
the form of its orifice plays a decisive role. Here, numerous computational fluid dynamics
(CFD) studies have been performed which are summarized by Tak and Cheng (2001), Smith
(2002) and more recently by Roubin (2001, 2002, 2003). Although it turned out in the most
recent calculations that a circular shaped nozzle leads to the best heat transfer in terms of
the lowest beam window temperatures, a rectangular nozzle with an orifice area of 200mm?
has been chosen, see Smith (2002). The nozzle orifice is arranged in such a way that the
fluid exits the jet duct tangentially to the outer hemispherical shell.

Both, main flow and bypass flow merge in the riser and are guided upwards in direction
of the instrumentation rod. From there the liquid flows to the upper target enclosure, where it
is U-turned and directed back into the heat exchanger.

The projected temperatures and mass transfer rates envisaged at the nominal opera-
tion conditions for the MEGAPIE target at a power of 700kW are displayed in figure 2.1.
However, deviations from this nominal conditions may appear because of the choice of dif-
ferent pumping powers in the main or in the bypass flow or a loss of one of the devices.
Since the pumps are still in the fabrication and commissioning phase, mainly calculations are
available at present. A detailed study of their capabilities is given in Dementjev et al. (2003)
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and Stieglitz (2003). Both, main and bypass pumps have the capability to exceed the nomi-
nal operation point by a factor of 2 as depicted in figure 2.2.
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Figure 2.1:  Schematic sketch of the flow paths in the MEGAPIE design and projected

mass transfer and temperature distributions from Grdschel 2003. The geomet-
rical dimensions are given in millimeters.
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Figure 2.2:  Attainable pressure head Ap [bars] and obtained flow rate O[m®h] as a func-
tion of the supplied electric current 7 [A] for the main pump (a) and for the by-
pass pump (b) from Stieglitz (2003).

3 Analysis of the flow field in a water experiment

3.1 Experimental set-up of the water experiment

Due to the high density, corrosity, opaqueness and elevated operating temperatures
commonly available flow visualization techniques can not be used in lead bismuth. Moreover,
it is quite challenging in getting from a liquid metal experiment enough information to deduce
the three-dimensional flow field which will develop in such a complicated geometry as the
MEGAPIE target. To gain more detailed insight into the velocity field and its behavior we in-
vestigate a similar test section in a water loop and use the usual flow visualization and Laser-
Doppler-Anemometry (LDA) techniques to gain qualitative and quantitative information on the
flow field. Therefore, isothermal water experiments at nearly the same hydraulic Reynolds
numbers and Froude numbers are performed in the HYTAS facility of the KArlsruhe Lead
LAboratory (KALLA). The similarity of the dimensionless parameters in both experiments
ensure the transferability from the water to the lead bismuth results.

A sketch of the HYTAS loop system is displayed in figure 3.1. HYTAS is capable of cir-
culating a maximum volumetric flow rate of 80m*/h at a maximum pressure head of 0.4MPa
with a maximal vertical test module length of 3.5m.

The MEGAPIE HYTAS test module is manufactured completely of plexiglass and all its
geometrical dimensions are displayed in the figures 3.2 and 3.3, where all distances are
given in millimeters. In figure 3.3 the detailed dimensions of the curvature of the nozzle which
is also manufactured of plexiglass is illustrated.

Because the flow within the MEGAPIE geometry is extremely sensitive to smallest de-
viations from concentricity of the annular gap and to inhomogeneities arising from the inlet
flow, at the top of the module a flow straigthener is installed, which has a length of 50mm and

6
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consists of a glued set of tubes with an inner diameter of 3mm. The flow straightener is
aimed to produce a homogeneous grid turbulence at the inlet flow of the annular gap. Also
several distance spacers have been embedded in order to ensure concentricity. The dimen-
sions and shape of the three spacer units may taken from figure 3.2a and 3.2b. In the ab-
sence of a flow straightener a swirl motion was found persisting throughout the whole mock-
up. The same was detected in the experiment while omitting the spacers.

A more detailed description of the HYTAS facility, the used measurement techniques
and the experimental series conducted for the MEGAPIE geometry may be taken from Kne-
bel et al. (2002, 2003), Eiselt (2003) or Lefhalm et al. (2005). In the context of this report we
restrict our discussion on the physical effects leading to the flow pattern appearing in the
geometry at the nominal operation mode.
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Figure 3.1:  Sketch of the water test facility HYTAS aimed to investigate the isothermal
momentum transfer of turbulent flow in target geometries.
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Figure 3.3:  Details of the nozzle in the MEGAPIE HYTAS water experiment. a.) Front view
of the nozzle. b.) Side view of the nozzle. ¢c.) CUT A-A. All dimensions in mm.
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3.2 Flow field without a jet flow

Let us consider in a first step investigate the flow in the MEGAPIE geometry without a
bypass flow in two configurations. The first one is an axis-symmetric configuration with a pla-
nar riser tube end, see c.f. figure 3.4a, and the second one a configuration with a slanted
riser tube as shown in figure 3.2a.

The flow pattern evolving in the axis-symmetric configuration at a hydraulic Reynolds
number Re=5.4'10% is shown in the Laser-Light-Sheet-photographs (LLS) of the figures 3.4b
(away from the beam window) and 3.4c close to the shell. The LLS-photography takes ad-
vantage of the light reflection of particles immersed in the fluid and transported with the flow.
The illuminated regions exhibit then the streamlines of flow appearing in the geometry. Here
the hydraulic Reynolds number of the gap is defined by

Re:w , (3.1)
A%

where u,.., is the mean velocity in the gap, s the gap width and v the kinematic viscosity.

Far away from the window in the annular gap the flow shows almost plane parallel stream-
lines indicating a fully developed inflow. In the upwards directed fluid flow of the riser tube,
however, slightly inclined particle paths are observed. They may be due to an induced swirl
flow by an non-perfect symmetrical set-up, see figure 3.4b. Another reason is that the up-
ward flow in the riser tube is not fully developed only about six characteristic length after the
u-turn at the lower end of the riser tube. The velocity fluctuations measured there are still
about 20% and the velocity profile is still not developed, see Lefhalm et al. (2005).

The figure 3.4c illustrates the streamlines close to the shell. As the gap flow reaches
the curved part of the shell it is accelerated because of the reduction of the cross-section. As
the flow passes the lower edge of the riser tube the cross-section abruptly increases by 20%.
This abrupt the cross-section increase at the lower end of the riser tube yields to a formation
of a large scale toroidally shaped recirculation domain. The recirculation zone is character-
ized by a low mean velocity and it is attached to the inner side of the riser tube. Because of
the simultaneous change of the flow direction at the edge of the riser tube, the recirculation
area occupies most of the cross-sectional of the upwards directed flow. At the lower part of
the shell the momentum of the main flow almost cancels out, and directly at z=r=0mm a
stagnation point with zero velocity occurs. Adjacent to the stagnation point a region with re-
duced velocity is formed. Both the recirculation area in the riser tube and the reduced veloc-
ity close to the symmetry line at the bottom of the shell lead to an acceleration of the main
flow in direction of the center axis of the pipe »=0mm, where a high velocity jet is formed.
This jet flows upwards like in a chimney.

All measurements close to the shell exhibit a strongly time dependent flow. The veloc-
ity fluctuations observed up to a height z=200m reach values of order of the mean velocity in
the riser tube.

In the MEGAPIE target as well as in the liquid metal experiment the riser tube is
slanted with a minimum distance of the riser tube from the shell of 15mm at ¢=180°). At ¢$=0°,
where later the jet duct nozzle will be located, a maximal distance between shell and riser
tube of 25mm exists.
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Figure 3.1:  (a) Geometry of the MEGAPIE-HYTAS water experiment. (b) LLS-Photograph
at the upper part of the beam window and (c) at the shell. In both graphs the
Reynolds number is Re=5.410* and the illumination time is 196ms (from Eiselt
2003).

In the figure 3.5 the flow pattern establishing in the lower part of the shell at a hydrau-
lic Reynolds number in the gap of Re=610* is shown in a LLS photograph. Overlayed to the
light-sheet are the measured mean axial flow velocities (dark lines) at two discrete heights
z=104.4mm and z=165.3mm on the line »-¢=180°. The distribution of the corresponding ve-
locity fluctuations (RMS-values) on these lines are displayed brighter in the same graph.
Both velocities and the fluctuations are normalized by the mean velocity in the individual do-
main, in order to get an insight on their magnitude.

The differences in the widths between the riser tube and the shell on the left and right
hand side in figure 3.5 enforces differences in the related flow resistances. As a result the
exit velocity and the corresponding mass flow rate from the gap is larger in the wider gap
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than in the narrower gap. This means also that the momentum of the fluid coming from the
wider gap is larger. As a consequence most of the rising fluid from the wider gap and redis-
tributes towards the opposing inner wall of the riser tube. So, the flow separation at the lower
inside of the riser tube is mainly formed on the side of the wide gap, but there it has a much
larger extension than in the non-slanted case. On the side of the narrow gap only a small
recirculation zone remains. In accordance with this asymmetry the stagnation point on the
shell is displaced from its center position.
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Figure 3.5:  LLS-Photographs of the fluid flow in the MEGAPIE-HYTAS water experiment
for a slanted riser tube. In both graphs the Reynolds number is Re=5.9-10* and
the illumination time is 196ms. Overlayed to both graphs are measured nor-
malized axial velocities (u./u....) and velocity fluctuations obtained using LDA
at two discrete heights (z=104.4mm and z=165.3mm).

3.3 Flow field with a imposed jet flow
3.3.1 Similarity considerations for the mechanisms appearing with an imposed jet

Related to the jet flow let us first consider a case in which a jet flow is injected into the
geometry while the main flow is at rest (u,..;,=0). If the jet is perfectly aligned with the hemi-
spherical shell, it flows along the hemisphere. The dimensionless parameters describing the

11



Analysis of the flow field in a water experiment

problem are the jet Reynolds number Re,, and the kinetic Froude number Fry,, which are
defined as follows:

re,, <) s Frkm=—(”f2'e"”i”f") (3.2)
‘ v g-d

h, jet

with d, the hydraulic diameter of the jet nozzle, u;, the mean velocity of the jet, u,..., the mean
velocity of the main flow and g the gravity constant with g=9.81m/s?. The hydraulic Reynolds
number of both main and jet flow reaches in case of the MEGAPIE target values of the
O(5'10%-10°) which corresponds to a highly turbulent flow. The other dimensionless number,
the Froude number can be interpreted as force ratio of the inertial forces and the gravity
forces. For the jet flow rates considered in MEGAPIE the kinetic Froude number reaches
values of order O(1-10"), which is not very large. For a parallel arrangement of jet and main
flows at a Froude number of Fr,=20 the jet diameter grows linearly with the axial distance
from its orifice and the axial velocity decreases rapidly as shown in the paper by Schneider
(1985), by the experiments conducted by Ricoud and Spalding (1961) and later by articles of
Zauner (1985) and Hussein et al. (1994). This is schematically illustrated in figure 3.6a. In a
distance of 20 hydraulic diameters behind the nozzle exit the jet has transferred more than
80% of its momentum to the ambient flow. Due to the small difference of the Reynolds num-
bers of main and jet flow the shear rate between both main and jet flow is small and hence
the turbulence production by this mechanism is insignificant. As a consequence the resulting
vortices (with the vorticity o), which rotate normal to the axial coordinate z, have a low inten-
sity. The introduction of the jet flow into the geometry rather yields a change in the momen-
tum field and generates another swirl in the riser tube, see Tak&Cheng (2001) or Roubin
(2001-2003). Due to the conservation of vorticity (Helmholtz-vorticity theorem, see e.g. Lugt
1996) the swirl consists of a pair of counter-rotating vortices, which are sketched in figure
3.6b. An analysis of experimental results of the behavior of inertial jets at low Froude num-
bers shows that they are sensitive to their orientation see e.g. Ricoud and Spalding (1961).
Thus, in a complex geometry as considered here, several flow patterns may evolve by vary-
ing the individual flow rates.

However, if the jet flow is not perfect tangentially aligned with the hemispherical shell
and contains a wall normal component expressed by an angle o the jet can hit the hemi-
spherically shaped wall and can, by its momentum, detach from it again. Such situations may
occur due to the non-perfect nozzle shape or a differential elongation of the jet pipe versus
the riser tube. Also a large main flow rate may cause by its momentum and pressure distribu-
tion a detachment of the jet after a short distance behind the nozzle. The potential streamline
of such non perfect alignment is graphically sketched in figure 3.6¢c. The momentum transfer
of the jet flow towards the ambient fluid remains at large axial coordinates z essentially simi-
lar to the case considered in figure 3.6a, if the main flow is at rest. Close to the lowest point
of the shell, however, the detachment of the jet from the wall induces a secondary flow, for
which the vorticity vector is of opposite sign of the upper one. This recirculation area is ac-
companied by rather small velocities and is therefore not acceptable for an adequate window
cooling.

In a next step let us assume that the main flow is not at rest. We now superimpose
the effects found in figure 3.5 with the considerations performed in figures 3.6a-3.6¢c. The
flows evolving due to the interaction of the main flow with the jet flow are sketched schemati-
cally in figure 3.6d. Due to slanted riser tube the main flow still forms the recirculation area
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(a) and a large portion of the fluid is distributed towards the opposing side of the riser tube in
form of a large scale jet (c). The injection of the jet flow at $=0° yields to a stronger momen-
tum in opposite direction of the nozzle exit. Thus the recirculation area in the riser tube in-
creases. The jet flow also leads to a further shift of the stagnation point from the center and it
will almost disappear from the hemispherical part of the shell if the jet flow is tangentially
aligned with the shell. If this is not the case and the jet has a wall normal component a vortex
as denoted in figure 3.6¢ will appear. The momentum difference between main flow and jet
flow induces counter-current rotating vortices (b), which are also found in the simulation by
Roubin (2002). The vortices (b) will be transported by the main flow spirally upwards. Due to
the interaction of the main flow with the jet flow close to the wall a horse-shoe vortex estab-
lishes, which yields to the formation of the vortex pair (d).

Of course, the described pattern is idealized and it assumes a symmetry in the r-z-¢=0°plane.
If the geometry is slightly asymmetric an additional global swirl motion will be introduced,
which is then superimposed to all other phenomena.
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Figure 3.6:  (a) —(c) main flow considered to be at rest. (a) Increase of jet thickness along
the flow path and induction of secondary flow. (b) Vorticity generation in z-
direction due to differential velocity. (c) Streamline of jet flow not aligned with
the shell and additional vorticity induction. (d) Interaction of main and jet flow
forming several flow paths.
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3.3.2 Water experiment with an imposed jet

The water experiment with the slanted riser tube was repeated with the MEGAPIE-
HYTAS mock-up with an additional jet flow. Due to the large possibilities of flow rate ratio
combinations of main to jet flow we restrict our discussion on the nominal flow rate ratio
combination of the MEGAPIE target, in which the flow rate of main to jet flow is 15:1.

The figures 3.7 show LLS-photographs of the flow pattern observed in the lower shell
at several positions for this flow rate ratio in the plane $=0°-180°. Here, again the illuminated
regions exhibit the streamlines of flow.

As figure 3.7a shows again a large scale recirculation zone is formed in the riser tube
for $=0°. Because of the combined momentum of main and jet flow in this plane the recircula-
tion area is larger than in the slanted riser tube case without bypass. Its radial extension
grows in the lower part almost linearly with z. The combined momentum of jet and main flow
also leads to a stronger deflection of the main part of the fluid flow towards the riser tube side
opposite the nozzle exit. Here, an area with a high velocity jet is observed. At the boundary
between the recirculation domain and high velocity region a set of counter-rotating vortices is
visible, see figure 3.7b. The introduction of the jet extinguishes the small reciruclation area
close to the inner side of the riser tube at $=180° totally. Due to the jet flow the stagnation
point is shifted further to the opposite side of the nozzle. It is approximately located at
r=55mm, $=180° (compared to =42mm, $=180° in the slanted case without bypass).

A closer view on the light-sheet shows a peculiar feature of this flow rate combination with
respect to the MEGAPIE application. The streamline in figure 3.7d shows that the jet hits the
wall close to the centerline at about »=~20mm, ¢=0° and then detaches from the wall. How-
ever, in this part of the window the highest surface heat flux appears and thus requires the
best heat transfer characteristics. A part of the jet re-hits the hemispherical shell again for
r=~30mm, $=180°.

The figure 3.7 illustrates the flow pattern further downstream in the riser tube. In con-
trast to the case without jet flow the intensity of the individual vortex structures at the same z-
coordinated is stronger. Quantitative measurements performed using LDA and ultra-sound
doppler velocimetry (UDV) shows that both the intensity of the upwards directed high velocity
jet and the fluctuation intensity is higher than in the configuration without jet, see Lefhalm et
al. (2005).

The flow pattern establishing in the plane perpendicular to the nozzle for Q,../0.=15 at
$=90°-270° is illustrated in the figure 3.8. Close to the centerline the detachment of the jet
flow is visible. Due to the interaction of the jet flow with main flow a secondary flow is in-
duced, which is expressed by two counter-rotating vortices. These vortices are of the size of
the riser radius. The flow pattern observed in this plane is more or less symmetric. Quantita-
tive measurements confirmed this observation.

The nominal operation mode with a flow rate ratio of Q,..../O;,=15 exhibited for all Reynolds
numbers investigated a strongly time dependent behavior in the lower shell and the fluctua-
tion intensities recorded were of the order of the mean velocity. Compared to the case with-
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out jet flow the configuration with jet flow revealed approximately the same turbulence level
in the lower shell.

a.)
z=126mm —

jet duct

z=105.7mm

“detachment of jet
from shell

z=50m
=45mm

Figure 3.7:  LLS-Photographs of the fluid flow in the MEGAPIE-HYTAS water experiment
for a slanted riser tube with a jet flow Q,.../O;=15 for $=0°-180°. In all graphs
the Reynolds number of the main flow in the gap is Repain=5.910* and the illu-
mination time is 196ms. a.) Lower shell with different flow regions; b.) close
view on the jet flow exiting the nozzle and the adjacent riser flow; c.) flow pat-
tern in gap and riser at higher z-coordinates and d.) close-up of the stream-
lines at the shells center.
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reduced
velocity

Figure 3.8:  LLS-Photographs of the fluid flow in the MEGAPIE-HYTAS water experiment
for a slanted riser tube with a jet flow Q,,.:,//Q;.=15 for $=90°-270°. In all graphs
the Reynolds number of the main flow in the gap is Renain=5.910* and the illu-
mination time is 196ms.

4 Experimental set-up of the PbBi experiment

4.1 The PbBi heated jet experiment in the KALLA THEADES loop
41.1 The THEADES loop

The Lead-Bismut loop THEADES (THErmalhydraulics and Ads DESign) is part of the
KALLA laboratory at the Forschungszentrum Karlsruhe. It concentrates on thermalhydraulic
single-effect investigations of ADS reactor like components which are of vital importance for
the design work of a future ADS development and are funded in context of the EU-framework
programs and national research programs. It serves also as an experimental platform for
LBE experiments in the sense of an open user lab. The THEADES loop, in which the Heated
Jet experiment is installed, is entirely fabricated of stainless steel (DIN 1.4571) and has been
set into operation in November 2002. The main features of the THEADES loop are:

. temperature operating range 180- 400°C

) temperature stability +0.1°K (at 195°C)
. maximum flow rate 47m3/h (at 5.9 bar)
. flow rate regulation +0.1 m?¥h
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max. pressure head

max. installed electric power

heat losses to ambient at 200°C
heat losses to ambient at 300°C
number of test sections

inner diameter of connection piping
max. test section length

oxygen control system (OCS)
liquid metal inventory

heavy liquid metal

max. Reynolds number in the loop
Prandt number range

6.3bar
2500 kW

9 kW

14.5 kW

4

107mm
3405mm
yes
4000litres (stored in sump tank)
Pb4SBi55
910°
0.012-0.032

The pump and the loop characteristics of the THEADES loop are displayed in figure 4.1a. A
three-dimensional flow scheme of the THEADES loop shows figure 4.1b. More detailed in-
formation about the KALLA laboratory and the THEADES loop may be taken from Knebel et
al. (2002, 2003).
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a.) Pump characteristics of the main pump in the THEADES loop. Here the
flow rate Q [m*/h] is shown as a function of the attained pressure head Ap
[bar]. b.) Three-dimensional sketch of the flow scheme and the main compo-
nents of the THEADES loop in KALLA.

4.1.2 The measurement devices at THEADES

The liquid metal experiment is embedded in the test ports 1, 2 and 3 of the THEADES
loop. A detailed dimensional sketch of the location of the test module within the loop is de-
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picted in figure 4.2. The main flow into the test module is guided via the test port 1. Centered
over test port 2 the test module is located. The piping to test port 3 enters a electric heater,
providing the heat source of the heated jet experiment. From there the jet flow is entering via
the regulation valve V2.10 the bypass line into the test module.

Of crucial importance during the tests is the monitoring of the global flow parameters
like the temperatures within the liquid and at the outside of the insulation as well as the pres-
sures and the flow rates in the individual branches. This is necessary in order to get an as-
sessment about the quality of the measurements. The figure 4.2 shows the location of the
individual flow rate measurement devices used in the heated jet experiment. They are ar-
ranged in such a way that the flow rate in each of the branches can be detected using two
physically different sensing methods to exclude systematic errors.
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Figure 4.2:  Detailed arrangement of the Heated Jet Experiment in the THEADES loop of
KALLA and location of the measurement components.

The flow meters applied are:

- two DC electromagnetic flow meters (DC-EM),
- an ultra-sound transit time flow meter (UTT),

- an Annubar obstacle flow meter,

- a Pitot and a Prandtl tube.
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All flow meters are calibrated against each other at different temperature levels from
220° to 370°C, so that errors due to temperature shifts or density changes can be corrected.
Using this procedure the error of the DC —EM flow meters due to changes of the temperature
and because of varying oxygen content could be reduced to less than +1%.

The theory of DC electromagnetic flow measurement is described in detailed in the
monographs of Shercliff (1962, 1987), however, for the application of this method in the lead
bismuth eutectics (LBE) flows the obtained measurement signal depends additionally on the
oxygen content of the fluid and on the electro-chemical wetting of the fluid with the steel duct,
see e.g. Knebel et al. (2003) or Lefhalm (2005). Therefore, the oxygen content within the
loop was kept at a constant value for the different temperature levels investigated. In order to
resolve the wetting problem the temperature during a measuring day was kept constant in
the feeding line and the flow meters were calibrated before starting the measurement and at
the end of the same day.

The flow rate of the jet can be extremely small, so that three different methods are ap-
plied to determine it accurately. One is the ultrasonic transit-time method (UTT). In this
method the transit-time of an ultrasonic wave travelling in form of a longitudinal wave through
the medium is recorded. Upstream and downstream sensors are located at opposite sides of
the pipe detecting the time difference between the two signals. The result is the mean flow
velocity; a more detailed description may be taken from Lefhalm (2003) and Panametrics
(2001). In figure 4.3 the operation principle is sketched. A longitudinal wave is emitted by the
emitter E over the length L and detected at the sensor S. If both emitter and sensor are bi-
functional (so that both of them can act as emitter and sensor) one can measure the time
difference At between the upstream and downstream traveling time of the wave. From equa-
tion 4.1 the mean velocity u, can be calculated.

2
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where « is the inclination angle of the sound beam with respect to the flow.
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Figure 4.3:  Operation principle of the ultra sound transit time flow meter (UTT) and the
related signal path.

As an example for PbBi at 300°C the sound speed ¢ is 1.6 10°m/s. In order to detect mean
velocities of 0.01m/s over a length of L=107.2mm (as the inner diameter of the pipe tubes of
the THEADES loop) a time difference of A+ =6 107"°%s=0.6ns has to be resolved by the data
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acquisition system (DAS). This time delay is about six times larger than the resolution time of
the DAS. Thus, the flow rate resolution of the Ultra-Sound transit time flow meter (UTT) in the
THEADES loop amounts to about +0.054m% h for the jet flow. For the smallest jet flow rates
investigated Q,-et=0.8m3/h the error is then +6.75% for the UTT method and it shrinks to
+3.29% for the largest jet flow rates.

The Pitot and Prandtl tubes used in the set-up rely on the measurement of pressures.
By means of positioning the tube as depicted in figures 4.4a, b in the flow the total pressure
po can be measured by equation 4.2a. In case of using a Prandtl tube to determine the mean
velocity it is essential to keep the liquid containing measurement pipes through the pressure
gauge at constant and equal temperatures in order to avoid pressure corrections (see eq.
4.2b).
pO = pl + pmeas gh’
(4.2a,b)
Pan =St =p(n) gh +p(L)gh .
where p, is the absolute outer pressure and p,...; the density of the fluid. Using Pitot tubes an
absolute pressure transducer is connected at the end of the line so that p; is given for 4=0.
The dynamic pressure p,, can be calculated from the difference of the total pressure p, and
the static pressure p,,, using a Prandtl tube. By measuring pu,=po-psa: = Pmeasgh- Finally, the
local velocity u(z) can be calculated using equation 4.3:

2
u(z)= | Pom (4.3)
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Figure 4.4:  Local flow velocity measurements using Pitot (a) and Prandtl tubes (b).

