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ABSTRAC'l' 

In electrically coupled multichannel ducts with a U-bend geometry magnetohy

drodynamic effects are expected to cause strongly ununiform distributions of flow 

rates Qi and pressure drops ~Pi in the individual channels. A multichannel U
bend geometry is part of the KfK self-cooled Pb-17 Li blanket design (radial
toroidal-radial channels), however, inserts are proposed which isolate electrically 

the radial channels (not the toroidal ones). 

To investigate the multichannel effect (MCE), screening experiments were per

formed at LAS, Riga, Latvia with different flow channel geometries and channel 
numbers between 1 and 5 and using InGaSn as liquid metal. These experiments 
were carried out with either ~Pi =const or Qi =const. Hartmann Numbers were 
varied between 0 and = 1600 (maximum magnetic field strength: 4.1 T) and Inter

action Parameters between 0 and 10000. 

For experiments with electrically conducting walls between the channels, the vol

ume flow rates in the outer channels are significantly larger than those in the in
ner channels in the experiments with ~Pi =const. For Qi =const., this tendency is 
reversed, with the highest pressure drop in the middle channel and the lowest in 

the outer channels. No significant difference is observed between conducting and 
nonconducting outside walls. There is also no marked difference between the mul

tichannel U bend and the multichannel 90° bend. An inclination of the magnetic 
field of 12° in the plane of the toroidal channels does not effect remarkable the vol

ume flow rate and the pressure distribution. 

The flow geometry with electrically separated radial channels, similar to the KfK
design result in a fairly even flow rate and pressure drop distribution. The single 

channels behave approximately like electrically separated channels; no marked 
MCE occurrs. 

A theoretical analysis was carried out to describe the MCE for the multichannel 

U-bend with thin electrically conducting outside walls. This analysis is based on 
the Core Flow Approximation (CFA), valid for infinitely large Interaction Param

eters and Hartmann N umbers. The theory predicts correctly all tendencies ob
served for the pressure measurements. Moreover, the method is able to describe in 

detail the flow structure in the toroidal channel. The mostessential result isthat 

the flow rate in the layer close to the First Wall increases significantly with in

creasing channel number. This tendency is very benificial for heat transfer in a fu

sion blanket. 



MHD-Strömung in Mehrkanal-U-U mlenkungen: 
Screening Experimente und theoretische Analysen 

Zusammenfassung 

In elektrisch gekoppelten Mehrkanal-Strömungsführungen mit U-förmiger Geo
metrie erwartet man aufgrund magnetohydrodynamischer Effekte eine stark un
gleichförmige Verteilung der Durchsätze Qi und der Druckverluste Llpj. Eine sol
che U-förmige Strömungsführung wird bei dem vom KfK-vorgeschlagenenen 
selbstgekühlten Pb-17Li Blanket Konzept verwendet (radiale-toroidale-radiale 
Kanäle). Allerdings werden dabei Einsätze verwendet, die die radialen Kanäle 
(nicht die toroidalen) voneinander elektrisch isolieren. 

Zur Untersuchung des Vielkanaleffektes (VKE) wurden in Riga, Lettland 
Screening-Experimente mit InGaSn durchgeführt mit verschiedenen Kaualgea
metrien und Kanalzahlen 1 bis 5. In den Versuchen wurde entweder Llpi oder Qi 
konstant gehalten bei Variation der Hartmannzahlen zwischen 0 bis 1600 (maxi
male magnetische Feldstärke 4.1 T) und Interaktionsparameter zwischen 0 und 
10000. 

Bei Verwendung von elektrisch leitenden Wänden zwischen den Kanälen zeigt 
sich für Llpi =const., daß die Volumenströme in den äußeren Kanälen wesentlich 
höher sind als in den inneren Kanälen. Bei Qi =const ist die Tendenz umgekehrt: 
hier treten die höchsten Druckverluste im inneren Kanal aufund die niedrigsten 
in den Außenkanälen. Zwischen Kanälen mit elektrisch leitfähigen oder nichtleit
enden Außenwänden ist kein ausgeprägter Unterschied vorhanden. Nur geringfü
gige Unterschiede ergeben sich auch beim Vergleich einer mehrkanaligen U
förmigen Strömungsführung mit einem mehrkanaligen 90° Krümmer. Eine 
Neigung des Magnetfeldes um 12° in der Ebene der toroidalen Kanäle bewirkt 
keine signifikante Änderung der Volumenstrom- und Druckverlustverteilungen. 

Die Strömungsgeometrie, die ähnlich wie der KfK Entwurfmit elektrisch isolier
ten Radialkanälen ist, bewirkt eine recht gleichmäßige Verteilung in bezugauf 
Durchfluß und Druckverlust. Die einzelnen Kanäle verhalten sich in erster Nähe
rung wie elektrisch separate Kanäle, es wurde kein ausgeprägter VKE beobach
tet. 

Eine theoretische Analyse wurde durchgeführt, um den VKE für die Mehrkanal
geometrie mit leitenden Außenwänden zu beschreiben. Die Analyse basiert auf 
der sog. Core Flow Approximation, gültig für unendlich große Interaktionspara
meter und Hartmannzahlen. Die Theorie beschreibt korrekt alle bei den Druck
messungen beobachteten Tendenzen. Darüberhinaus ist das Verfahren in der 
Lage, die Strömungsstruktur im toroidalen Kanal detailliert zu beschreiben. Das 
wesentlichste Ergebnis ist, daß mit zunehmender Kanalzahl der Volumenstrom in 
der Schicht nahe der Ersten Wand erheblich zunimmt. Diese Tendenz ist sehr 
günstig in bezugauf die Wärmeabfuhr in einem Blanket. 
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1. INTROOUCTlON 

Magnetohydrodynamic (MHD) pressure drop is thoncritical issue for self-cooled 

liquid metal blankets for fusion reactors. The knowledge ofMHD flows was insuf

ficient to predict satisfactorily all flow geometries of interest. 

In the design proposed by KfK (Malang et al. [1-3]) one important example for this 

is the radial-toroidal-radial multichannel geometry as shown in Fig. 1.1, from [1]. 

Parallel toroidal first wall cooling channels where the main component of the 

magnetic field is aligned with the flow direction are connected with parallel radial 

inlet and outlet channels where the magnetic field is perpendicular to the flow di

rection. 'l'herefore, this geometry corresponds to a multiehannel U-bend. Com

pared to a single-channel U-bend large electrical currents may be induced across 

the radial channels which can result in prohibitively high pressure drops if no 

measures are taken against the induction of these currents. In the KfK design, 

flow channel inserts (FCI's) are used in the radial channels (for details see [3]), 

which should reduce significantly these currents. However, the remaining pres

sure drop, predicted by an electrical network method (for details see [3]), was still 

about 1 MPa which is about one third ofthe total pressure drop ofthe blanket. 

Pb-17Li 
Outlet lnlet 

radial channel 

Fig. 1.1: Cross-section of a self-cooled Pb-17Li blanket segment for DEMO 
(Malang et al [ lJ). 



-2-

The pressure drop due to this multichannel effect (denominated with MCE) is so 

important for the present design that specific experiments have to be carried out 

and more accurate prediction methods have tobe developed. 

The MCE effect was first investigated theoretically by Madarame [ 4] using strong

ly simplifying assumptions with respect to the velocity distribution in the liquid 

metal. Although this model cannot be applied quantitatively for the present geom

etry, it shows the significant tendencies. Therefore, this model is discussed in 

more detail in the next section. 

In order to investigate in more detail the MCE, both experimental and theoretical 

work is underway. Experimentally, two types ofexperiments were planned: 

A) Screening tests: The aim is to obtain in a short period of time information on 

the essential effects. Therefore, the experimental set-up should be simple, howev

er, should include the variation of flow geometries. The measurements should be 

limited to the measurements of the most important parameters, which are the vol

ume flow rates and pressure drops in the single channels and the magnetic field 

strength. 

In order to vary easily the flow geometries a liquid metal which does not react 

chemically with air or humidity is advantageaus because it allows opening of the 

test section and exchanging parts without a big effort of safety measures. Such a 

liquid metal is the alloy InGaSn which is used since many years in the MHD Iaba

ratory of the Institute ofPhysics (IP) of the Latvian Academy ofSciences (LAS) in 

Salaspils close to Riga, Latvia. In this institute a powerful supraconducting mag

net can be operated (MAG DA magnet; Bmax = 4,5T). In the frame of a joint coop

era tion the screening tests were performed there and the discussion of the corre

sponding resul ts is the subject of this report. 

B) Detailed Experiments: Here the aim is to provide data for code validation. The 

efforts in manufacturing of the test section are much larger compared to A) and 

the detailed measurement of local quantities such as potentials at the test section 

surface and pressures at many locations is required. These experiments will be 

performed with NaK as liquid metal in the MEKKA facility ofthe Institute of Ap

plied Thermo- and Fluid Dynamics (IATF) ofthe Kernforschungszentrum Karls

ruhe (KfK). Presently, this test section is manufactured; the experiments are 

planned to start in the end of 1992. 
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The theoretical work concentrates on the use of asymptotic solutions for both fully 

developed flow and three-dimensional flow. 



