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Misija

Latvijas Universitates Fizikas institiita (LU FI) misija ir iedibinata
vesturiski: zinatniskie petijjumi magnétiskaja hidrodinamika (MHD) un ar
to saistitas zinatnes nozar€s un ar to saistitu pielietojumu realizéSana un
ar1 jauno specialistu sagatavosanu $ajas zinatnes nozarés. LUFI darbojas
kopgjies Latvijas Universitates misijas konteksta.

Latvijas Universitates Fizikas institita isa vésture.

LU FI atrodas Salaspili, Miera iela 32. dibinats 1946.g. ka Latvijas PSR ZA Fizikas
un matematikas instittits, no 1950.gada Latvijas ZA Fizikas institiits, Latvijas
Universitates Fizikas institiits kops 1997.

Direktori: 1946-1948 N.Brazma ; 1948-1967 1.Kirko; 1967-1991 J.Mihailovs; 1992-
1993 I.Bersons; 1994-1997 O.Lielausis; 1998-2000 A.Gailitis.

Kops 2001.g. direktors J.E.Freibergs. Zinatniskas padomes priekssédetajs A.Gailitis.

Akademiskais personals paslaik ir 48 (asistenti, p&tnieki un vadosie p&tnieki), no tiem
6 habilitétie dokt., 35 doktori.

2006. gada 1. maija LU Fizikas institfits atbilstosi Likumam par zinatnisko
darbibu tika reorganizéts par LU agentiiru.
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LU FI darbibas 2008.gada pamatmerki ir sekojosi:

— Uzturét LU FI ka vadoSo pétniecibas centru magnétiskaja hidrodinamika un ar to
saistitas zinatnés gan Latvija, gan Eiropa un izveidot LU FI par atzitu pe€tniecibas
iestadi Pasaules zinatniskaja telpa.

— Uzlabot sadarbibu ar LU Fizikas un matematikas fakultati zinatn€ un jauno
specialistu audzinasana un ar1 ar radniecigam fakultatém RTU.

— Pastiprinat sadarbibu ar arzemju zinatniekiem jo seviski ar Francu zinatniekiem,
ka arT ar Vacu, Lielbritanijas un Niderlandes zinatniekiem.

— Turpinat stradat pie Ampeéra iniciativas projekta sagatavosanas.

Atbilstiba prioritarajiem virzieniem.

Materialzinatne (nanotehnologijas funkcionalo materialu iegtiSanai un jaunas
paaudzes kompozitmateriali);

Energétika — videi draudzigi atjaunojamas energijas veidi, energijas piegades drosiba
un energijas efektiva izmantoSana.

LietiS§ko pétijumu virzieni: $kidro metalu tehnologijas jaunas paaudzes
kodolreaktoriem un kodolsintézes reaktoriem (energijas razoSanas un piegades
dro$iba); MHD saules energijas parveidotajs (videi draudzigi atjaunojamas energijas
veidi); MHD tehnologiju izmanto$ana jauna veida metalu sakaus€jumu iegtiSanai
(materialzinatne); magnétiskie Skidrumi, magnétiska lauka izmantosana nanoiericu
vadiSanai, magnétisko paradibu un kapilaro paradibu mijiedarbiba (nanotehnologijas
funkcionalo materialu un iericu iegiiSanai); starpnozaru pétijumi — magnétiski vadamu
nanoiericu izmanto$ana biomedicina.

Latvijas Universitates dibinata Latvijas Universitates agentura ,,Latvijas Universitates
Fizikas instituts” ; 17.03.2006.g. Latvijas Universitates Senata [émums Nr.177
Registréts LR VID ar kodu LV90002112199; registréts Nodoklu maksataju registra
ar kodu 90002112199

LR IZM Zinatniskas institcijas registracijas aplieciba Nr.551021
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Zinatniska padome

PriekSsedetajs -
Dr.phys. A.Gailitis Magnetohydrodynamics
Galv. redaktors
Dr.hab.phys. A.Cebers
Direktors

Dr.phys. Janis Freibergs

4 N
Zinatniski pétnieciskas Administracija un
laboratorijas apkalpojoSais personals
(P e )
Fizikalas hidromehanikas
laboratorija Direktora vietnieks
Vaditajs Dr.phys. E.Platacis y Dr.phys.A.Gailitis
(e _ N . -
Sl]tuma un masas parneses Direktora palldze M.Broka
laboratorija L
\_ Vaditais Dr.hab.ohvs. E.Blims ) Galvenais inZenieris
- J.Zandarts
MHD tehnologijas
laboratorija K J
Vaditajs A.Bojarévics
(. J
4 v .e N ( - - N
MHD masinu teorijas Gramatvediba
laboratorija
Vaditajs Dr.phys. A.SiSko y S Galvena gramatvede A.Volkova
— . — . \ / —
Teoretiskas fizikas Personaldala
laboratorija
Vaditajs Dr.phys. A.Gailitis L.Komarova
(. J (. J
. _ ) 4 e )
Elektrovirpulplusmu Energétikas un
laboratorija saimniecibas dienests
Vaditajs. Dr.phys. J.Freibergs y S Vaditajs J.Zandarts y
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LU FI ir 6 zinatniskas struktiirvienibas:
Fizikalas hidromehanikas lab. (vad. E.Platacis), Siltuma un masas parneses lab.
(E.Bluims), MHD tehnologijas lab. (A.Bojarévi¢s), MHD masinu teorijas lab.
(A.Sigko), Elektrovirpulplismu lab. (J.Freibergs), Teorétiskas fizikas lab. (A.Gailitis).
Direkcija
Gramatvediba
Energétikas un saimniecibas dienests

Vidgjais zinatniska personala skaits 44,0 2006 gada PLE izteiksme
Vidgjais zinatnisko darbinieku skaits 74,0 2006 gada PLE izteiksme

Talrunis 67944700
Fakss 67901214
E-pasts fizinst@sal.lv
Internets http://iph.sal.lv
Direktors Dr.fiz. Janis Freibergs
Talrunis 67944700
Fakss 67901214
E-pasts jf@sal.lv
Direktora vietnieks Dr.fiz. A.Gailitis
Talrunis 67945821
e-pasts gailitis@sal.lv
Direktora palidze Maija Broka
Talrunis 67944700
Fakss 67901214
E-pasts mbroka@sal.lv
Atrodas Salaspili, Miera iela 32
Pasta adrese Miera iela 32, Salaspils-1, LV-2169
Sadarbibas fakultates Fizikas un matematikas fakultate
Akadeémiska personala skaits (asist., petn., v.pétn., | 60
) uz 01.01.2008. tsk.
doktori | 36
habilitetie doktori | 6

LU FI izdod starptautisku Zurnalu "Magnétiska hidrodinamika" ( kops 1965,
tagad anglu valoda, iznak 4 reizes gada; galvenais redaktors A.Cebers).
LU FI organize regularas starptautiskas konferences.

Wlagneto-
IEIydm-
D ynamics
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Zinatniska padome

Zinatniskas padomes priekSsédetajs Dr.phys. A. Gailitis

Sekretare R.Valdmane

Dr.hab.phys. E.Blims
Andris Bojarévics
Dr.phys. 1. Bucenieks
Dr.phys. L. Buligins
Dr.hab.phys. A.Cebers
Dr.phys. J.E.Freibergs
Dr.phys. A.Gailitis
Dr.hab.phys. J.Gelfgats
Dr.phys. A.MeZulis
Dr.phys. O. Lielausis
Dr.phys. A. Pedéenko
Dr.phys. E. Platacis
Dr.phys. M. Zake

Janis Zandarts.
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LU Fizikas instittita zinatné nodarbinato darbinieku saraksts

N.P.K. Vards, uzvards Akadémiskais amats Slodze
Ieveletais zinatniskais personals
1 Monika Abricka pétniece 1
2 Inesa Barmina vadosa pétniece |
3 Elmars Blums vadosais p&tnieks 1
4 Andris Bojarevics pétnieks 1
5 Valdis Bojarevics vadosais p&tnieks 0
6 Maija Broka zinatniska asistente 1
7 Imants Bucenieks vadosais pétnieks 1
8 Aleksandrs Cipijs zinatniskais asistents 1
9 Aleksejs Flerovs pétnieks 1
10 Janis Freibergs vadosais p&tnieks 1
11 Vilnis Frisfelds vadosSais pétnieks 0,5
12 Agris Gailitis vadosais pétnieks 1
13 Jurijs Gelfgats vadosais pétnieks 1
14 Leonids Gorbunovs vadosais pé&tnieks 1
15 [lmars Grants vadosais pétnieks 1
16 Maksims Igonins pétnieks 0
17 Sergejs Ivanovs péetnieks 1
18 Ilga Klavina zinatniska asistente 1
19 Janis Klavins vadosais pé&tnieks 0,7
20 Aleksandrs Klukins vadosais pétnieks 1
21 JurijsKolesnikovs vadoSais pé€tnieks 0,5
22 Armands Krauze péetnieks 1
23 Kalvis Kravalis zinatniskais asistents 1
24 Vladislavs Kremeneckis | p&tnieks 0,5
25 Stanislavs Krisjko pétnieks 1
26 Rihards Krizbergs vadosais pé€tnieks 1
27 Gunars Kronkalns vadosais pétnieks 1
28 Agnese Lickrastina vadosa petniece 1
29 Olgerts Lielausis vadosais pé&tnieks 1
30 Guntis Lipsbergs zinatniskais asistents 1
31 Mihails Majorovs petnieks 1
32 Ansis Mezulis vadosais pétnieks 1
33 Arturs Mikelsons vadosais pétnieks 1
34 Aleksandrs Pedcenko vadosais pétnieks 0
35 Oksana Petricenko zinatniska asistente 1
36 Ernests Platacis vadosSais pétnieks 1
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37
38
39
40
41
42
43
44
45
46
47