When using Pitot-tubes as flow rate measurement devices, at least two-sensors have to be
located within the tube according to 1ISO3966-1977. Since the velocity profile varies as a
function of dimensionless radius /D the Pitot tubes have to be placed in such positions
where this deviation is minimal. In figure 4.5a the dimensionless velocity is depicted as a
function of the radius, see VDI (2001). It shows that at »/D=0.381 in a Reynolds number
range Re=410°-3.2-10° the deviation is less than 3%. Here, the hydraulic Reynolds number is
formulated in the classical way with

Re=—"—, (4.4)
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where u, is the mean velocity, d the duct diameter and v the kinematic viscosity in [m%/s]. In
the jet flow duct, owing an inner diameter of d=27.3mm, the flow rates during the experiment
vary from 0.2m>h to 2m®h corresponding to Reynolds numbers from 1.610* to 1.6:10°. In
the considered Reynolds number range the systematic error shrinks down to +0.95%. An-
other error source while using Pitot tube flow meters is that they require a developing length
of at least 25 tube diameters downstream a 90° bend. For developing lengths of more than
35 characteristic diameters the systematic error is minimized to less than +0.5%. The con-
figuration of the Pitot-tubes in the heated jet experiment is depicted in figure 4.5b. In order to
account for eventual asymmetries two bores are integrated in the Pitot tube which integrate
the pressure at this position. The resolution of the Pitot flow rate measurement technique is
given by the resolution of the used pressure gauges, a proper filling of the connected piping
and a simultaneous temperature measurement to account for density changes. In case of the
Pitot tube flow meter a differential pressure gauge from the company Rosemount (2003) is
used which is based on a capacitive sensor using a transmission fluid.

The transducer is capable to resolve pressure differences with an accuracy of
+0.075% of the maximal span, which can be stepless adjusted via a remote control. During
the experiments a span of 0-62mbar has been chosen, so that pressures of +4.65Pascal can
be resolved. Related to the duct dimensions the uncertainty of the flow rate measurement is
at a mean temperature of 7=360°C for the bypass flow A¥=+0.03m%h. Summing up the sys-
tematic error of the Pitot technique and the resolution of the pressure gauges the total meas-
uring error for the bypass system is at the lowest jet flow rate investigated (¥=0.8m%h)
AV=+0.037m%h and at the highest investigated (V=2m®%h) AV=+0.059m%/h, corresponding to
an error of 4.6% and 2.95%.
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Figure 4.5:  (a) Local axial velocity normalized by the mean velocity as a function of the
dimensionless radius /D at different Reynolds numbers Re, see VDI (2001).
(b) Schematic set-up of the Pitot-tube flow meter configuration in the channel
providing the jet flow. The dimensions are given in millimeters.

In order to measure pressure losses at individual locations of the THEADES loop ab-

solute pressure gauges from Kulite (2003) are used. These are piezoresistive silicon trans-
ducers, which are relatively small and can be screwed directly in any pressure tap of the pip-
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ing. The measurement principle is based on a fast Wheatstone bridge in an integrated circuit.
Due to their small dimensions they have a negligible inertia and hence allow a high fre-
quency resolution of pressure fluctuations of the order of several hundred KHz. Because of
the fabrication principle the maximal span is given and a calibration before each experimen-
tal run must be performed. Then, the pressure resolution is similar to that of the capacitive
units.

The Prandtl —tube flow meter used for the measurement of the combined flow (jet and
main flow) uses differential pressure gauges from Rosemount. Within the heated jet experi-
ment the Kulite pressure transducers are able to resolve a local velocity with an accuracy of
+2.5mm/s corresponding to a flow rate of AV=+0.11m>h. The photograph in figure 4.6a
shows the used Prandtl-tube, which is installed at the bottom of the instrumentation rod. The
pressure tubes of both orifices of the sensor are arranged vertical and welded on the top to
the instrumentation rod. The pressure measurement tubes guided to the sensors are shown
in photograph 4.6b. There also the housing tubes of the thermocouples which are installed at
the inner side of the riser tube and on the instrumentation rod are illustrated.

(b)

Figure 4.6:  (a) Tip of the Prandtl-tube at the lower end of the instrumentation rod; dimen-
sions in [mm]. (b) Connection tubes containing the thermocouples and pres-
sure tubes of the Prandtl sensor which are located at the top of the instrumen-
tation rod.

At the outlet of the experimental mock-up the combined flow is measured using an
Annubar sensor which is based on a pressure difference measurement across an obstacle
placed in the duct. Of course, using this measurement technology some constraints regard-
ing the inlet conditions exist. The flow facing the cylindrical obstacle has to be fully developed
in the sense that no lateral pressure gradients appear and the axial derivatives in flow direc-
tion are zero. This leads for turbulent flows immediately to a required developing length of at
least 30 hydraulic diameters upstream in the pipe. A technical feasible solution to overcome
this long developing length, which is for the Annubar sensor (a tube with 60 mm inner diame-
ter) about 1.8m, is the reduction of the diameter and the installation of a flow straightener,
which equalizes the flow. The pressure difference measurement method of the Annubar sen-
sor takes advantage of the fact that the pressure loss of the flow around an arbitrary symmet-
ric obstacle expressed in terms of a ¢y value is at Reynolds numbers of Re>5 10° independ-

22



Experimental set-up of the PbBi experiment

ent of the Reynolds number. The mean velocity «, and hence the flow rate can be calculated

using equation 2.5.
uy = |22 (4.5)
pcy

The ideal ¢y values may be taken from Beitz and Kittner (1986) or other standard hand-
books. In reality, however, the device has to be calibrated. The independence of the ¢y val-
ues from the Reynolds number holds up to Re~5 10°. In order to measure small velocities
and to calibrate both techniques against each pressure transducers resolving smallest pres-
sure differences are required. Here, the used pressure transducers are capable in resolving
an absolute pressure of 12.5 Pascal. Thus, the minimal velocity to be resolved by the pres-
sure difference method is a mean velocity of v,=0.05m/s corresponding to maximum error of
the flow rate of AV=+0.55m*/h. The used Annubar sensor, the flow straigthener and the pres-
sure connection are displayed in the photographs 4.7a-c. All pressure measurement based
flow meters (Pitot, Prandtl and Annubar sensors) require a completely filled pressure line in
order to avoid long response times or misreadings. Thus, all pressure lines own a closeable
valve (see figure 4.8) with which each of the lines can be purged separately. The purge
procedure is performed opening one valve, through which the fluid flows to the O.-control
container of the THEADES loop. If a closed liquid metal jet is observed through a glass
window, a proper filling can be assumed.

(b) (c)
Figure 4.7:  (a) Annubar flow meter as it is used in the heated jet experiment. (b) Flow
straightener installed upstream the flow meter. (c) Flange for insertion of cylin-
der and pressure taps.

In order to generate a temperature difference between the jet flow and the main flow
a electrical heated unit consisting of six electrical resistance heaters is installed in the piping
of simulating the jet flow. These resistance heaters allow a maximum heating power of
72kW. However, only about one half this power can be used in order to keep in the range of
inertial jets.

The heat input is measured via the electric current and the potential drop over each of
the six heater rods. This is necessary to perform a heat balance. In order keep the tempera-
ture fluctuations of the jet inlet temperature as small as possible the heaters are stepless
regulated so that the temperature fluctuations in the jet flow inlet before entering the module
oscillate only by +0.22°C.
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Figure 4.8:  Photograph of the pressure measurement lines and purge lines of the Pitot,
Prandtl and Annubar flow meters in the Heated Jet experiment before thermal
insulation.

4.2 The experimental geometry and its instrumentation

The geometrical set-up of the heated jet experiment is illustrated in figure 4.9a. It corre-
sponds geometrically almost 1:1 to the lower part of the MEGAPIE beam window (except for
the outer thickness of the lower shell). The entire module is fabricated of stainless steel (DIN
1.4571). The exact dimensions may be taken from the figures 4.9-4.13. In order to present
coherent results a right handed r-z-¢ coordinate system is introduced. The origin of this coor-
dinate system is the lowest point of the hemispherical shell at the fluid solid interface. The
photographs 4.9b-e show major components of the heated jet experiment during fabrication
and before the final assembly. The italic numbers in the graphs correspond to sensor posi-
tions. The list of sensors embedded in the experimental mock-up in the is entirely described
in the sensor list which is given in Appendix A.

The main flow is entering the module in the upper collector and is guided via steel vanes
into a flow straightener, which is made of 22 tubes with an inner diameter of 16mm and
length of 80 mm in order to ensure a hydrodynamically fully developed turbulent flow in the
annular gap. The flow straigthener ends at a height of z =1625mm. The centerline of the rec-
tangular shaped jet duct enters the annular main flow gap of the module at z=1683mm. The
gap adapted geometry of the jet pipe has rectangular edges, is made of 1.5mm thick steel
sheets, and has an inner cross-section of 60x12mm. The gaps between the riser tube and
the outer housing are equidistant.
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Figure 4.9:  (a) Geometrical set-up of the heated jet experiment module and introduction of
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cate measurement positions. (b) Photograph of the module. (¢) Flow
straigthener. (d) Lower part of the riser tube. (e) Instrumented lower shell.
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At z=107mm the nozzle with the inner cross sectional area of 20x10mm is welded to
the jet duct as shown in figure 4.10a. The centerline of the orifice was located at z=51mm
before the start of the experiment. The tube of the nozzle contacted the slanted riser tube
(see figure 4.10a) at the position of maximal slantation. However, the post test analysis after
the experimental campaign showed that due to a relaxation of the weld seams the nozzle
position has moved in positive z-direction. This stress relaxation yielded to a change of the
axial position z from z =53.7mm to z =55.7mm (in total to 4 z =2mm at room temperature
(7=25°C). Also the radial position of the nozzle exit changed. The nozzle wall was no more in
contact with the riser tube. The distance between both was 4 z =+0.65mm, so that the nozzle
exit position was at »=67.15mm instead of »=66.5mm. The geometrical set-up of the nozzle
with respect to the riser tube after the experiment is shown in figure 4.10b. The post-test ex-
amination of the geometry showed that the riser tube was still concentric in the outer housing
(deviation less than 0.3% = +0.534mm). However, the relaxation of the jet duct did not lead
to a distortion or inclination of the nozzle, so that the geometry was still mirror-symmetric with
respect to the nozzle plane r-z at $=0°.

Thermocouple i R 0.65mm
T23 3 : -

@ o
Figure 4.10: (a) Position of the Heated Jet nozzle before the experiment and (b) after the
post test analysis.

During the experiments a constant inlet temperature of the jet flow into the jet duct of
Te=360°C was ensured with an accuracy of +0.1°C. For the main flow a temperature of
Tinmain=300°C was established. As the jet flow enters the jet duct it heats up the jet wall and
transfers heat (energy) via the duct walls to the gap flow as schematically shown in figure
4.11. Thus, the main and the jet flow act as a co-current heat exchanger. Due to the higher
temperature of the jet flow the jet duct expands relatively to the riser tube according to the
thermal expansion of steel. This relative elongation can be calculated taking the mean tem-
perature of the top of the jet duct T, p=(Tinjer Tinmain)/2 @nd the mean temperature at the bot-
tom of the jet duct via T, ponon=(T7s-T4)/2. Additionally, the mean temperature of the riser tube
T, has to be calculated from the gray marked regions in figure 4.11 by averaging. Applying
this procedure the relative elongation 4/ of the riser tube is for the nominal flow rate case
(Oman=18m%h and Q,,=1.2m%h)

T . +T.
Al =a ZO . |:[ Jet,top 5 Jet,bottom J _ T;,l-ser:| =0.64mm , (46)

where « is the thermal expansion coefficient of stainless steel (1.7-10°K™ at 7=330°C), I, the
length of the jet tube at room temperature (/, =1586mm) and 7}.;.,,=330°C, Tje;,po1omn=320°C
and T,;,=302°C. This is in close agreement with the observation.
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Figure 4.11: The italic numbers denote the thermocouples integrated in the riser tube and
located close or in the jet tube in the nozzle plane (r-z, $=0°-180°). Dimensions
are in mm.

Within the riser tube 44 thermocouples are embedded. Their location is schematically il-
lustrated in figure 4.12a, the detailed location may be taken from the appendix A. In the lower
shell 18 thermocouples (7;) are embedded in a distance of 3mm apart from the wall as shown
in figure 4.12b.

The merging main and jet flows are directed upwards into the slanted riser tube.
Within the riser tube also several thermocouples are integrated close to the fluid-wall inter-
face (the exact locations may be taken from figure 4.12b and 4.13). Additionally, a crosswise
arrangement of thermocouple consisting of 10 thermocouples in the nozzle plane ($=0°-180°)
and 7 thermocouples transverse to it ($=90°-270°) is installed in a height of z=105.7mm. The
photograph 4.9d shows the set-up of the thermocouple cross.

Further downstream this arrangement the flow is facing an instrumentation rod in a
height z=349mm. This instrumentation rod has the identical outer shape as the one of
MEGAPIE but here a Prandtl tube is installed. This sensor measures the time mean velocity
at this position. At z=404.5mm the instrumentation rod is spherically shaped to an outer di-
ameter of 25mm and at z=824mm the rod diameter again increases conically over an axial
distance of 50mm to reach its final outer diameter of 57mm. The figure 4.13 shows the geo-
metrical set-up of the lower part of the instrumentation rod and the shell up to height of
z=500mm.

The fluid exits the module at z=2340mm and ¢$=90° towards the THEADES loop.

The entire test section is thermally insulated via a 160mm thick layer of rock wool with
a specific heat conductivity of A=0.043W/(mK). By measuring the temperature at the outside
of the thermal insulation the heat losses can be calculated, see appendix B. As a reference
case for the experiment a heating power 30.1kW has been chosen. This yields a jet constant
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jet flow temperature of 7,,,,=T,=360°C. For this reference case flow rates in the downcomer
of 0,..ix=18m>/h and in the jet duct of Q,et=1.2m3/h have been set. The average inlet tempera-
ture of the main flow was adjusted to 7, ,in=(T74+T75+T++T7;)/4=300°C. For the reference
case the temperature difference between the outer side of the insulation (7.suwion=32.2°C,
almost constant throughout the surface) and the ambient environment showed a nearly con-
stant value of AT=12.2°C.
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Figure 4.12: (a) Dimensional drawing of the thermocouple positions in the riser tube in the
plane z=105.7. (b) Thermocouple positions (italic) embedded in the lower shell
of the heated jet experiment.
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Figure 4.13: Measurement positions (italic) in the lower shell and the instrumentation rod in

the nozzle plane (¢=0°). Dimensions are in mm
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4.3 Measurement matrix

The matrix of the experiments conducted is shown in figure 4.14. In all series constant
inlet temperatures of the jet flow of 7,=360°C (and in another campaign 7,0=345°C) and of
the main flow of 7,,,,,=300°C were chosen. The tentative operational range for the MEGAPIE
target is given by the capabilities of the main pump and the jet pump. The envisaged nominal
operation point of the target has a main flow rate of Qmain=13.5m3/h and a jet flow rate of
Qje,=0.9m3/h, which corresponds to is a flow rate ratio of O,..../O;.=15. This point is marked by
a black circle in figure 4.14.

Since the water experiments demonstrated, that the flow rate ratio is mainly determin-
ing the occurring flow pattern the same flow rate ratio 0,.../O;,=15 was chosen as a refer-
ence in the liquid metal experiment. In order to minimize the measurement errors the flow
rates were increased to 0,.., =18m*h and Q,,=1.2m%h. This reference point is denoted as a
black square in figure 4.14.

Within the first variation the jet flow was kept constant at Q,et=1.2m3/h while the main
flow was varied from Q,,,ain=9m3/h to 24m3/h simulating in the lowest case a power loss of the
main pump.

A similar strategy was used for the second variation, in which the main flow was set to
a constant value Q,,.,=18m%h and the jet flow varied from Q,,=0.8m%h to 1.62m?/h.

In a third series for the nominal conditions (Q,.,=18m*h and Q.,=1.2m%h) the inlet
temperatures of the jet flow were been varied.
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Figure 4.14: Experimental matrix of the heated jet experiments (¢ nominal MEGAPIE op-
eration point, ! nominal operation point heated jet experiment).

4.4 Definition of the statistical functions used for the analysis of the PbBi ex-
periment

For the characterization of the time dependent signals the following definitions are
used. The root mean square value (RMS) of a sample time history record is given by:

29



Experimental set-up of the PbBi experiment

1 -2 2

RMS[x(1)] = l:hm R ( )dt} , (4.7)
Leong = tend t=0

where x(2) is the temporal signal and x the time averaged mean value, which is defined by

lttd

x=1lim — (4.8)

tond =% Yond = 0
The autocorrelation function R,(t) providing a tool for detecting periodic deterministic data,
which might be masked in a random background, is defined in the following way:

1 1=lenq

R(t)=lim — [x(t)-x(¢+7)dr. (4.9)

Lena 2% Yend  t=0
Here, R(7) is always a real valued even function with a maximum at t=0. A check of the cor-
rect calculation of the autocorrelation R,(t) can be easily performed, because the following
relations hold for sufficiently long measuring times ¢ [0, 7.,4]:

x=yR.(t=1,,) and RMS[x()]=R.(t=0) . (4.10)

The power spectral density PSD of random data describes the frequency composition of time
dependent data in terms of the spectral density of its mean square value. In case of an ac-
quisition with a high frequency resolution Af'the PSD of a time dependent signal x(z) is defined
by

1=ty
PSD[x(1)]= hm— lim — Ix tf,Af)dt (4.11)
IYEROYAY 2N P S
The cross-correlation CC,, of two temporal signals x(z) and y(?) is calculated by,
. 1 1=t
CC,=lim — _[x(t)-y(t+t)dt. (4.12)
tond > Yend =0

Two useful relations give upper bounds for the absolute value of CC,,, which are,
lcc, () <R(x=0)-R,(x=0) and cC, <1 [R 0)+R,(t=0).  (4.13)

A normalization of the cross-correlation with the products of the autocorrelation values of the
signals x() and y@) at 1=0 vyields the cross-correlation coefficient CCC[X(2),Y(1)]. If
CCC[X(1),Y(1)]=0 both signals are uncorrelated. The peaks in the plot CC,, versus t indicate
the existence for a correlation at a discrete time displacement. The cross- correlation delivers
information about:

- the time delays. The displacement time corresponds to the time required for the
signal to pass through the system, if x(?) is interpreted as an input and y() as an
output of the system.

- the determination of transmission paths. Transmission paths through a closed sys-
tem are associated with different delay times, which can be identified by the peaks
in the cross-correlogram for each of the path contributing to the signal output.

- the detection and recovery of signals in noise. The CCC[X(2),Y(t)] provides a greater
signal-to-noise ratio than the autocorrelation.

The cross spectral density permits the measurement of time delays as a function of the fre-
quency, which is not available directly from the cross-correlation. The time delay through a
system at any frequency f'is given by =0(f)/(2nf ), where O is the phase angle. For the pre-
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sent analysis the given definitions are sufficient, more detailed information may be taken
from Bendat & Piersol (1971) or Wolf (1999).

5 Numerical simulation of the PbBi experiment

5.1 Features of the numerical simulation

The heated jet experiment Was been simulated using the commercially available computa-
tional fluid dynamics code CFX in version 5.6, see Vieser et al. (2002).

In order to represent the geometry adequately a structured grid consisting of 1.2-10° mesh
cells was generated. The grid depicted in figure 5.1a has been chosen in such a manner to
get a high resolution in terms of low y'-values near the walls. Here, the dimensionless dis-
tance from the wall y" is defined as:

v+ Ay-u,
yr==

where u, = To (5.1)
v p

u. is the friction velocity, Ay is the wall normal distance from the wall, t, the wall shear stress
and p und v the specific material density and kinematic viscosity. The y'-values are calcu-
lated depending on the numerical solution for the velocity field. However, the achieved near
wall y"-resolution, which is shown in figure 5.1b, still shows considerable values especially
opposite the nozzle where y* is of order O(10%). Despite the cell number used is quite large
and at the edge of our computational equipment the mesh should be further refined to get
more accurate results.
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Figure 5.1:  (a) Mesh generated in the commercial CFD code CFX 5.6 in the plane r-z-
$=0°-180° to simulate the heated jet experiments. (b) Distribution of the y'-
values obtained in the CFD simulation in the wall nearest mesh cells.

The heated jet experiment is modeled geometrically at the inlet side in a 1:1 scale up to a
height of z=1680mm. This includes both, the annular gap of the main flow and the jet chan-
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nel. Here, also the heat losses of the heated jet flow towards the adjacently flowing colder
main flow via the jet tube made of stainless steel have been considered. Additionally, the
energy transfer from the hotter riser flow to the colder inflow in the gap has also been taken
into account. The simulation does not account for the instrumentation rod in order to limit the
computation time due to the complex grid generation close to the instrumentation rod.

A significant feature of the jet inlet configuration has been omitted. In the experiment the
jet flow enters the module perpendicular to the main flow and is guided via a sharp edged
90° bend to flow parallel to the main inlet flow. Because this feature of the experimental con-
figuration requires a significant effort in generating a refined mesh, in order to resolve the
flow pattern there, the simulation assumes a parallel inflow of gap flow and jet flow.

As kinematic inlet conditions for both main and jet flow in the height z=1680mm a hydro-
dynamically fully developed turbulent flow was been assumed. Regarding the turbulence
quantities at the inlet the default values have been set, which correspond to homogeneous
grid turbulence. At the outlet of the simulated constant average static pressure boundary
conditions were used.

Since the heat losses to the ambient were found to be very small in the experiment, adia-
batic conditions at the outer walls were applied. Due to the relatively large Reynolds numbers
based on the hydraulic diameter (Re>10°) at the reference operating conditions buoyancy
plays no significant role. Nevertheless, the temperature dependence of the thermo-physical
data of the fluid were taken into account. The specific thermo-physical molecular quantities
for the eutectic PbBi have been taken from Imbeni et al. (1999). A list of the thermo-physical
data from 150°C to 400°C is given in Appendix C.

Within the simulation of the turbulent PbBi flow the shear stress furbulence model (SST)
was used. The SST model combines the advantages of the i-¢ model with the ones of the 4-
o-model and takes advantage of the fact that for using in the near wall region the k~o»-model
an analytical solution for the viscous sublayer is known for small y* values, see e.g. Wilcox
(1986). The matching of the k~-ow-model close to all walls to the k-¢ model in the rest of the
fluid domain is performed by means of blending functions. The detailed description of the
model and the procedure may be taken from the CFX5.6 user manual (Vieser et al. 2002).
The temperature wall function is modeled using the formulation proposed by Kader (1981).

Regarding the advection terms in the turbulent simulation a second order differencing
scheme has been used.

5.2 Summary of the simulation parameter set

- Thermally conducting stainless steel wall with a constant heat conductivity of
A=14.7W/(mK).

- Variable density of the fluid using the thermal-physical data from Imbeni et al.
(1999).

- Second order advection scheme.

- Simulation of the full geometrical height of the experimental set-up up to
z=1680mm.

- Fully developed flow for the mean quantities and grid turbulence for the turbulence
at the inlet of the main flow in the gap and at the inlet of the jet duct.

- At outlet constant pressure conditions were set (default).
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- Default values for the constants of the SST turbulence models were used.

- Symmetry conditions in the plane ¢$=0°. Calculation of half of the domain.

- Adiabatic heat flux conditions to the ambient.

- Shear stress turbulence model (SST) for the whole flow domain.

- Constant turbulent Prandtl number Pr,=0.9 (assumption of the Reynolds analogy).
- Disregard of the sharp 90°-bend of the jet inlet into the test module.

- Omission of modeling the instrumentation rod.

5.3 Results of the numerical simulation

For the nominal operation point of the experiment with a main flow rate of Qma,-n=18m3/h
and jet flow rate of Q;.,~=1 .2m%/h several numerical simulations were performed. The details of
the parameter variations may be taken from Batta et al. (2004). The temperature levels at the
inlet at z=1680mm correspond to the experiment with 7;,,=300°C for the main flow and
T;,e=360°C for the jet. In this context we refer to the simulation results considered to be the
most adequate one.

For all calculations performed a steady solution was obtained for the reference case. In
the figures 5.2a, b the calculated velocity vectors in the r-z-plane ($=0°-180° and $=90°) are
shown for this parameter set. The main flow features are briefly described below.