-4-

2. MULTICHANNEL EFFECTS 

2.1 Phenomena 

In a straight duct with parallel conducting channels and a magnetic field perpen

dicular to the flow direction but aligned with the front plane of the duct (see Fig. 

2.1a (from [ 4]), the eddy currents induced in the coolant flow back through the 

ribs. 'l'here is no current from one channel to another channel, therefore, a MCE 

does not exist. 

Ifthe magnetic field is perpendicular to the front plane, see Fig. 2.lb then the elec

trical currents in the outside wall ofthe outside channels is different from the cur

rent in the inside walls (even if the rib is twice as thick as the other walls which 

means that each channel has equal wall thickness on all sides). The electrical cur

rent flows to a larger degree in the outside wall than in the rib because the current 

direction from the neighboring channel is opposite which has the consequence that 

a larger portion of the current is flowing· through the Hartmann wall. This asym

metry results in an electrical current across the channels in the side walls with 

the result that pressure drops and velocity distributions are no Ionger identical for 

each channel. Fig. 2.2, calculated with the code developed by Molokov [5], shows 

schematically the velocity distribution for three connected channels, assuming 

equal flow rates through the channels which results in a higher pressure drop in 

the middle channel compared to the outside channels. The electrical currents in 

this flow situation are purely two-dimensional. Therefore, this is designated in the 

following with 2d MCE. 

The MCE may be increased for the flow geometry shown in Fig. 2.lc. Here, the 

electric currents induced in the radial channels close tothebend can flow back in 

the first wall, the second walland in the liquid metal in the toroidal region. There

fore, an additional 3d MCE occurs. 

This 3d MCE can be even stronger for the double bend (U bend) geometry, shown 

in Fig. 2.1d. Due to the opposite flow direction in the second bend, the induced cur

rent in the entrance region has an opposite direction and the global currents may 

even flow from one bend to the other. 

The MCE for the flow situation in Fig. 2.2 only occurs if the Hartmann and chan

nel side walls are electrically conducting. For the geometries Fig. 2.lc) and d) the 

MCE also exists for conducting ribs but nonconducting outside walls. (In the fol

lowing the rib is also designated as dividing wall). 
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For the self-cooled blanket the MCE is, of course, very undesired due to the in

creased pressure drop. An effective method to decrease the MCE is to prevent the 

development of electrical currents in the radial channels close to the bends using a 

nonconducting dividing wall. This method, already proposed very early [ 4] is also 

realized in the KfK design by the use of the flow channel inserts, compare Sec

tion 1. 

2.2 The Madarame Model 

The flow geometry Madarame [4] used in his analyses is a U-bend as shown in Fig. 

2.3a. In cantrast to the KfK design the length of the radial channels (orifices) is 

very small (corresponding to the thickness of the second wall). For our consider

ations this difference is of minor importance. The most important assumption is, 

however, that the eddy currents only flow in the plane of the outlet of the orifices 

and that they only can form a closed circuit in the second wall. This assumption 

might be justified for a large thickness of the second wall but not for other condi

tions (thin or electrically nonconducting second wall). 

Figure 2.3b shows the geometrical parameters. In a first approach the thickness of 

the dividing walls is neglected, the electrical conductivities, a, ofliquid metaland 

wallmaterial are assumed tobe the same and the velocity, Wb, is constant in the 

plane of the second wall. 

The generation of eddy currents, and hence MHD pressure drop, depends on two 

factors: the presence of an EMF "driving term" and the presence of a closed circuit 

for curren ts to flow. 

The coolant flowing across the magnetic field in the area between x = 0 and x = a 

creates a y-directional electromotive force. If a closed circuit exists, an eddy cur

rent will flow in the y direction. 

Part ofthe current flows back through the neighborhood ofx= a. The current flows 

in an elliptic circuit araund the point x = a and y = 0 elongated in the y direction. 

The other part of the current reaches the orifices at the other end of the module. 

Since the direction of the electromotive force is opposite at the other end, the cur

rent flows in the opposite direction and returns. The circuit narrows near the edge 

of the blanket. The current intensity is not uniform; therefore the distribution of 

the current intensity must be considered. 



Second Wall 
Orifice 

Coolant 
Flow 

-8-

~ ----
Eddy 
Current 

a) Eddy current induced in second wall orifices 

b) Slug flow model 

----

Fig. 2.3: Madarame's model assumptions (from [ 4]) 
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The conductivity of the path depends on the current flow pattern. Therefore, the 

poloidal coroponent of the current intensity ip in the orifices is taken into account 

by a factor C: 

(2.1) 

where Bis the roagnetic field strength and Cis a function ofW/a, and the location 

in the opening (x/a, y/W). 

MHD Pressure Drop 

Eddy currents in the roagnetic field generate electroroagnetic forces in the cool

ant. The force usually impedes the flow, thus an MHD pressure drop arises in the 

coolant. The averaged pressure drop in the orifices is expressedas follows: 

dp - 2 -- = C oH w 
dz b 

(2.2) 

Figure 2.4 shows the value C in the case of a =band L/a = 10. The poloidal width of 

the blanket roodule W is kmax tiroes the poloidal width ofthe orifice b, where kmax 

is the nurober ofinlet or outlet orifices. The MHD pressure drop increases with in

creasing nurober of orifices, but C never exceeds unity. When there are several ori

fices, the pressure drop is high in the central orifices and is relatively low in orifi

ces near the poloidal ends of the blanket roodule. Figure 2.5 shows the value of C 

in the roiddle orifice when there are many orifices.lt is a function ofW/a and L/a. 

IfW/a is larger than 100, Cis unity regardless ofthe value ofL/a. 

The current flow pattern changes greatly if there are any obstructions in the 

plane. An insulating partitionparallel to the magnetic field in the opening of the 

second wall distorts the circuit and increases resistance. Figure 2.6 shows the eddy 

current distribution in the case ofW/a = 10 and L/a = 10. There are insulating par

titions oflength lp between each orifice ofpoloidal width b. Both lp and bare equal 

to a in the figure. Since there is no insulation between x = a and x =L-a, the roulti

channel effect still remains. But the flow pattern in each orifice is similar to the 

pattern in the single orifice case. Figure 2. 7 shows the effect of the insulating par

titions between the orifices on the MHD pressure drop in the case of W/a = 10, 

L/a = 10 and b/a = 1. Insulating partitions of length lp = a decrease the pressure 

drop greatly. 
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a = b 
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Fig. 2.4: Averagepressure drop coefficient in each orifice (from [ 4]) 
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Fig. 2.5: Averagepressure drop coefficient in middle orifice (from [4]) 
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In order to obtain values for the pressure drop the thickness of the second wall is 

used for dz in Eq (1). This is certainly not a good choice concerning the real flow 

situation. Madarame has also considered more realistic flow proflies in the orifice 

plane and the influence of the thickness of the dividing walls. However, the as

sumption is still used that the currents flow only in the plane ofthe second wall. 
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3. Ji~XPERIMEN'I'AL SE1'-UP 
3.1 'l'est Sections 

'l'he experiments were performed in the MHD laboratory ofthe IP using the supra

conducting MAGDA magnet with a cylindrical volume of the homogeneous mag

netic field of 400 mm in diameter and 600 mm in length. 

The total test loop was mounted on a vehicle and the test section could be intro
duced in the magnet. 

Figure 3.1 shows schematically the main part of the test loop (storage vessel, 

purge gas and vacuum systemnot shown). A test section with 5 parallel channels 

was used. 'l'he volume flow rate of each channel was measured with an electro

magnetic flowmeter Q1-Q5; the total volume flow rate was additionally measured 

with the flowmeter Q0 • 'l'he liquid metal was circulated by means of an electro

magnetic pump; the flow direction could be reversed. 

inclination an~.~r\'. 
'·, '. 

I 

Cb 
! 
I 

i 
i 

5 

PS 

pump 

Fig. 3.1: Schematic figure oftest loop 
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Figure 3.3 Photographs of inserts 
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The test section was connected with flexible plastic tubes with the downstream 

reservoir and with the stainless steel tubes upstream of the throttles. Due to this 

flexible connection the test section could be turned around a vertical axis in the 

middle ofthe test section by ±12°. Throttling ofthe throughput was performed by 

squeezing the plastic tubes. 

Figure 3.2 shows a drawing of the test section. A steel casing with a removable top 

plate contained the exchangeable parts of the test section. The outside walls con

sisted ofplexiglass plates with grooves in which the U-type inserts which divided 

the channels (dividing walls) were slided. The sides of the plexiglass walls facing 

to the liquid metal could be covered with a 100 J.lffi thick copper foil to simulate 

thin conducting outside walls. Between steel casing and plexiglass walls ruhher 

sealings existed at the flow inlet and outlet tube and the pressure tabs to secure 

that no leakage flows occurred. Figure 3.3 shows photographs of the inserts out~ 

side the housing. 