Ilgvars Platnieks
Alfreds Poznaks
Janis Priede
Alberts Romancuks
Svetlana S¢anicina
Jelena Silova
Andrejs Sisko
Rita Valdmane
Janis Valdmanis
Maija Zake
Vladimirs Zuks

Zinatniskais personals

1
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Mihails Belovs
Andrejs Cébers
Kaspars Erglis

Janis Gailis

Linards Goldsteins
Imants Kaldre

Liga Magone
Viesturs Sints
Andrejs Tatul¢enkovs
Vladimirs Vorohobovs
Vladimirs Zablockis

Zinatnes tehniskais personals

—
= BN e R S I Y NI VSR SRR

—_—
AW DN

Evalds Bérzins
Janis Celmajs

Janis Ivanovs
Andrejs Jurgensons
Guntis Jursons
Péteris Lukis
Dainis Maurin$
Janis Mazers
Jevgenijs Morskovs
Ingus Pagasts
Roberts Parolis
Janis Peinbergs

Jekabs Seimanis
Juris Skapars
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Zinatni apkalpojosais personals
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Vladimirs Sobolevs
Ivars Strazdin$

Juris Tobijs

Nikolajs Vedernikovs
Jakovs Visnakovs
Janis Zandarts

Imants Zarins
Anatolijs Ziks

Aida Volkova

Lilija Kal¢enko
Ludmila Komarova
Agris Strazdin$
Valentina Soboleva
Valentina sidorenko
Dionizija Cielava
Janis Cielavs
Aleksandrs Golubevs
Antonina Kaminska
Regina KonoSonoka
Francis Ludbarzs
Tekla Petrovska

Peteris Rokjanis
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Latvijas Universitates agentiira "LU Fizikas instituits"zinatniskas darbibas
finans€éjums

Kopa, Ls
Finanséjums kopa 1675112
tai skaita

Valsts budZeta finanséjums- kopa

1409212

no ta — Eiropas Savienibas struktirfondu finans€jums zinatniskajai darbibai 924766

tai skaita VPD 2.5.1.aktivitates projektu finansgjums 924766

- Latvijas Zinatnes padomes (LZP) granti un cits LZP finansgjums 92500

- zinatniskas darbibas bazes finansgjums 309846

- valsts pétTjumu programmu finansgjums 72000

- zinatniskas darbibas attistibas finans&jums 0

- valsts parvaldes institiiciju pasiititie petijumi 0

- tirgus orient&tie petijumi 10100

- par€jais valsts budzeta finans€jums (pieméram, paSvaldibu finans€jums) 0

Augstskolas finanséjums zinatnei 0

Finans€jums no starptautiskiem avotiem - kopa 265900

no ta — ienémumi no Iigumdarbiem ar arvalstu juridiskam personam 265900

Ienémumi no Iigumdarbiem ar Latvijas Republikas juridiskam personam

Cits finanséjums zinatniskai darbibai

no ta — ienémumi no citam saimnieciskam darbibam

Zinatniska institiita — komercsabiedribas vai nodibinajuma finanséjums
zinatniskai darbibai

Latvijas Universitates agenttura "LU Fizikas instittts" finanséjuma izlietojums

Izdevumi kopa 1780423,0
Uzturés$anas izdevumi 940469,0
Kartejie izdevumi 940469,0
Atlidziba 747325,0

no ta — zinatniskai darbibai 747325,0
Preces un pakalpojumi 193144,0

no ta — zinatniskai darbibai 1931440
Kapitalie izdevumi 839954,0
Pamatkapitala veidoSana 839954,0

no ta — zinatniskai darbibai 839954,0
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The Ampere Initiative :

a step into the future

An ambitious view

The Ampere Initiative is a Franco-
Latvian led collaborative project, aiming
to create a European Centre of
Excellence (“Ampere Institute”) in
Latvia in the domain of magneto-
hydrodynamics and magnetic fields.

Magnetically controlled combustion
apparatus in the laboratories of IPUL
Credits : M. Zake

Since 2001, the Institute of Physics of
the University of Latvia (IPUL) and the
French organisms CEA and CNRS are
pushing for the establishment near Riga
of a large research institution making
the most of Latvian excellence in these
domains.

Renovation of the premises with the
help of European funds will enhance
IPUL world-class status and allow for
the storage and study of among the
world largest volumes of alkaline liquid
metals (sodium and mercury).

A push towards new technologies

New applications of magnetic field research : a new type of electromagnetic induction pump (left)
and magnetic nanocolloids (right)
Credits : 1. Bucenieks, E. Blums

Applications are numerous and of prime importance :
“blankets” of nuclear reactors, high-efficiency induction
pumps with no moving parts, use of ferrocolloids in
biomedicine, improvement of casting techniques in the
metal industry, combustion or cristallization control by
magnetic fields, space energy generators using
magnetohydrodynamic drive, etc The domain of
studies are among the most promising for future
development.

Despite the economic crisis, the Ampere Initiative
remains one of the priorities of the University of Latvia.
A request of financial support to the European Regional
Development Fund (ERDF) will be submitted in summer
2009 to help renew the infrastructure. The “Ampere
Institute” may then come into existence as soon as 2010.

= A : . E
Similarities between the dynamo field at IPUL and magnetic fields of space projections events
Credits : A. Gailitis

_Ej Institute of Physics

With the support of :

Commissariat a I'Energie Atomique (CEA)

LATVIJAS
UNIVERSITATE

* This material is destined solely to participants to the summer school “GAMAS Magnetosciences”. Reproduction and/or diffusion of this material is forbidden. *

Centre National de la Recherche Scientifique (CNRS)



LUFI zinatniskas pétniecibas apaksvirzinu paSnovértésanas zinojums.

I apakSvirziens
Zinatniskas pétniecibas apaksvirziens, kura LUFI ir vadoSo institticiju vidi pasaulg:

Skidru metalu magnetohidrodinamika un hidrodinamika, fundamentalie un
pielietojumie pétijumi.

Publikacijas:

1. R.B.Gomes, H.Fernandes, C.Silva, A.Sarakovskis, T.Pareira, J.Figueiredo,
B.Caravalho, A.Soares, C.Varandas, O.Lielausis, A.Klyukin, E.Platacis, I.Tale.
Interaction of a gallium jet with the tokamak ISTTOK edge plasma. Fusion
Engineering and Design, 83 (2008)102-111

2. QGalilitis, A., Gerbeth, G., Gundrum, Th., Lielausis, O., Platacis, E., Stefani, F.
History and results of the Riga dynamo experiment Comptes Rendus Physique 9
(2008), 721-728; arxiv.org/0807.0305

3. LGrants, C.Zhang, S.Eckert, G.Gerbeth, Experimental observation of swirl
accumulation in a magnetically driven flow, Journal of Fluid Mechanics 616, 135

(2008)

Patenti:

1. US Patent 7,335,256, 2008. Silicon single crystal ande process for
producing it. Authors: W.von Ammon, H. Schmidt, J. Virbulis, Yu.

Gelfgat et. .al.

2. European Patent (Application No.08016830.5-2209) “Vervahren
undAnordnung zur Messung des Durchflusses elektrisch leitfahiger
medien” (2008). Autori: G.Gerbeth, ... A.Bojarevics, J.Gelfgats.

3. Karcher, Ch., Kolesnikov, Y., Thess, A.: German Patent DE 10 2007

038 685 (2008).

Akademiskais personals:

Dr.Phys. [.Bucenieks, J.Freibergs, A.Gailitis; [.Grants, A.Klukins, O.Lielausis;

E.Platacis; I.Platnieks; A.Sisko;

1. Finanséjuma avoti — Eiropas Savieniba

Magnetic flow tomography in technology

Commission of the EC

Contract No.028670

geophysics and ocean flow research Research DG Specific target project
MAGFLOTOM EC 6 Framework
Programm-

.Asociacijas EURATOM-Latvijas Universitate
Atomenergijas kopienas (EURATOM) projektu
_Fusion Physics Programme - Preparation of a

Fixed contribution
contract with

Nr. FU07-CT-2007-00047

S A . EURATOM
gallium jet limiter for testing under reactor
relevant conditions (turpmak-projekts) ar EK EC 6 Framework
kontrakta numuru Nr. FU07-CT-2007-00047 Programm-
European Isotope Separation On-Line EC 6 Framework Contract 515768
Radiactive lon Beam facility (EURISOL | Programm (RIDS)

DS)
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Virtual European Lead Laboratory
(Vella)

EC 6FP: Contract type: | Project reference

Integrating activities 36469.

implemented as NUWASTE-2005/6-

integrated Infrastructure | 3.2.3.1-1

activities 2006.10.01-
2009.09.30

ERAF projekts

Nr.VPD1/ERAF/CFLA/05/APK/2.5.1./000004/004 | “MHD tehnologija svina-litija

eitektiska sakausg€juma iegtiSanai
un pielietosanai kodolsint€zes
reaktoru sist€mas”.