The main flow in the annular gap far from the window is fully developed in the r-z-
plane, which is expressed by a flat flow velocity profile except for the domain of the jet chan-
nel. There, the mean velocity in the gap is about 20% lower due to the higher wall friction.

As the main flow approaches the window region the cross section is continuously de-
creasing and thus the main flow is accelerated. This is marked by the number zero in figure
5.2b. The discontinous cross-sectional expansion at the U-turn of the downwards oriented
main flow in the gap into the upwards directed riser flow causes a flow separation, which is
expressed by the formation of a recirculation area (1) at the bottom end of the riser tube, see
figure 5.2b. This recirculation zone occupies most of the cross sectional area close to the
window. It confines a high velocity chimney developing around the axis of the geometry. The
calculated velocities are reaching 2.5 times higher values there compared to the mean veloc-
ity uy (2).

In the lower part of the shell a second recirculation domain (3) establishes with ex-
tremely low velocities. The plane ¢=90° is hardly affected by the jet flow arising from the
20x10mm nozzle. It corresponds nearly to the flow pattern found in the water simulation ex-
periment without any bypass jet, see Knebel et al. (2003) or Eiselt (2003).

In the plane $=0°-180° the jet flow is superimposed to the main flow, as shown in fig-
ure 5.2a. The introduction of a cross flow by means of a high velocity jet changes the mo-
mentum transfer in the plane $=0°-180° significantly. As the jet exits the nozzle it accelerates
by its momentum an additional portion of the fluid towards the opposite side of the riser tube
(5, figure 5.2a). Most parts of the fluid motion transported towards ¢=180° originate from the
slanted riser tube, see c.f. figure 3.7a. A part of the jet flow also impinges the lower hemi-
spherical shell in the region (6). Nevertheless, close to the centerline in the lower part of the
shell at »=z=0 the fluid velocity remains still small. The momentum exchange between main
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flow and jet flow leads to the fact that the jet is not covering the whole shell in the nozzle
plane (¢=0°), as figure 5.2a shows. The interaction of main and jet flow and the geometrical
set-up yields in the calculation velocities of less than 0.5m/s in the nozzle plane for
12mm<r<55mm (¢=0°). The strong main flow creates because of the slanted riser tube a
third recirculation area (4) in the nozzle —plane (¢=0°). This recirculation domain occupies a
significant part of the riser tube. However, the jet flow, aimed to ensure high fluid velocities
close to =z=0 where the highest heat fluxes appear in the MEGAPIE application, does not
fulfill this task in the current geometrical configuration. In a global view the computed velocity

distribution agrees qualitatively quite well with the Laser-Light Sheet (LLS) photographs of the
water experiment shown in figure 3.7.

X 7 CLERE 71 Hil u -
" JARELVAN z Vil "
P AR REAR, N I
" AR 11 Na "
. LARRSUEERES " M
» IRRSUIRURRE, vl »
F e 1|
E AELTORe [ M
" SLITRERSRE i o
r s 7|
n ALEN LAY " u u [m/S]
L B @ g /A T
L R s TS T [ 2.21
L e ]
- i P R —
- e 1 it '
- . = - 1.66
- 7
- -
= (2)
— - 1.10
— Ik
: Y
/ —-0.55
/ l
f 0
stagnation point @ stagnation point
1 1 ‘
7($=180°) 625 30 0 30 625 r(¢p=0°) #($=90°)

(a) (b)
Figure 5.2:  Calculated velocity vectors (using SST) for 0,.,=18m%h and Q,,=1.2m%h in
the (a) r-z-plane(¢=0°-180°) and (b) r-z-plane($p=90°). The corresponding di-
mensional velocity scale is depicted on the right side.

The computed streamlines of imaginary flow particles exiting the nozzle in the plane
$=0°-180° are shown for the nominal case in figure 5.3. The graph illustrates that the majority
of the particles do not approach the window shell closely in the sector ¢=0°. Even for radii
r<12mm in the sector $=180° hardly any particle reaches the shell. As a consequence en-
hanced heat transfer caused by the jet can not be expected there. Only a minor part of the
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fluid particles reaches the shell in a region 35.5mm<r<68.8mm at ¢=180° opposite the nozzle
exit. There they lead to a change in the velocity distribution.

However, in the MEGAPIE application the proton beam releasing the heat flux by in-
ternal heating of the structure material is focused in the plane $=0°-180° to a radius of 25mm
around the axis of the shell. The Gaussian shaped power distribution of the beam with its
maximum at »=0mm requires a well heat transfer. Therefore, from the calculation it may be
concluded that the jet duct geometry and its nozzle exit position does not represent an opti-
mal design for the MEGAPIE target in the thermal-hydraulic sense. Most of the fluid particles
leaving the jet duct lead to a momentum change in the plane $=0°-180°. This is expressed by
high flow velocities close to the riser tube opposite the jet nozzle in the sector ¢=180° be-
tween 56mm<r<87mm.

The velocity difference between the main flow turning into the riser tube and the jet
leads to an induction of a swirl flow, which was also found by Tak et al. (2001) and Roubin
(2003). This swirl is flowing helically upwards. Because of the assumed symmetry two vor-
tices are generated, one in the volume 0<¢<180° and a second one in the region
180°<¢$<360°.

u [m/s]
2.57

—1.92

1.28

— 0.64

r($p=180°) 625 30 30 625 p($p=0°)

Figure 5.3:  Calculated streamlines of imaginary fluid particles exiting the jet duct nozzle in
the plane ¢=0° for 0,..,=18m*h and Q,,=1.2m%h.

Since the heat transfer in the heated jet is mainly governed by the momentum ex-
change, the corresponding temperature field should exhibit a similar pattern. If buoyancy
effects can be neglected the temperature is acting as a passive scalar, which is transported
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by the velocity field. As shown in §3.3.3 the heated jet behaves in the investigated parameter
range as an inertial jet, which allows to conclude from the temperature field on the velocity
field.

Because of the low Prandtl number Pr of the eutectic alloy PbBi the thermal boundary
layers are significantly larger than the viscous ones. Their thickness &, scales with Pe’”
whereas the thickness of the viscous boundary layer (5,..;) Scales as Re"?. Here the Prandtl
number Pr, the Peclet number Pe and the Reynolds number Re are defined as

Pr=""P"% _00219at7=300°C ,
Pe=tdi ith ot (5:2)
K p'cp
uy-d, .
Re: andP€=Pl”'Re b

A%
where v is the kinematic viscosity, p the specific density, ¢, the specific heat capacity, A the

heat conductivity of the liquid. u, is the mean velocity of the considered domain and d, its
hydraulic diameter given by 4.4/C with 4 the cross-sectional area and C its circumferential
length. The relatively good thermal conductivity expressed by the low Prandtl number leads
to a fast temperature equalization, which is required in the MEGAPIE design to obtain low
thermal stresses induced by differential elongation of the riser tube.

For a later on consistent representation of the results, we introduce the term temperature
difference or temperature elevation (rise) as the difference between the local temperature
value T; and the mean inlet temperature of the main flow T;,. The subscript i indicates the
individual measurement position.

The computed distribution of temperature difference for the nominal flow condition in the
nozzle plane ($=0°-180°) and perpendicular to it ($=90°) is illustrated in the figures 5.4a,b.
In figure 5.4a the heat loss of the jet flow towards the main flow via the jet duct is easily seen.
The simulation gives a temperature decrease of about 9.6K per meter of the jet channel and
directly at the jet nozzle exit at the position of the thermocouple 7,5 the simulation shows a
local value of AT=45°K.
As the jet leaves the nozzle orifice, the thermocouple (T,) located closest to the nozzle exit,
experiences only a minor temperature increase. The reason is that because of the nozzle
shape and its orientation most of the thermal energy is transported by the momentum of the
jet towards the central region of the hemispherical shell. The impact of the jet on the increase
of the temperature in the lower part of the shell close to »=z=0 is small (T3, T,). As the fluid
proceeds towards the centerline in the plane $=0°-180° the temperature difference gradually
increases from T, to T;, where it reaches a local maximum. From there the temperature dif-
ference monotonically decreases and at the position of thermocouple T}, the temperature has
almost reached the one of the main flow. As the velocity field in figure 5.2 has shown the jet
is not strong enough to enter the opposite side of the annular gap tube. Thus, hardly any
temperature rise is visible, which is confirmed by the computed temperatures. The jet flow
transports hardly any thermal energy through the large scale recirculation area of the riser in
the sector $=0°. Further downstream in the riser tube the jet flow hits the wall opposite the jet
nozzle for z>100mm in form of two fingers, see fig 4.4a. As the flow is transported beyond
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values of z>363mm scarcely any temperature differences within fluid are found in the nu-
merical simulation.

In the plane perpendicular to the jet duct ($=90°-270°) the largest spreading of the
temperature difference is obtained directly at the shell, where it covers a domain of 25mm
next to the axis. However, further downstream the temperature distribution is rapidly equal-
ized, which is caused by the intensive turbulent energy exchange of the fast upwards flowing
jet with the adjacent fluid domains. Here, only a small chimney with elevated temperatures of
the radius of about 7.5mm around the axis is observed as the figure 5.4b displays. This
rather local effect could mean for the MEGAPIE design that in case of miscellaneous beam
positions local overheating is likely to occur. For z>200mm in the sector $=90° hardly any
temperature increase is found in the simulation.
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Figure 5.4:  Calculated temperature difference contours using the SST-model and a con-
stant turbulent Prandtl number Pr=0.9 for Q,..,=18m°h and Q,,=1.2m%h in the
(@) r-z-plane(¢=0°-180°) and (b) r-z-sector (¢=90°). The circles indicate the
measurement positions. The dimensional temperature difference scale in Kel-
vin [K] is given on the right side.
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6 Analysis of the temperature field in the PbBi experiment for the

nominal operation mode

The experimental results discussed in this paragraph refer all to the defined reference
case with a main flow rate of 0,,.;,,=18m*h and a jet flow rate of 0,,=1.2m*h at an inlet tem-
perature T;,=300°C of the main flow and T;,,,=360°C for the jet. All temperature differences
shown in this chapter use the inlet temperature of the main flow T;, as a reference, except it
is otherwise stated.

The presentation follows the flow path of the jet flow from the gap to the nozzle into the
riser tube geometrically.

The mean values presented here were obtained in experimental runs with a record
length of 600s, for which constant in- and outlet temperatures, pressures and flow rates had
been set-up. The measurement series were repeated on several days. As a criterion for the
acquisition start a relative change of the mean temperatures at the lower shell (16 thermo-
couples) and the rake (10 thermocouples at z=105.7mm) of less than 0.2°C per minute was
set. The repeatability proof of the measured mean temperatures as well as for the tempera-
ture fluctuations is shown in detail in appendix D.

6.1 Measured mean temperature distribution at nominal conditions

The jet flow enters the experimental mock-up in the nominal operation mode with a
temperature 7,0=360.0°C. As the jet flow exits the nozzle at 7,5 (z=46.3mm, »=70.6mm, ¢$=0°)
a temperature of 7,,=333.94°C is measured. Thus, in the nominal operation mode more than
40% of the whole thermal power of the heated jet is transferred to the main flow in the gap
and the adjacent steel structure before leaving the nozzle. Several reasons lead to this quite
significant energy loss.

The first one is that the main flow is hitting the sharp edged jet duct like an impinging
jet. A literature review shows, that impinging jets reveal Nusselt numbers of the order O(10°)
and more in Reynolds number range investigated here, see e.g. Lowery & Vachon (1975),
Donaldson et al. (1971) and Oh et. al (1998). In the Oh et al. (1998) experiment conducted in
air (Prandtl Pr=0.7) the measured surface heat flux was 3.1510°W/m? at a Reynolds number
which corresponds to the one considered here. Assuming a similar heat transfer rate as this
experiment for our configuration the main flow acting as impinging jet would remove a ther-
mal power of 2582W from the hot jet duct flow. This corresponds to a temperature decrease
of the bulk jet temperature of AT=5.2K. Because the thermal energy of the jet flow is trans-
ferred to the main flow in the annulus, the main flow temperature level increases. A thermal
power of 2582W corresponds to a mean bulk temperature increase of the main flow in the
downcomer of AT=0.32K.

A second aspect is that the insertion of the jet duct decreases the cross-sectional area
of the downcomer gap by 27% which leads to a sidewise redistribution of the main flow, to an
increased turbulence intensity and to an increase of its main velocity. All these issues asso-
ciated with the jet duct inlet cause an enhanced heat transfer from the heated jet towards the
main flow.

Another issue for the quite significant thermal energy loss of the jet is the heat con-
duction in the quite thick structural material of the outer main flow tube. A measure for the
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amount of heat transferred from the jet duct towards the fluid and the surrounding structure is
given by the Biot number, which can be defined as

Agroor - @
Bi= Steel gap : (61 )
7\‘PbBi "ty

where d,,, is 1mm of liquid layer between jet duct and outer wall, %; the thermal conductivities
of the steel and the liquid and ¢, the thickness of the outer steel wall. The Biot number Bi ac-
counting for the ratio of the thermal conductivity of the wall compared to that of the fluid
yields values smaller than unity. In our case Bi is i.e. 0.16 in the region of the jet duct. In this
particular domain thermal energy is transported rather in the wall than the fluid. But, a quanti-
fication of these losses is difficult.

One relatively small contribution to the energy loss arises from the heat losses to the
environment. The appendix B shows that the heat losses to the ambient amounts to 216W in
total, which is less than 0.7% of the total energy level of the jet.

Both, heat conduction in the structure and convective heat transfer in the fluid lead to
an elevation of the temperature level in axial direction and also circumferentially. At a height
z=892mm the thermocouples Ty, Ts, (=76.5mm in mid of gap), which are located at an angle
$=145°, already show a temperature of 302.4°C, which documents the lateral increase of the
main flow temperature with decreasing z compared to the inflow temperature. Figure 6.1 illus-
trates the lateral temperature rise. As the downcomer flow proceeds downstream the tem-
perature rise covers already an angle of $=+90° in the plane z=363mm. At the end of the
downcomer in a height z=113mm the heat transfer process from the jet to the outer wall and
from there to the main flow in the gap has reached the opposite side. There, the thermocou-
ple T;; (~=84mm close to the wall, $=180°) shows a temperature of 300.22°C:

=00 C= T CUT A-A (-=892mm)
1542 T,,,;,=333°C=T,,
A
76 79 : B
T80,82=302’4°C L’ A B‘
oo
~J
‘ 1730
T,=300°C
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(a) (b)

Figure 6.1:  Measured temperatures of the main flow in the center of the annular gap at
different heigths for the nominal conditions Q,.,=18m%h, Q,.=1.2m%nh,
T;,,=300°C and T;,,,=360°C.

The figure 6.2 shows the measured mean temperature rise AT=(T-T;,) close to the
shell at a radius of »=84mm as a function of the geometry adapted coordinate s at the refer-
ence conditions in the plane ¢=0°-180° and ¢$=90°-270°. From right to left the first point at
§=225.76mm shows the jet outlet temperature measured by the thermocouple Tss.
(=70.6mm), which is the only thermocouple not on the line with »=84mm.

In the plane of the jet ($=0°-180°) the thermocouple closest to the nozzle (7)) is not directly
facing the jet stream, which is reflected by a temperature significantly lower than the nozzle
exit temperature. Its neighboring element (T;) is hit by the jet and thus there the highest tem-
perature rise is measured. From this point the temperature difference monotonously de-
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creases down to s=117.3mm, which is far beyond the symmetry line (, located at
s=136.66mm). From there again the temperature difference gradually increases down to
s=73.3mm, which denotes a second temperature peak in the jet plane. The peak temperature
measured at Ty is still higher than the adiabatic mixing temperature rise AT,, of AT,,=3.79°C.
This temperature elevation indicates that a part of the jet is reflected at the shell, detaches
from it and re-hits again close to the thermocouple Ty. This is partially in agreement with the
velocity field calculations presented in chapter 5, which predicts a reduced velocity in this
region (, see figure 5.2, region 6). For values of s<561.3mm the measured temperature differ-
ences correspond to the inlet temperature of the main flow T;, and hence the temperature
elevation is almost zero (T,,=T;;= T);). Thus, for this flow rate combination the jet does not
penetrate into the annular gap at the opposite side.
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Figure 6.2:  Measured distribution of temperature rise as a function of the geometry
adapted coordinate s in the plane ¢=0°-180° (m) and ¢$=90°-270° (L) for the
nominal conditions Qm,,m=18m3/h, Oje=1 .2m%/h, T,,=300°C and Tinje=360°C.

In the plane $=90°-270° transverse to the jet the temperature rise distribution exhibits
a qualitatively different shape, as depicted in figure 6.2. For values of s up to 51.3mm the
temperature readings in both planes coincide indicating that the flow there is not affected by
the jet and thus heat transfer plays a negligible role there. However, from there the tempera-
ture rapidly increases and reaches a maximum at the thermocouple T (s=117.3mm,
r=14.6mm, z=4.3mm, ¢$=270°), where a temperature elevation of AT=14.68°C is recorded.
This values is more than 10 times larger than that of the thermocouple 77 in the jet plane with
the same r-z-coordinates. This peak level of the temperature is nearly the same magnitude
as the one of the thermocouple (73;) directly facing the jet. Unfortunately, no additional ther-
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mocouples were located between s=117.3mm and s=212.6mm, which could have given addi-
tional information about a symmetrical temperature reading in the sector $=90° and ¢$=270°.
However, as stated in chapter 4 an asymmetry of the geometry was not detected before and
after the experimental runs.

A reasonable explanation for the evolution of a hot area close to the shell in the sec-
tor $=270° is the assumption that the jet is reflected on the hemispherical shell and the main
streak is transported towards $=180°. Generally, the interaction of main and jet flow yields to
the generation of a horseshoe like vortex pattern. If the jet is reflected at the wall, the induced
vortices of the horseshoe transport thermal energy in the region below the reflected streak
and thus the temperature increases. The figure 6.3 illustrates this process schematically.
Some evidence for this argumentation show the figures 7.2 and 7.22, in which either the jet
flow rate is kept constant and Q,.., varies (chapter 7.1) or the main flow rate Q... is kept
constant and Q. varies (chapter 7.2). If the jet flow rate keeps constant and the main flow is
reduced the temperatures close to the centerline increase, because the momentum field
close to the centerline keeps almost the same, while thermal energy transfer towards the
main flow is decreased due to its lower velocity (see figure 7.2). If the main flow is kept con-
stant and the jet flow rate is increased continuously the intensity of the generated secondary
vortex should grow and hence the temperatures close to the centerline, which is shown in
figure 7.12.

7, $=0°-180°

r, $=90°270°

horse shoe
vortex motion
(interaction jet- main flow/wall)

Figure 6.3:  Generation of a horseshoe like vortex pattern for a hot jet reflected at the
hemispherical shell, which transports thermal energy transverse to the nozzle
plane by the induced secondary flow.

streamline of the jet /'4‘*’ AT
reflected on the shell e

From the immediate vicinity of the shell the flow turns into the riser tube. In figure 6.4
the temperature distribution close to the wall at a radius of »=59.5mm is shown as a function
of the axial coordinate z on three different lines with ¢=const.

The temperature measurements near the wall adjacent to the line ($=0°) show a temperature
increase just after the flow turns around at z=43.7mm with a temperature increase of
AT=6.58°C at the thermocouple T»;. The next measurement position on this line exhibits a
significantly higher temperature (7,,). Beyond this line the temperature difference significantly
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drops and between 137.7mm<z<238mm the temperature stays almost constant. It is close to
the adiabatic mixing temperature. The qualitative shape of the distribution of the temperature
rise for z<137.7mm suggests a recirculation area between 25mm<z<137.7mm, which may be
generated in the way that one part of the jet detaches from the main streak at the bottom end
of the riser tube and forms a vortex. At z=363mm the temperature increases again consid-
erably. This can be explained by a helical upwards directed fluid motion, which transports
thermal energy through this region. The helical vortex motion is also predicted by the simula-
tion as shown in figure 5.3. One the line $=180° the temperature difference increases nearly
monotonically up to z=363mm. But, even at z=363mm it does not reach the adiabatic mixing
temperature, as figure 6.4 shows. A generally similar behavior exhibits the distribution along
the line $=90°. It is remarkable here that the temperature close to the bottom of the riser tube
is distinctly higher (by 1.9K at z=43.7mm) than in the plane ¢$=180°. A reasonable explanation
for this higher temperature in the transverse plane is the interaction of the jet flow with the
main flow generating a vortical motion as indicated in figure 6.3. Further downstream, with
growing values of z, the temperature increases and reaches almost the value of the adiabatic
mixing temperature for z=363mm.
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Figure 6.4:  Measured distribution of the temperature difference along the inner side of the
riser tube wall as a function of the axial length z at ¥=59.5mm on the line $=0°
(w), $=180° (o) and ¢$=90°(A) for the nominal conditions O,.,=18m%h,
Qi.=1.2m%h, T,,=300°C and T},,,=360°C.

The graph 6.5 illustrates the radial temperature distribution within the riser tube on the
lines $=0°-180° and ¢=90°-270° in a constant height of z=105.7mm. Within the graph the
downwards oriented main flow in the annular gap is marked in gray.

The temperature of the main flow in the gap shows both for $=180° and ¢=270° a tempera-
ture increase of AT=0.35K (T35 at =69.5mm, $=180° opposite the nozzle) and AT=0.48K (T,
at »=69.5mm, $=270°) compared to the inlet temperature of the main flow. This is partially
caused by the heat transfer processes described before. But, additionally another heat trans-
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fer process is active, which is responsible for the temperature increase in the annular gap.
The countercurrent arrangement of gap and riser flow acts like a countercurrent heat ex-
changer transporting thermal energy from the riser tube into the annular main flow. Assuming
only heat conduction between the two closest thermocouples ( which represents a drastic
underestimation of the heat transfer rate, because both are far outside the thermal boundary
layers and thus convection plays a significant role,) a heat flux of q”=2:10°Wm™ for ¢$=180°
and q’=2.810°Wm for $=90° can be assessed.

Following the temperature rise profile on the line $=180° towards the center the level soon
reaches the adiabatic mixing temperature and it keeps this value up to »=10.5mm. From
there it increases to a peak temperature 1.2K above the adiabatic mixing value (7, at
r=22.5mm, $=0°) indicating a jet or vortex motion. Further on it falls back to the mixing tem-
perature (7, at »=46.5mm, $=0°). From »=46.5mm towards the riser tube a steep tempera-
ture rise is recorded which is caused by conductive and convective interaction of the heated
jet duct, the structure material and the counter-current flow arrangement of gap and riser
flow.
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Figure 6.5:  Measured distribution of the temperature difference in the height z=105.7mm
as a function of the radius r for the lines ¢=0° (m) and $=90° (1) and for the
nominal conditions Qmain=18m3/h, Q=1 .2m%h, T,,=300°C and Tinje=360°C.

The temperature distribution on the line $=270° exhibits a similar shape like on the line
$=180° for 10.5mm<r<69.5mm. Here also the temperature monotonically increases towards
the duct center and reaches there almost the level of the adiabatic mixing temperature. How-
ever, for on the line $=90° at »=22.5mm a depression of the temperature is found in contrast
to the line ¢=0°. This is observed for T,; (r=22.5mm, $=90°) and the temperature recorded
there is about 3K less than the adiabatic mixing temperature. One explanation for this behav-
ior is that a part of the stream of the relatively cold main flow is transported through this re-
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gion. Another explanation for this behavior could be that a global vortex exists within the riser
tube. However, close to the riser tube on the line $=90° the temperature increases to values
higher than that of the main flow in the annular gap.

More serious is the shape of the temperature distribution in the line $=90°-270°. It is
far of being symmetric with respect to =0mm, which was a major ingredient for the numerical
simulation.

The nominal operation mode with the defined flow rate ratio of Q,..../0.,=15 has been
established in several tests coming either from smaller flow rate ratios or from larger one.
These test were aimed to check, if the evolving temperature distribution depends on the his-
tory of the flow rate adjustment. Nevertheless, all these test resulted in the same non-
symmetric temperature distribution in the riser tube. More details can be found in appendix
D. Thus, the flow field establishing at the nominal flow rate ratio is independent of history
effects of the THEADES loop. From these measurements we conclude, that the flow field
developing in this geometrical set-up is highly sensitive to marginal deviations from symme-
try, which may be caused by asymmetry of the inflow or by the geometry. This experimental
observation is supported by the water tests performed in almost the same set-up in HYTAS,
where a similar sensitivity was observed, see Knebel et al. (2003), Eiselt (2003) and Stieglitz
et al. (2005).