The pressure differences were measured between positions in the channels per

pendicular to the B field (the "radiar• channels) and the middle of the channels 

aligned with the B field (the "toroidal" channels). 

In the second set of radial channels, electrodes were located. The idea was to use 

the valtage difference LlEi for flow rate measurement independent from the flow

meters. However, the signals from these probes would not be interpreted in terms 

of mean flow rates, probably because of uneven velocity distributions. These sig

nals, therefore, will not be discussed in the following. 

The different conditions of outside walls and dividing walls used in the experi

mentswill be discussed in Section 3.3. 

3.2 Measurement Systems 

3.2.1 Measurement of Flow Rates 

Table 3.1 shows the calibration constants for the different flowmeters for a cali

bration curve ofthe type 

Q. Ws) = A + BK*Q .(V) , 
I I (3) 

where K* is the correction for the influence ofthe magnetic field, see below 
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Table 3.1 Flowmeter calibration constants 

Channel Nr. 0 1 2 3 4 5 

A 0 ±10 ±3 ±4 ±6 ±13 

B 0.0974 0.0514 0.0686 0.0807 0.0848 0.0562 
+ ror tlow d1rect1on e 

II- II for flow direction 11W" 

Figure 3.4 shows the ratio ofthe sum ofthe flow rates Q1-Q5 to the measured flow 

rate Qo for experiments with B = 0 T. This figure contains results obtained during 

the total measurement campaign. The agreement for the total measurement 

range is quite satisfactory. There is a fairly constant error of about -5% for these 

measurements which are performed after the tests with Test Section Gonfigura

tion III, see APPENDIX. 'I'here are indications that the reason for this is a change 

of the calibration constant of flowmeter Qo during the experimental campaign. 

This change could be accounted for. However, such a correction was not applied in 

the data presented in Section 4. 

For the experiments with magnetic field there is a small measurement uncertain

ty due to the influence of the magnetic field on the individual flowmeters. By 

shielding the flowmeters by an iron plate it was assumed that the magnetic field of 

the MAGDA magnet did no Ionger influence the magnetic field generated by the 

electromagnets of the single flowmeters. After the performance of the experiments 

some measurements of the resulting magnetic field in the vicinity of the measure

ment volumes of the flowmeters were carried out. Figure 3.5 shows the resulting 

magnetic field in the gap offlowmeter Q1 as a function ofthe magnetic field ofthe 

MAG DA magnet. At B = 4 T the resultant magnetic field is decreased by about 

30% and wi th this the measured flow rate Q 1· 

The curve in Fig. 3.5 can be used to establish a correction curve for the flowmeter 

Q1 as shown in Figure 3.6. Unfortunately, corresponding measurements were not 

performed for the other flowmeters. However, two local measurements were made 

for BMAGDA =4 T for each flowmeter shown in Table 3.2. Using the mean value of 

the two measurements and assuming the sametype of dependence as for Q1, cor

rection curves were developed, also shown in Figure 3.6. The influence ofBMAGDA 

is not very large for Q2-Q5. The flowmeter measurement Qo is not used for com

parison in the data analyses because this flowmeter is the less shielded by the iron 

plate.The data presented in Section 4 were evaluated using the calibration con-
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Tahle 3.2: Magnetic field near flowmeters at B = 4 T 

Channel Nr. 1 2 3 4 5 

Meas. Position "left" (m V) 10.1 5.0 5.6 4.6 2.5 

Meas. Position "right" (mV) 7.8 5.0 4.3 4.0 7.5 

stants according to Tahle 3.1 and the correction curve according to Fig. 3.6. 

3.2.3 Leakage Flows 

The design of the test section may allow leakage flows hetween the individual 

channels ifthe pressures in the individual channels are different. 

The stainless steel inserts are positioned in grooves in the plexiglass inserts. This 

arrangement does not guarantee leak tightness hetween the single channels. 

There is a gap of about 0.3 mm hetween the outer vertical plexiglass inserts and 

steel casing and also hetween the horizontal top walls due to the ruhher rings, 

compare Fig. 3.2. Thesegaps can contrihute to leakage flows if additional gaps ex

ist hetween the different plexiglass inserts or hetween inserts and steel casing. 

20-r------
Bq, (mV) 

19 

18 

17 

16 

15~------------.-----------~------------~------------.---
0 2 3 4 

BMAGDA(T) 

Fig. 3.5: Influence ofmagnetic field B ofMAGDA magnet on flowmeter magnetic 
field BQ1 
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1,4 

I Oi(l/s) = A + K*BQj'(V) I 
/ 

X 

K* 

1,3 

1,2 Channel1 

0 2 3 4 
B (T) 

Fig: 3.6: Flowmeter correction coefficient for influence ofmagnetic field 

Leakage flow tests outside of the magnet were performed in such a way that the 

liquid metal could only flow into the test section through one channel and was 

forced to flow into the neighbouring channels because the piping of this channel 

was closed downstream. With this arrangement, considerable pressure differences 

between the channels were generated which were fairly constant over the whole 

channellength. Typical flow rates from one channel to the next one were 0.025 lls 

for a pressure difference of about 0.25 bar. The effect of leakage flows in the ex

periments with magnetic field will be discussed in Section 4.1. 

3.2.2 Measurement of Differential Pressures 

The measurement of one differential pressure per channel was planned. Conven

tionally, this is achieved by using one differential pressure transducer (or two 

transducers for absolute pressures) in each line or in total one differential pres

sure transducer (or two absolute pressure transducers) and a system to open and 

close corresponding impulse lines using many valves or a reliable commutator. 
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For the present experiments a new method was developed which requires only one 

transducer for absolute pressure and avoids the use ofmany valves or the commu

tator. This method requires a standard data acquisition system consisting of aper

sonal computer and an appropriate multiplexer. Both components are convention

al units ofpresent data acquisition systems (DAS). The method is shown schemati

cally in Fig. 3.7. The fluid system where the pressures aretobe measured is called 

Primary System (P.S.). There is a Secondary System (S.S.), conventionally filled 

with gas. Both systems are separated by membranes equipped with sensors to in

dicate the position of the membranes as shown in Fig. 3.8. The S.S. contains the 

pressure transducer and an apparatus to pressurize and depressurize this system 

(gas bottle and two valves with fixed throttles). 

The pressures are measured in the following way: At first the pressure in the S.S., 

Pss, is kept lower than the lowest pressure in the PS., Pps· In this case, all mem

branes are on position "closed". Then, the pressure PSS. is slowly increased. When 

at a distinct membrane Pss is about Pps. this membrane opens and gives a corres

ponding signal to the data acquisition system. The actual pressure in the S.S. at 

the moment ofthe opening ofthe membrane i is equal to the pressure in the P.S. at 

pressure measurement location i. When all membranes are open, the pressure PSS 

is decreased slowly and a second measurement of all pressures is performed. If dif

ferential pressure measurements are desired, the corresponding differences are 

evaluated by the computer. This method requires quasi-steady-state conditions in 

the P.S. The pressure change PSS with time has tobesosmall that it is negligible 

during that time which is needed by the DAS to perform one or more measurement 

cycles, compare Section 3.23. 

Figure 3.8 shows details of the unit containing the membranes, used first in the 

present experiments. The ruhher membranes were glued in the plexiglass hous

ing. Small copper discs were glued on the membrane centers 

i) to close an electrical circuit for the two contact pins for measuring the mem

brane closing/opening. 

ii) to ensure that big pressure differences between S.S and P.S do not darnage 

the membrane. 
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lf a membrane has a prestress then a certain pressure difference is required, 

which could cause a measurement error. However, this effect can be eliminated by 

calibration experiments. 

Two membrane housings were used; one for the pressure tabs in the radial chan

nels the other for the tabs in the toroidal channel. Both housings were mounted in 

such a way that the geodetical height was about 54 mm which results in a geodeti

cal pressure difference of34 mbar. 

Figure 3.9 shows pressure difference measurements for the case that the test sec

tion was filled with stagnant liquid metal. The figure shows that there aresmall 

systematic deviations from the expected value for the geodetical pressure differ

ence. If mean values are used, the scatter is about ± 2 mbar which issmall com

pared to values obtained in the experiments which went up to several hundred 

mbars. 

Figure 3.9 shows results for pressure increase in the S.S. (membrane opening). 

Similar experiments for pressure decrease (membrane closing) showed larger de

viations. Here, some membranes seemed to stick sometimes in the lower position. 

However, this sticking effect disappeared during the following experiments. 

lt proved that this new measurement technique was very reliable. The advantages 

of this technique increase with increasing nurober ofmeasurement positions com

pared to conventional techniques requiring a large nurober of transducers or re

mote controlled valves. This method should easily find other applications especial

ly in industrial areas. 