2. Latvija

LZP sadarbibas projekts

Projekts Nr. 06.0029 ,Inovativi strukturali integréti kompozitmateriali:
dizains, iegtiSanas un parstrades tehnologijas,
ilgmuziba”.

Apaksprojekts Kompozitmateriali un nanokompoziti. MHD metodes

Nr. 2.06.0029.2.09 dispersas fazes sadaliSanai un homogenizacijai
kompozitos ar metalisku matricu

LZP granti

3. Arzemju ligumi

(ORNL)

Paul Scherer Institute Switzerland | Modification ofan electromagnetic
pumps

Corus Research, Development The Design, manufacture, test and

and Technology Netherlands | delivery of a permanent magnet
system

SIEMENS, Grenobles Germany | Fesible study for the MHD facility

Politehniskais institiits France with permanent magnets for the glass

CNRS, INPG technology

Center for Automatice R&D Spain A research Uroject for liquid

CIDAUT Foundation for R&D aluminium pumps on rotating

in Automative Sector permanent magnets

Commissariat a [’energie France Assesment of possibility to design and

atomique, Departement de develop pf EM pump related to m3

technologie nucleaire irradiation devices

Los’Alamos National ASV System of electromagnetic pumps

Labarotory (LANL)

Oak Ridge National Laboratory ASV Design, manufacture, test and

delivery 2 electromagnetic pumps

Kopgjais zinatnisko darbu finans€jums 2008.gada — Ls 852900
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Sarmu metalu laboratorijas renovacija - Ls 697 900
Zinatniskas iekartas 2008.g. iegadatas par summu Ls 100400

IT apakSvirziens
Latvijas konteksta:
Magnétisko nanokoloidu fizika

Publikacijas:

1. E.Blums, A.Cebers, M.M. Maiorov, Magnetic Fluids, Walter de Gruyter, Berlin,
1996

2. E. Blums. Mass Transfer in Non-Isothermal Ferrocolloids under the Effect of a
Magnetic Field, J. Magn. and Magn. Materials , 1999, 201, No. 1-3, p.242-247

3. A. Mezulis, E. Blums, The presence of microconvective instability in optically
induced gratings, Journal of Non-Equilibrium Thermodynamics 32 (2007), 331 —
340.

Vadosais personals:
E.Blums, A. Mezulis, M. Majorovs, G.Kronkalns.

Finanséjums:

17 projekti, tai skaitd 1 Valsts programma, 1 LZP sadarbibas projekts, 4 LZP granti, 2
Eiropas Komisijas projekti, 1 Sorosa Fonda grants, 2 Vacijas un 1 Zviedrijas
sadarbibas projekti, 2 Humboldta Fonda atbalsta granti, kompanijas ,,Ferotec-USA”
ligumprojekti u.c. Pedgjo 3 gadu kopgjais finans&jums aptuveni 240000 LVL, 4500
EUR un 7500 USD.

Eiropas un pasaules konteksta:
Siltuma un masas parnese magnetiskajos nanokoloidos

Publikacijas:

1. E.Blums, Yu. A. Mikhailov, R. Ozols. Heat and Mass Transfer in MHD Flows,
World Scientific, Singapore, 1987, 512 p.

2. E.Blums, S. Odenbach, A. Mezulis, M. Maiorov. Soret Coefficient of Nanoparticles
in Ferrofluids in the Presence of a Magnetic Field, Physics of Fluids 1998, 10, No. 9,
p. 2155-2163

3. E. Blums, New Problems of Particle Transfer in Ferrocolloids: Soret Effect and
Thermoosmosis, The European Physical Journal E - Soft Matter, 15, (November
2004) No. 3, pp. 271-276

4. A. Mezulis, E. Blums, On the microconvective instability in optically induced
gratings, Physics of Fluids, 18, 107101 (2006)

Vadosais personals:
E. Blums, A. Mezulis, M. Majorovs

Finanséjums:

17 projekti, tai skaita 1 Valsts programma, 1 LZP sadarbibas projekts, 4 LZP granti, 2
Eiropas Komisijas projekti, Sorosa Fonda grants, 2 Vacijas un 1 Zviedrijas sadarbibas
projekti, 2 Humboldta Fonda atbalsta granti, kompanijas Ferotec-USA Iigumprojekti
u.c. P&dgjo 3 gadu finans€jums aptuveni 240000 LVL, 4500 EUR un 7500 USD.
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III apaksvirziens
Latvijas konteksta:
Degsanas procesu dinamikas izpéte.

Vadosais personals:
Vad. pétn. Dr. phys. M.Zake, Dr. sci. Ing. [.Barmina, Dr.sci.ing. A.Meijere

Viens no virzieniem, kura LU Fizikas institiitu var uzskatit par vadoSo Latvija ir
deg8anas procesu dinamikas izp&te ar mérki izveidot stabilu, efektivu un ekologiski
tiru degSanas procesu. Petijumi apvieno liesmas dinamikas, siltuma un masas parneses
un kimisko procesu izp@ti dazadas degSanas procesa attistibas stadijas, sadedzinot
gazveida vai cieto kurinamo (dazada sastava un struktiiras koksnes biomasu).
Degsanas procesa kontrolei un reguléSanai izmanto ar&jo lauku (elektriska,
magnétiska) un liesmas mijiedarbibas efektus, ka ar1 vienlaicigu gazveida un cieta
kurinama sadedzinaSanu.

Degsanas procesu pétijumi tiek veikti sadarbiba ar Valsts Koksnes Kimijas institiitu
un Valsts MeZzinibu institutu ,,Silava.” Sadarbiba ar VKKI tiek veikta bioetanola
razoSanas procesa atkritumu- dazada sastava lignina granulu degSanas procesu
kingtikas un diimgazu sastava izpete, nosakot korelacijas starp So granulu elementara
sastava un degSanas procesu raksturojosiem lielumu izmainam ar tam sekojosam
sarazota siltuma daudzuma un degSanas produktu sastava izmainam dazadas degSanas
procesa attistibas stadijas, optimizgjot granulu sastavu, lai iegiitu efektivu un
ekologiski tiru deg3anas procesu. Sada tipa granulu izmanto3ana siltuma razo$anai
butiski palielina bioetanola razoSanas efektivitati, samazinot izmaksu zudumus, kurus
lidz §im noteica nepilniga bioetanola razoSanas blakus produkta- lignina izmantoSana
vietgjai apkurei.

Sadarbiba ar VMZI ,,Silava” paredzets veikt dazadu Latvijas koku sugu un sikkoksnes
degSanas procesu izp€ti ar merki izveidot stabilu degSanas procesu, kas balstas uz
vietgja kurinama apzinas$anu un ta raksturojoso lielumu izpéti.

Fizikas instittita dazada tipa degSanas procesu izpétei ir izveidota mazas jaudas (Iidz
2-3kW) eksperimentala iekarta, kura degSanas procesa stabilizacijai izmanto gaisa
virpulpliismu ar pakapenisku koksnes biomasas sadedzinasanu.

So pétijumu rezultata ir izveidots eksperimentalais vietgjas apkures katls ar jaudu lidz
50 kW, par kura izveidi ir sagatavots un apstiprinats patenta pieteikums, nodrosinot
vienlaicigu propana un koksnes biomasas sadedzinasanu. Eksperimentalas iekartas ir
aprikotas ar zondeém lokaliem liesmas temperatiiras, atruma un sastadva merijjumiem,
nodros$inot arT sarazota siltuma daudzuma mérfjjumus dazadas degSanas procesa
attistibas stadijas. Lokaliem liesmas atruma sadalijuma mérjjumiem ir iespgjams
izmantot Pito caurulites un Lazera Doplera atruma meritaju, bet liesmas sastava
mérfjumiem izmanto gazu analizatoru ,,Testo-350XL" un spektrofotometrus ,,Cary”
un ,,Varian”. Visiem mérijumiem ir nodro§inata datoriz&ta merijumu registracija un
apstrade.

Pétijumu rezultati ir publicéti dazada Iimena Starptautisko un viet&jo konferencu
materialos, ka arT dazada lItmena zinatniskos izdevumos.

Publikacijas:
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Finans€éjuma avoti:

2005.-2008. g. ERAF projekts Nr. VPD1/ERAF/CFLA/05/APK/2.5.1./000001/
,Koksnes biomasas viet&jo resursu racionala izmantosana siltuma razoSanai
kombingta koksnes un gazveida kurinama degSanas procesa” par kopgjo summu
91833Ls un LZP projekts ,,Siltuma un masas parneses petijumi kombingta gazveida
un cieta kurinama degSanas procesa argjo speku lauka” par kopg€jo summu 21258 Ls.
2009. gada sadarbiba ar VKKI un VMZI ,,Silava” ir sagatavots un iesniegts
izskatiSanai ESF projekts ,,Dazadu koku sugu neapgiito sikkoksnes resursu un to

kvalitates izp&te ekologiski drosu un efektivu siltuma razo$anas procesu izveidei”.
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Latvijas Universitates agentiiras
»Latvijas Universitates Fizikas instituits”
darba plans 2008.gadam

Sis darba plans ir Latvijas Universitates (LU) un Latvijas Universitates Fizikas
institita (LU FI) Parvaldes liguma pielikums.