6.2 Analysis of the flow field based on temporal temperature data

6.2.1 Influence of a temperature difference between main and jet flow on the flow pat-
tern.

All conducted water experiments demonstrated that the flow in the MEGAPIE configu-
ration is highly turbulent and that the normalized turbulence intensities close to the window
reaches order of one values. Thus, in the liquid metal experiment where a heated jet is in-
jected into the colder main flow the temperature fluctuations can act as indicator for the ve-
locity field. However, this is only then justified if the turbulent fluctuations are mainly deter-
mined by the momentum exchange than buoyancy effects.

If a hotter fluid is injected into a colder fluid domain an additional non-dimensional pa-
rameter appears arising from the different temperatures of the jet compared to the main flow.
It is the densimetric Froude number Fr,.,,, which additionally includes buoyancy effects due
to density differences at the individual temperature levels of jet and main flow. The densimet-
ric Froude number is defined as

2 2
P pain (”./er ”main) : (3.3)
g : (pmain _pjet ) dh,jet

Fr, dens —

In co-arranged vertical flow large densimetric Foude numbers (Fru., >(5.10%) indicate a flow
regime dominated by the momentum exchange, see e.g. Knebel et al. (1998) or Ruffin et al.
(1994). There, buoyancy effects play a negligible role. Hence these jet are called inertial jet
and the temperature fluctuations can be used as a tracer for the velocity field. This is of ma-
jor importance, since it was impossible to measure directly the velocity in the liquid metal
experiment. Especially the chapter 5.3, where cross-correlations are performed, uses the
inertial character of the jet flow as a major assumption.
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The densimetric Froude number calculated for a flow rate ratio of Q,.../0.,=15 with an inlet
temperature of the main flow of 7;,=300°C and an exit temperature at the nozzle of
T,,=334°C is about Frym~0(10°- 10%), which is in the inertial range of co-arranged jets. For a
vertical arranged heated jet and a surrounding colder main flow the centerline velocity uc; of
an inertial jet decays according to

-1
(”CL _”nozzle,exit) :4'1‘( X +2.84} , (3.4)
(unozzle,exit U ain )

where x is the distance behind the nozzle, see c.f. Chen & Rhodi (1975, 1980), Ogino et al.
(1980) or Ruffin et al. (1994). Transferring this relation to the jet velocity in the considered
geometry, the momentum impact of the heated jet on the center of the hemispherical shell is
of nearly the same magnitude as that of the main flow. Hence, a strong influence of the
heated jet on the temperature distribution can not be expected there.

h.jet

Moreover, using the temporal behavior of the temperature readings to conclude on
the velocity between discrete positions, especially in the immediate vicinity of the shell region
allows to compare the experimental data of the water experiments with the liquid metal series
and thus ensures, to draw a coherent picture on the flow features to be expected in the
MEGAPIE target.

6.2.2 Flow field reconstruction by means of the temporal temperature data

Of crucial importance for the operational performance of a target is the temporal stabil-
ity of the flow pattern, once a specific flow rate combination has been set. Large fluctuations
can cause local excesses of the sustainable material temperatures, which may lead to differ-
ential elongations (accompanied by high material stresses or elastic deformations) or even in
the worst case yield to a failure of the whole system. A temporal analysis of such a time-
dependent flow characteristics is inevitable from the technical point of view.

A second aspect of much more importance is the fact that in the investigated flow rate
ratio parameter region of 0,../O;. the heated jet behaves like an inertial jet. This allows to
conclude from the time dependent temperature readings on the local velocities at discrete
measurement points. Moreover, by the calculating normalized cross-correlations between
discrete points flow patterns establishing in the investigated geometry can be extracted. This
methodology enables to compare the results of the water experiment with the ones obtained
in the liquid metal experiment.

The methodology to detect flow patterns requires steady inlet conditions. The long-
term-investigations performed for the nominal operation mode Q,.../O;.,=15 were repeated
four times at different days. The deviations between the individual tests were in the range of
the resolution accuracy of the individual sensors. Each run lasted 600 seconds and was thus
significantly longer than any of the time scales of the flow instabilities, which may occur in the
experimental mock-up. The long duration was aimed to ensure that no artificial disturbances
which may arise from the THEADES loop like pump-oscillations, auxiliary heaters etc., influ-
ences the temporal data within the experimental mock-up. The recording frequency of the
thermocouples was chosen to f=128Hz, being at least two times higher than their temporal
resolution of 40Hz, see Krebs et al. (1983) or Bremhorst et al. (1992). An acquisition fre-
quency significantly higher than the sensor response time is necessary to avoid an aliasing
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effect. The temporal resolution of the thermocouple is given by its dimensions and according
to its maximal resolution of 40Hz only time differences of t=0.025s between two signals can
be captured.

But, there exists also a spatial resolution limit between two discrete positions, which
mainly depends on the properties of the fluid. The transport velocity of a temperature fluctua-
tion in a homogeneous fluid is given by the wave velocity uy, which can be defined in the

unsteady case by
wy= 20 (6.2)
p.cp

where A is the heat conductivity, p the specific density, ¢, the specific heat capacity and o the
vorticity (o~u/r). In order to resolve the spatial extension of a vortex structure by temperature
fluctuations the ratio of the temperature propagation velocity to the vortex velocity must by
significantly smaller than unity (u,/14,,.;,,<0.1). This immediately yields that thermal areas of
less than 5mm in diameter are not resolvable.

The figures 6.6 show the time series of the temperature recordings of the jet inlet
temperatures 7;,,.; (T79) and that of the main flow in the annular gap T3, (77,) with two temporal
increments. While the inlet conditions of the main flow is completely free of any surges exhib-
iting a RMS value of 0.06K, the jet inlet temperature shows an oscillation frequency of 120
seconds and an amplitude of 0.48K (peak to peak). This effect is caused by the inertia of the
power control of the jet heater. Nevertheless, the RMS value of the temperature fluctuation is
0.21K at the jet flow inlet, which corresponds to a total fluctuation intensity of 0.58% at the jet
duct inlet. This order of magnitude is acceptable for a spatial-temporal analysis. A cross-
correlation of both inlet signals shows no distinct time shift. The normalized peak cross-
correlation coefficient CCC[T;,T; ] between both inlet temperatures is less than 1072. A similar
cross-correlogram was performed for the pressures jet flow inlet py; and the pressure at the
main flow inlet py. The normalized peak cross-correlation coefficient CCC[pgy,ps; ] also exhib-
ited values of 102 Both checks are necessary to ensure that no loop specific time scales
enters the analysis of the time-dependent behavior of the flow in the considered problem.
They would be superimposed as noise to the correlations of interest. The same procedure
was conducted for the flow rate, but also here the found normalized CCC[Q;c;, Qnain ] dO€S NOL
exceed 107 values. Based on the experimental boundary conditions a sensible spatial-
temporal analysis can be performed.

Although, both inlet conditions in the gap and the jet are close to that of a perfectly
stationary turbulent flow (6/0¢=0) the flow pattern evolving in the lower shell and the riser tube
are highly time dependent. In order to illustrate the temporal character of the flow along the
hemisphere a time history of the isotherms in the nozzle plane (¢=0°) along the geometry
adapted coordinate s is shown in figure 6.7.
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Figure 6.6:  Measured time series of the main inlet temperature T;, (75,) and the jet inlet
temperature T, (T7) for the reference conditions Qmam=18m3/h, Qje,=1.2m3/h,
T,,=300°C and T;,;=360°C.

The figure 6.7 illustrates, that as the jet exits the nozzle it impinges the wall close to the
thermocouple T;. The thermocouple T, only experiences a minor temperature rise. The time
series at the thermocouples T3, T, and T; exhibits an intermittent pattern of temperature ele-
vations. Close to the nozzle exit tangents of the isotherms can be conceived as velocity di-
rections. The time history illustrates that the jet velocity changes its direction with time. An
indication that the jet impinges onto the shell and than it detaches from it, can also be taken
from this graph. There, the jet affects the temperatures at the shell between T; and T}, for T,
and T which is marked by the darker regions the jet detaches from the shell. Then a part of
the jet reaches again the shell at 7y, which is expressed by the brighter color. This reattach-
ment of the jet onto the shell is also rather irregular. Finally, at the elements Ty, T;; and T,
no temperature elevation is observed at any time, indicating that the jet does not enter this
region.
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Figure 6.7:  Measured isotherms along the lower shell in the nozzle plane ($=0°-180°) as a
function of the time ¢ in [s] for the nominal conditions with Qmai,,=18m3/h,
0j.=1.2m%h; T,,=300°C and T;,,,=360°C.
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An indication for the fact that the jet impinges the lower shell, detaches from it and
then part of it reattaches the shell is obtained from the calculation of the normalized cross-
correlation coefficient CCC[Ty, T,5] between the temperatures at T, on the shell and the noz-
zle exit temperature T,5. The CCC[T,, T,5] between both shows two relative maxima as de-
picted in the figure 6.8. These maxima define two delay times. The largest maximum is at-
tributed to the main velocity in the annular gap at t=0.282s. Because, assuming using the
mean velocity in the gap to govern the transport of heat gives a peak at 1=0.291s. The sec-
ond a smaller peak at 1=0.101s corresponds to the nozzle exit velocity. Using this value and
the correlation length As one gets As/v,,=1=0.0912s. From this observation two advection
time scales may be inferred in the considered geometry. The absolute value of CCC[Ty, T7] is
by far larger than the one between 7,5 and the neighboring position Ts. Here the CCC[Ts, Ts]
reaches a maximum value of 0.04 only.
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Figure 6.8:  Calculated CCC[T,, Ts] between T, and T}, .. (T7s) as a function of the time de-
lay  for the nominal conditions with Q,...,=18m*/h, 0,,=1.2m%h, 7,,=300°C and
T,,e=360°C.
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Quite strong fluctuations appear also in the plane perpendicular to the nozzle close to
the shell. However, they are more irregular and exhibit stronger fluctuations than in the noz-
zle plane. Figure 6.9 displays the measured isotherms as a function of time for the nominal
conditions. The time scale on the abscissa is 10 times larger than in figure 6.7. The figure 6.9
shows that a random sequence of hot and cold fluid parcels is impinged onto the shell. Here
the measured temperatures close to the centerline are lower than those further apart from it.
Especially the variations observed at T;s close to the riser tube are significantly larger than
those close to the centerline at 7,4 This indicates an impact of the jet on the whole shell.

t [s]

o
$=270° s
Figure 6.9:  Measured isotherms along the lower shell in the plane normal to the nozzle

and the sector $=270° as a function of the time ¢ for the nominal conditions

with 0,.,=18m%h, 0,,=1.2m%h, T,=300°C and T},;,=360°C.

Finally, a calculation of the cross-correlation coefficients CCC[T5, T;s] between T, and
T,s demonstrates that the jets disintegrates into several streams as it hits the lower shell be-
tween the positions T; and 7,. The figure 6.10 shows the CCC[T, T,s] as a function of the
time delay 1. The graph shows two extrema, which correspond almost to the mean nozzle
exit velocity u,, and that of the main velocity in the downcomer u,,.,, indicating a transport of
heat and momentum between both positions. The time delay found for both peaks is smaller
than the time scale for molecular heat conduction. The sign of both peaks is opposite, be-
cause the transport velocity of the main flow is in the opposite direction to that of the jet flow.
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Figure 6.10: Calculated CCC[T,, T;s] between T, (sector $=0°) and T4 (sector $=270°) as a

function of the time delay t for the nominal conditions with Qmai,,=18m3/h,

0,.=1.2m%h, T,,=300°C and T,,,,=360°C.

49



Analysis of the temperature field in the PbBi experiment for the nominal operation mode

The CCC between the nozzle plane and the one perpendicular to it rapidly decreases, and
finally it reaches a value of 0.04 between the positions 7, and T},. This is not considered as
correlated. The hot temperature parcels arising from the jet are transported sidewise along
f=270° with the main velocity of the downcomer flow u,,;,. This can be concluded from the
CCCI[Ty; T,s] of the two shell positions T;; and T;5, which exhibits a peak at 1=0.069s corre-
sponding to a mean velocity of 0.58m/s (almost the value of the main flow in the gap w,4i)-
This is illustrated in figure 6.11.
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Figure 6.11: Calculated CCC[T,; Tis] between T;; and T}s (sector $=270°; perpendicular to
the nozzle) as a function of the time delay t for the nominal conditions
Oman=18m°h, 0,,=1.2m%h, T,,=300°C and T,;,,=360°C..

The fluctuation intensity is given by the root mean square values (RMS). In the figures
6.12a and 6.12b the RMS-values of the temperature differences in the nozzle plane and nor-
mal to it are shown along the geometry adapted coordinate s. In graph 6.12b the RMS-values
are normalized by the adiabatic mixing temperature in order to get an impression of the
magnitude of the fluctuation intensity.

In the nozzle plane the peak fluctuations are located at positions, where the jet im-
pinges the hemispherical wall of the shell at T7,(s=168.6mm), T,(s=146.6mm) and
Ty(s=73.9mm). The double peak nature of the RMS-profile corresponds to that of the mean
temperatures, see figure 6.2. The normalized fluctuation level is at these locations about 40-
50% of the adiabatic mixing temperature. Close to the centerline the fluctuation intensity is
considerably lower, which indicates a more stable flow domain.

In the plane perpendicular to the nozzle the temperature fluctuations are even larger than in
the nozzle plane. Here, the maximum RMS-value reaches 2.5K at T;,(s=130.5mm, $=270°),
which is caused by the interaction of the jet and the main flow.

In both planes the RMS-values significantly decrease towards the annular gap to values
less than 0.2°K , which corresponds to relative intensities of less than 10%.

Except for the region, where the jet detaches from the wall the fluctuation intensities
are reach an order of magnitude, which would be desirable for the MEGAPIE operation. At T,
and Ts, however, the in the MEGAPIE target the structure at the shell still faces the proton
beam, both the low measured turbulence intensities as well as the detachment of the jet
could lead to temperatures, which are beyond acceptable limits.
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Figure 6.12: (a) Temperature fluctuation distribution (RMS-values) as a function of the ge-
ometry adapted coordinate s for $=0° (m) and ¢$=90° ((1) and for the nominal
conditions with 0,..;;=18m°%h, Qjet=1.2m3/h, T,=300°C and T7,,,=360°C. (b)
same as (a) normalized with the adiabatic mixing temperature AT giupasic-

The temperature fluctuations recorded close to the inner side of the riser wall on the
lines ¢$=0°,90° and180° are considerably smaller than those measured near the shell. Only
the T»; (r=59.5mm, z=43.7mm) on the line $=0°, which is placed free in the flow, shows a
higher fluctuation level. The figure 6.13 shows the normalized temperature fluctuations as a
function of the axial coordinate z on all three riser wall near lines.

On the line $=0° the RMS values of the temperature fluctuations monotonically de-
creases with ascending z. But, on the line $=180° the RMS values increase up to the thermo-
couple T;y (z=74.7mm). As the axial coordinate rises further the fluctuation level continuously
drops. On the line $=90° the RMS values exhibit an irregular distribution at a low level.

The temporal behavior of the temperature fluctuations close to the wall is displayed in

the figures 6.14a-c as a function of the axial coordinate z and the time ¢ on all lines ¢ =0°,
¢ =180° and ¢ =270°. Although the calculated isotherms are interpolated due to the non-
equidistant arrangement of the thermocouples characteristic features of the flow can never-
theless be observed. The time records for all elements of the graphs 6.14 are shown in the
graphs 6.15a-c in a larger temporal resolution.
The free thermocouple T3; (z=43.7mm) close to the riser tube and adjacent to the jet duct at
experiences a temperature elevation. The next peak is located at T»s (z=105.7mm). Between
both peaks the temperature drops to smaller values. This double peak structure is relatively
stable, especially at T;s the fluctuations are small. This is an indication that the flow is mainly
transported transverse to this thermocouple.
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Figure 6.13: Normalized RMS-values of the temperature fluctuations as a function of the
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Figure 6.14: Measured isotherms along the inner side of the riser tube at »=59.5mm as a
function of the time for the nominal conditions with Q,,..,=18m%h, Q,,=1.2m%Mh,
T;,,=300°C and T;,;,=360°C. The circles denote the measurement locations.
(@) $=0°, (b) $=180° and (c) $=270°.

52



Analysis of the temperature field in the PbBi experiment for the nominal operation mode

(@) e
14 T ‘T
E:————T:
b R - |
L NI L S | i Ty
10 ‘;\ﬁ:‘w : i HM“J ,:f)' m \W\l ,h‘“:\f I : I "gi
a1 i e L itk ! o il
° 1 ‘ it i ik u‘ (U M“‘V R rﬂv‘w\"wﬂ‘ ntww WLV AT
p— UK ‘!‘ 0 ERYT SN Y AN Ryl kAN TR ] \’»/ i
=4 M E 4 2 | s
N {1 AL L1 E Al 1Ll A x |
477 I H 1 u\! T { T ?, ’W”H‘H /"n 3% b W
o n— 1§ S
EN T ;
O L T T T T T T T T AR T T T T T T T T T
b L | |
( ) 6 ! Ty T;,
: - Tw [ | - Tjj
5 ‘ 13 | ’ T [ ‘ " T 1
| I T59 -
4 ; ‘ \‘i ‘\f\ ‘!‘ \!‘1: | A o 1 Ui‘\ﬂ‘ \“ : | ‘ Tw
| ! l‘ | :l |
o \ ! M “ ‘\:\n M ‘M ‘“ W ! ‘ ‘:i \ “‘;w’u“ ‘1"
= ) 4 ‘Llfl‘:“«“ﬂ‘N'IW'W fits M T ‘r y
| "”.c:\“"ru[‘l(h‘lw"‘:wi‘”\ ‘\MHM‘JN”J “""‘w,;“‘jd“ *” ! ;1“’ !‘1 ”H( I‘ "\lw | H‘h'"“w‘ \“H ki " ‘\‘ [U: I
! \/JH "‘::H\RH\M \r‘“‘:‘\h \ WMM ‘w \Wruuw :\w’; ‘(:‘H‘H “J‘ H w f”w] | ‘ H‘ | A }‘r il H I l i ,‘ w‘ !
i \H I \N “‘n\.,uy‘\ ”‘LI‘ I c
m (LN l l T, |
(0)6‘ S R R . i
T?ﬂ 61
777T;7 L | | Té? | | L
5 = NIRRT
4 “HJ&‘ if M ‘“ “‘i‘l g W | H |l L {
] | L AR IR S ML
| N i
= 5ol M L ‘“1 B TPRATREN | I L ALl ) “1‘ | TL ‘ ‘m”“ﬁ‘i’ | ' “
3 ‘ i 't | il U il N | e A i ’
S ‘\“',‘n.p ! S‘HH\\' illy ST ;‘4 i ‘?, R M, m\wmlw H’W! M'\W V
i \ ‘ ‘ ” A B L A \ P
2 I J T T | N T
I ﬂ ) —T, ‘ ‘ [ | ! | |
‘ ' ‘ \ l } 'Jﬂ } - 'Tw } T;g' 5 ; } |
EE ‘ Ty T,
T | —
(O R T e B B B B L B T L B L L L L L B A
0 1 2 3 4 5 6 7 8 9 100 1 2 3 4 5 6 7 8 9 10

t[s] t[s]

Figure 6.15: Measured time history of the thermocouples T; located along the inner side of
the riser tube at »=59.5mm as a function of the time for the nominal conditions
with 0,...,=18m*h, 0,,=1.2m%h, 7,,=300°C and T;,,,=360°C. Thermocouples at
$=0° (a), $p=180° (b) and ¢$=270°(c).

The CCC[T,, T,;] between the thermocouples T,, and 7,; on the riser tube at ¢=0°,
which is shown in figure 6.16a, yields a peak value of almost 0.11 at a time shift of 1=0.105s.
This is associated with a transport velocity of 0.885m/s. The velocity is about half of the
mean nozzle exit velocity. The temporal structure of the temperature distribution and the CCC
values indicate, that a part of the jet separates at the lower end of the riser tube and forms a
closed vortex, which is continuously produced. All the fluctuations appearing in this vortex
are transported downstream in positive z-direction with the main velocity of the riser flow.
This inferred from the fact that the CCC[T>4 Tss] between the elements 7,5 (z=137.7mm) and
Tss (z=363mm) shows a peak at t=0.5s which corresponds to a velocity 0.44m/s, which is
almost the same as the one of the combined main and jet flow (#=0.4346m/s). This normal-
ized cross-correlation CCC[ T, Tss] is depicted in figure 6.16b.
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of the time delay 1 for the nominal conditions with Q,,,.,,=18m*h, 0,,=1.2m%h.

The temperature in the riser tube on the line ¢$=0° shows an increase at T
(z=363mm). It is suggested that this elevation is caused by a helical upwards motion in the
riser tube. A series of normalized cross-correlations indicate a slowly counter-clockwise rotat-
ing vortex along the inner wall of the riser tube. Based on the calculated delay time t a vortic-
ity @ of 1Hz can be calculated. This corresponds to a rotation velocity of 0.052m/s. The figure
6.17 shows the series of normalized cross-correlations CCC[T,, T;] along this flow path. The
calculated peak values decrease with increasing length of the correlation distance due to the
mixing of the thermal energy downstream. This spiral upward motion may be the explanation
for the detected asymmetry of the temperatures in the riser tube shown in figure 6.5. It is

unclear where this motion comes from.
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tion of the time delay t from T3, (z=74.7m, ¢$=180°) to T, (z=105.7m, $=90°)
then to T, (z=168.7m, ¢$=0°) and finally up to Tss (z=363m, $=180°) for the
nominal conditions with Q,,..,,=18m°h, Q,,=1.2m%h.
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As demonstrated by figure 6.14b the jet hardly reaches the opposite side of the riser tube.
Only in the range between z=74.7mm and z=105.7mm a rather irregular arrival of tempera-
ture parcels is observed. Downstream the temperature rapidly equalizes and reaches nearly
the adiabatic mixing temperature. Here, sometimes irregularly cold parcels appear. In the
plane perpendicular to the nozzle at $=270° the temperature is relatively low for small axial z-
values. But, as the flow proceeds downstream the temperature rapidly increases. Here, a
pattern caused by bypassing of hot temperature parcels is observed.

Finally, an analysis of the lateral flow distribution is conducted in order to determine the
vortex structures in the transverse plane. The figures 6.18 shows the temporal evolution of
the temperature in the plane $=0°-180° and the one perpendicular to it $=90°-270° as a func-
tion of the radius » at a constant height of z=105.7mm. The corresponding time records of
selected thermocouples are shown in figure 6.19 with a different temporal resolution.

In figure 6.19a the temperature distribution in the plane $=0°-180°is displayed. It shows
quite large temperatures close to neighboring jet duct. The temperature 7,5 nearest to the
wall is almost free of fluctuations. Adjacent to it intermittently cold parcels are traveling
downstream. Next to these packs of higher temperature travel downstream. The hot and cold
packages are appearing in the nozzle plane staggered and shifted to each other. For
r>20mm in the sector $=180° the fluctuation intensity decreases and nearly stays constant.
Nevertheless, the temperature fluctuations in the riser tube are at the height z=105.7mm at

least by a factor of two higher than in the downwards oriented main flow in the annular gap.
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Figure 6.18: Measured isotherms in a height of z=105.7mm as a function of ¢ in seconds for
the nominal with Q,..,,=18m%h, 0,,=1.2m%h. (a) $=0°, (b) $=90°.
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Figure 6.19: Measured time history of selected thermocouples T; in a height of z=105.7mm
for the nominal conditions. Thermocouples on the rake at $=0°-180° (a),
$=90°-270° (b).

In the plane perpendicular to the nozzle the temperature pattern is far from being sym-
metrical as the numerical simulation assumes. In the sector $=90°, temporarily irregular cold
and hot temperature parcels are passing through the cross. The temperature difference be-
tween these packages reaches values of more than 7K. However, in the opposite sector
$=270° the fluctuations are significantly smaller and the maximum peak to peak difference
detected is only about 3.2K.

The conjectured reason for this asymmetry is a non-symmetrical detachment of the jet
at the lower rim of the riser tube. This experimental finding conforms with the global counter-
clockwise helical upward motion indicated in figure 6.17. The origin of this asymmetrical be-
havior is likely a geometrical asymmetry, which is caused by different thermal expansions of
the riser tube during the experiment, because the post-test analysis for isothermal conditions
exhibited a geometric set-up. Water experiments conducted in the same geometry have
shown a high sensitivity of the flow to weak asymmetries of the geometry and the induction
of a swirl flow even for marginal geometrical deviations (asymmetries less than 0.5mm), see
Knebel et al (2003) or Eiselt (2003).