3.2.4 Data Acquisition System 

The voltages from the flowmeters, pressure transducer and the B field measure

ment were amplified and recorded by an IBM PC-AT 286. The stored data were 

printed out at the end of the experiments. The actual data could be observed on a 

monitor screen in the vicinity of the test section. For pressure measurements the 

measuring time for one channel was about 1 ms. Therefore, the 10 positions were 

measured in about 10 ms. To eliminate electrical noise on the signals, 20 cycles 

were taken and an arithmetic averagewas used. 
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Figure 3.10 Graph of pressure measuremen t da ta on moni tor screen 

Fig: 3.11: Graph ofvolume flow rate measurement data on monito.r screen 
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Figure 3.10 shows a photograph of the monitor screen for the pressure measure

ment mode. On the left hand side the differential pressures ofthe individual chan

nels are shown. The first values are obtained with pressure increase in the S.S., 

the second ones for pressure decrease. On the right these values are shown graphi

cally. 

In the volume flow rate mode, the measuring time for each channel was about 100 

ms. Three measurement cycles were taken to form mean arithmetic values. Figure 

3.11 shows a corresponding photograph on the monitor screen. 

3.3 Test Matrix 

Four different channel geometries were investigated, as shown in Fig. 3.12 for the 

case of 5 parallel channels ofthe sametype (k = 5). 

Channel Geometry I is characterized by nonconducting outside walls (plexiglass) 

and a conducting dividing wall (stainless steel inserts). Forasingle channel ofthis 

type (k = 1) all walls consisted ofplexiglass. 

Channel Geometry II differs from Geometry I by having conducting outside walls 

(56 pm copper foil glued on the plexiglass walls). 

Channel Geometry III resembles the most the design of the KfK reference blanket 

where flow channel inserts (FCI's) are foreseen in the radial channels, but no 

FCI's in the toroidal channels. This situation is approached in Channel Geome

tery III by using dividing walls which are not electrically conducting in the radial 

parts but in the toroidal part; however, have a thin conducting layer in the radial 

parts. In practice, this was achieved by using stainless steel inserts whose radial 

parts were electrically insolated on both sides by layers oflacquer with copper foils 

glued on these layers. 

Channel Geometry IV has nonconducting outside walls and in the total test sec

tion but is characterized by electrically conducting and dividing walls in the first 

radial channels and the firsthalf of the toroidal channels and nonconducting di

viding walls (stainless steel covered with laquer) in the second half ofthe test sec

tion. This geometry is characteristic for a multichannel single bend geometry be 
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cause electric currents through the dividing walls can only flow in the first part of 

the test section. 

An important parameter of these investigations is the channel number k, for a 

given channel geometry. For the Channel Geometries I and TI, besides k = 5, other 

values of k were also investigated. Using always the test section with five chan

nels, this was realized by the use ofnonconducting dividing walls (inserts made of 

plastic material) with- ifrequired- a copper foil glued an one or two sides. 

In total, six different test section configurations were investigated as shown in 

Fig. 3.13. The Tables Al - Aß in the Appendix contain the details of the experi

mental procedure. In general, the volume flow rate was varied in three steps by 

adjusting three different values of the electric current lpu of the EMF pump Ipu = 

10; 15 and 21 A. 'l'he flow direction was either from the flow meters to the test sec

tion (designated as "west"=w) or the other way ("east"=e). lt was anticipated to 

perform experiments with either equal pressure drops in the single channels (~Pi 

= const) or equal flow rates (Qi = const). Due to the limited time available for the 

experiments with the superconducting magnet, the firstmodewas approximated 

by using completely opened throttles. For "Qi = const" the throttles had to be ad

justed in a corresponding manner. Due to the time consuming procedure, only a 

few experiments were performed in this mode. 

The anticipated experimental procedure was as follows: Starting with B = 0 Tesla 

the magnetic field strength B was increased up to a maximum value of about B = 4 

Tesla. The signals of the volume flow rate and pressure measurements were re

corded for stepwise alternating values of the EMF pump power. During these ex

periments the flow direction was not changed, the throttles were completely open 

and the inclination angle was ß = 0°. At the maximum magnetic field strength, 

measurements at three power Ievels were then performed for the mode "all throt

tles open" with ß = 0° and ß = 12° and for the mode "Qi = const" for ß = 0°. 'fhen the 

flow direction was reversed and data were taken for fully opened throttles during 

the decreasing B field for different power levels and ß = 0°. 

'l'he tables show that there are some deviations from this anticipated procedure, 

e.g. for Test Section Configurations 4 and 5 data were also taken at a constant 

magnetic field at B = 3 Tesla. 
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Test Section Configuration I 

Channel Geometry I: k = 1 
Channel Geometry II: k = 1 
Channel Geometry II: k = 3 

Test Section Configuration II 

Channel Geometry II: k = 5 

Test Section Configuration 111 

Channel Geometry III: k = 5 
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Channel Geometry I: k = 5 
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Channel Geometry 1: k = 3 
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In MHD flows three non-dimensional numbers are of prime interest, the Hart

mann Number M, the Interaction Parameter (or Stuart Number N) and the wall 

conduction ratio C, defined as 

l/2 M= aB(o/(pv)) ; 

C = o t I (oa); 
w w 

(3.1) 

(3.2) 

(3.3) 

where a is the half width of the single channel; o, p, v are the electrical conductiv

ity, density, kinematic viscosity ofthe liquid metal InGaSn , u is the mean veloc

ity in a channel and o and t are the electrical conductivity and wall thickness of w w 

the channel wall. 

With the values for the present experiments (a= 1.3 ·10-3m, o=3.64 · 106 A!Vm, 

p=6360 kg/m3, v=6.25 ·10-5 m2/s, ow=5.8 ·107 ANm and tw=56 ·10-6m) thefol

lowing values are obtained 

c = 0.069 

c = 0 

for conducting outside walls 

for nonconducting outside walls 

The stainless steel inserts had a thickness of 2 mm with a conductivity of oss = 

1.16 ·106 A!Vm. 

Figure 3.14 shows the parameter range ofB and u, and M and N, respectively, for 

Channel Geometry I with k = 5. This figure shows that with increasing M also N 

increased. These curves are similar for the other test section geometries, however, 

the maximum values ofN differ; e.g. for Channel Geometry II the maximum value 

is N ""'10000. 
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4. Theoretical Analysis and Essential Results 

4.1 .Formulation 

Consider the steady flow of a viscous conducting incompressible fluid in a system 

ofn electrically coupled U-Bends (see Fig. 4.1). Each U-bend is composed oftwo ra

dial ducts perpendicular to the external magnetic field Be= B0~y and a toroidal 

duct, parallel to the field. All ducts have reetangular cross-sections. The radial 

ducts are semi-infinite, so that far away from thejunction x = 0 the flow is fully de

veloped. The multi-channel U-bend is supposed to be symmetric with respect to 

both y =I and z = 0 planes. It is also supposed that inertia plays no role, so that the 

flow in a quarter of the duct y-.:;. 1, z~O is considered under appropriate symmetry 

conditions. The bends are numbered in such a way that the duct number 1 is clos

est to the middle z = 0. lf n is an odd number the symmetry plane divides bend 1 in 

half; ifn is even, the plane z =0 coincides with one ofthe side walls ofthe duct 1. 

X 

y::: 21 

z=O--

y=l 

y=a 

y=O 

Fig. 4.1 Flow geometry 

Flow 

Duct i 

Duct n 

/ z = z(n) 

Flow 
z=z(i+ 1) 

z = zO> 

Duct 1 
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Consider the flow in a U-bend i. The walls of this part ofthebend are numbered 

from 1 to 7, as shown in Fig. 4.2a. The walls at z=z(i-1) belang tothebend i-1. The 

dimensionless inertialess inductionless equations governing the flow in a bend i 

ar~ 

(4.1 a) 

(4.1 b) 

(4.1 c) 

(4.1d) 

'I'he fluid velocity y0)=u0)~x+v(i)~y+wCi)~z, the electric current density i(i), the 

electric potential q>O) and the pressure p(i) are normalized by v0 , v0 B0 o, v0 B0 L and 

ov0 B0 2L, respectively. The characteristic length L is equal to halfthe distance be

tween the side walls ofthe duct 1. The characteristic velocity v0 is defined as aver

age velocity in the whole part ofthe multi-channel U-bend being considered, i.e. 