LU FI veic savu darbibu saskana ar savu Nolikumu, Parvaldes ligumu un savu
vidéja termina stratégiju.
LU FI nodroSina savu pé€tniecisko darbibu un publisko pakalpojumu sniegSanu
atbilstosi zinatnieku &tikas kodeksam, starptautiski atzitiem labas prakses paraugiem
un LU FI ieksgjiem normativiem dokumentiem, tadejadi nodrosinot savas darbibas
attiecigos kvalitativos raditajus un celot institiita prestizu kopuma.

LU FI nodroSina ar 04.08.2008. Ministru Kabineta noteikumiem Nr. 623 “Bazes
finanséjuma pieSkir§anas kartiba valsts zinatniskajam institiicijam un valsts
augstskolu zinatniskajiem instititiem” noteiktos zinatnisko institiitu
novértésanas raditajus tada meéra, lai integrétais novéertéjums par 2008.gadu nav
mazaks par 10.

LU FI 2009.gadam noteiktie kvalitativie un kvantitativie raditaji atspoguloti nakosa
tabula.

2009.gada
Zinatnisko petijumu tematiskas jomas, kuras institiitam 4
biis nozimiga loma, saskana ar stratégiju
Zinatniska personala attistibas raditaji (skaita pieaugums 19
pret ieprieksgjo gadu, % )
Finans€juma attistibas raditaji (apjoma pieaugums pret 15
. . v—- 0
iepriek$gjo gadu, %)
Sagatavoto zinatnisko publikaciju skaits 60
tai skaita SCI publikacijas
(publikacijas izdevumos, kas tiek
. S 30
referéti starptautiski pieejamas
datu bazgs)
Publikacijas starptautiski
recenzétos, LZP atzitos 19
izdevumos
Publikacijas citos zinatniskajos 8
izdevumos
Popularzinatniski raksti 3
Konferencu tezes 10
Sagatavoto un piedavato studiju kursu skaits 2
Sagatavotie laboratorijas darbu komplekti 2
Doktorantiem, magistrantiem un bakalauriem piedavato
. S _ . 6
darba vietu un/vai petijumu t€mu skaits
Starptautiskas atpazistamibas raditaji 6
(starptautiski nozimigi projekti vai pasakumi kopa)
Eiropas Savienibas.6 un 7.ietvara projektu skaits 5
Valsts petijumu programmu projektu skaits 2
LZP finansétie sadarbibas projekti 3
Latvijas Zinatnes padomes finanséto projektu skaits 4
Registréto un uzturéto patentu skaits 1
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LU FI nodroSina institiita darbibas nepartrauktibu, balstoties uz iesp&jamo risku
apzinasSanu sekojosas sadalas, bet jo Tpasu véribu pieverSot personala atjauninasanai
un darbinieku kvalifikacijas paaugstinaSanai (cilvéku kapitala riski), finansu
disciplinas un likumibas iev@roSanai (finansu un juridiskie riski), ka arT kvalitativai
publisko pakalpojumu sniegSanai (darbibas riski). Darbibas risku parvaldisanai LU FI
atspogulo ricibas plana.

Risks

[
—
]

Finansu
riski
Juridiskie
risld
Darbibas
riski
Politiskie
riski
Tehnologiskie
riski

Cilvelku
kapitala riski
Dabas
notikumu riski

LU FI nodrosina risku identific€Sanu un to parvaldibu saskana ar sekojos
planu.

Kartas | Darbibas raksturojums Izpildes termins vai

Nr. pasakuma bieZums

1. Darba grupas izveide riska faktoru 2. kvartals
identific€Sanai un novertesanai LU FI

2. LU FI riska parvaldibas politikas dokumenta 2. kvartals
izstrade

3. Pasakumu plana izstrade riska faktoru 2.kvartals
mazinasanai

4, LU FI datu drosibas politikas dokumenta 3.kvartals
uzlabo$ana

4, Ieksgjas kontroles politika dokumenta 3.kvartals
uzlaboSana

5. Riska faktoru parveértésana un pasakumu plana | 4.kvartals
korekcija 2009.gadam
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LU Fizikas instituta izpilditie projekti

6.letvara programmas

Magnetic flow tomography in technology
geophysics and ocean flow research
MAGFLOTOM

Commission of the EC
Research DG

Contract No0.028670
Specific target project

Preparation of a gallium jet limiter for

Fixed contribution

FU07-CT-2007-

testing under reactor relevant contract with 00047,
conditions EURATOM

EC 6 Framework

Programm-
European Isotope Separation On-Line EC 6 Framework Contract 515768
Radiactive lon Beam facility (EURISOL | Programm (RIDS)

DS)

Virtual European Lead Laboratory
(Vella)

EC 6FP: Contract type:
Integrating activities
implemented as

Project reference
36469.
NUWASTE-2005/6-

integrated Infrastructure | 3.2.3.1-1
activities 2006.10.01-
2009.09.30
ERAF projekti
IstenoSan
Registracijas nr. Nosaukums Vaditajs as
periods
Nr.VPD1/ERAF “MHD tehnologija svina-litija eitektiska J.Freibergs | 2006-
/CFLA/05/APK sakausgjuma iegiisanai un pielietoSanai E.Platacis 2008
/2.5.1./000004/004 | kodolsintézes reaktoru sist€mas”.
VPDI1/ERAF Feritu nanodalinas un koloidi E.Blums 2006-
/CFLA/05/APK termomagnétiskas dzesesanas sisttmam un 2008
/2.5.1./000002/002 | audu hipertermijai” .
VPD1/ERAF Koksnes biomasas viet€jo resursu M.Zake 2006-
/CFLA/05/APK racionala izmanto$ana siltuma razoSanai 2008
/2.5.1./000001/001 | kombinéta koksnes un gazveida kurinama
degSanas procesa

VPDI/ERAF/CFL | “Latvijas Universitates Fizikas institiita J.Freibergs | 2008
A/08/NP/2.5.2./000 | €kas iekstelpu renovacija”
1/000012/038
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Institata 2008.gada realizétas 1 valsts pétijumu programmas

sadarbibas projekti

projekts un 3

Registracijas
numurs

Nosaukums

Vaditajs

Valsts petijumu
programma
1-23/49

1-23/37

Projekts 5

Rezultati

Modernu funkcionalu 8 mikroelektronikai, nanoelektronikai,
fotonikai, bi-omedicinai un konstruktivo kompozitu, ka ari to
atbilstoSo tehnologiju izstrade

Nanodalinu, nanostrukturalu materialu un plano tehnologiju
izstrade funkcionalo materialu un kompozitu izveidei

1. vaditajs Dr.hab.phys. E.Blims

Veikti siltuma un masas parneses un konvekcijas pétijumi
ferrokoloidos, noskaidrotas jaunas magnétisko nanodalinu
parneses paradibas neizotermiskas kapilari porainas vides
un iegiiti jauni rezultati par magnétiska lauka energijas
disipaciju nanokoloidos ar Brauna tipa relaksaciju.
Publicéti 13 darbi SCI Zurnalos un recenz&tos rakstu
krajumos, nolasiti 11 referati starptautiskas konferences.

2. vaditajs Dr.hab.phys. A.Céebers

2008 g. Pirmoreiz pasaulé sintezeti lokani feromagnétiski
filamenti un eksperimentali apstiprinata teor&tiski
paredzgta filamentu anomala orientacija mainiga
magnétiska lauka (Publ. 1.K.Erglis, M.Belovs,
A.Cebers. Flexible ferromagnetic filaments and the
interface with biology. Moscow International Symposium
on Magnetism, Book of Abstracts, Moscow , P.238, 2008.
2 K.Erglis, M.Belovs, A.Cébers. Flexible ferromagnetic
filaments and the interface with biology. Journal of
Magnetism and Magnetic Materials — 2009, v.321, P.650-
654.) .

E.Blums
E. Cebers

Sadarbibas projekti
1.Nanomateriali
un nanotehnologija

2.06.0029.2.09

Mikstie magnétiskie materiali un nanotehnologijas

Difuza un konvektiva nanodalinu parneses neizometriskos
ferrokoloidos kapilari porainas vides

MHD metodes dispersas fazes sadaliSanai un homogenizacijai
kompozitos ar metalisku matricu

A.Cebers

E.Blums

J.Gelfgats
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Institata 2008.gada 1stenoti 11 Latvijas Zinatnes padomes finansétie projekti

Bucenieks
L
05.1466

Aprekinu metoZu un izgatavoSanas tehnologijas modernizdacija elektromagnétisko
sitknu sistemam Skidra metala neitronu atskaldiSanas iekartas
Saskana ar projekta uzstaditiem mérkiem un uzdevumiem projekta izpildes
laika posma 2005. — 2008. tika veikti teorétiskie un eksperimentalie p&tjjumi lai
izstradatu specializ€tas aprékinu metodes lai modernizétu aprékinu metodes un
izgatavoSanas tehnologijas elektromagnétisko stknu sisttmam $kidra metala
neitronu atskaldiSanas iekartas, nemot véra smagos specifiskos darba apstaklus,
tadus ka radiacija, augstas darba temperattras, pulsgjosu (laika mainigu) darba
reZimu ar mainigu slodzi un plasa elektromagnétisko indukcijas suknu operativo
parametru diapazona azadiem Skidriem metaliem.
Konkréti ir ir paveikti sekojosi darba uzdevumi:
e 3-fazu elektrisko kézu ar nelieneariem elementiem modelésana;
e Magnétisko procesu modelésana skidros metalos, siiknu kanalu
sienas, primaraja elektromagnétiskaja kede (induktora);
e Siltumparneses dinamisko procesu modeléSana $adas sist€émas:
Skidrais metals — konstrukcijas siltumu genergjosie elementi — siltumu
vadosie elementi, ka arT siltuma lauka noteikSana elektromagnétisko
siiknu konstruktivos elementos;
e Mehanisko spriegumu modeléSana pie lieliem temperattras
gradientiem elektromagnétisko siiknu konstruktivos elementos
puls€josos/laika mainigos darba rezZimos.