The RMS-values of the temperature fluctuations measured in the cross in the plane
z=105.7mm support data obtained by the time series. The values which are normalized with
the adiabatic mixing temperature, are shown in figure 6.20. On both lines for $=0°-180° and
for $=90°-270° the peak value of fluctuation is obtained at »=22.5mm and the RMS values
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decrease monotonically towards the outer walls. The RMS values in the nozzle plane are
considerably higher than normal to it and reach peak values of 32% of the adiabatic mixing

temperature.
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Figure 6.20: Normalized temperature fluctuations in the plane z=105.7mm as a function of
the radius r for $=0°-180° (m) and $=90°-270° () and the nominal conditions
with 0,.,=18m°h, 0,,=1.2m%.

An information about the kind of turbulence appearing in the investigated geometry can
be obtained by calculating the power spectral density PSD of the temperature fluctuations at
a distinct position. In low Prandtl number fluid flows, which are governed by an isotropic tur-
bulence field, at first an inertia dominated convection domain appears. In this domain the
fluid is transported and deformed faster by the flow than the temperature decays diffusively,
see Batchelor (1959). Consequently, the energy spectrum (PSD) of the temperature fluctua-
tions decreases by k¥, where & is the wave number ( or frequency k=2x7/). It is followed for
higher frequencies by the conduction regime, in which turbulent temperature fluctuations are
damped mainly by molecular heat conduction. In this domain the PSD of the temperature
fluctuations descends much faster in a power law proportional to £’””. The transport behavior
of a passive scalar like the temperature in a non-isotropic essentially two-dimensional turbu-
lent flow, e.g. in swirl flows or magnetohydrodynamic flows is significantly different. There,
the PSD exhibits in the inertia-convective domain a decay of £k, while in the inertia-
conductive range it obeys a k¥’ power law, see Lesieur and Herring (1985) or Burr (1998).

In figure 6.21 the PSD of the temperature fluctuations at the thermocouple T, which is
located close to the center of the rake at =-10.5mm (z=105.7mm) is shown as a function of
the frequency f. The graph shows that the inertia-convective range with the slope /~-5/3 is
fairly well approached by the experimental data: In the inertial-conductive range a decay pro-
portional to /~-5.1 is found. This is larger than predicted for the conductive range and it is
significantly larger than for flows dominated by two-dimensional turbulence. This shows that
although a weak vortical upward motion is present the turbulence field behaves rather isot-
ropically.
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Figure 6.21: PSD of the temperature fluctuations at 7, in the plane z=105.7mm as a func-
tion of the frequency f for the nominal conditions with Qma,-n=18m3/h,
Qi=1.2m%h.

The numerical simulation predicts due to the differential velocities of main and jet

glow the induction of a vortex in each of the halves of symmetrically assumed geometry ac-
cording to the sketch shown in figure 3.6a. This vortex pair is counter-rotating and is trans-
ported spirally upwards by the combined riser flow. Also in the liquid metal experiment this
vortex pair can be detected by means of cross-correlations.
In the plane $=0°-180° the signals should exhibit an uncorrelated behavior, which is shown in
the figure 6.22b. Bur, in the plane $=90°-270°, significant correlations between T;; and Ts; as
well as T,; and T, can be identified as depicted in figure 6.22c. This shows the existence of a
vortex pair. The results displayed in figure 6.22c suggest a vortex in each of the sectors
0°<¢<180° and 180°<¢$<360°. The vortex has dimension of the duct diameter and is rotating
with a circumferential velocity of «#,=0.38m/s. This vortex pair is counter-rotating, because the
CCC(lT,s, Tss) yields a negative sign at a positive time shift t, which is illustrated in figure
6.22d.

From the spatio-temporal analysis we may now postulate a flow pattern which is schemati-
cally shown in figure 6.23. The characteristic velocities determined at discrete positions are
real values. The figure illustrates the flow pattern in the lower shell. It consists of several vor-
tices and streaks, which are superimposed. This super-position arising both from the geo-
metrical set-up and the interaction of the main flow with the jet yields to this complex multi-
streak and multi vortex pattern. Thus, any change of the flow rate ratio between the main
flow and the jet flow will lead to a different composition of the pattern, especially in the lower
part of the hemispherical shell.
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Figure 6.22: (a) Sketch of the thermocouple positions 7; in the riser tube at z=105.7mm. (b)
Calculated cross-correlations CCC[T3;, Ty4) and CCC[T,s, Ty] in the nozzle
plane ¢=0°-180° as a function of the time delay t. (c) CCC[T;s, Ts5;] and
CCC[Ty7, Ty in the plane $=90°-270°. (d) CCC[Ts, Tss]. All calculated correla-
tions are performed for the nominal conditions with Q,,..,=18m%h, 0,.,=1.2m*h.
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Figure 6.23: Conjectured flow pattern and vortices with their characteristic velocities de-
duced from the temporal analysis for the nominal conditions.
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6.3 Comparison with the numerical simulation

In this context we compare the numerically obtained results with the experimental
ones. Within the scope of the numerical simulation several parameters have been tested like
mesh size, advections schemes, different turbulence models, effect of the thermal boundary
conditions as well as buoyancy effects, for more details see e.g. Batta el. (2004). In this sub-
chapter we compare the experimental data with the numerical ones based on the model as-
sumptions which have been explained in section §5.

Since the local quantities acquired in the experiment are all local temperature readings
(except for the local velocity at the instrumentation rod and some pressure values), we re-
strict our discussion to the comparison of local temperature data. Due to the lack of experi-
mental data for the local velocity, the computed velocity data are used in some cases to ex-
plain the phenomena observed. Before entering the discussion, we would like to recall that in
the numerical representation of the problem two simplifications of the geometrical arrange-
ment have been made, which affect the obtained data significantly.

The first crucial simplification is related to the inlet of the jet duct into the mock-up at
z=1683mm. Within the experimental set-up this is realized as a sharp edged 90° bend intro-
duced from outside into the fluid confining shell, whereas in the simulation a plane parallel
inflow is considered. The experimental configuration corresponds to the impinging jet prob-
lem associated with a high heat transfer ratio and a significant sideways displacement of the
main flow, as explained in section §6.1. As the discussion in this paragraph showed the dis-
regard of the experimental set-up leads only for the impinging jet problem to an underestima-
tion of the jet bulk temperature of about AT=5.2K. However, to account for a proper modeling
of the inlet a fine resolution of the mesh would be required in this region, which requests
more than the currently available computing resources.

The second simplification in the simulation is the disregard of the instrumentation rod.
In the experimental set-up the cross-sectional reduction of the riser tube due to the instru-
mentation rod amounts in to 4%, which increases the mean velocity within the riser by the
same value. The impact of this effect on the counter-current heat exchanger of gap flow to
riser flow is approximately of the same order.

Finally, the third reduction of the numerical simulation is the assumption of a symmetry
of the flow with respect to the plane $=0°-180°. As the experimental data of the mean tem-
peratures in the riser tube as well as the spatio-temporal analysis revealed is the flow far of
being symmetric in the riser tube. It is unclear, where the asymmetry arises from but espe-
cially this experimental finding makes the direct comparison of the experimental data with the
numerical ones problematic.

Finally, before entering the comparison of simulation and experiment a few additional
statements to the treatment of the thermal energy transfer in low Prandtl number fluids
should be made. Related to the design of heavy liquid metal adapted components adequate
turbulence models are required to predict the temperature field in the cooling fluid. The stan-
dard models, which are used in commercial codes, are not suitable for the simulation of con-
vective heat transfer in heavy liquid metals several reasons. These models use most a turbu-
lent Prandtl number to describe the turbulent heat transport and hence assume the Reynolds
analogy between the convective transport of momentum and heat. This assumption is not
valid for liquid metals because the momentum field is mainly turbulence dominated and has
only thin viscous wall layers, whereas the temperature field is less turbulence dominated and
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has thick wall layers governed by molecular conduction. The problematic use of the Rey-
nolds analogy in liquid metal flows is discussed strongly as shown recently in european ac-
tivities like ASCHLIM (2003) or other recent papers by Grétzbach et al. (2004). Improved
turbulent heat transfer modelling for liquid metals requires more sophisticated methods. Addi-
tional transport equations have to be used which characterize the statistics of the tempera-
ture fluctuations which have a completely different time scale then the velocity fluctuations. In
Carteciano (1996) the TMBF turbulence model is described which consists of a combination
of a low—Reynolds number k-¢ model and a second order 5—equation heat flux model. Cer-
tain model extensions for liquid metal flows were developed and implemented in the TMBF
based on the analysis of data from direct numerical turbulence simulations, see Carteciano
et al. (1999).

The figures 6.24a, and 6.24b show the measured and calculated temperatures on the
lower shell as a function of the geometry adapted coordinate s in the plane $=0°-180° (fig.
6.24a) and the plane ¢$=90°-270° (fig. 6.24b). Additionally, the measured (m) and the com-
puted (O) nozzle exit temperatures are shown in figure 6.24a, which are located at
s=225.76mm on a slightly different radius (»=70.6mm).
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Figure 6.24: Measured (m) and calculated (-) temperature differences on the lower shell as
a function of the geometry adapted coordinate s (»=84mm) for the reference
conditions Q,,m,-,,=18m3/h, Qjet=1.2m3/h, T;,,=300°C and T;,;,,~=360°C. (a) plane
$=0° and (b) plane $=90°. The open circle in figure 6.24a denotes the calcu-
lated nozzle exit temperature.
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In the nozzle- plane ($=0°-180°) the simulation shows a qualitatively similar distribution as
the experiment. But, significant differences exist with regards to the absolute values of the
temperature rise. The calculated temperature are by far higher than the numerical ones,
which is attributed mainly to the improper modeling of the jet duct inlet. But, also the deficits
of the turbulence models, which uses for the heat transfer a constant turbulent Prandtl num-
ber approach, leads to an underestimation of the temperature as the jet and main flow travel
in the gap downstream. This was shown e.g. in the experiments conducted by Lefhalm et al.
(2003, 2004) or Burr (1998). Although the deficits of such model assumptions in fluids with
low molecular Prandtl number are known since the late forties and fifties, see Martinelli
(1947) or Kirillov et al. (1959), currently no advanced models are available in the commercial
code packages that could handle this issue adequately.

Downstream the nozzle exit the temperature distribution both in simulation and ex-
periment behave qualitatively similar, characterized by a rapid drop directly after the nozzle
exit (T,) and an elevation to a peak value. Beyond this peak the temperature rapidly de-
creases caused by the jet approaching the wall of the hemispherical shell. When the center-
line of the duct is reached at s=131mm, significant differences between simulation and ex-
periment arise. While the numerical simulation suggests a monotonous decrease of the tem-
perature on the whole lower shell down to s=40mm (close to T,,) the experiment exhibits a
double peak structure suggesting a different velocity field in the plane $=0°-180°. In the ex-
periment the effect of the jet flow on the temperature distribution ends already at s=73.3mm
(Ty) and does not cover the whole shell. In contrast to the simulation the jet does not enter
the annular gap of the main flow opposite the nozzle.

In the plane $=90°-270° the comparison of the numerical and experimental data shows
severe differences. While the numerical simulation predicts only a small region, confined to a
distance of £25mm around the risers centerline, which is affected by the heated jet, the ex-
periment exhibits a broad spreading of the temperature elevation. A direct comparison with
the first thermocouple next to the centerline (75 at s=117.3mm) shows a discrepancy of
12.1K between measured value A7=14.68K and computed value AT =2.51K. In the experi-
ment a considerable temperature rise is even found at the shell close to the riser wall at the
thermocouple Tys (s=73.3mm, r=54mm, z=22.7mm). Here, a value of AT;;=7.6K is recorded
which is one fourth of the maximum peak temperature difference in the whole lower shell.
Especially the considerable discrepancy at T} illustrates, that significant differences between
the numerically calculated and the experimentally identified momentum field exist, which are
mainly arising from the asymmetry of the flow.

In the figures 6.25 the calculated and the measured temperature rise is shown as a
function of the radius r at a height of z=105.7mm for the planes $=0°-180° (fig. 6.25a) and
$=90°-270° (fig. 6.25b). The main flow in the annular gap is marked in gray.

The radial temperature distribution of the numerical simulation exhibits in the nozzle plane a
completely different behavior compared to the one observed in the experiment, see figure
6.25a. Within the simulation two temperature rise peaks appear, one close to the wall at
$=180°, r=62.5mm and a second even higher one at »=6.2mm in the sector ¢=0°. Both ap-
pear in form of thermal stripes with strong radial temperature gradients. Their origin is the
detaching of the jet at the lower edge of the riser tube and the transport of the thermal energy
towards the sector $=180°. The computation suggests a significant thermal energy transport
across the whole riser in this direction, which is able to reach the opposite side resulting
there in a temperature rise. The experiment, however, does not show a temperature increase
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of similar magnitude. It rather shows a smooth temperature increase up to »>10.5mm in the
sector $=180°, where almost the adiabatic mixing temperature is obtained. Close to the wall
at =59.5mm and ¢=180° the temperature rise drops to values of 3K. Only for »>10.5mm in
the sector $=0° two peaks appear one at »=22.5mm (7,,) and a second one close to the wall
at »=59.5mm (T,5). While the first one is caused by a global vortex motion, the latter is attrib-
uted to a convective transport of small high temperature packages traveling along the riser
wall (see discussion in chapter 6.3).

In the plane ¢$=90°-270° the disagreement between numerical simulation and experiment is
smaller in absolute values. But, here also the predicted and observed profiles differ qualita-
tively. While the experimental data show for in the sector $=270° mm a smooth growth of the
temperature from the wall towards the riser centerline and reach almost the adiabatic mixing
temperature, the simulation shows significantly smaller temperatures except for the immedi-
ate vicinity of the centerline. In the centerline domain for radii ~<16mm a temperature rise of
8K is computed corresponding to a radial heat flux ¢’’=5500Wm (¢’’=A AT/Ar). Additionally,
in the range of the transition from the bulk of the riser tube towards the high temperature rise
domain in the center the temperature has minima at »=19.5mm. Thus the computational re-
sults suggest that the heat transfer in this plane is governed more by molecular conduction
than by convective processes.

In both graphs of figure 6.25 the temperature gradients of the simulation are considerably
larger than for the experimental observations. The formation of large gradients, however,
suggest a weak interaction of the main flow with the jet flow. In contrast to the numerical
simulation the experimental data exhibit only small gradients, except for the wall adjacent to
the jet duct, which shows that the turbulent mixing process is finished at this height to a large
extend.

The most severe observation in graph 6.25 is that the radial temperature distribution in the
plane $=90-270° is not symmetric. This cannot be reproduced by the calculations which as-
sumed symmetry. Thus the flow field numerically calculated differs very much from the ex-
perimental one. Consequently a further comparison of the numerical and experimental data
yields no additional information in the graphs 6.26 and 6.27 are shown for completeness.

Figure 6.26 compares the measured and computed temperature distributions close to
the riser wall at a radius of »=59.5mm and the sector ¢=0° for increasing axial coordinate

values of z.

The figure 6.27 compares experimental and numerical temperature distributions on the
lines r=59.5mm in the sector $=90° (a) and the sector ¢=180° (b).
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Figure 6.27: Comparison of the computed (—) and measured (m) temperature distributions
at ¥=59.5mm as a function of the axial length z and the nominal conditions with
Omain=18m°, Q0,,=1.2m°h, T,=300°C and T,,,=360°C. (a) sector $=90°and
(b) sector $=180°.
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6.4 Summary of the nominal operation mode with 0,.,iw/ Q=15

Most of the experimental effort was spent on the investigation of the nominal mode with a
flow rate ration of Q,..../0,.=15, because this mode is envisaged to be the operational mode
of the MEGAPIE target. In summary the analysis of this flow rate ratio shows, that

a.) the flow in the lower target shell is highly time dependent, although at both inlet flows
(main flow and jet flow) an insignificant fluctuation level was measured. The thermo-
couples on the shell in the nozzle plane ($=0°-180°) show temperature fluctuations of
up to 50% of the adiabatic mixing temperature. The RMS values are highest close to
the shells centerline. On the centerline in the plane perpendicular to the nozzle
(6=90°-270°) the RMS values of the temperature fluctuations exhibit even higher val-
ues.

b.) An analysis of the time records, the spatio-temporal time series and the CCC[T,T}] in
the nozzle plane $=0°-180°, shows that the jet impinges on the shell before reaching
the centerline and detaches from it. The jet splits off in several streams and one of the
streams reattaches the shell on the other side of the centerline. The calculation of the
cross-correlations between several discrete positions in the nozzle plane shows that
in this process, both main and jet flow, take actively part in, because both characteris-
tic velocities are indirectly sensed.

c.) By conducting a series of CCC[T;,T; ] calculations several time scales, which are not
attributed to turbulence were discovered. They show that in the riser tube a global
helically upwards directed vortex exists. This vortex is responsible for the non-
symmetry of the mean temperature profiles in the plane $=90°-270°. Superimposed to
this global helical motion two other vortex structures are identified. The first one is a
separation vortex, in which a part of the jet flow separates at the lower edge of the
riser tube and is transported by the main flow downstream. The second one are two
counter-rotating vortices, which rotate in the planes z=constant (vorticity vector in £ z-
direction) and are separated by the plane $=0°-180°.

d.) As the flow proceeds downstream in the riser the temperature fluctuations decrease.
In a height of z=105.7mm the mean RMS values are about 15-20% of the adiabatic
mixing temperature. Close to the walls even 10% and less are obtained. Also the dif-
ferences in the RMS distribution between the nozzle plane ($=0°-180°) and transverse
to it ($=90°-270°) decrease.

e.) The power spectral density of the temperature records gives an indication for an iso-
tropic turbulence structure in the lower shell. Most of the thermal energy fluctuations
are located in a frequency spectrum larger than 1Hz, which does not yield in the adja-
cent structural material to critical temperature oscillations causing fatigue effects.

f.) The comparison of the experimental and numerical data show, that any disregard of
the specific inlet conditions of the jet flow (90°-bend) into the geometry even far up-
stream affects the temperature level calculated in the whole domain.

g.) The numerical simulation shows that the jet and the corresponding temperature rise
covers the whole shell in the plane ($=0°-180°), which could not be verified by the ex-
perimental data. Also in the plane perpendicular to the nozzle ($p=90°-270°) the nu-
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merical simulation shows a strongly confined jet traveling along the shell, while the
experimental data exhibits a significant radial temperature spreading attributed to
both an interaction of the jet with the shell and an interaction of jet flow with the main
flow.

h.) Due to the experimentally detected asymmetry of the flow in the riser tube and in con-
trast the assumed symmetry in the calculation a detailed study of the validity of the
turbulent heat transport models used in the simulation can not be drawn.

i.) The experiment shows a well mixing of the thermal energy in the riser tube already in
a small distance away from the shell, which is expressed by small temperature gradi-
ents.

Although the well thermal mixing behavior in the riser tube is desired in the MEGAPIE ap-
plication in order to keep the thermal stresses and the differential elongation within accept-
able limits the flow rate ratio Q,..../O,.,=15 is likely not the best operation mode for the target.
The experimental data, both of the liquid metal and the water tests, showed that for this flow
rate ratio the jet does not cool the lower bottom of the shell at the centerline effectively,
where the highest temperature due to the proton beam will appear. The jet rather hits the
wall before reaching the lower bottom of the shell and splits off in several streams. Also the
flow is highly time-dependent the

The liquid metal experiment and also the water test exhibited that the geometry is highly
sensitive to marginal geometrical deviations, which causes a flow asymmetry. Even smallest
asymmetries in the set-up yield in both experimental series to an asymmetric flow in the tar-
get geometry so that also in MEGAPIE such a scenario can likely be expected.

7 Analysis of the temperature field in the PbBi experiment for

other flow rate ratios

Start-up and shut- down procedures or other operational purposes may lead to different
flow rate ratio than the envisaged nominal case with Q,..../Q;,=15. Also the previous analysis
showed that the nominal flow rate ratio is likely not the best operation mode for an effective
cooling of the lower target shell. The aim of this chapter is search for a flow rate ratio in
which the jet covers the whole lower shell in both directions, in order to ensure a sufficient
cooling of the window and thus a safe operation of MEGAPIE. Another objective is to investi-
gate the turbulent mixing in the geometry, the temporal behavior and the stability of the flow
for each of the flow rate ratios set-up during the liquid metal experiments. As the water ex-
periments have shown, see e.g. Stieglitz et al. (2005) the flow rate ratio between main and
bypass flow determines the establishing flow pattern in the lower shell for Reynolds numbers
Re>210%,

In order to allow a comparison the experimental results for the different flow rate ratios,
the temperature readings are normalized with the adiabatic mixing temperature T.iupasic,
which can be calculated performing a thermal energy balance between the individual inlet
flows and the outlet flow. The resulting calculated adiabatic temperatures account also for
the heat losses of the test module to the ambient environment. In order to determine the heat
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losses in the considered geometry the temperatures at the outside of the thermal insulation
are continuously monitored at four axial positions. The heat losses itself are calculated ana-
lytically and are about 184W in the cylindrical part, which is below 1% of the total thermal
energy input. A more detailed description is given in Appendix B

7.1 Variation of the main flow

In this chapter the main flow is varied from Qmam=9m3/h up to Qmam=24m3/h in six steps,
while the jet flow Q. is kept constant at 1.2m%h. Also the inlet temperatures of main and jet
flow were set to constant values with 7;, =300°C for the main flow and 7,;,=360°C for the
flow.

The corresponding quantities of this flow rate variation like the mean velocities in the
gap and riser tube, the adiabatic mixing temperatures as well as the kinetic and densimetric
Froude numbers are listed in table 7.1. The nominal operation mode with Q,../Q;.=15 is
highlighted. As table 7.1 shows the densimetric Froude number is in all case significantly
larger than unity in the investigated parameter range and hence in all cases the jet behaves
as an inertial jet.

O IM°IN] | thyeangap | tmeansiser | Omain/ Qe | TaaiawariTin | Frin Ul | Fraens ]
[m/s] [m/s] ] K]
9 0.260 0.231 7.5 7.06 20.71 2576
12 0.346 0.299 10.0 5.47 20.30 2525
15 0.433 0.367 12.5 4.48 19.79 2461
18 0.520 0.437 15.0 3.79 19.20 2388
21 0.606 0.503 17.5 3.24 18.40 2289
24 0.693 0.570 20.0 2.86 17.42 2165
Table 7.1: Mean velocities in the annular gap and riser flow in [m/s], adiabatic mixing

temperature rises in [K], kinetic and densimetric Froude numbers for varying
main flow in the heated jet experiment for a constant jet flow rate of
Q«=1.2m%h and 7,,=300°C and T,,,=360°C.

7.1.1 Mean temperature distribution for the main flow variation

In the figures 7.1 and 7.2 the measured mean temperature differences AT along the
lower shell are shown as a function of the geometry adapted coordinate s for six different
volumetric flow rates of the annular gap flow in both planes $=0°-180° and $=90°-270°. Like
in the previous chapter all temperature differences shown here use the inlet temperature of
the main flow T;, as a reference, except if it is otherwise stated.

First, the temperature distribution in the nozzle plane ($=0°-180°) is discussed. With in-
creasing main flow the nozzle exit temperatures decreases monotonically. Responsible for
this is the enhanced convective heat transport from the jet duct towards the adjacent main
flow. As the flow exits the nozzle the thermocouple T, experiences only a minor part of the
heated jet for all investigated flow configurations. This is expressed by a local minimum of
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the temperature there. Beyond this position, however, the temperature distributions signifi-
cantly differ from each other. For the lowest main flow rate Qmam=9m3/h the temperature con-
tinuously increases from T, over T;, T, to T,. With decreasing s from T, the temperature suc-
cessively decreases down to T7;,. But, even at the position 7;, (»=84mm, z=82mm,$=180°),
which is far in the annular gap, a significant temperature rise of AT=5.3K is found. This tem-
perature distribution shows that the jet covers the whole fluid-solid interface along the lower
shell and it even enters upwards into the annular gap and displaces there a part of the main
flow.

As the flow rate of the main flow is increased the position of the temperature peak at the
lower shell moves from T (for 0,,.;=9m*/h) to T, (Q,..=12 and 15m?h) to T; (On.»=18,21 and
24m®h). Also the shape of the temperature distribution changes. For O,...,=12m*h the tem-
perature increases continuously up to 7, and then monotonically drops up to 7;,. But, in con-
trast to the previously discussed case a significant temperature gradient close to the center-
line appears indicating a flow separation there. Nevertheless, the jet flow is still capable to
penetrate into the annular gap of the downcomer as the temperature difference of 3.8K at T,
shows.