II 

"'.~ ~ Q(i) :::: (II+ I) 7 u. az , 
-I 
i=l 

where 

{ 
1 fori:t:l,ori=l andevenn 

0 
i = 0. 5 for i = 1 a nd odd n 

The flow rates Q(i) are calculated from the equation 
(i + 1) 

öQ(i) = Ja dy fz. u(ildz 
1 o z(!l 

'I'he boundary conditions at each wall are the non-slip condition 

(4.1 e) 

(4.1f) 

(4.1 g) 

and the conditions for the electrical variables which read (see Hua and Picologlau 

[6], for example) 

(4.1 h) 

,.._W :::: ,.._U+ I) 
'~'k '~'k ' 

(4.1 i) 
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where !!k is the normal unit vector to the wall k, into the fluid; Ck = Gktk/aL is the 

wall conductance ratio; Gk and tk are the electrical conductivity and thickness of 

the wall k, respectively; Vk2 is the Laplacian in the plane ofthe wall k, Bk(i) is the 

wall potential equal to the fluid potential on the wall k. 

4.2 l•'low Analysis at Large Hartmann Numbers 

The problern (4.1) is treated by means ofmatched asymptotics as M- oo, The flow 

region exhibits the following subregions (Figs. 4.2b and 4.2c): 

the inviscid cores ofthe radial and toroidal ducts (CR) and (CT), 

the Hartmann boundary layers (H) near the walls perpendicular to the mag

netic field wi th a thickness O(M-1 ), 

the parabolic layers ofO(M-112) thickness. Theseare at the side walls ofboth 

ducts (SR) and (ST), the first wall (F), the second wall (8), and inside the fluid 

(internallayer) at x = 0 (1). Layers I and S merge at y = a. 

The flow in a single U-bend (n = 1) has been considered by Molokov and Bühler [7]. 

Following their analysis, the problern (4.1) is reduced to the system of equations 

governing the wall potentials and the pressure in the core of the radial duct. It 

reads 
o>w a w 

C 
/:1 A.(i) = ~er ( (i+ 11) I]Jcr ( (i+ 11) 

5 5
't'

5 
-- x,z=z +- x,z=z 

ax ax . 

ß.t.<il = -1(.h(il_.h(i)) 
c7 7't'7 a 't'7 't'6 ' 

!:1 A. <il - a - I (A.7Ul- A.ti<.i I) c6 6't'6 = 't' 't' 

;(i) 
Per 

--+ 
ax2 

!:1 .h(i) = !:1 .h(i) = !:1 .h(i) = 0 
J't' 1 2't'2 3't'3 ) 

l . !:1 A.<il = .h(i) 
c 4 4't' 4 't' 4 ) 

(4.2a) 

(4.2b) 

(4.2c) 

(4.2d) 

(4.2e) 

(4.2f) 

{4.2g) 



-36 

On the interface between walls the electrical potential is continuous. In addition, 

Kirchhof's law applies for components of the wall electric currents normal to the 

interface. If rkmj is the common boundary of three walls k, m and j (the last be

longs tothebend i + 1), the conditions read 

d<p(j) 
k 

c -+c 
k an m 

k 

(4.3a) 

il<P (i) il<P u + ll 
m J -+c. --'-- = 0, 

an J an. 

(4.3b) 

m J 

where !!_k, !!_m, and !!j areoutward normal vectors to rkmj in the planes ofthe walls 

k, m, andj, respectively. 

If only two walls k and m intersect, the conditions reduce to 

"'<i) = "'Ci) 
'i'k 'i'm ' -c man 

m 

As x goes to -oo, the flow becomes fully developed. This gives 

= = = ax 

The symmetry conditions give 

a<il 
'Per 

az = 0 . 

= ,._<J> = ,._<lJ=,._O>=,._<U=""-10 =0 atz=O 
'Pt 'i'z 'i'4 'i'6 'i'7 ' az 

"'(i) = "'(i) = "'(i) = 0 
'i' I 'i' 2 'i' 3 at y=l . 

4.3 Numerical Algorithm 

(4.3c) 

(4.3d) 

(4.3e) 

(4.3f) 

The system of equations (4.2) subject to the boundary conditions (4.3) is solved nu

merically. 'I'he numerical algorithm to solve the equations for a single U-bend 

(n = 1) is described by Molokov and Bühler [7] (method 1). In order to solve the 

equation governing the flow in a multi-channel U-bend, iterations between solu

tions for single bends are organized. The currents - Cjö<l>/i + 0/ö!!j and ÖPcr(i + 1l/ax 
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(x,z=zO + 1)) that enter the walls ofbend i from bend i + 1 (see Eqs. 4.2a and 4.3b) 

are taken from the solution for bend i + 1 of the previous iteration step. To solve 

the equations for bend i + 1, the potentials <Pm(i) at the plane z=zO+ 1) (see Eq. 

4L3a) a:re taken from the solution for bend i. The iterations stop when the differ

ences between nodal pressures and potentials two iteration steps were less than 1 

per cent. 

4.4 Essential Results 

Far from the junction the flow is fully developed. The flow structure in this region 

has been considered by Molokov [5]. Ifthe flow rates in all channels are equal, the 

MCE results in different pressure gradients in the channels. It has been shown 

that if the conductance ratios of the top and bottom of allradial ducts are equal, 

the highest pressure drop is created in the middle channel. The side-wall jets in 

this channel vanish if the n umher of channels is n?. 7 in the range of parameters 

relevant to a self-cooled liquid-metal blanket. A typical velocity profilein a three

channel duct in the region of fully developed flow in shown in Fig. 2.2. 

The pressure gradients may be evened, ifthe relation 

6c<n+l)(-
1
---

1
-)+t?. 0 

5 <n) (n-ll 
c6 c6 

(4.4) 

is satisfied, provided the other wall conductance ratios are equal to cs(n-0. 

When the fluid approaches the junction, three-dimensional currents are induced 

(for the discussion see Molokov and Bühler [7]). The scheme of 3-D electrical cur

rent paths for equal Ck is shown in Fig. 4.3. In the duct 1 the induced 3-D currents 

are stronger than in the outer ducts, so that the 3-D pressure drop is expected tobe 

higher. 

Results of calculations are presented for square cross-section of all ducts (a = 2, 

z{i + 1)- z(i) = 2Öi), the same wall conductance ratio c = 0.0686 of all walls and 1 = 16. 

These values are characteristic of the screening multi-channel experiment (see 

Section 3.1). 

Results on the flow in a U-bend with 1, 3 and 5 channels are shown in Figs. 4.4a-c 

andin Table 4.1. From this table it follows that if the channel nurober increases, 
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z 
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Fig. 4.3 Projection offlow geometry on xOz-plane and scheme of3-D currents 

3-D pressure drops in all channels increase. Their contribution to the total pres

sure drops estimated over a dimensionless length of 6 in the radial ducts increase 

as weil. However, this increase is accompanied by the increase of the volume flux 

carried by jets at the first wall. This volume flux QF(i) is equal to 

8 Qw::::: JY {.-~,'il(. ::::: U+ll)_,~,w(. ::::: U+ll)} d ::::: __ 1 .<i> 
. L' 'f' l y' z z 'f' I y' z z y . ll 1 ,. o c(tl ,z 

I 

(4.5} 

(see Molokov and Bühler [7]), where It z(i) is the z-component of the total current 
' 

which crosses the first wall of channel i, integrated from the bottom ofthe toroidal 

duct to the position y and averaged with respect to z. Only 3-D currents contribute 

to the value of flow rates in the expression (4.5). Thus, the increase of strength of 

3-D currents due to MCE Ieads to higher volume fluxes at the first wall. 

For the flow in a single bend the flow direction at the second wall under certain 

circumstances may become reversed (Molokov and Bühler [7]). This reversed flow 

is associated with a vortex close to the symmetry plane y = l. The rest of the fluid 

flows around the vortex. The amount of fluid that takes part in vortex motion is 

determined by the potential ofthe bottom ofthe toroidal duct. The fluid in the core 

of the toroidal duct flows perpendicular to the magnetic field along lines of con-
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L\. Ptot L\.p3D QFw 
(1) (1) (%) 

n=1 0.35 0.05 28 

n = 3; Z=2 0.431 0.093 77. 

Z=1 0.50 0.126 108 

n = 5; Z=3 0.445 0.107 98 

Z=2 0.544 0.165 161 

Z=l 0.566 0.182 181 

Tabelle 4.1 

stant potential ofthe bottom and is distributed between the layers at the first and 

the side walls. The fluid is taken from the layer at the second wall, and if the 

pumping in the core is strong enough, the flow at the second wall changes the di

rection. The sametype offlow structure occurs in a multichannel U-bend. Howev

er, it is even more complicated because the reversed flow is present at some side 

walls ofthe toroidal ducts. 

From Fig. 4.4 it follows that in all toroidal ducts ofa multi-channel U-bend mixing 

of the fluid is even more intense than in a single U -bend. This should lead to desir

able heat-transfer conditions. 



-42-

5. Experimental Results 

5.1 General1'endencies 

In the Sections 5.1-5.3 results are presented for the case that the magnetic field 

was aligned with the axis ofthe toroidal channels. The influence ofthe inclination 

ofthe magnetic field will be discussed in Section 5.4. 