Zinatniska sadarbiba:

Projekta realiz€jami pétjjumi ir ieklauti LU Fizikas institita starptautiskajos
projektos un programmas, kas ir saistiti ar elektromagnétisko stknu sistemu
izstradaSanu atskaldito neitronu un transmutacijas (ADS — Acceleration Driven
System) iekartam (sadarbiba ar ENEA, Italija), MEGAPIE sisttma un rojekta
EURISOL ietvaros (sadarbiba ar Paula Sérera Instititu, Sveice), ka ari ar Los
Alamos National Laboratory (LANL, ASV).
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Freibergs
J.
05.1381

Impulsa, siltuma un masas parneses procesi aksiali simetriskas pliismas
hidrodinamika un magnetohidrodinamika

Robezslanu teorija attistas jau 100 gadus, bet 1idz Sim bridim nav zaud&jusi
savu aktualitati. Sis teorijas pielieto$anas rezultati dod iesp&ju noteikt svarigus
hidrodinamisko un magnetohidrodinamisko iekartu parametrus: spiediena
gradientu, pat€rinu, berzes koeficientus u. tml. Bet katra Sis teorijas uzdevuma
risinaSana sakas ar diezgan sarezgitu Navjé-Stoksa-Maksvela vienadojumu
parveidoSanu.

Ka pieradits prof. E. S¢erbinina darbos, isteniba visus robezslana teorijas
uzdevumus var aprakstit ar vienu vienadojumu sist€ému, kura atkariba no konkréta
uzdevuma nosacljumiem mainas tikai dazi koeficienti. Tas nozime, ka nav
nepiecieSamibas veikt Navjé-Stoksa-Maksvela vienadojumu parveidojumus katru
reizi, pietiek tikai izanaliz&t uzdevuma 1pasibas, noteikt vienadojumu koeficientus
un var risinat iegiitu sistému. Bez tam, prof. E. Séerbinina piedavata vispargjas
teorijas uzbtives koncepcija lauj noteikt dazus uzdevuma parametrus nerisinot $o
sistemu.

Ieprieks€ja projekta ietvaros (projekta Nr. 01.0156) tika apskatita visparejas
teorijas pielietoSana Dekarta un polaraja koordinatu sist€mas gan parastaja
hidrodinamika, gan magnetohidrodinamika. Ari tika izanaliz€ta siltuma un
piesarnojuma  parnese. legilitie rezultati tika  publicéti gan  Zurnala
,Magnetohydrodynamics”, gan refereti starptautiskajos konferences. Ka projekta
izpildes sasniegumu atskaite ar Latvijas Universitates Fizikas Institiita palidzibu
tika izdota monografija “Automodulara robezslana teorija hidrodinamika un
magnétiska hidrodinamika. I dala. Plakanas plismas”. ST gramata var biit noderiga
gan specialistiem, gan attiecigo specialitaSu augstskolu studentiem. Izstradato
vispargjo teoriju var izmantot konstrugjot dazadas MHD iekartas, tai skaita siiknus,
patérina meritajus, maisisanas ierices utt..

Dota projekta ietvaros pabeigts darbs pie vispargjas teorijas otras dalas —
aksiali simetrisko pliismu pétiSanas.

2005. gada pétiti eksaktie aksiali simetriskie risinajumi hidrodinamika. Ta
ka tie ir loti cieSi saistiti ar robezslapa tipa risinajumiem un tada pasa veida
risingjumiem magnétiskaja hidrodinamika, tad vienlaikus tika pétiti ar1 So veidu
risingjumi. Tika noteikti eksakto risindjumu veidi katra gadijuma, noteikts
iespgjamo uzdevumu loks atrisinasanai. Tika noteikti nosacfjumi eksakto
risinajumu parveido$anai uz robezslana tipa atrisinajumiem un ar to saistiti efekti.

2006. gada pabeigta 2005. gada iegiito rezultatu noforméSana: aksiali
simetriskas plusmas hidrodinamika; precizie atrisinajumi aksiali simetriskam
plismam hidrodinamika. Uzsakta aksiali simetrisko plismu magnetohidrodinamika
pétisana un uzdevumu formul&Sana un risinasana;

2007. gada pabeigta 2006. gada iegiito rezultatu noformesSana: aksiali
simetrisko plismu magnetohidrodinamika izp€te un uzdevumu risinaSana. Uzsakta
elektrovirpulu pliismu un to risinajumu sferiskaja koordinatu sist€éma izpéte, ka ar1
uzdevumu formul@Sana un risinasana Sajos sadalas.

2008. gada pabeigta 2007. gada ieglto rezultatu noformesana:
elektrovirpulu pliismas un to risinajumi sferiskaja koordinatu sistéma. Pabeigta
plismu pétisana cilindriskaja koordinatu sisteéma, atrisinati dazi uzdevumi. Pabeigti
petijumi sferiskaja koordinatu sisttma, noforméti iegiitie rezultati.

Paliek pilnigi pabeigt iegiito rezultatu noform&Sanu un monografijas
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Gailitis A.
05.1388

Gelfgats J.
05.1378

datorsalikumu. ST monografija varés bt noderiga studentiem, kuri studé $kidruma
un gazu mehanikas specialitatg, lai apgiitu robezslanu metodi, ka risinat un analizet
automodularus uzdevumus un uzdevumus robezslana tuvinajuma, ka ar1 visiem, kas
interes€jas par $o nozari.

Darba gaita daudz laika prasija skaitliskie aprékini un rezultatu analize, ka
arT informacijas atlase.

Monografija ieklauti materiali, kas tika iegtti V. Kremenecka disertacijas
“Precizi automodelari risinajumi hidrodinamika un magnetohidrodinamika un to
sakars ar uzdevumiem robezslana tuvinajuma” izstrades gaita. Disertaciju planots
aizstavet 2009. gada.

Darba rezultati tika pielietoti svina — litija eitektiska sakaus€juma razoSanas
reaktora ar elektromagnétisko induktoru ka maisitaju, optimalas formas izveidei.

Sferiska MHD Dinamo eksperimenta izveide

Intenstvi maisot lielu tilpumu labi elektrovadosa skidruma (ar1 gazes), tas
magnétiz&jas. Spontani rodas magnétiskais lauks itka no neka. Ta magnétiz&jusies
Zeme, Saule, zvaigznes un galaktikas. Lidz miisu 1999.g. 11. nov. eksperimentam
Sis, daba tik plasi izplatitais process, uz Zemes virsas nebija novérots. lemesls
eksperimenta izmera — pat no vislabaka $kidra elektrovaditaja (Na) vajadzigi
vairaki kubikmetri un tad vél dazi simti kW jaudas ta maisiSanai.

Darba plans paredzgja divus pamatdarbus. Pirmais — pilnveidojot esoso
eksperimentalo iekartu izpetit paradibu péc iespgjas sikak. Otrais — pétit iesp&jas
nakoSam eksperimentam cita geometrija, tuvaka tai, kas vairuma astrofizikalo
objektu.

Pirmais uzdevums sekmigi veikts. Iekarta ievérojami papildinata. Uzstadits ar
miisu lidzdalibu Francija gatavots magnétiskais sajtigs, kas nodros$ina pilnigu
ierices hermétiskumu. Eksperiments aprikots ar diviem manipulatoriem, kas
parvieto magnétiska lauka triskomponentu sensorus gan gar iekartu un gan pa
kanalu skersu tai. legadata daudz precizaka meraparatiira. Iegtiti detalizeti lauka
gareniskie un Skérsprofili. legtti detalizéti magnétiska lauka frekvencu spektri.
Noverota lauka atpakaliedarbiba uz natrija plismu. Precizets paradibas
datormodelis.

Iespgjamam nakoSam eksperimentam izveidots samazinats tidens modelis.
Pliismas sadalfjums taja merits ar lazera-Doplera-anemometru. Atrastais atrumu
sadalfjums likts lauka generacijas datormodeli. Datorsimulacija vél gan nav devusi
pilnu parliecibu, ka burtiski $ads Na eksperiments biitu perspektivakais.

Darba rezultati publicéti 6 rakstos un izklastiti virkne starptautisku konferencu.

Starptautiska sabiedriba joprojam nav zaudg&jusi interesi par MHD dinamo
problému. Par to, starp citu, liecina 2007.g. sanemtais Francijas Goda Legiona
virsnieka ordenis.

Liela apjoma Skidras elektrovadoSas vides stacionaras un nestacionaras kustibas
ierosinasSanas un slapesanas MHD metoZu fizikalas likumsakaribas

Galvenie rezultati.

1. Izstradati originali MHD ieri¢u konstrukcijas risinajumi izmantojot pastavigos
cilindriskos magn&tus, kuri nomagnetiz&ti diametrala virziena un inducg skidra
metala plismas ar ievérojami lielaku atrumu. Noteikti So plismu intensitates
kritériji. Noteiktas likumsakaribas starp pliismas atrumu un pastavigo cilindrisl
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magnétu skaitu, attalumu starp magnétiem un blakus eso$o cilindrisko magnetu
magnetizacijas vektoru lenki (J.Gelfgats, A.Bojarevics).