A similar behavior of the interaction of main flow with the jet flow is observed for
O..»=15m°h, because both cases exhibit a similar temperature distribution. The only differ-
ence found between both cases is, that for Q,,.;,,=15m°h the momentum of the jet in the noz-
zle plane is not strong enough to enter the annular gap of the downcomer. The temperature
distribution pattern qualitatively alters its shape as the main flow is increased further. For the
nominal case and for 0,.,=21 and 24m®h a double peak structure of the temperature is
found along the lower shell. While the location of the first temperature peak remains at the
position T; the second temperature peak is shifted from T, (Qmain=18m3/h, nominal case) to T
(Omain=21 and 24m3/h). In all of these three cases the temperature close the centerline is low.
The strong main flow bounds the jet to hit the shell close to T; as in the reference case and
hence the highest temperature is recorded there. But, in contrast to the reference case an
increasing main flow rate yields to the fact that the momentum of detached jet is hardly suffi-
cient to reattach the shell beyond the centerline. For 0,..,=21m%h a second peak at T; can
be identified. But at the highest main flow rate the temperature difference almost disap-
peared.

The complexity of the interaction of the main flow with the jet flow is illustrated by the

temperature distribution in the plane normal to the nozzle $=90°-270°, which is shown in fig-
ure 7.2.
For the lowest main flow rate Qmam=9m3/h the jet flow is rather confined to the centerline and
spreads in radial direction. The temperature drops from 7,5 to T,,, T;s to Ty, indicating a
mixed conductive convective heat transport governed by the jet flow. In case of main flow
rates of Q0,..,=12 or 15m®h a double peak of the temperature is observed with the first maxi-
mum close to the centerline at 7,5 and a second one at T;5. The double peak disappears as
the main flow rate is increased further to Qma,-,1=18m3/h where again a continuous decay of the
temperature from T, to T,y is observed. However, as the main flow grows to values of
O,ain=21 and 24m*/h the temperature at 75 drops considerably. At the discrete measurement
positions temperature peaks are located at 7}, (Q,...=21m>h) and even further away from the
center at T4 for Qmain=24m3/h. Adjacent to this temperature peaks the temperature monotoni-
cally drops on both sides.
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Figure 7.1:  Measured temperature distribution as a function of the geometry adapted co-
ordinate s in the plane $=0°-180° for different main flow rates Q,..., and con-
stant jet flow rate Q.,=1.2m%h; 7,=300°C and T7},,,=360°C. (1) Qnun=9m° h,
(O) Quain=12m°/n, (A) Opain=15mM’h, () Oain=18m°/h, (0) Opa=21m>h and (¢)
Oain=24m>/h.

18 &
:
’ u

14 - /
12 -
10 f Tl7 /

x\\\\\% : ﬁ

|
< 10° - | :
= 8 ] T O / ‘ ]
N 1 [ ‘ 1
5 ] {R/D/ | ]
] )/l |
4 5 1
] T, F = T E
Ph R R |
] % ; 1
0 :‘y (| ]
A :

50 100 150 200
s [mm]

Figure 7.2:  Measured temperature distribution as a function of the geometry adapted co-
ordinate s in the plane $=90°-270° for different main flow rates Q,.., and the
conditions Q,,=1.2m%h, T,=300°C and T,,,=360°C. () Q.x=9m°h, (O)
Ouai=12M°, (A) Quai=15M°/, (@) Oai=18m°/, (0) Oua=21m°h and (¢)
Oain=24m>/h.
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The sequence of figures 7.3 qualitatively tries to explain the reasons for the tempera-
ture distribution measured in the plane $=90°-270°.
For low main flow rates (Q,...,=9m°h) the jets cross-section widens along its flow path and
covers almost the whole shell. This leads to a temperature peak on the centerline. Adjacent
to the peak the temperature drops monotonically in both radial directions.
With increasing main flow the jet impinges on the shell and detaches from it. Below the jet a
secondary flow establishes, which transports heat from the jet towards the shell. The widen-
ing of the jet is less expressed and due to the interaction of the main flow with the jet a sec-
ond vortex is generated transporting heat to T's.
A further increase of the main flow (to Qma,-n=18m3/h) leads to stronger confinement of the jet
and the jet looses more momentum and thermal energy before it reaches the plane $=90°-
270°. Additionally, the stronger interaction of main and jet flow leads to an intensified secon-
dary flow leading in a first step to a broadening of the temperature distribution.
Finally, at the highest main flow rates the jet hardly is able to cross the plane $=90°-270°.
The interaction of main and jet flow happened already before this plane is reached. The large
scale vortex motion resulting from the interaction of jet and main flow transports thermal en-
ergy in the transverse direction.

interface of

interaction main with jet flow
jet flow widening of transporting heat ccondary flow widening of
jet cross-section beIoeret jet
along its flow path ]
(a) (b)
& z :§ < z ;‘

7 >
interaction main with r, $=90° discharge of the ] , $=90°
jet flow jet

transporting heat reduced by strong main flow reduced

widening of jet
jet
(c) (d)
Figure 7.3:  Schematic illustration of the interaction of the main flow with the jet flow in the
plane $=90°-270° close to the lower shell. (a) Qmain=9m3/h; (b) Q,in=12 and

15m°/h; (€) Opain=18m/h; (d) O,un=21 and 24m?/h

secondary flow
below jet
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The graphs 7.4a-c show the temperature evolution near the inner side of the riser tube
(»=59.5mm) as a function of the axial coordinate z for the different main flow rates on the
lines ¢$=0° (7.4a), $=180° (7.4b) and ¢$=270° (7.4c). In order to compare the results and to
exhibit differences in the flow patterns between the individual cases the graphs 7.4d-f show
the same results but the data are normalized with (T.iiapasic-Tin)-

In the sector ¢=0° and for low z-values the temperature rise most sensitive to the indi-
vidual flow rate ratios. Here for the highest main flow rate of 0,...,=24m%h the highest tem-
perature elevation is measured. However, the second highest temperature is not found for
Onain=21m3/h; it is detected for the case 0,...=12m*/h. This illustrates the complex interaction
of main flow and jet flow close to the immediate vicinity of the sharp edged riser tube. At this
flow discontinuity smallest changes lead to significantly different local flow configurations.

Beyond z>105.7mm for all main flow rates the temperature drops continuously up to
the position z=238mm, where it almost reaches the adiabatic mixing temperature for all flow
rate ratios investigated.

On the opposite side of the nozzle at $=180° the situation is different for axial values
z<238mm. In case of main flows of 0,...,=9 and 12m?h the jet is able to reach the inner side
of the riser tube opposite the nozzle exit. This is expressed by a considerable temperature
rise for z=43.7mm. Beyond this position temperature drops continuously up to the position
z=137.7mm (for 0,..,=9m%h) and z=168.7mm (for 0,..,=12 and 15m*/h). Then it grows down-
stream due to the mixing again and reaches for the position z=238mm a value almost close
to the adiabatic mixing temperature. However, for main flow rates equal or exceeding 18m*h
hardly any temperature increase is on the inner side of the riser tube opposite the nozzle (at
$=180°). In these cases the lowest temperatures are recorded at the lower edge of the riser
tube (at z=43.7mm), indicating that the jet does not reach this position. Beyond this position
the temperature grows with z, while the temperature rise for 0,.,=18m%h at the same :z-
coordinate is faster than that for Qma,-n=24m3/h. The reason for the more rapid increase of the
temperature at the reference case compared to 0,..,,=21m*h and 0,...=24m>/h could be that
a larger portion of the jet is able to cross the ducts centerline at »=Omm (plane $=90°-270°).
This enables a more efficient mixing of thermal energy of the remaining hot jet with the main
flow. Downstream of z=238mm also the temperatures for the high main flow rates have
reached almost the value of the adiabatic mixing temperature.

Finally the line $=270° is analyzed. Here, at the two lowest main flow rates (Q,..;,=9 and

12m°/h) a significant temperature peak is recorded at z=43.7mm. For low main flow rates the
velocity difference between main and jet flow is most expressed and hence the vortex forma-
tion related to the differential velocity is strongest. This yields to counter-rotating vortices
transferring heat in transverse direction. After z=43.7mm for both of the low main flow rates
the temperature drops considerably up to the position z=105.7mm. This behavior suggests,
that the vortex pair in the lower shell keeps stable at its position in the lower shell. Superim-
posed to this structure is the U-turn of the main flow into the riser tube forming a stable sec-
ondary flow. Downstream beyond the position z=105.7mm the temperature rises monotoni-
cally for both of the lower main flow rates and it reaches almost the adiabatic mixing tem-
perature at z=363mm.
For Qma,»,1=15m3/h the interaction of main and jet flow leads to a peak temperature at the posi-
tion z=137.7mm. Downstream this peak the temperature drops to reach at z=363mm the
value of the adiabatic mixing temperature. The behavior for Q,..;=15m>/h differs completely
from that at the higher and the lower main flow rates and marks a transition between different
flow structures.
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The temperature distribution of the main flow rates 0,...,=21 and 24m3/h correspond in non-
dimensional values qualitatively and quantitatively to that of the nominal case (Q,.i/Q~=15
and Qma,-,1=18m3/h) and exhibits no new features.
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Figure 7.4: Measured dimensional and non-dimensional temperature distribution as a
function of the axial length z at »=59.5mm for different main flow rates Q,..i.
and the conditions Q_,-e,=1.2m3/h, T;,,=300°C and T7,,;,,=360°C. (a) and (d) ¢=0°,
(b) and (e) $=180° and (c) and (f) $=270°. (1) Opui=9M°/h, (O) Opain=12m°/h,
(A) Ouain=15m/h, (W) Opain=18M%h, (0) Opain=21m*/h and () Opain=24m/h.

The figures 7.5a-c show the location of the sensing elements and the temperature dis-
tribution as a function of the radius r for different main flow rates in the nozzle plane ¢$=0°-
180°. Figure 7.4c, in which the temperature is normalized with (7,4waic-Tin), illustrates that the
temperature mixing at the height z=105.7mm behaves similarly for all main flow rates in the
range 9m3/hSQmam£18m3/h. The distribution is characterized by a weak temperature increase
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from the riser tube in the sector $=180° towards the duct centerline. It reaches a local maxi-
mum in the middle between the wall and the centerline, which is of order of the adiabatic
mixing temperature. Then it drops to a local minimum at the two positions close to the center-
line. For r=22.5mm in the sector ¢=0° a second peak is observed, which is more pronounced
for the higher main flow rates than for the smaller ones. With increasing radial coordinate the
temperature strongly falls and reaches a minimum at »=46.5mm in the sector ¢$=0°. The local
minimum is more pronounced for the higher main flow rates compared to smaller ones. From
this local minimum the temperature exhibits in all cases a steep increase towards the riser
tube wall at »=59.5mm, where for all main flow rates 9m3/hSQ,,,ai,,£24m3/h the maximum tem-
perature in the nozzle plane is recorded.

Except for the latter described temperature peak near the wall adjacent to the jet duct the
main flow rates Q,,m,-n221m3/h exhibit a different temperature distribution compared to the
lower ones. For Qmain=21m3/h the temperature increases from the riser tube wall in the sector
$=180° up to the riser centerline, where it shows a first peak. This is followed by a weak tem-
perature drop and another temperature increase to a second peak of similar magnitude. For
r>22.5mm the behavior corresponds to the other cases. The double peak structure of the
temperature suggests that for this flow rate ratio two vortices are located in this plane. The
first one originates from the flow separation at the lower rim of the riser tube and is located in
the domain »>0mm. The second one is attributed to the interaction of the main flow with the
jet flow in the lower part of the shell, where the main flow lifts off a part of the jet and gener-
ates this vortex, which contains parcels of higher temperature.

Finally, a further increase of the main flow rate to Qmm-,,=24m3/h generates again a different
temperature distribution in the nozzle plane. Although there is a small local maximum in the
sector $=180° (exactly at =46.5mm), hardly any significant temperature elevations are ob-
served there. In the direction of the jet duct towards the sector ¢=0° a steep temperature in-
crease is measured, which reaches a peak value twice as high as the adiabatic mixing tem-
perature at =22.5mm. The formation of this peak illustrates that the momentum of the main
flow at the highest main flow rate is so strong in the nozzle plane that the jet is hardly able to
cross the riser tubes centerline. The impact of the hot jet on the temperature distribution is
mainly confined to the sector ¢=0°.

The figures 7.5d-f illustrate the measuring locations and temperature distributions in the
plane normal to the nozzle in a height z=105.7mm. Here, again in figure 7.5f the temperature
rise is normalized with (7, ziupasic-Tin)-

Generally, for all flow rate ratios investigated the temperature distribution is asymmetric with
respect to »=0mm as figure 7.5e, fillustrate.

Again, the main flow rates in the range 9m3/h§Qma,-ns18m3/h behave qualitatively similar. For
these flow rate ratios (7.5<0,../0;.<15) cases the temperature increases in the sector
$=270° from the riser tube wall towards the ducts centerline. There, nearly the adiabatic mix-
ing temperature is attained. With increasing r in the sector $=270° the temperature drops to a
local minimum and then increases towards the riser tube wall at »=59.5mm. Also here, the
increase is stronger for the higher flow rates than for the smaller ones. The flow rate ratio
Omain Q1e=17.5 (Oain=21m>/n) marks the transition of the flow patterns, because here a local
temperature maximum is obtained close to the centerline of the riser tube. Adjacent to this
peak the temperature drops rapidly in the sector $=90°, see figure 7.5f. For »>0mm in the
sector $=90° the temperature distribution behaves like that for the smaller flow rates. The
temperature peak near the centerline is an indication that for this flow rate combination the
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jet is not split into several streams as for smaller mass flow rates. Due to the large momen-
tum of the main flow the range of the influence of the jet is limited to the nozzle plane ¢=0°-
180°. This argument is supported by the fact that a further increase of the flow rate ratio to
Omainl Qje=20 (Qma,-,,=24m3/h) yields only one temperature maximum, which is recorded on the
close to the centerline of the riser tube. Next to this peak the temperature significantly drops
in both sectors $=90° and ¢$=270°. For this flow rate ratio the hot jet is mainly confined to the
nozzle plane.
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Figure 7.5:  Measurement locations in the nozzle plane $=0°-180° (a)-(c) and normal to it
$=90°-270° (d). Measured dimensional and non-dimensional temperature dis-
tribution as a function of the radius r at a height z=105.7mm and Q=1 2m°/h,
T,=300°C, T;,u=360°C. (1) Quu=9m°/h, (O) Opan=12m°M, (A) Qpui=15m°fh,
(W) Opai=18M%N, (0) Opain=21m%h and (€) Opain=24m°/h.
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7.1.2 Influence of the main flow variation on the turbulent temperature fluctuations

Since the flow is highly turbulent even for the smallest main flow rates at Reynolds
numbers of O(10°) and, moreover, several geometry discontinuities like sharp edges, U-turns
and also free shear layers and the jet impingement on the wall occur, fluctuations are to be
expected. The Reynolds numbers appearing in the annular gap, the nozzle exit and the riser
tube are given in table 7.2. Here also the temperature dependence of the thermophysical
fluid properties in the different regions is taken into account.

Onain [M?/h] Omain/Qjer Repeangap ] Reiger [1] Reje [/]
/]
9 7.5 50.306 167.222 137.132
12 10.0 67.074 215.443 136.402
15 12.5 83.843 263.889 135.946
18 15.0 100.611 312.266 135.592
21 17.5 117.380 360.639 135.229
24 20.0 134.148 409.065 134.927
Table 7.2: Calculated temperature dependent Reynolds numbers in the flow rate ratios

investigated in the heated jet experiment. Boundary conditions: Qje,=1.2m3/h,
T;,,=300°C, T;,,,~=360°C. Nominal case with 0,..../O;,=15 is highlighted.

The figures 7.6a, b show the RMS values of the temperature in the nozzle plane as a

function of the geometry adapted coordinate s for different flow main flow rates in a dimen-
sional and a non-dimensional form.
For the lowest main flow rate investigated 0,,.;,,=9mM%h (O’ )...=7.5) the jet flows along the
contour of the hemispherical shell, as already shown in figure 7.1, and also the RMS values
for s>131.9mm are below 10% of the adiabatic mixing temperature. This indicates that the jet
remains unchanged before reaching the symmetry line and the shear between main flow and
jet does not lead to a significant turbulence production close to the fluid-solid interface. As
the flow proceeds across the centerline the RMS values rapidly increase by a factor of 4,
which is caused by the interaction of the main flow with the jet. Finally, as the jet enters the
annular gap of the main flow, it is decelerated by the momentum of the main flow. This proc-
ess is highly unsteady and leads to a mixing of the thermal energy on large scales. Some-
time the jet is even strong enough to reach the thermocouple 7, for Q,..i/Q;e=7.5.

For flow rate ratios in the range 10<0,...,w/Q; <12.5 the RMS value close to the nozzle
exit is still small with RMS(T)/ AT iiapaiic<0.1. However, it rapidly increases as the jet flow pro-
ceeds towards the centerline. There, the jet meets the main flow and is pushed partly away
from the shell. This process occurs irregularly on large scales and shows for T; and T tem-
perature fluctuations of more than 3-4K. The remaining part of the jet proceeds along the
shell and the fluctuation level decays from T to T;,. Finally, sometimes the jet is able to enter
the annular gap. This causes in the case of 0,../0,,=10 a second peak of the fluctuation
intensity. At the position 7, for the flow rate ratio Q,.../0;.=10 temperature fluctuations are
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still observed, while for Q,../0,,=12.5 the normalized RMS-value is less than 0.1K corre-
sponding to the fluctuation intensity of the undisturbed main flow in the gap.

For flow rate ratios in the range of 15< 0,.../0,.<20 a double peak profile of the RMS- values
of the temperature fluctuations is observed. The local extrema are located next to the posi-
tions, where the jet impinges onto the wall. There the highest gradients in the temperature
field occur. The first maximum appears directly at the nozzle exit, where the jet hits the hemi-
spherical shell. As the flow rate ratio is increased this maximum is shifted towards the nozzle
exit, e.g. for 0,..i/0;.=15 the maximum value is at 7, (s=146.6mm), moves for Q,,.i/OQje=17.5
to 7, (s=168.6mm) and finally for Q,../Q,.=20 it is located at T; (s=190.6mm). The second
local maximum is observed, where the jet reattaches the wall beyond the centerline. Here
again a similar behavior of the shift of the RMS-peak towards the nozzle exit is with increas-
ing main flow rates is observed. It is positioned for Qmam=18m3/h at 7y (s=73.3mm) and moves
to Ty (s=95.3mm for 0,...,=21m>/h) and is finally located at 7> (s=1175.3mm for Q,,..,=24m>/h).
The reason for this shift towards the nozzle is the increasing momentum of the main flow,
which reduces the impact of the jet flow on the whole flow field and especially on the shells
temperature. An increasing main flow confines the jet to a domain adjacent to the nozzle in
the sector ¢=0°. The peaks of the dimensionless temperature fluctuations drop for increasing
flow rate ratios. For Q,.../0;.=15 the peak shows a maximum of 0.5, which is reduced to 0.38
for Ouuin/Qje=17.5 and finally 0.32 for Q,../0;,=20. This is caused by two effects: The first
attributed to a reduced shear production rate, because the velocity difference between main
and jet flow drops with increasing main flow rate. The reduced shear productions yields less
strong secondary flows which are potentially unstable, because they can interact with the
cold main flow. The second effect is that the jet flow gets more confined for growing main
flow rates.
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Figure 7.6:  Measured dimensional (a) and non-dimensional (b) temperature fluctuation
distribution (RMS-values) as a function of the geometry adapted coordinate s in
the plane ¢$=0°-180° for different main flow rates Q... (1) Q,,,ai,,=9m3/h, (O)
Qmain=12m3/h! (A) Qmain=15m3/h! (.) Qmain=18m3/h! (0) Qmain=21m3/h and (Q)
Qmam=24m3/h.

7



Analysis of the temperature field in the PbBi experiment for other flow rate ratios

The non-normalized and normalized intensity of the temperature fluctuation in the
plane perpendicular to the nozzle for the line $=90-270° is shown as a function of the geome-
try adapted coordinate s along the lower shell in the figures 7.7a, b.

In the range of 7.5<0,,.../0,<10 the jet almost covers the lower part of the shell at the center-
line, as sketched in figure 7.3. As the non-dimensionalized figure 7.7b exhibits the mean fluc-
tuation level for these main flow rates is relatively large. Even close to the annular gap tem-
perature fluctuations of 25-30% are recorded indicating a highly time dependent interaction
of main and jet flow. Nevertheless, the fluctuation intensities close to the centerline (7,5 and
T;;) and near the annular gap (7,y) are smaller than the RMS-value measured in the mid of
the shell at T5. There, fluctuation intensities are 10% larger than at the other positions. The
relatively large RMS-values in the nozzle plane (¢=0°) beyond the centerline and the high
fluctuation intensities recorded for the sector $=270° suggests an unsteady flow pattern in
the whole lower shell, which is characterized by a locally intermittent interaction of main and
jet flow.

As the flow rate ratio increases the jet becomes more and more confined and hence bound
to the nozzle plane ¢$=0°-180°. Thus the scaled fluctuation intensity close to the centerline
decreases from 0.45 for Q,..i/Q;.=12.5 to 0.4 for 0,../O;=15. For these flow rates the peak
fluctuations appear in the middle between the centerline and the riser tube.

Again the flow rate ratio 0,../O;,=17.5 represents a transition to another flow pattern. Here
the highest fluctuation intensity is measured close to the centerline with a value of 0.7. As the
mean temperature profile in figure 7.1 shows the jet is to a large extend decelerated by the
momentum of the main flow close to the centerline in the nozzle plane. The deceleration of
the jet pushes the remaining jet streak towards the side in the 90°-270° direction, which
yields there to an increase close to the centerline, see figure 7.2. Because this not a steady,
but an intermittent process, the fluctuation intensity at is position 74 close to the centerline is
considerably large. The fluctuation intensity continuously decreases from the centerline to-
wards the annular gap.

For the highest flow rate ratio Q,..iv/Q;.=20 (Qmm-n=24m3/h) the jet is almost fully decelerated
by the main flow before reaching the centerline, because the mean temperatures measured
in the nozzle plane and transverse to it show only a temperature difference of less than 1K
close to the centerline. While the non-dimensional RMS-value of the temperature fluctuations
in the nozzle plane (7,) shows a nearly steady behavior with 0.04, the adjacent thermocouple
T, in the sector $=270° close to the centerline exhibits a value of 0.26 (6 times larger). This
indicates an unstable displacement of the jet towards the plane $=90°-270°, which is addi-
tionally supported by the increase of the fluctuation intensity towards 7.

For flow rate ratios of from 12.5<0,..:/0;.<20 the momentum of the main flow is strong
enough, that no secondary flow arising from the interaction of main and jet flow are able to
reach the thermocouple T,y and hence the fluctuation intensity there is close to zero.

In the figures 7.8a-f the RMS-values of the temperature close to the inner walls of the
riser tube (at the radius »=59.5mm) are illustrated as a function of the axial coordinate z at
three angular positions (¢=0°, $=180°, $=270). While in the graphs 7.8a-c the dimensional
values are shown, the figures 7.8d-f show the results in a non-dimensional way.

In the nozzle adjacent line in the sector $=0° the thermocouple 7,; (z=43.7mm), which
has no direct wall contact, senses the highest temperature fluctuations, because there high
shear rates occur due to the U-turn of the velocity and the collision of jet and main flow.
Downstream this position the fluctuations rapidly decrease for all main flow rates investi-
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gated. At the positions 137.7mm<z<168.7mm a second significantly smaller peak of the RMS-
values appears, which is attributed to the reattachment of the separated flow originally pro-
duced at the lower edge of the riser tube. This second peak increases with increasing flow
rate ratio, because a larger portion of the jet flow is conserved to the sector next $=0° than
for lower flow rate ratios. Additionally, the location of the second peak moves downstream for
increasing main flow rates. For Q,.i/O;.=7.5 it is at T>s (z=137.7mm), while for Q,..;0,.=20 it
is located at T,; (z=168.7mm). This shift is caused by the higher mean flow rates.
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Figure 7.7:  Measured dimensional (a) and non-dimensional (b) temperature fluctuation
intensity distribution (RMS-values) as a function of the geometry adapted coor-
dinate s in the sector ¢=270° at »=O0mm for different main flow rates Q,..;, and
Qi=1.2m°h, T,=300°C and T;,,,=360°C. (1) Quun=9M°/h, (O) Opun=12m°M,
(A) Opai=15m/h, (m) Opain=18m3h, () Opain=21m%h and () Oum=24m>/h.

Close to the riser tube side opposite the nozzle in the sector $=180° (fig 7.7b,e), the
analysis of the fluctuations is more difficult.

For the small flow rate ratios (7.5<0,.../0;.<10) the jet is capable to penetrate into the
annular gap and mixing there with the main flow. The position of maximum fluctuations is for
this flow configuration shifted to the lower shell and to the annular gap.

For a flow rate ratio Q,.../0j.=12.5 the jet mixes with the main flow in the vicinity of the
lower edge of the riser tube. There strong gradients of the velocity field occur, which cause
also rather high temperature oscillations.