Compared with Section 4 the channels are numbered in a different way:for a total 

number of 5 channels (k=5) the middle channel is numbered with i=3 and the 

outer channels with i = 1 and i = 5. For k = 3, the middle channel is numbered with 

i=2. 

As mentioned, two modes of experimental conditions were anticipated, either 

"Qi = const" or ~Pi= const". The firstmodewas realized by appropriately adjusting 

the throttles, the other mode by using completely opened throttles and assuming 

that the additional pressure drops at the test section inlet and outlet and in the 

manifolds are approximately equal for each channel. 'l'his is obviously not true as 

shown in Fig. 5.1a) for Geometry II, where the individual flow rates Qi, normal

ized by the sum Q1-Q5, and the measured pressure differences are shown. The 

higher volume flow rate in a channel with a lower pressure drop due the MCE 

causes higher additional pressure drops in other parts which results in an unequal 

pressure distribution with the maximum measured value in that channel where 

the volume flow rate is lowest. 

Although the individual pressure differences are different, no resultant leakage 

flow from one channel to the other is expected, as shown in Fig. 5.2. For open 

throttles the pressure difference distribution should be symmetric to the middle of 

the test section ifthe additional pressure drops upstream and downstream ofthe U 

bend are equal. Then the signs of the pressure difference between two channels is 

different in the two halfs of the test section and if there are local leakage flows, 

they would compensate. 

The pressure differences between the channels might become of importance for the 

mode Qi = const. as also shown in Fig. 5.2. Here, the mean pressure difference be

tween two channels is about half of the measured value of the upstream positions. 

The maximum mean value was about 0.05 bar. Then, a leakage flow rate of 0.005 

l/s is expected, assuming a linear dependency between leakage flow rate and pres

sure difference, which is less than 5% of a typical flow rate through the channel. 
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Characteristic results for experiments with Llpi ::::::: const and Qi ::::::: 

const (Channel Geometry II, M::::::: 1600, N::::::: 1760) 
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Figure 5.1a shows another effect which is characteristic for all investigated chan

nel geometries as shown in detail in Figs. 5.4-5.11: the flow rate distribution is not 

axisymmetric to the middle channel, as expected for high Hartmann Numbers and 

Interaction Parameters. It is believed that the reason for this is the improper con

sideration ofthe influence ofthe magnetic field on the flow rate measurements. 

Figure 5.1b shows characteristic results for the anticipated mode "Qi = const." 

Again, this condition was not perfectly adjusted 

i) due to the limited experimental time 

ii) due to the fact that some flow rate corrections were applied later. 

Although the conditions "~Pi = const" and "Qi = const" arenot realized very accu

rately, these terms are used in the following. The deviations from constant values 

do not play any role ifthe data are used for camparisans with model predictions be

cause, then, the measured data are used as input values. 

5.2 Volume Flow Rate Distribution for ~Pi ;:::::; const 

5.2.1 Dependence on Hartmann Number and Interaction Parameter 

Figure 5.3a shows the flow rate distribution for increasing magnetic field for a 

constant power of the EMF-pump (corresponding to Ipu :::::21A). For B=O T, the 

distribution is not equal and differs the most for flow direction "e". These initial 

distributions are fairly equal for all channel geometries and are propably domi

nated by the pressure drops in the manifolds which aredifferent for the two flow 

directions. 

With increasing B, the flow rates Qi decrease due to the increasing MHD pressure 

drops. Connected with this is the development of the MCE (which means for 

Ö.pi = const the increase of the flow rates in the outer channels and the decrease in 

the others). 

The Figs. 5.4-5.11 show the normalized flow rate distribution Qj/Q as a function of 

the magnetic field strength B, and Hartmann Number M, respectively. For high 

values of M and N the flow distribution is dominated by MHD pressurelasses and 

the distributions should become independentfromM and N (and should be also in

dependent from the initial distribution at B =0). 
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The figures show that this independence is reached at about M ~ 800 and corres

ponding values (compare Fig. 3.14) ofN ~ 200 for conducting outside walls (Geom

etries TI and lll). For nonconducting outside walls (Geometries I and IV) those val

ues are higher (M~lOOO; N"""350 for Geometry I and M~1600; N~1400 for Ge

ometryiV). 

1.0 

Qi (1/s) 

0.5 

0 

1 2 3 4 5 1 2 3 4 5 

a) Flow direction "w" b) Flow direction "e" 

Figure 5.3 Flow rate distribution for different values ofthe magnetic field 
strength B (Channel Geometry II, k = 5; Ipu ~ 21A) 

The reason for the difference between conducting and nonconducting outside wall 

are the higher electric currents in the liquid metal in the first case which cause a 

shorter developing length to reach fully developed MHD flow. 

For M=const., in general, the MCE is expected to depend on N. However, a clear 

tendency is not observed because 
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i) the experimental variation ofN for M=const was small, compare Fig. 3.14, 

and 

ii) pronounced flow rate oscillations occured at high M and low volume flow 

rates (high N). The reason for these oscillations was not clear. 

Comparing the two flow directions, no significant difference is found for high val

ues ofM (and N). Therefore, (resultant) leakage flows were negligible. 

5.2.2 Dependence on Channel Geometry and Channel Number k 

Figure 5.12 shows a summary ofthe results for all channel geometries and Hart

mann N umbers M::::::: 1600 and Interaction Parameters N between 1700 and 2500. 

The influence of the number of channels, k, used in the different test configura

tions is demonstrated with Fig. 5.12a: For k = 2, the flow rate in the two channels 

should be equal. This is confirmed pretty weil by the measurements. For k =3, the 

flow rate in the outside channels is about twice the flow rate in the middle chan

nel. For k = 5, again the flow rate in the outside channels is considerably larger 

than the flow rate ofthe inside channels. It is worth to note that the values for the 

inside channels are very close together. This effect was also predicted by Madara

me for large values ofk. 

The difference between conducting and nonconducting outside walls (Geometry II 

and I) can be seen by comparing Figs. 5.12a and b: The MCE is less pronounced for 

conducting outside walls because the electrical circuit through the walls decreases 

the global electrical circuits through the liquid metal compared to nonconducting 

walls. 

The difference between a multichannel U-bend and a multichannel single bend 

(Geometry I and IV) is revealed by comparison of Figs. 5.12a and c: The MCE is 

stronger for the U-bend because large global currents in the toroidal region are fa

voured due to the reversed flow direction of the electrical currents in the second 

bend, compare Fig. 2.2d). However, the difference for the two geometries is not 

large. This result will be discussed in more detail in Section 5.3.3. 

Sununarizing the results for the Geometries I, II and IV, it can be pointed out that 

a strong MCE was observed both for conducting and nonconducting outside walls. 

This effect would be even more pronounced ifthe condition of Llpi =const were re-
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alized in the experiments. Presently, no comparisons with model predictions can 

be made for nonconducting outside walls; the comparison with Geometry II will be 

presented in Section 5.3.2. 

Figure 5.12d contains the corresponding results forthat channel geometry where 

the radial channels are electrically decoupled by using insulated dividing 

walls.No marked MCE is observed which indicates that the single channel behave 

similar to separated single channel U-bends. 

5.3 Pressure Drop Distribution 

5.3.1 Single Channel Pressure Drop 

The measured pressure drop in a single channel, tlp8c, can be interpreted as the 

sum of the pressure drop in the channel perpendicular to the magnetic field (the 

radial channel), ilPrc, and the pressure loss in the bend, ilpb, as shown schemati

cally in Fig. 5.13. The pressure drop in toroidal channel where Bis parallel to the 

flow veloci ty is negligible compared to the other terms. 

toroidal channel 

radial 
channel 

Figure 5.13 Schematic presentation of channel and bend pressure drop 

For thin conducting walls, the first term is calculated using the Core Flow Solu

tion, compare e.g. Walker /8/. For a square duct the following expression is ob

tained: 
/:::,.p =/:::,.p +/:::,.p, 

8C rc b 
(5. 1) 

2 
/:::,.p = uB /, oC/(4/3 + C). 

rc r 
(5.2) 
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This expression agreed very weil with experiments from Miyazaki et al /9/ where 

the duct dimensions and conductance ratio C were similar as in the present experi

ments. 

The second term can be calculated again with the Core Flow Solution and is ex

pressed by 
D.pb = d3d D.p !L I rc r 

(5.3) 

where the equivalent flow path length d3d depends on the conductance ratio C and 

the length of the toroidal channel. Typically, d3d is about the characteristic length 

a. For the present geometry, a value of d3d = 1.063a is obtained. For the present 

length of the radial channel Lr = 6a, the bend pressure drop is about 18% of the 

pressure drop in the radial channel. 

Therefore, it follows for the single channel with thin conducting walls 

D.p = (1 + I.063a/L )L o(C/(4/3 + G"<))uB 2
. 

sec r r 

With the present values, one obtains 

4 2 
l:lp = 2. 3 2 · 1 0 uB . 

sec 

(5.4) 

(5.5) 

The term LlPscc will be mostly used in the following to normalize the measured 

pressure differences. 