)

Skidra metala kustiba magnétiska rotora
a)metala virsma talu no rotora,

b) metala virsma tuvu rotoram

2. Ar matematiskas model€Sanas metodém izpétitas plismu hidrodinamiskas
strukttiras cilindriska bezserdes indukcijas siikna kanala. Paradits, ka izejot
plismai no MHD iedarbibas zonas, plismas maksimalais atrums cilindriska
kanala tuvojas cilindra asij (M.Abricka, J.Kramins).

3. Eksperimentali pieradits, ka izm&rot termoelektromagnétisko pliismu atrumu, var
noteikt termoEDS lielumu $kidru metalu kausgjumos. Izstradata ierice un mérisanas
metodika termoEDS noteikSanai dazada sastava kausgjumos (A.Bojarevics, I.Kaldre).

Valdmanis Elektriskas un magnéetiskas iedarbes procesu vadiba izkauséta metala un cietas

J.. metdliskas sieninas robeZapgabald

04.1111

Projekta visparigais merkis bija noskaidrot galvenas likumsakaribas, kas
nosaka cieta un $kidra metala robezvirsmas attistibas dinamiku argju iedarbibu
apstaklos. Argja iedarbe realiz&jas caur elektromagnétisko lauku. Iedarbes procesa
izpete tika veikta ar mérki ietekm@t attistibu vélama virziena ka ari optimizget
elektromagn@tiska lauka nepiecieSamos avotus.
Veikta literatiiras analize par elektriskam un magnétiska lauka iedarbém, lai

LU Fizikas instittts — 2008



vaditu metala kristalizacijas un dazus citus fizikalus procesus divfazu sisteémas.
Izdarits secinajums, ka IpaSi aktuali un interesanti ir planotie eksperimenti ar
noteikta virziena orientStas elektriskas stravas izmantoS$anu, lai ietekm&tu metalu
sacietéSanas procesa gaitu un rezultatus.

Izprojekteta un izveidota atbilstoSa eksperimentala iekarta, kura neliela
konteinera ar sieninam no elektribu nevadoSa materiala izkaus€ termoelektriski
aktivus metalus ( piem. bismutu ) 10 mm bieza slani un rada apstaklus konteinera
garenvirziena orientetai metala cietas fazes augSanai. Vienlaicigi $ai virziena caur
Skidro un saciet§juso metalu tiek laista Iidzstrava, p&tot ar to saistitds izmainas
kristalizacijas procesa noris€. Metala sacietéSanas gaitu fiks€ ar termopariem, bet
termoelektriskas stravas , kas var€tu veidoties metala nehomogenos apgabalos, ar
specialiem sensoriem, novietotiem gar cietas fazes augsanas virzienu.

Realizéts eksperiments, novert§jot termoelektriskos efektus metaliska
(duraluminija vai neriis€josa te€rauda) plaksnite, kam lokala vieta bija sabojata
struktiira — apm. 2cm’ tas virsmas apgabals iepriek$ bija paklauts metinasanai.
Plaksniti uzkarsgja Iidz 300 °C un péc tam, kad uz deformacijas robezas bija
uzpilinats nedaudz tdens, ar atrumu 10 cm/s vilka (pa sliedit€ém) gar sensoru
termelektrisko stravu magnétiska lauka meriSanai. Tika konstatéts, ka rajona ap
metinajuma vietu veidojas palielu termoelektrisko stravu kontiiri — fiks€ti asi
stravas magnétiska lauka piki un maksimalas lauka vértibas 5-10 mT. Sada
termoelektriska efekta c€lonis viennozimigi ir metala nehomogenitate un ar to
saistitie mehaniskie spriegumi, jo plaksnites kimiskais sastavs visa tas tilpuma bija
vienads, metinasanai izmantoja to pasu materialu ( t.i. duraluminiju vai nertis€joso
téraudu).

Realizéts eksperiments, novért€jot termoelektriskos efektus metaliska
(duraluminija vai neriis€josa te€rauda) plaksnite, kam lokala vieta bija sabojata
struktiira — apm. 2cm’ tas virsmas apgabals iepriek$ bija paklauts metinasanai.
Plaksniti uzkarsgja Iidz 300 °C un péc tam, kad uz deformacijas robezas bija
uzpilinats nedaudz tdens, ar atrumu 10 cm/s vilka (pa sliedit€ém) gar sensoru
termelektrisko stravu magnétiska lauka meriSanai. Tika konstatéts, ka rajona ap
metindjuma vietu veidojas palielu termoelektrisko stravu konttri — fiks&ti asi
stravas magnétiska lauka piki un maksimalas lauka vertibas.
5-10mT. Sada termoelektriska efekta cElonis viennozimigi ir metala
nehomogenitate un ar to saistitic mehaniskie spriegumi, jo plaksnites kimiskais
sastavs visa tas tilpuma bija vienads, metinasanai izmantoja to pasu materialu ( t.i.
duraluminiju vai neriisgjoso teraudu).

Veikti ar1 eksperimenti, kuros realiz€ja mainiga magnétiska lauka iedarbibu
uz svina-litija eitektiska sakaus€juma Pb15.8Li veidoSanas procesu (Sads
sakaus€jums vajadzigs kodoltermiskas sintézes reaktoru izstradei, ar to saistitiem
petijumiem). Pb15.8Li iegtSana notika cilindriska kristalizatora, tani vispirms
izkausgja svinu un p&c tam $kidra svina tilpuma ievadija vajadzigo litija daudzumu.
Lai realizétu magnétiska lauka iedarbibu, kristalizators bija ievietots cilindriska
trisfazu MHD induktora {1,2].

Petits elektromagnétiska lauka (EM) iespaids uz kristaliz€joSo metalu un to
sakaus€jumiem ar mérki optimizet kristaliz€Sanas procesa norisi. Ka eksperimentals
modelis izveélets bismuts, kura termoelektriskas Ipasibas cieta un skidra stavoklt ir
stingri atSkirigas. Ka EM lauka iedarbes faktors izmantota pastavigas stravas
plusma, kas pec teor€tiskiem novert€§jumiem, plastot cauri perpendikulari
kristalizacijas frontei, var izmainit kristalizacijas atrumu. Izgatavoti vairaki
modeli, kuros pétitas kristalizacijas atruma izmainas , laiZot cauri elektrisko stravu.
Konstatéta kristalizacijas atruma atkariba no stravas virziena. Eksperimentali
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apstiprinajas iesp&ja, izvelotos noteiktu strava stiprumu , palielinat kristalizacijas
atrumu tira bismuta gadijuma. Svina bismuta sakaus€jumam eitektiska punkta
tuvuma efekts ir mazaks , jo svinam termoelektriskas 1pasibas ir bitiski atskirigas
no bismuta.

Pétijuma rezultati apkopoti referata, kas iesniegts konferenc€ ” Modelling
for Material Processing 2006” Riga [3].

Izprojekt&ta un uzbiveta jauna uzlabota eksperimentala iekarta, kura realizes
eksperimentus ar mainiga magnétiska lauka iedarbibu uz svina-litija eitektiska
sakausgjuma Pbl15.8Li veidoSanas procesu (Sads sakausgjums vajadzigs
kodoltermiskas sint€zes reaktoru izstradei, ar to saistitiem petjjumiem). Ar jauna
iekartu iegatas daudz lielakas porcijas eitektiska sakausgjuma (apm. 70 kg katra).
Abu komponensu (Pb un Li) samaisisanu realiz€, izmantojot plakanu trisfazu MHD
induktoru, Tpasa veériba veltita sisteémai, kas Skidro litiju loti pakapeniski, pilienu pa
pilienam, ievada izkaus€ta un ar elektromagnétisko lauku nepartraukti maisita svina
tilpuma [4].

Fizikalie procesi uz skidra - cieta metala robezvirsmas ir daudzveidigi i.
Tie regul€ jaunas fazes dalinu raSanos (metala kristalizacija, adsorbcijas slanisa
veidoS$anas uz cietas virsmas un ar pretgji procesi - kauséSana , desorbcija vai
cietas virsmas $kidinasana intensivas kaus€juma kustibas rezultata), §is fazes
attistibu un 1pasibas. P&tijumi par elektriskdm un magnétiskam iedarbém radija
plaSaku izpratni virsmas , kristalizacijas un diftizijas paradibam un reize lava
precizak apzinat iespgjas, kadas So paradibu ietekm&Sanai un vadibai var&tu dot
argju elektromagnétisko speku izmantoSana.

Argja elektromagnétiska lauka iedarbes rezultata izraisitas
izmainas viela var izmantot nosakot dzelzi saturoSo konstrukciju mehaniskos
spriegumus. Veikti eksperimenti, kas lauj rast teorétisko bazi praktisko
pielietojumu izstradei.