A time history of the temperature for a 10min record of the readings at T is shown in
two temporal resolutions in figure 7.9. The peak to peak difference of the temperature re-
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cords are 3.2K, which is of order of the rise of the adiabatic mixing temperature. A calculation
of the PSD(T5) at T,y showed a broadband spectrum of the temperature fluctuations and con-
tains no preferred frequency. At the highest main flow rates the jet is not able to reach the
riser tube at $=180° and thus the fluctuation intensities recorded there are close to zero. In
case of flow rate ratios Q,../0<12.5 the fluctuation intensity decreases continuously for
z>105.7mm. In case of 0,../0.>15 a local weak maximum is observed, which originates
from the turbulent mixing of parts of the jet with the main flow. This peak value is shifted
downstream with increasing flow rate ratio due to the larger mean velocity and ,additionally, it
decreases for high flow ratios, because at those conditions a diminishing portion of the jet is
able to cross the risers centerline causing at the opposite side in the sector $=180°.

On the line ¥=59.5mm at $=270° the situation is much more complex. At low flow rate ratios
Onai’/ Q<10 the jet does not only travel along the shell it also spreads continuously in $=90°-
270° direction, as the measurements in figure 7.2 and the sketch 7.3 illustrate. Thus the fluc-
tuation intensities measured close to the shell near the riser tube are attributed mainly to the
immediate interaction of the jet and the main flow.
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Figure 7.8:  Measured dimensional (a-c) and non-dimensional (d-f) temperature fluctuation
intensity distribution (RMS-values) as a function of the axial coordinate z on the
lines ¢$=0°(a, d), $=180°(b, e) and $=270°(c, f) at »=59.5mm for different main
flow rates O, and Q,=1.2m%h, 7;,=300°C and T},,,=360°C. (1) Opain=9m/h,
(0) Onain=12m3N, (A) Opain=15m%, (@) Opuin=18m3h, (0) O,u=21M*h and ()
Qmam=24m3/h.
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Figure 7.9:  Time signal of the temperature at the thermocouple T3 (z=43.7mm, »=59.5mm
and ¢=180°) for the conditions O,.,=15m%h, Q,e,=1.2m3/h, T,,=300°C and
T:ne=360°C in two temporal resolutions.

N
()]

The figures 7.10 illustrate the radial RMS distribution in the nozzle plane (¢=0°-180°; fig.
7.10a-c) and in the plane perpendicular to it ($=90°-270°;fig 7.10d-f) in the height z=105.7mm
in a dimensional and non-dimensional way.

The main flow in the annular gap is almost free of temperature fluctuations at any main flow
rate either in the nozzle plane and perpendicular to it. Also the temperature fluctuations near
both riser walls in the nozzle plane are low. The absolute value of the normalized RMS-data
near the riser walls slightly increase with increasing main flow rate.

The normalized fluctuation level of the lowest flow rate ratio Q,..i/Qje=7.5 (Qmm-,,=9m3/h) is
nearly constant at a value of approximately 0.1 across the radius in the nozzle plane. All
other main flow rates show a local peak at the position »=22.5mm in the sector ¢=0°. This
peak continuously grows for increasing flow rate ratios and finally for Q,.../Q,.=20 the fluctua-
tion intensity nearly reaches the order of the adiabatic mixing temperature. Responsible for
the high fluctuation level is the interaction of the jet with the main flow. An increasing flow
rate ratio confine the jet to a narrow domain in the sector $=0° due to the large momentum of
the main flow. As shown in the mean temperature profiles in figure 7.5 for a flow rate ratio
Omain’Qe=17.5 two vortices travel are located at this z-height in the nozzle plane (¢=0°-180°).
This explains why two peaks of the temperature fluctuations are visible for this flow rate. As
the flow rate ratio exceeds Q,..;/0,.>17.5 only one vortex remains, which is generated by the
flow separation of the jet at the lower edge of the riser tube. This confined jet interacts with
the main flow and wiggles in the plane $=0°-180° around the centerline at »>0mm leading to
fluctuation intensities of 56%.
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In the plane normal to the nozzle ($=90°-270°) the RMS-distribution of the temperature oscil-
lations is far from being symmetric.

Except for the highest flow rate ratios (Q,u.i/0;e217.5; Onan=21 and 24m3/h) the fluctuation
level in the sector $=270° is of the same magnitude as that in the nozzle plane. Here, the
fluctuation level is nearly constant over the cross-section for all flow rates, c.f. see the non-
dimensional graph 7.10f.
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Figure 7.10: Measured dimensional (b, €) and non-dimensional (c, f) temperature fluctua-
tion intensity (RMS-values) as a function of the radius r at a height z=105.7mm
in the plane ¢$=0°-180°(a-c) and $=90°-270° (d-f) for different main flow rates
O.an and reference conditions. (0) Qnun=9m/h, (O) Ou=12m/h, (A)
Onain=15M°/N, () 0pain=18M’, (0) Qpain=21m°/h and (§) Qpan=24m>/h.

82



Analysis of the temperature field in the PbBi experiment for other flow rate ratios

As the main flow rate exceeds 21m?h (Omain/Qjex17.5) the symmetry gets completely lost and
strong temperature fluctuations appear in the middle between the centerline and the riser
tube wall in the sector ¢$=90°. Especially the fluctuation intensity at the thermocouple T,;
(=22.5mm) increases by a factor of 10 for Qma,-n221m3/h compared to the smaller flow rate
ratios. The fluctuation growth with increasing flow rate ratio, suggests a significant overall
swirl flow arising supposedly from flow asymmetries at the riser tube rim. For Q,..:/0;.=20
also a relatively high fluctuation level is even found near the wall.

7.1.3 Summary of the results for the variations of the main flow rate

The summary of this subchapter refers to the variation of the flow rate ratio in a range
from 7.5<0,..in/0;e<20 corresponding to main flow rates of Qmam=9m3/h to Qmain=24m3/h at a
fixed jet flow rate of Qjet=1.2m3/h and for constant inlet temperatures 7;,=300°C and
T} je=360°C.
From the temperature readings and the spatio-temporal analysis mainly three-different flow
patterns could be identified, which are sketched in figure 7.11.

Domain Q,in/0;e<12.5:

- Here, the jet flow covers the whole lower shell in the nozzle plane and sideways
from it.

- Moreover, the jet flow is even able to enter the annular gap opposite the nozzle
exit.

- Although this flow pattern is the most unsteady configuration, in which close to the
shell fluctuation intensities of 80% and more appear, most of the fluctuations are lo-
cated in a frequency range larger than 1Hz.

- The thermal mixing occurs on large scales within the lower part of the hemispheri-
cal shell in all directions.

- The thermal mixing of the jet with the main flow is mostly finished already in a
height of z=105.7mm above the lower bottom of the shell. The temperature fluctua-
tions recorded there are about 10-15%.

Domain 12.5<Q,4in/Q0;e<17.5:

- For this configuration the pattern corresponds to the one of the nominal case, in
which the jet impinges the lower shell and splits off in several streams.

- One of them enters the sector $=180° and interacts with the main flow. Directly at
the centerline the jet does not cover the lower bottom of the shell. Here, which is
more severe for the application also the temperature fluctuation intensity is rather
small.

- Another one forms a recirculation area in the sector ¢=0°.

- A complex flow pattern evolves in the plane $=90°-270°, which is characterized by
the interaction of main and jet flow. Nevertheless the impact of the jet flow is signifi-
cantly reduced in this plane.

- Downstream in the riser tube the main features observed correspond to ones found
in chapter 6.

- The thermal mixing is weaker than in the previous flow rate ratio domain and it is
not only concentrated to the shell region. Even for z>236mm measurable tempera-
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ture differences are found. Especially at the line f=0° close to the riser tube lumps
of fluid with high temperature are observed. They show a high fluctuation intensity.

Domain Q,in/Q;e>17.5:

For this flow rate ratios the flow pattern evolving in the shell domain and in the riser
differ from that found in the nominal case. Here, the jet is mainly confined to the
nozzle plane $=0°-180°. The temperature fluctuation intensity close to the shell is
considerably lower than for the lower flow rate ratios.

The jet hardly reaches the lower bottom of the shell at the centerline of the geome-
try.

Before the jet reaches the plane $=90°-270° at the centerline it is displaced side-
ways. Thus the highest measured temperatures and temperature fluctuation inten-
sities are not found on the centerline. They are displaced by about 30mm from the
centerline.

Moreover, most of the temperature rise occurs in the nozzle adjacent domain in the
sector ¢=0°.

The thermal mixing is compared to the other two cases the worst, because a sig-
nificant portion of the jet is involved in the flow separation at the lower edge of the
riser tube generating there a large scale recirculation area confined to the sector
¢=0°. The thermal energy from this sector to the adjacent fluid domains is rather
poor.

General conclusion:

The application in the MEGAPIE target requires that the jet covers the centerline at the

lower bottom of the shell in both planes ¢$=0°-180° and $=90°-270°. This constraint is only
fulfilled for flow rate ratios Q,../0;.<12.5. Also the fluctuation intensities are largest for this
configuration, the fluctuations are located in a frequency range larger than 1Hz, which does
not yield to significant temperature oscillations of the lower shells material. For these flow
rate ratios the fluctuations occur on large geometrical scales mainly in the lower part of the
shell. This, however, leads to an efficient thermal mixing of both fluid flows, so that the tem-
peratures are mostly equalized to the adiabatic mixing temperature even in a distance of less
than 150mm away from the lower bottom of the target shell. An efficient mixing is desired in
MEGAPIE to keep the thermal stresses of the riser tube within acceptable limits.
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7.2 Variation of the jet flow rate

A sudden beam focusing or a higher beam power may require an increased flow rate of
the jet flow in order to keep the temperatures within the structural material at the shell in an
acceptable range. Changes of the jet flow rate may also be caused by the temperature de-
pendent wetting of the working fluid within the gap of the pump. Here, higher temperatures or
a reducing atmosphere could lead to a better wetting in the electrical sense in such a way
that the specific electric resistance at the fluid-wall interface decreases, see Knebel et al.
(2003). As a consequence the flow rate of the pump is increased although the supplied elec-
tric power remains unchanged. All these events may lead to critical stages of operation in
terms of a possibly exceeding the sustainable material temperatures at the beam window.
Similarly as in the previous case the parameter variation performed was aimed to give an
indication of the threshold for reliable thermal-hydraulic operation of the MEGAPIE design.
Therefore, the jet flow has been varied in the experiment in five steps from 0.8mh to
1.62m%/h at a constant main flow rate of Qmain=18m3/h and constant inlet temperatures of the
main flow of 7;,=300°C and the jet flow of T}, ;,=345°C with an accuracy of +0.1°C.

The mean velocities of the jet w,eamje, IN the riser tube u,eq e the adiabatic mixing
temperature (T,giawaic-Tin) @nd the kinetic and densimetric Froude numbers Fry;,, Fra.,s related
to these investigations are listed in table 7.3. The densimetric Foude number is considerably
larger than the order O(10%) and consequently the jet can be considered as an inertial jet,
which allows to conclude from the temperature readings on the local velocities.

Qjet [m3/ h] Umean,jet Rejet [/ ] Umean,riser Qmain/ et T, adiabatic'Tin Er kin [/ ] Er dens [/ ]
[m/s] [m/s] ] K]
0.8 1.111 90.395| 0.4255 22.5 1.76 7.36 2714
1.0 1.389 112.993| 0.4301 18.0 2.17 12.67 4088
1.2 1.667 135.592| 0.4346 15.0 2.58 19.20 5664
1.4 1.944 158.191| 0.4391 12.0 2.98 26.82 7287
1.62 2.25 183.050| 0.4441 11.1 3.41 36.63 9952
Table 7.3: Calculated mean velocities in the annular gap and riser flow, hydraulic Rey-
nolds number of the jet, adiabatic mixing temperature difference, kinetic and
densimetric Froude numbers for varying jet flow in the heated jet experiment
at a constant main flow rate of Q,.,;,=18m>/h (Re,ean ¢qy=10°) and T,,=300°C and
Tnje=345°C. The nominal operation mode with 0,.../0;,=15 is highlighted in
gray.
7.2.1 Mean temperature distribution for the jet flow variation

First the temperature rise distribution close to the lower shell is analyzed. The figures
7.12 and 7.13 show the temperature elevation as a function of the geometry adapted coordi-
nate s for the individual jet flow rates.
In case of the lowest jet exit velocity with 0,,=0.8m*h (0.i/0=22.5), the jet flow
looses most of its thermal energy from the inlet into the experimental mock-up down to the

86




Analysis of the temperature field in the PbBi experiment for other flow rate ratios

nozzle exit. The temperature difference AT measured between T, (at z=1683mm) and the
nozzle exit 77 (at z=46.3mm) is 23.1°K although the mean fluid residence time of a fluid par-
ticle within the jet duct is rather short with only 1.47s. This temperature drop corresponds to
more than half of the jets thermal energy.

With decreasing flow rate ratio Q,.../O;.. the measured nozzle exit temperatures (75) continu-
ously increase. But even at the highest investigated jet flow rate (Q,.../0.=11.1) the nozzle
exit temperature difference reaches only a value of 28.1K, which corresponds to a loss of
38% of the jets initial thermal energy.

For the largest flow rate ratio investigated Q,,.;/Q;.=22.5 (Qjet=0.8m3/h) the temperature along
the lower shell continuously decreases and at s=73.3mm hardly any temperature rise can be
measured. Here the momentum of the main flow is so strong that the jet is pressed towards
the shell. On both sides of the centerline only a marginal temperature rise is recorded indicat-
ing that only a negligible part of the jet is able to cross the centerline. A similar observation,
but no so strongly pronounced, was observed for the flow rate ratio Q,.../0,.=20 discussed in
chapter 7.1, see c.f. figures 7.1 and 7.2.

As the flow rate ratio drops to O,in/Oje=18 (Q_,-e,=1m3/h) the temperature difference at 7, first
falls and then grows to a local maximum at T3, which can be explained by the jet impinge-
ment onto the shell. From there the temperature monotonically decreases to 7,. As the path
proceeds to T the temperature increases to a small peak and finally falls off to zero at 7, and
stays at this level. This kind of double peak temperature structure is even more expressed for
the nominal case Q,.i/Qje=15 (Qje,=1.2m3/h) and the reason is similar to the explanation
given in chapter 6. The jet impinges on shell, detaches from it and reattaches at the opposite
side of the symmetry line in the sector $=180°. The double peak structure persists up to flow
rate ratios Q,..i/0;.=12.85 (Q_,-e,=1.4m3/h) with a continuous increase of the temperature ele-
vation along the shell. While decreasing the flow rate ratio only the second temperature peak
is shifted towards the sector $=180° opposite of the nozzle exit.

Only for the smallest flow rate ratio Q,..in/Qje=11.1 (Qjet=1.62m3/h) the double peak structure
of the temperature distribution diminishes and one large peak close to the centerline appears
at 7,. Beyond this peak the temperature continuously drops down to 7T,, where the inlet tem-
perature of the main flow is obtained. Only for this flow rate ratio the momentum of the jet is
strong enough to enter the annular gap of the downcomer.

The figure 7.13 shows the measured temperature distribution near the shell in the
plane perpendicular to the nozzle $=90°-270° as a function of the geometry adapted coordi-
nate s.

The temperature profiles found here behave similar to the ones for the main flow varia-
tion at the same flow rate ratio Q,.../Qj.. For large values of the flow rate ratio 0,..i/0,.=17.5
the jet is confined only to a narrow domain in the nozzle plane in the sector $=0° and a mar-
ginal part of the jet is able to cross the centerline. Only close to the walls near the riser tube
the temperature increases, which indicates the interaction of main and jet flow.

In the intermediate flow rate ratio between 12.5<0,,...,/0,.:<17.5 the temperature distri-
butions corresponds qualitatively to that of the nominal case discussed in chapter 6. For this
combination the jet is able to cross the centerline and to interact with the main flow also in
the region in the sector $=180°. The temperature rise at the centerline covers the shell in
both planes $=0°-180° and $=90°-270°.
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Although for 0,.../0,.=11.1 the jet is able to enter the annular gap opposite the nozzle
the temperature profile in the plane $=90°-270° corresponds qualitatively to that of the nomi-

nal case.
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Figure 7.12: Measured temperature distribution as a function of the geometry adapted co-
ordinate s in the plane $=0°-180° for different jet flow rates Q,, and the condi-
tions Q,.,=18m°h, T,=300°C and T,,,=345°C. (0) Q,=1.62mh, (O)
0j.=1.4m%h, (m) 0,=1.2m%h, (0) Qi =1m%h and (£) 0,,=0.8m*/h.

According to this experimental observation the leading parameter for the window cool-
ing/heating is the flow rate ratio. The dependence of temperature distribution on the flow rate
ratio in the current geometrical configuration holds as long as the flow is highly turbulent,
which is ensured for main flow rates Qma,-,125m3/h and jet flow rates Qj€[20.33m3/h.

Unfortunately, for the small jet flows below (Q,,<0.5m%h) a long term stable experiment
could not be conducted, because the temperature differences in the lower part of the shell
were extremely small and almost all thermal energy of the jet was transferred to the main
flow in the annular gap before reaching the nozzle exit. Also the temperature regulation of
the jet flow heater exhibited larger fluctuations, so that these results are not presented here.
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Figure 7.13: Measured temperature distribution as a function of the geometry adapted co-
ordinate s in the plane ¢=90° for different jet flow rates Q,, and the conditions
Onan=18m%h, T,,=300°C and T},,,=345°C. (1) Qi.=1.62m°h, (O) Q;,=1.4m°h,
(w) 0,=1.2m%h, (0) Q. =1m%h and (¢) 0,,=0.8m%/h.

The figures 7.14a-f show the temperature distribution near the riser wall along the axial
coordinate z for several angular positions, $=0°, $=180° and ¢$=270°.

The figures 7.15 illustrate the temperature distribution at the thermocouple rake in the
height z=105.7mm in the nozzle plane ($=0°-180°) and normal to it ($=90°-270°). Both figures
are displayed in a dimensional and a non-dimensional way.

Especially the comparison of the non-dimensional values in both graphs exhibits clearly
that the temperature distribution depends only on the chosen flow rate ratio Q,.../O;.. and not
on the chosen temperature level or the absolute value of the flow rate in the jet or main flow
as long as both are highly turbulent.
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Figure 7.14: Measured dimensional and non-dimensional temperature distribution as a
function of the axial length z at »=59.5mm for different jet flow rates Q,., and the
conditions Q,m,,-n=18m3/h, T;,,=300°C and T;,;,,=345°C. (a) and (d) ¢=0°, (b) and
(e) $=180° and (c) and (f) $=270°. (1) Q.=1.62m%h, (O) Q.=1.4m%h, (m)
Qi.=1.2m%, (0) Qi=1m°h and (¢) 0,,=0.8m%h.
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Figure 7.15: Measurement locations in the nozzle plane (a) on $=0°-180° and normal to it
(d) $=90°-270°. Measured dimensional and non-dimensional temperature dis-
tribution as a function of the radius r at a height z=105.7mm for Qmam=18m3/h,
7,=300°C and T,.=345°C. (1) Q.=1.62m’h, (O) Q.=1.4m°h, (m)
Qi=1.2m%h, (0) Q;=1m%h and (£) 0,,=0.8m° h.

7.2.2 Influence of the jet flow variation on the turbulent temperature fluctuations

Similar to the main flow variation also for the variation of the jet flow rate a non-steady
behavior of the flow is found throughout the whole investigated parameter range. Again the
spatial distribution of the normalized temperature fluctuations depends only on the adjusted
flow rate ratio Q,...#/O,... This can be seen from the figure 7.16a-d, which show the tempera-
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ture fluctuations close to the shell in both planes $=0°-180° and $=90°-270°. A comparison of
the normalized values of the figures 7.16 with the data displayed in figures 7.6 and figures
7.7 confirms, that the fluctuation intensity is independent of the chosen temperature level.
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Figure 7.16: Measured dimensional and non-dimensional temperature fluctuation distribu-
tions (RMS-values) as a function of the geometry adapted coordinate s in the
plane ¢=0°-180° (a, b) and ¢$=90°-270° (c,d) for different jet flow rates Q. and
the conditions O,...,=18m*h, 7;,=300°C and T je=345°C. (1) Qje,=1.62m3/h, (O)
Qie=1.4m°h, (m) 0, =1.2m%/h, (0) Q;,=1m*h and (£) Q,.,=0.8m%/h.
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For completeness the figures 7.17 and 7.18 show the normalized RMS-Values of the
temperature fluctuations in case of varying jet flow rates in a dimensional and non-
dimensional way. But, again here no further insight and gain in understanding is obtained.
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Figure 7.17: Measured non-dimensional temperature fluctuation distribution (RMS-values)
as a function of the axial coordinate z on the lines ¢$=0°(a), $=180°(b) and
$=270°(c) at »=59.5mm for different jet flow rates and the conditions
Omain=18m°/, T,,=300°C and T},,,=345°C. (1)) Qi,=1.62m%h, (O) Q,,=1.4m°,
(w) Q,=1.2m%h, (0) Q,.,=1m%h and (¢) 0,,=0.8m°/h.
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Figure 7.18: Measured non-dimensional (b, d) temperature fluctuation distribution (RMS-
values) as a function of the radius r in a height z=105.7mm in the plane ¢=0°-
180° (a,b) and $=90°-270° (c, d) for different jet flow rates Q,, and the condi-
tions Q,.,=18m°h, T,=300°C and T,,.=345°C. (U) Q,=1.62mh, (O)
Qie=1.4m°h, (m) 0, =1.2m%/h, (0) Q;,=1m*h and (£) Q,.,=0.8m%/h.

7.2.3 Summary of the jet flow rate variation

The jet flow rate variation was performed for jet flow rates from Qje,=0.8m3/h to
1.62m%h at a fixed main flow rate (0,..,=18m%h) and constant inlet temperatures. The ratio
Omai’Qjer cOVered in this investigation ranges from 11.1<0,,../0;.<22.5. Moreover, a lower jet
inlet temperature has been chosen to investigate the influence of the thermal effects. The
main results of this parameter variation are:

- In the investigated flow rate ratio range mainly three different flow types exist. The
first one ranges appears Q,.../0j..<12.5. The features of the mean temperature dis-
tribution and the fluctuations detected in this range correspond to the findings in
chapter 7.1.3. Already at the flow rate ratio Q,.../O.. <12.85 a double peak in the
temperature distribution in the nozzle plane $=0°-180° is recorded. This structure
last up to flow rate ratios up to Q,...’O: <18. Thus, the limiting borders of the flow
pattern in the lower shell which is similar to the nominal one discussed in chapter 6
ranges from 12.5<0,,../O;: <18. The third flow pattern for which the jet is mainly
confined to the sector ¢=0° starts to establish for the conditions Q,,.i/O;e:>18.
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- The non-dimensional results of the mean temperature distributions and the corre-
sponding temperature fluctuations for the variations of the jet and the main flow al-
most coincide for the same values of the ratio 0,.../O;.. This means that in the in-
vestigated parameter range only the chosen flow rate ratio determines the flow pat-
tern and not the absolute values of the individual flow rates and also not the tem-
perature difference between the main flow and the jet flow. Moreover, in all experi-
ments the jet behaves as an inertial jet.

- For all jet and main flow variations investigated the flow close to the shell and also
in the riser tube is time dependent. The local fluctuation intensities measured are of
the order of several Kelvin. The fluctuation frequencies are larger than 1Hz.

General conclusion

One of the aims of the experimental series of the jet flow variation was to determine the
borders of the different flow regimes occurring at different flow rate ratios Q,..i/Q;.. The most
efficient mode to cool the lower bottom of the target shell in MEGAPIE is a flow rate ratio
Omain’Q5e<12.5. Only below this limiting flow rate ratio border the jet covers the whole shell.
Already at flow rate ratio of 0,.../0,.,=12.85 the jet can detach from the shell before reaching
the centerline. This would be associated with an increase of the window material tempera-
tures. Although for Q,../0;.<12.5 the temperature fluctuations are most pronounced they
occur in a frequency range of larger than 1Hz. These rather high frequencies do not lead to
large temperature pulsations for the MEGAPIE design. A shift of the temperature difference
between main and jet flow at a constant flow rate ratio Q,.../O,.. does not alter the evolving
flow pattern. In all cases investigated and envisaged for MEGAPIE the jet behaves as an
inertial jet.