For nonconducting walls the pressure drop in the radial channel is given by 

D.p = ul3 L (p v · o) 0
·
5fa, 

rc r 
(5.6) 

which gives for the present values 

D.p (mbar) = 722ul3(ms -'T). 
rc 

(5.7) 

This expression is proportional to uB. However, for the present experiments this 

pressure drop LlPrc is negligible compared to the values obtained with Eqs (5.2) or 

(5.4). 

No correlation was found in Iiterature forthebend pressure drop. However, for a 

straight duct with insulating walls in a nonuniform magnetic field, the pressure 
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drop is proportional to uB3/2 110/. The bend pressure drop must also be proportion

al to uB3/2. Nevertheless, it is convenient to normalize the pressure drop for the 

nonconducting bend with uB2 in order to compare data for different wall conduc

tance ra tios. 

Forasingle channel with conducting outside walls (Flow Geometry II, k = 1, see 

Fig. 3.13), Eq. (5.4) is appropriate to normalize the measured pressure drop. This 

procedure is also used for the data from Geometry III as also shown in Fig. 5.14. 

The results are presented as a function of the magnetic field strength, and Hart

mann Number M. With increasing M, the Interaction ParameterN also increases, 

see Fig. 3.14. In Fig. 5.14, a strong decrease of the normalized pressure drop is ob

served with increasing M. However, it is not clear from this figure ifthis is due to 

the increase ofM or N. Fig. 5.15 shows the same results as a function ofN. As ordi

nate ~p* = ~Pmeas I ((p/2)u2N) is used which differs only by a constant factor from 

~Pscc· The data scatter much less araund a mean value which indicates that the 

influence of N is more expressed than of M. This fact agrees with observations 

from many other experimental results obtained in the LAS (Lielausis [11]). 

Concerning the results for the single channel (top figure of left column) one ob

serves a decrease of pressure drop with increasing N. At high N the experimental 

results go asymptotically to the value predicted by the theoretical analysis (desig

nated with N~oo). 

5.3.2 Multichannel U-bends: Dependence on Interaction Parameter 

First, results are discussed for the channel geometries with electrically coupled 

channels. Figure 5.16 contains the results for the multichannel U-bend with thin 

conducting outside walls (Geometry II). Both the results for the experiments with 

~Pi =const and Qi =const are presented. To normalize ~Pmeas i the measured 

mean channel veloci ty Ui = Qi/ Ai was used. Mean values were used for symmetric 

channels (i = 1; 3 for k = 3; i = 1; 5 and i = 2; 4 for k = 5). The pressure drop distribu

tions exhibit a strong MCE with the highest pressure drop in the middle channel 

and the lowest in the outer channels. There is a much stronger effect of the Inter

action Parameter compared to the single channel U-bend; at N = 10000 the calcu

lated values valid for N~oo are by far not reached yet. 
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This strong dependence may be partly due to the experimental inlet conditions, 

see Fig. 3.2. A length of only 4 a existed between the small diameter inlet tube and 

the first pressure measurement tab which might be sufficient for a simple duct 

flow at high values of M and N. However, the theoretical analysis (for N~oo) 

proved that with increasing channel number the required lengths of the radial 

channels increase considerably in order to obtain developed flow at the inlet (for 

the 5 channel U-bend the developing length is about 16 a!). This means that 3D ef

fects are ofinfluence over a much Ionger length and with this the influence ofiner

tia for finite values ofN might be enhanced, too. 

Because of the differences between measured and predicted pressure differences 

one can expect that the existing velocity distributions differ from those obtained 

by theoretical analyses, too. 

An interesting result isthat the MCE is more expressed for the experiments with 

Llpi = const than for those wi th Qi = const. This tendency is also predicted theoreti

cally. Therefore, one might conclude that the theoretical results represent the ex

trapolation ofthe experimental results for N_"oo, 

The Figs. 5.17 and 5.18 contain the results for the multichannel ducts with non

conductive outside walls. Again, a strong influence of N is found. Due to the fact 

that the asymptotic values for N~oo are expected tobe lower than for Channel Ge

ometry II, the dependency appears tobe even stronger for ducts with nonconduc

tive outside walls. 

No significant difference is observed between the multichannel U-bend and multi

channel single bend (Geometry I and IV). 

Of special interest are the results for the blanket relevant geometry (Channel Ge

ometry III). Figure 5.15 contains also these results. Similar to the volume flow 

rate distribution, the pressure drop dependence for the single channels does not 

differ significantly and is quite close to that one for the single channel U-bend. 

Summarizing these results it can be said that the electrical decoupling ofthe radi

al channels by the suggested flow channel inserts is a very effective measure to re

duce significantly the MCE in respect to maldistribution ofvolume flow rates and 

increase in pressure drop. 
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5.3.3 Comparison of Different Channel Geometries at high N and 

Qi"""Const 

Figure 5.19 shows characteristic results for high Hartmann numbers and high In

teraction Parameters for Qi """const. 

The pressure drop for Geometry I is significantly smaller than for Geometry II due 

to the smaller portion of the pressure drop in the radial channel. The MCE, which 

is characterized by both the pressure increase compared with a single U-bend and 

the uneven distribution between the individual channels of the multichannel 

duct, however, is more expressed for this geometry than for the duct with conduct

ing outside walls. 

For multiple channels it is of interest to extract the "pure" MCE, that means the 

pressure drop distribution without the pressure drop term for the single radial 

channel. For conducting outside walls ~PMCE is obtained by subtracting, ~Pc ac

cording to Eq. (5.2) from ~Pmeas; for nonconducting walls, ~Pmeas represents al

ready fairly well ~PMCE· 

Figure 5.20 contains the normalized term ~PMCE for Channel Geometry II. The 

comparison with Fig. 5.19a reveals that the values are quite close to those for Ge

ometryl. 
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Figure 5.20 Multichannel pressure drop for Channel Geometry TI and 

Qi =const 

5.4 Effect of IncHnation 

5.4.1 Single channel U-bend 

The experiments discussed in the previous sections were performed with the mag

netic field parallel to the axis of the toroidal channels. In a fusion reactor a small 

inclination oftheB field will exist which results in a magnetic field strength com

ponent perpendicular to the flow in the toroidal ducts of about 10% of the total 

magnetic field strength. This inclination corresponds to a rotation of the test sec

tion in the magnet as shown in Fig. 3.1. 

To investigate the effect of inclination some experiments were performed with an 

inclination angle ß = 12° which results in a magnetic field component perpendicu

lar to the toroidal channels of about 21%. The length ofthe toroidal channels with

in the pressure tabs is about 2.2 times larger than the corresponding length of the 

radial channels. For channels with conducting outside walls, the pressure drop is 

proportional to B2. Then a pressure drop in the toroidal channels of about 10% of 

that of the radial channel for ß=0° is expected. 'l'his additional pressure drop is 

not very large especially for multiple channel ducts where ~PMCE is very signifi-
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cant. For nonconducting outside walls, the effect ofinclination on pressure drop in 

the toroidal channels is expected tobe negligible. 

In the radial channels the magnetic field is no Ionger aligned with the side walls 

for ß::;t: 0. This changes the velocity distribution in the channel cross-section, as 

predicted with the Core Flow Solution for a single channel with conducting out

side walls in Fig. 5.21 (Bühler /12/). 1'he influence ofthe inclination angle on pres

sure drop for this geometry is shown in Fig. 5.22 (from Bühler /13/).For ,ß = 12°, an 

increase of the pressure drop of about 6% is predicted. Therefore, the total pressure 

drop for a single channel with Geometry II should be about 16% higher for ß = 12° 

compared to ß = 0 assuming that the bend pressure drop Llpb is not significantly in

fluenced by the inclination. 

There is only one experiment for ß = 12° with Channel Geometry II and k = L 

About the same pressure dropwas measured for ß = 12° and ß = 0° as shown in Fig. 

5.24. More results exist for Channel Geometry III, where the 5 channels can be 

considered as electrically separated channels, as discussed previously. Figure 

5.23a contains results where the test section inclination was ß = 0, + 12 and -12°. 

The flow rate is in a firstapproximationnot affected by the inclination. (The devi

ations from ß = oo are believed tobe caused by flow fluctuation, which preferentiel

ly occured at high values of the Interaction Parameterand Hartmann Number.) 

The pressure measurements show a characteristic increase for ß = + 12° and 

ß = -12° which agrees fairly weil with the predicted values. 

Figure 5.23b shows results for a lower value of the Interaction Parameter. Again 

the volume flow rate distribution is not changed by the inclination whereas the 

pressure drop increases slightly. 

5.4.2 Multichannel U-bend 

The assessment of the influence of inclination for the other flow geometries is 

much more difficult. For radial channels with nonconducting outside walls an in

crease of the pressure drop by 10 %was predicted by Molokov /14/ for ß = 12° com

pared to ß = 0°. This value is sosmallthat this effect may not observed in the mea

surements because the multichannel bend pressure drop is the dominating term. 