Ar merki optimizet elektromagnétisko iedarbi, veikti petijumi jauno
metamaterialu Tpasibu izpausmeé radiofrekvencu un zemo frekvencu diapazona.
P&tijumos noskaidrotas atsevisku elementu, ka arT divu un vairaku elementu
sadarbibas izraisitie efekti. Diviem identiskiem elementiem sadarbojoties rodas
divas atsSkirigas rezonanses frekvences. Tr1s elementiem attiecigi tris frekvences
u.t.t. Teoretiska zina rezultatus var aprakstit ar oscilatoru sadarbibas modeli.
Konstatgts, ka bez pametfrekvencém modelos ierosinas art augstakie toni, kas péc
intensitates ir mazak izteikti. Eksperimentali pieradits, ka metamateriala atsevisku
modeli ar rezonanses atbildi uz arg&jo iedarbi var radit arT 50 Hz frekveces
diapazona. Izteikta hipoteze, ka lidziga veida varétu generé&ties elektriskie
potenciali dzivos organismos (encefalogrammas, miogrammas un t.t.). Rezultati
zinoti vairakas konferenc€s un publiceti [5-7].

Izdarti petijumi arT par iesp&jam rezonanses procesus pielietot
augstsprieguma radisanai. Eksperimentali pieradits, ka augstsprieguma lauka var
panakt situaciju, kad uz metala elektroda izlades procesa veidojas stabils Skidra
metala slanis. Efekti parbauditi gadijumos, kad elektrodi veidoti no dazadiem
metaliem. Sos rezultatus paredzéts izmantot projekta pieteikuma ESF
finans€jumam, kas lautu uzlabot konkrétus tehnologiskos procesus , pielietojot
elektromagnétiska lauka iedarbi.
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Konvektivas un nobides Skidra metala plismas regulesana ar
elektromagnetiskiem masas spekiem

2005. — 2008. g. tika piedavati p&tijumi:

Dazada veida magnétisko nevienméribu formeSana kanala ar Skidru metalu.
Paradibu pétisana sarezgitas konfiguracijas magnétisko lauku iedarbibai uz skidra
metala pluismu kanala. Eksperimentalas datu bazes iegtiSana procesu skaitliskajai
model&Sanai.

(Kopa ar Ilmenau Universitati, Vacija)

Projekta galvena uzmaniba tika koncentréta uz eksperimentaliem pé&tijjumiem.

- Noskaidrota nehomogéna un perpendikulari pret plismu orientéta magnétiska
lauka ietekme uz vadosa Skidruma plismu kanala (dotaja eksperimenta prototips —
Skidra metala plusmu elektromagnétiska vadisana metalurgiskos procesos);

- Noteikti galvenie raksturojoSie parametri, kas nosaka vadosa Skidruma nobides
plismu veidoSanos nehomogena magnétiska lauka.

- Tika uzbuveta noslégta cilpa ar elektromagnétisko stikni Skidram metalam galijs-
indijs-alva (InGaSn) un eksperimentalais kanals elektrisko potencialu mérisanai.

Parametru noveértéSana rada, ka elektriski vadosa Skidruma turbulentas struklas
veida plismas izplatiSanas cela garums samazinas Sai pliismai $kérsojot uzlikta
argja magnétiska lauka. Tas notiek plismas elektromagnétiskas bremzesanas d€] uz
ass pateicoties Lorenca spéka rasanas rezultata. Uzdevuma parametrs tika noteikts
ar attiecibu starp plismas atrumu un magnétiska lauka formu un intensitati.

Dotaja projekta izpildé néma dalibu tris LU fizikas specialitates magistranti. Tika
izplanota §o magistrantu piedaliSanas pétijumu metodikas izstradé, fundamentalo
eksperimentalo un modelgjoso skaitlisko p&tijumu veiksana. [zpétita Skidro vadoSo
plismu hidrodinamika un siltuma parnese aréjo masas speku iedarbibas rezultata.
Studenti ir iepazistinati ar praktiskam izstradném, kuras tiek izmantota magnéetiska
lauka iedarbiba uz turbulentam un konvektivam siltuma pliismam, kas nodro$ina So
studentu redzesloka paplaSinaSanos un zinaSanu Iimena cel$anos. Saistiba ar dota
projekta tému LU FI sadarbojas ar Zinatnisko centru Grenoblg.

Sadarbiba ar vairakam organizacijam Latvija un arzemes:

A. Saistiba ar dota projekta tému LU FI sadarbiba ar Zinatnisko centru Grenoblé
(Francija), IFSW Stuttgart Universitati (Vacija), FEP Dresden (Vacija), ALD
Vacuum Technology, Hanau (Vacija), Coventry Universitati (Anglija).

B. Dota projekta vaditajs piedalas ka eksperts divas Eiropas darba grupas:
the Work Group / High Magnetic Fields / within the European COST Action P17
“Magnetofluiddynamics”.

Skidrs metals ka darba kermenis plazmas ierobeZotajos un korpuskuliro plismu
parveidotdjos

[MHD mijiedarbe ir galvenais Skérslis, kas traucg plasi pielietot Skidru metalu
'okamak tipa iekartu plazmas ierobezotajos jeb limiteros. Tiek izm&ginati varianti ar
raktiski nekustigu darba kermeni, pieméram, kad $kidro metalu plazmai tuvina
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apilarie speki. Slikti tas, ka tados gadijumos gan termiska energija, gan
iemaistjumi, kas depongjas limitera, netiek no izlades kameras izvaditi. Dotaja
€tjjuma limiteru veido atra ( v > 2 m/s), tieva (d < 3 mm) Skidra gallija strukla. Lai
1azinatu MHD mijiedarbi paredzets, ka Releja nestabilitates rezultata pec saskares ar
lazmu striikla sadalas pilienos. P&tijuma piedavata izteiksme striiklas relativa
abrukSanas garuma atkaribai no Vébera skaitla Skidra metala gadijuma, apkopojot
1@rjumu rezultatus ar Hg, InGaSn un Ga: L/d = 4.2 wb'”. Aprakstits ar, ka stiprs
1agnétisks Skerslauks stabilize striiklu, palielinot tas sabruksanas garumu: L/L,=
+0,75Ha"* Re”® | kur Ha un Re ir Hartmana un Reinoldsa skaitli. Atbilstosajos
18rjjumos magnétiskais lauks sasniedza veértibas 5,6 T. Dotais petijums ciesi saistits
r sekojosSu EFDA uzdevumu Asociacijas EURATOM-LU ietvaros: Ga striiklas
mitera koncepcijas parbaude Tokamaka ISTTOK. AtbilstoSie rezultati apkopoti
ivas publikacijas: First results of the testing of the liquid gallium jet limiter concept
w ISTTOK, R.B.Gomes at all.,AIP Conf.Proc. 875 (2006) 66-71 un Interaction of a
quid gallium jet with the Tokamak ISTTOK edge plasma. R.B Gomes at all.,Fusion
nginering and Design, 83 (2008) 102-111. Parakstits trispusigs ligums par gallija
mitera parbaudi ENEA/Frascati (Italija) Tokamaka FTU (Frascati Tokamak
Ipgrade). Biitiski, ka gan magné&tiskais lauks, gan pirmas sienas slodzes $ini iekarta
w sasniedz realam reaktoram raksturigas vertibas .

Skidrs metals ka darba kermenis/mérkis neitronu atskaldi$anai augstas energijas
orpuskulu pliismas, ta ir viena no aktualitatém $kidra metala tehnologijas. Dotaja
€tjjuma tika veikta potenciala pieprasijuma un institiita iesp&ju analize. Var teikt, ka
1s bija pamats nopietnam panakumam, institiita persona LU ieklauta nozimiga
eptitas ietvarprogrammas Lielo pétniecisko kompleksu attistibas projekta- Eiropas
tskaldito Neitronu Avots ESS. Vairuma gadijumu (ar1 ESS) paredzg€ts protonus
>starot smaga metala, Hg vai PbBi, mérki. Institiita aprikojums un pieredze darba ar
kidru litiju lauj domat ari par piedaliSanos nozimigaja IFMIF (International Fusion
Taterial Irradiation Facility) programma. Te, iestarojot atra (v>25m/s) litija plisma
eitronus, paredz&ts generét sintézei raksturigos 14 MeV neitronus ar realam
saktoram raksturigo intensitati, gan neliela, tikai aptuveni 300 cm’ tilpuma. Dota
€tfjuma ietvaros sakta piedavajuma formeSana lidzdalibai min&taja programma.

Nestabilitates un pareja uz turbulenci elektrovado$o Skidrumu pliismds aréjos
magnétiskajos laukos

Izpetiti nosacTjumi skrejosa magnétiska lauka parametriem, kas nepiecieSami,
lai izmainttu kaus€juma pliismas virzienu virs ieliktas sacietéSanas frontes VGF
(Vertical gradient freeze) kristalu audz&$anas procesos. Sada ietekme lietderiga
piemaistjumu radialas segregacijas samazinasanai neliela izméra pusvaditaju
monokristalu razoSana. P&tijumi aptver plasu vadoSo parametru intervalu, kas
lauj pielietot rezultatus dazadiem procesiem. Atklats, ka dabiska konvekcija
ierosina automodularu robezslana tipa plismu virs kristalizacijas frontes ar
netrivialu atkaribu no Grashofa un Prandtla skaitliem. Neskatotoies uz to,
nepiecieSama skrejosa lauka intensitate dabiskas pliismas pagrieSanai preteja
virziena ir proporcionala vienkarsi Grashofa skaitla un frontes ielieckuma
dziluma reizindjumam. PE&tjjumu rezultati public@ti Zurnala Journal of Crystal
Growth.