8 Conclusions and recommendations

The liquid metal experiment named heated jet, which is presented in this report is a
nearly 1:1 geometric representation of the lower part of the MEGAPIE target. In the context
of the liquid metal experiment a heated jet is injected into a cold main flow in order to investi-
gate the temperature distribution and the turbulent mixing of thermal energy within the lower
part of the target geometry. One of the aims of the liquid metal experiment is to elaborate
based on the temperature readings the borders between the different flow regimes in the
MEGAPIE geometry, which occur in dependence on the flow rate ratio of main to jet flow
(Omain’Ojer) and match these results with the velocity field data and observations gained in a
water experiment with almost the same dimensions. This is of crucial importance since direct
velocity measurements in the geometry were not possible. The experimental analysis is ac-
companied by a numerical simulation of the three-dimensional turbulent flow in the test ge-
ometry. Variations of the main flow rate and the jet flow rate which may occur due to inci-
dents or chosen by the operator are investigated within the operational limits of the
MEGAPIE target. Additionally, a temporal analysis of the data is performed in order to quan-
tify their impact on the operational limits of the target and to determine the flow pattern evolv-
ing in the lower shell.

Although a considerable effort has been spent to simulate the turbulent flow in the ge-
ometry for the nominal flow rate ratio Q,.../O;,=15, a comparison of the numerical and ex-
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perimental data revealed, that the geometry is highly sensitive to asymmetries and events far
upstream. Although pre- and post test measurements of the test module show a symmetric
experimental set-up with respect to the nozzle plane ($=0°-180°), the experimental tempera-
ture data revealed a non-symmetric behavior especially in the riser tube. This asymmetry is
independent of the history, the chosen temperature levels and the adjusted flow rate ratio
and hence indicates the sensitivity of this flow geometry to marginal deviations. Due to the
assumed symmetry in the nozzle plane $=0°-180° the numerical simulation produced only
steady results, while in the liquid metal experiment for all investigated flow rate ratio combi-
nations a highly time-dependent flow was recorded.

The temperature oscillations found experimentally are considerably high. At the shell
and in the lower part of the riser tube the dimensionless temperature fluctuations almost
reach values of the order of one. However, most of the energy is stored in frequencies larger
than 1Hz. Thus, the fluctuations are so fast, that they do not lead to large temperature oscil-
lations within the structural material of the MEGAPIE target shell, which may lead to fatigue.
The highest fluctuation intensities are recorded for low flow rate ratios Q,..:,/0,.<12.5 and
appear close to the lower part of the shell. With increasing flow rate ratios the turbulence
intensity decreases in the whole geometry.

A detailed temporal analysis of thermocouple readings in the geometry was performed
for the nominal case with a flow rate ratio Q,..i/Qje=15.

It exhibits a rather complex flow pattern in the lower shell. The main part of the jet flow
hits the shell before reaching the centerline, detaches from it and a part of the jet reattaches
the shell again beyond the centerline on the opposite side of the nozzle. While the jet de-
taches from the shell it interacts with the main flow forming a secondary flow at the bottom of
the hemispherical shell. Additionally, the interaction of the jet with the shell and the main flow
generates a pair of counter-rotating vortices, which rotate in the planes z=constant and are
separated by the plane $=0°-180°. A minor part of the jet flow separates at the lower edge of
the riser tube in form of a separation vortex. Finally, an asymmetric detachment of the main
flow at the lower rim of the riser tube generates a global helically upwards directed motion.
Close to the shell the temperatures fluctuate considerably and RMS values of up to 50% of
the adiabatic mixing temperature are obtained. As the flow proceeds downstream in the riser
tube the fluctuation intensities continuously decrease. A power-spectral density analysis
(PSD) for different temperature time series shows, that the turbulent temperature field in the
riser tube is quasi-isotropic. Hence, the measured intensity of the detected vortices does not
lead to a quasi two-dimensional turbulence structure.

The flow pattern established in the MEGAPIE design essentially depends on the cho-
sen flow rate ratio (Q,.../O;.) between main flow and bypass flow. A dimensionless analysis
of the experimental results yields that the flow pattern and the turbulence intensities are in-
dependent of the absolute values of the temperature and the flow rates as long as the main
and bypass flow are highly turbulent. A change of the flow rate ratio leads to completely dif-
ferent flow patterns in the lower part of the hemispherical shell. In the scope of this experi-
mental study we identified three different flow patterns.

= Qmain/Qjet>1 8
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Here, the jet is mainly confined to the nozzle plane in the sector $=0°. Most
of the temperature rise occurs in the nozzle adjacent domain in the sector
$=0°

The jet does not cover the whole lower part of the shell, because of the
strong momentum of the main flow. It hardly reaches the lower bottom of the
shell at the centerline of the geometry.

The temperature rise close to the centerline of the shell in the nozzle plane
$=0°-180° and transverse to it $=90°-270° is rather low.

Before the jet reaches the plane $=90°-270° at the centerline it is displaced
sideways. Thus the highest measured temperatures and temperature fluc-
tuation intensities are not found on the centerline. They are displaced by
about 30mm from the centerline.

Most of the jet flow is separating at the lower rim of the riser tube and is
transported downstream.

The thermal mixing is compared to lower flow rate ratios the worst, because
a significant portion of the jet is involved in the flow separation at the lower
edge of the riser tube generating there a large scale recirculation area con-
fined to the sector $=0°. The thermal energy from this sector to the adjacent
fluid domains is rather poor.

- 12.5<0,0i/0je<18

O

For this configuration the pattern corresponds to the one of the nominal
case, in which the jet impinges the lower shell and splits off in several
streams. One of them enters the sector $=180° and interacts with the main
flow.

Directly at the centerline the jet does not cover the lower bottom of the shell.
Here, which is more severe for the application also the temperature fluctua-
tion intensity is rather small.

Another one forms a recirculation area in the sector ¢=0° arising from the
separation at the lower edge of the riser tube.

A complex flow pattern evolves in the plane ¢$=90°-270°, which is character-
ized by the interaction of main and jet flow. Nevertheless the impact of the
jet flow is significantly reduced in this plane.

Downstream in the riser tube the main features observed correspond to
ones found in nominal case.

The thermal mixing is weaker than for flow rate ratios Q,..,/0,.<12.5 and it is
not only concentrated to the shell region. Even for z>236mm measurable
temperature differences are found. Especially at the line $=0° close to the
riser tube lumps of fluid with high temperature are observed. They show a
high fluctuation intensity.

- Qmain/ jetS1 25

O

Here, the jet flow covers the whole lower shell in the nozzle plane and side-
ways from it.

Moreover, the jet flow is even able to enter the annular gap opposite the
nozzle exit.

Although this flow pattern is the most unsteady configuration, in which close
to the shell fluctuation intensities of 80% and more appear, most of the fluc-
tuations are located in a frequency range larger than 1Hz.
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o The thermal mixing occurs on large scales within the lower part of the hemi-
spherical shell in all directions.

o The thermal mixing of the jet with the main flow is mostly finished already in
a height of z=105.7mm above the lower bottom of the shell. The tempera-
ture fluctuations recorded there are about 10-15%.

The observations and conclusions drawn from the temperature readings and the spa-
tio-temporal analysis coincide with the experimental findings of the water experiment, see
Stieglitz et al. (2005). There, also mainly three different flow patterns were detected appear-
ing at the same flow rate ratio combinations.

Regarding the operational threshold of the MEGAPIE target flow rate ratios of
Omai’Qjer >18 must be avoided in any case, because here the jet flow can not reach the lower
bottom of the target shell and thus cool the window, where it experiences the highest heat
load.

But also the flow rate ratio range from 12.5< 0,...,,/O;. <18 should be avoided. Al-
though a strong interaction of the jet flow with the main flow and the shell was observed the
temperature close to the centerline in the nozzle plane $=0°-180° exhibited a local minimum
and also the temperature fluctuation intensity there is not sufficiently large. Especially at this
position the highest surface heat fluxes occur in the MEGAPIE target.

The MEGAPIE target requires that the jet covers the centerline at the lower bottom of
the shell in both planes $=0°-180° and ¢$=90°-270°. This constraint is only fulfilled for flow
rate ratios 0,../0;.<12.5. Also the fluctuation intensities are largest for this configuration, the
fluctuations are located in a frequency range larger than 1Hz, which does not yield to signifi-
cant temperature oscillations of the lower shells material. For these flow rate ratios the fluc-
tuations occur on large geometrical scales mainly in the lower part of the shell. This, how-
ever, leads to an efficient thermal mixing of both fluid flows, so that the temperatures are
mostly equalized to the adiabatic mixing temperature even in a distance of less than 150mm
away from the lower bottom of the target shell. Consequently, these flow rate ratios ensure
an efficient mixing desired in MEGAPIE to keep the thermal stresses of the riser tube within
acceptable limits.
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Appendix A

Appendix A Instrumentation positions in the experiment
No. Sensor @ [mm] | L [mm] | Meas. range | » [mm] O[] | 2 [mm] local description
1 NiCrNi-TE 0,5 600 0-500°C 14,6 0 4,3 Shell
2 NiCrNi-TE 0,5 600 0-500°C 35,5 0 10,9 Shell
3 NiCrNi-TE 0,5 600 0-500°C 54,0 0 22,7 Shell
4 NiCrNi-TE 0,5 600 0-500°C 68,8 0 38,8 Shell
5 NiCrNi-TE 0,5 600 0-500°C 68,8 90 38,8 Shell
6 NiCrNi-TE 0,5 600 0-500°C 84,0 90 113,0 Shell
7 NiCrNi-TE 0,5 600 0-500°C 14,6 180 43 Shell
8 NiCrNi-TE 0,5 600 0-500°C 35,5 180 10,9 Shell
9 NiCrNi-TE 0,5 600 0-500°C 54,0 180 22,7 Shell
10 | NiCrNi-TE 0,5 600 0-500°C 68,8 180 38,8 Shell
11 NiCrNi-TE 0,5 600 0-500°C 75,8 180 51,0 Shell
12 NiCrNi-TE 0,5 600 0-500°C 83,8 180 82,0 Shell
13 NiCrNi-TE 0,5 600 0-500°C 84,0 180 113,0 Shell
14 | NiCrNi-TE 0,5 600 0-500°C 84,0 180 176,0 Shell
15 | NIiCrNi-TE 0,5 600 0-500°C 84,0 180 | 238,0 Shell
16 | NIiCrNi-TE 0,5 600 0-500°C 14,6 | 270 4,3 Shell
17 NiCrNi-TE 0,5 600 0-500°C 35,5 | 270 10,9 Shell
18 NiCrNi-TE 0,5 600 0-500°C 54,0 [ 270 22,7 Shell
19 NiCrNi-TE 0,5 600 0-500°C 68,8 | 270 38,8 Shell
20 | NIiCrNi-TE 0,5 600 0-500°C 84,0 | 270 113,0 Shell
21 NiCrNi-TE 0,5 600 0-500°C 84,0 | 270 176,0 Shell
22 | NiCrNi-TE 0,5 600 0-500°C 84,0 | 270 | 238,0 Shell
23 NiCrNi-TE 0,5 3500 0-500°C 59,5 0 43,7 End riser tube
24 NiCrNi-TE 0,5 3500 0-500°C 59,5 0 74,7 End riser tube
25 NiCrNi-TE 0,5 3500 0-500°C 59,5 0 105,7 End riser tube
26 | NIiCrNi-TE 0,5 3500 0-500°C 59,5 0 137,7 End riser tube
27 | NiCrNi-TE 0,5 3500 0-500°C 59,5 0 168,7 End riser tube
28 | NIiCrNi-TE 0,5 3500 0-500°C 59,5 90 43,7 End riser tube
29 NiCrNi-TE 0,5 3500 0-500°C 59,5 180 43,7 End riser tube
30 NiCrNi-TE 0,5 3500 0-500°C 59,5 180 74,7 End riser tube
31 NiCrNi-TE 0,5 3500 0-500°C 59,5 180 105,7 End riser tube
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No. Sensor @ [mm] | L [mm] | Meas. range | » [mm] O[] | 2 [mm] local description
32 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 180 | 137,7 End riser tube
33 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 180 | 168,7 End riser tube
34 | NiCrNi-TE 0,5 3500 0-500°C | 69,5 | 180 43,7 End riser tube
35 | NiCrNi-TE 0,5 3500 0-500°C | 69,5 | 180 | 105,7 End riser tube
36 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 270 43,7 End riser tube
37 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 270 74,7 End riser tube
38 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 270 | 105,7 End riser tube
39 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 270 | 137,7 End riser tube
40 | NiCrNi-TE 0,5 3500 0-500°C | 59,5 | 270 | 168,7 End riser tube
41 | NiCrNi-TE 0,5 3500 0-500°C | 69,5 | 270 43,7 End riser tube
42 | NiCrNi-TE 0,5 3500 0-500°C | 69,5 | 270 | 1057 End riser tube
43 | NiCrNi-TE 0,5 3500 0-500°C | 10,5 0 105,7 End riser tube
44 | NiCrNi-TE 0,5 3500 0-500°C | 22,5 0 105,7 End riser tube
45 | NiCrNi-TE 0,5 3500 0-500°C | 34,5 0 105,7 End riser tube
46 | NiCrNi-TE 0,5 3500 0-500°C | 46,5 0 105,7 End riser tube
47 | NiCrNi-TE 0,5 3500 0-500°C | 22,5 90 105,7 End riser tube
48 | NIiCrNi-TE 0,5 3500 0-500°C | 59,5 90 105,7 End riser tube
49 | NiCrNi-TE 0,5 3500 0-500°C | 10,5 | 180 | 105,7 End riser tube
50 | NiCrNi-TE 0,5 3500 0-500°C | 22,5 | 180 | 105,7 End riser tube
51 | NiCrNi-TE 0,5 3500 0-500°C | 34,5 | 180 | 105,7 End riser tube
52 | NiCrNi-TE 0,5 3500 0-500°C | 46,5 | 180 | 105,7 End riser tube
53 | NiCrNi-TE 0,5 3500 0-500°C | 10,5 | 270 | 105,7 End riser tube
54 | NiCrNi-TE 0,5 3500 0-500°C | 22,5 | 270 | 1057 End riser tube
55 | NiCrNi-TE 0,5 3500 0-500°C | 34,5 | 270 | 1057 End riser tube
56 | NiCrNi-TE 0,5 3500 0-500°C | 46,5 | 270 | 105,7 End riser tube
57 | NiCrNi-TE 1,0 3500 0-500°C | 59,5 0 238,0 Innenrohr (Riser)
58 | NiCrNi-TE 1,0 3500 0-500°C | 59,5 0 363,0 Inner tube (riser)
59 | NiCrNi-TE 1,0 3500 0-500°C | 59,5 | 180 | 238,0 Inner tube (riser)
60 | NiCrNi-TE 1,0 3500 0-500°C | 59,5 | 180 | 363,0 Inner tube (riser)
61 NiCrNi-TE 1,0 3500 0-500°C 59,5 | 270 | 238,0 Inner tube (riser)
62 | NiCrNi-TE 1,0 3500 0-500°C | 59,5 | 270 | 363,0 Inner tube (riser)
63 | NiCrNi-TE 1,0 3500 0-500°C | 69,5 | 180 | 238,0 Inner tube (riser)
64 | NiCrNi-TE 1,0 3500 0-500°C | 69,5 | 180 | 363,0 Inner tube (riser)
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No. Sensor @ [mm] | L [mm] | Meas. range | » [mm] O[] | 2 [mm] local description

65 | NiCrNi-TE 1,0 3500 0-500°C | 69,5 | 270 | 238,0 Inner tube (riser)

66 | NiCrNi-TE 1,0 3500 0-500°C | 69,5 | 270 | 363,0 Inner tube (riser)

67 | NiCrNi-TE. 0,5 3000 0-500°C 7,5 420,5 (ehemals mpp)

68 | NiCrNi-TE 0,5 3000 0-500°C 7,5 420,5 ")

69 | NiCrNi-TE 0,5 3000 0-500°C 7,5 427,5 (")

70 | NiCrNi-TE 0,5 3000 0-500°C 7,0 270 | 427,5 Instr.-rod(Prandtl)

71 | NiCrNi-TE 1,0 3000 0-500°C | 15,5 0 485,0 Instr.-rod

72 | NiCrNi-TE 1,0 3000 0-500°C | 31,5 0 1542,0 Instr.-rod

73 | NiCrNi-TE 1,0 3000 0-500°C | 31,5 0 2000,0 Instr.-rod

74 | NiCrNi-TE 1,0 1800 0-500°C | 76,5 0 1730,0 | above flow straight-

75 | NiCrNi-TE 1,0 1800 0-500°C | 76,5 90 | 1730,0 | above fﬁ)r\]/\?;traight-

76 | NiCrNi-TE 1,0 1800 0-500°C | 76,5 | 180 | 1730,0 | above fﬁ)rxgtraight-

77 | NiCrNi-TE 1,0 1800 0-500°C | 76,5 | 270 | 1730,0 | above fl(?)r;\(/a;traight-

78 | NiCrNi-TE 1,0 2200 0-500°C | 72,1 0 53,5 Jet dl?cr;ce;ozzle

79 | NiCrNi-TE 3,0 300 0-500°C | 76,8 45 | 1542,0 Outer tube

80 | NiCrNi-TE 3,0 300 0-500°C | 76,8 45 892,0 Outer tube

81 TE +8°7? 3,0 300 0-500°C | 76,8 | 225 | 892,0 Outer tube

82 | NiCrNi-TE 3,0 300 0-500°C | 76,8 | 315 | 892,0 Outer tube

83 | NIiCrNi-TE 3,0 300 0-500°C | 76,8 | 135 | 1542,0 Outer tube

84 | NiCrNi-TE 3,0 300 0-500°C | 76,8 | 225 | 1542,0 Outer tube

85 | NICrNi-TE 3,0 300 0-500°C - - 1637,0 jet duct -inflow

90 Pabs (KS) 10x1 - 0-35bar | 87,0 135 892,0 outer tube

91 Pabs (KS) 10x1 - 0-3.5bar - 0 1637,0 jet duct inflow

92 Pabs (KS) 10x1 (2400) | 0-3.5bar | 10,5 | 180 700,0 | instrumentation rod

93 Pabs (KS) 10x1 (905) 0-35bar | 31,5 | 180 | 1900,0 | instrumentation rod

94 | pair (Rsm) 6x1 (3000) 0 - 0,0 4 350,0 | instrumentation rod
Pairt (Rsm) 6x1 (3000) 62 mbar 4,0 |0/180 | 385,0 (Prandtl-probe)

95 Pairt (Rsm) 6x1 0 - jet duct -inflow
Pairt (Rsm) 6x1 62 mbar (Pitot+stat. pressure)

96 Pairt (Rsm) 10x1 0 - Annubar probe
Pairt (Rsm) 10x1 620 mbar
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Appendix B Heat losses of the experiment to the ambient

Of crucial importance are the heat losses along the whole flow path to the ambient in
order to calculate the adiabatic mixing temperature T, .aic. The adiabatic mixing temperature
is obtained from an energy balance in the following way:

P(Z; ) Ooain € (7;;1)' T, + p(Tjez,m)' Qi €,y (Tjez,in)' Tiotin = Bloss + P(Tadibazic)' Ootat "€ (Tadibatic)' T dipatic (C1)
with 7in[K]

The losses can be determined analytically over the whole length assuming heat conduction
from the liquid/solid interface of the downcomer towards the outside of the thermal insulation
in a cylinder of a length of 2.5m. The temperatures measured at the outside of the insulation
were 26°C during the experimental runs and almost constant over the whole height. As the
experimental runs in chapter 5-7 have shown, the temperature at the outside of the gap was
almost that of the main flow inlet, which was 300°C. The thermal insulation consists of a
multi-layer structure, in which beyond the steel walls confining the liquid an air gap exists
necessary for the supplementary heaters. The air gap is bordered by a 0.2mm thick steel foil
around which rock wool is wrapped. The final insulation layer is a 1mm thick aluminium foil.
The detailed arrangement and the dimensions are shown in the figures C1.

The heat loss can be calculated by
Q = ])loss = (k : A) (Tmain,in - T:Imbient) ’ (02)

where & is the heat transfer coefficient and 4 an equivalent area [m?]. The total heat transfer
coefficient is calculated as a sum of the individual heat resistances (k;4,)" of each layer,

->— (C3)

k=i, (C5)

with A; as the specific heat conductivity of the layer i and AR its thickness. The equivalent
area 4, is given by relation C5

R .—R..
Lwith R, =% 70 (C5)

log:
R .
1n[ ””]
Ri,i

Herein, R,; and R;; are the outer and inner radii of each layer. The calculation yields a total
heat loss of the cylindrical part of 184Watt. A similar procedure for the lower part yields
32Watt. Thus, the total heat losses in the considered geometry amount to 216Watt, which is
less than 1% of the thermal energy to be transferred in the module.

4 =2n R

log
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Combined flow
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Figure 1: Geometric configuration of the thermal insulation used in the heated jet ex-
periment.
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Appendix C Thermo-physical properties of lead bismuth
T[°C] |plkg/m’] |A[W/(mK)] | v107 [m”s] |c10° [A/Vm)] |c, [J/(kgK)]
130 10559 8.9 3.006 9.004 150.4
150 10531 9.1 2.719 8.943 149.9
200 10462 9.7 2.275 8.771 148.7
250 10393 10.3 1.971 8.600 147.5
275 10359 10.6 1.854 8.565 146.9
300 10325 10.9 1.754 8.428 146.3
325 10290 11.3 1.700 8.386 145.7
350 10256 11.6 1.592 8.257 145.1
375 10221 11.9 1.525 8.211 144.5
400 10187 12.2 1.467 8.085 143.9

The values for the specific thermal-hydraulic properties have been calculated using the fol-

lowing correlations for the:

a.)

density p [kg/m’] :

p(7)=10°-(11.113-1.375-107 -7 with T in[K] valid for 125°C<7<1222°C

specific heat conductivity A [W/(mK)]
MT)=6.851+1.0174-1072-T with T'in [K] valid for 130C°<7<700°C

kinematic viscosity v 10°[m?/s] :

0.497 - exp[mj

w(T)= L/ withTin[K] valid for 300°C<7<637°C
(11.113-1.375-107.7)

specific electric conductivity o 10° [A/(Vm)] :

o(T)= ! —— with Tin[K] valid for 200°C<7<500°C
89.343+5-1072-T

heat capacity ¢, [J/(kg K)] :

¢,(1)=10°-(0.160-2.385-10-T) with T'in [K] valid for 125°C<7<827°C

(C1)

(C2)

(C3)

(C4)

(C5)

The thermo-physical values are taken from Imbeni et al. (1999) [28], Lyon [55] and Yefimov

[56].
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Appendix D Repeatability of the measurements

In order prove the quality of the experimental results the reference case has been
measured at different days. Additionally, the adjustment of the flow rate ratio between main
flow and bypass flow has been realized in different ways. This methodology has been cho-
sen to exclude a flow pattern establishment, which might depend on the history caused by
flow induced asymmetric inlet flow or other reasons. The figures D1- D4 show the mean
temperatures and the RMS values of the temperature fluctuations measured at three different
days for the reference case in the nozzle plane ¢=0°.

Regarding the mean values the maximum deviation between the individual data sets
reached has been a little less than 0.4K. This occurred immediately at the shell, while in the
rest of the measurement positions the deviations are considerably smaller. Normalized with
the driving temperature difference AT this represents a spread-width of the measurements of
0.12%, which is less than the accuracy of the thermocouples.

At the same position also the maximum bandwidth of the RAMS-values has been de-
tected. In absolute values the differences between the data sets reached a ARMS of 0.2K,
which is normalized with the adiabatic mixing temperature a deviation of at maximum 5%. At
all other positions in the flow domain the temperature fluctuation differences are significantly
smaller.

Based on this results the measurements can be considered as time and history independent
with a considerable large confidence.
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| |
| |

325,0

T
|
|
|

—| —8—-141003-3.DAT, 18,0/1,2m*h ,T78=345,0°C |- - —1— - - — - — — — —
|
——211003-7.DAT, 18,0/ 1,2 m*h ,T78=344,9°C :
|

320,0

—#—221003-3.DAT, 18,0/ 1,2 m*h ,T78=345,0°C

315,0

T/°C]

310,0

305,0

300,0

295,0

Figure D.1:  Temperature distribution measured at three different days as a function of the
geometry adapted coordinate s in the plane ¢$=0° and the reference conditions
Omain=18m%, 0,,=1.2m%h.
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Figure D.2: Temperature fluctuation distribution (RMS-values) recorded at three different
days as a function of the geometry adapted coordinate s for $=0° and the ref-
erence conditions Q,,.,=18m°h, Q,.,=1.2m%h, 7,,=300°C and T;,,,=360°C.
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Figure D.3: Temperature distribution in the plane z=105.7mm measured at three different
days as a function of the radius r for $=0° and the reference conditions
Onain=18mh, 0,,=1.2m*h, T,,=300°C and T}, ,,=360°C.
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Figure D.4. Temperature fluctuations recorded at a height z=105.7mm as a function of the

radius r at three different days for ¢=0° and the reference conditions
Onain=18m%h, 0,,=1.2m*h, T,,=300°C and T}, ,.,=360°C.
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