The same holds for the pressure drop in the toroidal channels. 
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Fig. 5.21 Prediction of the effect ofinclination ofmagnetic field on velocity dis

tribution in a radial single channel (from Bühler /12/) 
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Figure 5.24 contains the experimental results. Again it shows that the volume 

flow rate distribution does not change significantly. The pressure drop distribu

tions for nonconducting outside walls (Channel Geometries I and IV) arealso very 

similar for ß = 0 and 12°. The surprising result isthat the values arerather lower 

for ß = 12° than higher as perhaps assumed. 

For conducting outside walls (Geometry ll) there is a characteristic tendency that 

the pressure drop is higher in the channels 4 and 5. (A similar tendency can be 

also observed in Fig. 5.23). It would have been advantageaus to perform some ex

periments with ß = -12° to see if the tendency reverses. The reason for this asym

metric distribution is not clear yet. 

To summarize the results it can be said that a slight inclination of the magnetic 

field does not change remarkably both the volume flow rates and pressure drops in 

the single channels. However, the inclination might change significantly the ve

loci ty distribution especially in the toroidal channels where the heat has tobe re

moved. 

More theoretical and experimental work is required to evaluate the influence of 

the magnetic field inclination on pressure drop and velocity distributions in multi

channel bends. 



-73-

0,4 
Q. 
-'-

k=3 

Q 

0,2 

0,1 
k=S k=5 

0 
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

Geometry I Geometry II Geometry N 

4 

ßPmeas 

ßPscc 3 

2 

1 

0 
1 2 

Figure 5.24 

k=5 

k=5 

~ 

~ 

k = 1 

3 4 5 1 2 3 4 5 1 2 3 

-ß=Oo --- ß = 12° 

Experimental results on the influence ofthe magnetic field 

inclination for multichannel ducts (Llpi""' const) 

4 5 



-74-

7. CONCLUSIONS 

The aim of the screening tests was to obtain basic information on the influence of 

the main parameters on the non-uniform distribution ofindividual flow rates and 

pressure drops. These multichannel effects are dependent on the duct dimensions, 

the wall conductance ratio, the number of channels and the MHD flow para

meters: the Hartmann Number and the Interaction parameter. 

For electrically coupled channels the number of parallel channels is an important 

parameter. The multichannel effects arealso significantly dependent on the Inter

action Parameter, whereas no marked influence ofthe Hartmann Number was ob

served. 

A theoretical analysis for electrically coupled channels with conducting outside 

wallswas performed, based on the Core Flow Approximation. The prediction ofthe 

ratios of the pressure drops in the individual channels agrees with the experimen

tal results. The predicted pressure drops are lower since this analysis are based on 

inviscid and inertialess assumptions which arenot fulfilled in the experimentally 

investigated parameter range. 

For the multichannel duct with electrically decoupled radial channels, relevant 

for the KfK self-cooled Pb-17Li blanket, no marked multichannel effects were ob

served in the whole parameter range. Here, the pressure drops of the individual 

channels are approximately equal tothat one of a single channel. Although this 

pressure dropalso increases with decreasing Interaction Parameter, this increase 

is much smaller than for electrically coupled channels. Therefore, these results 

are very favourable compared with previous assessments (based on a non-MHD 

specific model). 
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APPENDIX 

Table Al: Test Section Gonfiguration I 

(Channel.Geometry I ; k = 1, Channel Geometry II; k = 1 and 3) 

Date: 5.11.91 

TestPoint Pump Magn. Flow Incl. Position 
Nr. Current Field Direction Angle of 

Ip(A) B(T) ß(o) Throttles 

1-3 10 0 w 0 open 
4-8 0 (outside· 

9-11 20 
magnet) 

e 
12-17 20 Qi::::::const 
18-48 20 for B=O 
49-57 13 increasing 
53-57 8 B 
58-60 20 

new file 

1 11 open 
2-5 21 

6-11 11 ::::::4 
12 28 

13-16 22 

17-18 22 12 

19-22 22 0 Qi::::::const 
24-29 11 

30-32 11 open 

33-77 16 decreasing 
B 



Date: 5.11.91 

Test Point 
Nr. 

1-4 

5-14 
15-18 
20-23 
24-27 
28-32 
33-36 
37-45 
46-51 

52-56 
57-60 

61-64 

65-68 

69-71 

72-80 

81-86 
87-91 

92-98 
99-103 

104-108 
109-112 
113-121 
122-126 

127-131 
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Table A2: Test Section Configuration II 

( Channel Geometry I I; k = 5) 

Pump Magn. Flow Incl. 
Current Field Direction Angle 

Ip(A) B(T) ß(o) 

20 0 e 0 

20 
10 
16 
20 
16 increasing 
21 B. 
9 

16 

16 
21 

21 12 

21 0 
""'4 

21 

11 

21 w 
10 

10 
22 
15 
10 decreasing 
8 B 

21 

21 0 

Position 
of 

Throttles 

open 

Qi :::::const 

Ei=const* 

Qi:::::const 

open 

* Ei: measured voltages from electrodes in radial channels 



Date: 5.-6.11.91 

TestPoint 
Nr. 

1-4 

5-11 
12-18 
19-23 
24-28 
29-33 
34-39 
40-44 
45-49 

50-54 
55-59 

60-63 
64-67 

68-71 

72-76 

77-83 
84-88 
89-93 

99-120 

121-125 
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Table A3: Test Section Configuration lll 

(Channel Geometry lii; k = 5) 

Pump Magn. Flow Incl. 
Current Field Direction Angle 

Ip(A) B(T) ß(o) 

20 0.6 e 0 

20 w 
10 
16 
20 
16 increasing 
21 B 
9 
16 

16 
21 

20 4 
11 +12 

11 -12 

23 e 0 

13 
8 decreasing 
23 B 
5 

23 0 

Position 
of · 

Throttles 

open 



Date: 9.11.91 

Test Point 
Nr. 

1-5 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 
46-50 
51-55 
56-60 
62-65 
66-70 
71-75 
76-80 
81-85 
86-90 
91-95 

96-100 
101-110 
111-115 
116-120 
121-125 
126-130 
131-135 
136-140 
141-145 
146-150 
151-155 
156-160 
161-165 
166-170 
171-175 
176-180 
181-185 
186-190 
191-195 
196-200 
201-205 
206-210 
211-215 
216-220 
221-225 
226-230 
231-235 
236-240 
241-250 
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Table A5: Test Section Configuration V 
(Channel Geometry I ; k = 2 and 3) 

Pump Magn. Flow Incl. 
Current Field Direction Angle 

Ip(A) B(T) ß(o) 

21,5 0 
15 
10 w 

10 
15 

21,5 e 0 
10 
15 

21,5 
10 
15 

increasing 21,5 
10 B 
15 

21,5 
10 w 
15 

21,5 
10 
10 
15 4 12 

21,5 
21,5 
15 
10 
10 decreasing 0 
15 B e 

21,5 
10 
15 

21,5 
12 21,5 

15 3 w 
10 

21,5 
15 
10 
10 
15 

21,5 
10 
15 dccreasing e 0 

21,5 B 
10 
15 
10 
15 

21,5 

Position 
of 

Throttles 

open 

Qi""const 

open 

Qi""const 

open 



Date: 9.11.91 

Test Point 
Nr. 

1-5 
6-10 
11-15 
16-20 
21-25 
26-30 
31-35 
36-40 
41-45 
46-50 
51-55 
56-60 
61-65 
66-70 
71-75 
76-80 
81-85 
86-90 
91-95 

96-100 
101-105 

106-110 
111-115 
116-120 
121-125 
126-130 
131-135 
136-140 
141-145 
146-150 
151-155 
156-160 
161-165 
166-170 
171-175 
176-180 
181-185 
186-190 
191-195 
196-200 
201-205 
206-210 
211-215 
216-220 
221-225 
226-230 
231-235 
236-240 
241-245 
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Table A6: Test Section Gonfiguration VI 
(Channel Geometry IV; k = 5) 

:Pump Magn. Flow Incl. 
Current Field Direction Angle 

lp(A) B(T) ß(o) 

10 0 
15 

21,5 w 

10 
15 

21,5 e 0 
10 
15 

21,5 
10 
15 

increasing 21,5 
10 B 
15 

21,5 
10 w 
15 

21,5 
10 
15 

21,5 

21,5 4 
15 12 
10 

21,5 
21,5 decreasing 
15 B e 0 10 

21,5 
15 
10 
10 w 
15 12 

21,5 3 
21,5 
15 
10 

21,5 
15 
10 

21,5 
15 0 
10 

21,5 
15 
10 decreasing e 

21,5 B 
15 
10 

Position 
of 

Throttles 

open 

Ci ""'const 

open 

Ci :=:::const 

open 
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