Turpinot augstakminétos petijumus veikta skrejosa magnétiska lauka ierosinatas
plusmas skaitliska stabilitates analize kristalaudzeSanas procesos ar VGF
metodi. Noskaidrots, ka gadijuma, ja lauks tiek izmantots radialas piemaisijumu
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segregacijas samazinasanai, tad pliisma praktiski vienmér paliek stabila.
Skrejosais lauks var tikt izmantots arT cita merka sasniegSanai — kristalizacijas
frontes ielickuma samazinasanai. Sim nolikam pielietojams lejup vérsts
skrejoSais magnétiskais lauks. Noskaidrots, ka izteikts Sada veida efekts ir
savienojams ar plismas stabilitati, ja audz&jama kristala radiuss parsniedz
noteiktu lielumu. VGF procesam raksturiga stabila kaus€juma vertikala
stratifikacija. Sads temperatiiras gradients ievérojami bremzé un stabilize
plusmu. Stabilitates analize veikta plaSam vadoSo parametru intervalam.
Noverotas vairakas interesantas paradibas — zemkritiska nestabilitate,
"stabilitates salu" veidoSanas. Skaitlisko pétijumu rezultati dal&ji parbauditi
eksperimenta. Petijumu rezultati sagatavoti publikacijai zurnala Journal of
Crystal Growth.

Projekta pieteikuma planotie darba uzdevumi pamata ir izpilditi. Papildus
projekta iesnieguma paredz&tajam, veikti eksperimenti ar magnétisko
tilpumspéku ierosinatu virpulplismu skidra metala cilindra. Pétijumu merkis
bija noskaidrot nosacijumus, pie kadiem veidojas intensivs koncentréts virpulis,
ka art $ada virpula raksturigas 1pasibas. Eksperimenta novéroti tris rezimi: (1)
koncentréts virpulis; (2) ieksgja kodola veidosanas; (3) meridionalas pliismas
apspiesana. Pirmajos divos reZimos novérotas vairakas Iidzibas ar atmosféras
virpuliem: (1) virpula intensitati nosaka meridionalas pliismas avota intensitate;
(2) virpula strukttiru nosaka lenkiska momenta un meridionalas plismas avotu
attieciba; (3) Plusmas iek$gja kodola meridionala plisma maina virzienu lidzigi
ka orkana "acT". Magnétisko speku izmantoSana butiski papildina ieprieks
izmantotos atmosféras virpulu modelus ar to, ka $ie spéki principa ir neatkarigi
no pliismas. Turklat, divu savstarp&ji neatkarigu magnétisko spéku izmantoSana
lauj sameérot abas virpula pastavéSanai nepiecieSamas komponentes —
meridionalo un azimutalo. Eksprimenta paradits, ka azimutalam speékam ir
sviras daba — salidzinosi loti vaj§ azimutals speks var biitiski izmainit virpula
strukttru. P&tijumu rezultati publicéti zurnala Journal of Fluid Mechanics.

Stipra magnétiska lauka iespaids uz elektrovadoSas Skidras un cietas vides
mijiedarbibas procesiem

Institaita tika veikti eksperimentali p&tijumi par magnétiska lauka iespaidu uz
mijiedarbibu starp eutektikas Pb17Li plismu un EUROFER téraudu. EUROFER
terauds tika uzskatits ka viens no iesp&jamiem konstruktiviem materialiem blanketa
HCLL ITER-FEAT radi$anai. Sada veida korozijas p&tijumi tika iesakti Asociacijas
kontrakta Nr. FU05-CT-2004-0078 starp EURATOM un Latvijas universitati
ietvaros, ciesi sadarbojoties ar Cietvielu Fizikas Instititu un Forschungszentrum
Karlsruhe Institut fur Materialforschung.

Sie, un turpmak veiktie eksperimenti, paradija batisku magnétiska lauka
iespaidu uz korozijas procesiem. Stipra magnétiska lauka ne tikai pieaug korozijas
intensitate, bet arT izmainas korod&josas virsmas morfologija. Uz paraugu virsmam
tika noveérotas regularas vilnveida struktiiras, orientétas eutektikas plismas
virziena.

Projekta ietvaros tika veikti teoretiski petijumi par spéciga magnétiska lauka
iespaidu uz korozijas procesiem. Uz magnétiskas hidrodinamikas un masas
konvektivas parneses vienadojumu bazes tika izveidots teorétiskais modelis, kas

apraksta korozijas gaitu laika un telpa. Korozija tika aprakstita ka ar Pb17Li plismu

kontakt&josas paraugu virsmas kvazistacionars SkiSanas process.
Eksperimentali iegiitie dati tika salidzinati ar teorgtiskiem rezultatiem. Tas
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lava novertet nezinamas fizikalas konstantes, kas raksturo EUROFER $kiSanu
Pb17Li plusma.

No eksperimentalaiem rezultatiem ieguti parametri, kuri raksturo
EUROFER korozijas intensitati atkariba no Pb17Li temperatiiras.

Korozijas petijumu rezultati tika prezentéti starptautiskas konferences
“Fundamental and Applied MHD” (PAMIR), Jirmala — 2005.g. un Presqu’lle
Giens, France, 2008.g. ; 14" International Conference on Nuclear Engineering,
Miami, Florida, USA, 2006.g.; IEA Workshop on Liquid Breeder Blankets,
St.Petersburg, 2006.g.

Izmantojot izstradato rotorveida induktoru ar moderniem specigiem
pastavigiem magné&tiem lauku aprékinu metodiku, tika veikti dazada veida MHD
stknu aprékini, konstruéSana un uzbuve.

Siltuma un masas parneses pétijumi kombinétd gazveida un cietd kurinama
degSanas procesa aréjo spéku lauka

Dotais projekts apvieno fundamentalos degSanas procesa dinamikas petijumus
kombinéta degSanas procesa virpulplismas, kas veidojas, vienlaicigi sadedzinot
cieto (koksnes biomasa) un gazveida kurinamo (propanu), izmantojot $o plismu
kontrolei ar&jo lauku (elektriska, magnétiska) un liesmas mijiedarbibas efektus.
Projekts paredz veikt arT lietiskos petijumus, kas saistiti ar nepiecieSamibu izveidot
ekologiski tiru un kontrolgjamu siltuma razoSanas procesu ar ierobeZotu siltumnicas
efektu un skabo lietu izraisoSo CO, un NOy veidoSanos degSanas procesa. Saskana
ar projekta darba planu laika posma no 2005. lidz 2008. gadam tika izveidota
eksperimentala iekarta un tika izstradata petijumu metodika kombin&ta degSanas
procesa pétjjumiem ar&jo lauku (elektriska, magnétiska) un liesmas mijiedarbibas
procesa. Sadarbiba ar LV Koksnes kimijas institiitu ir veikti dazada tipa un sastava
koksnes biomasas granulu (bioetanola razosanas blakus produktu) un propana
kombinéta degSanas un siltuma/masas parneses procesu pétijumi, mainot papildus
siltuma padevi koksnes biomasa un veicot regresijas analizi, lai sasaistitu So
granulu raksturojoSo parametru (augstakas un zemakas siltumspgjas, elementara
sastava, mitruma un struktiiras) izmainas ar degSanas, siltuma/ masas parneses un
emisiju veidoSanas procesu izmainam. Detaliz€ti ir pétitas arl So procesu izmainas
argjo speku un liesmas virpilpliismas mijiedarbibas procesa. P&tijumu rezultata ir
konstatets, ka liesmas virpulplismas un aksiala elektriska lauka mijiedarbibas
process izraisa galvenokart virpulpliismas dinamikas izmainas, intensificgjot vai
ierobezojot recirkulacijas pliismu veidoSanos liesmas degSanas zona, ka arT gaisa un
gaistoSo savienojumu sajaukSanos, butiski izmainot degSanas procesu kinétiku,
liesmas struktiiru un degSanas produktu sastavu. Respektivi, petijumu rezultati
apliecina, ka argja elektriska lauka mijiedarbibas efektus var izmantot degSanas un
siltuma/masas parneses procesu dinamikas kontrolei. AtSkiriba no liesmas un
elektriska lauka mijiedarbibas procesiem, kuru mehanismu nosaka galvenokart
pozitivo jonu veidoSanas degSanas zona un to parnese lauka virziena, liesmas un
magnétiska lauka mijiedarbibas mehanismu nosaka paramagnétisko (O;) un
diamagnétisko (CO,, C4Hy) liesmas komponenSu parnese lauka gradienta virziena.
Liesmas un magnétiska lauka petjjumu rezultati apliecina, ka pamata S§1
mijiedarbiba reducgjas uz paramagnétisko skabekla molekulu parnesi lauka
gradienta virziena, izraisot lokalas degSanas zonas sastava un degSanas procesa
dinamikas izmainas. Projekta ietvaros veikto petijjumu rezultati ir publicéti dazada
Iimepa zinatniskos izdevumos un ir aprob&ti dazada Itmena Starptautiskas
konferencés. Publikaciju saraksts ir pievienots kopsavilkumam.
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Gorbunovs Liela diametra silicija monokristalu audzésanas procesa fizikala modelesana

L.
05.1375

rotéjosa magnétiska lauka

Galvenais mérkis ir izpétit hidrodinamiku, siltuma un masas parnesi liela
diametra (300-400 mm) silicija monokristalu audz€Sanas procesa pie realiem
Prandt]a skaitliem. ST mérka sasnieg$anai ierosinam izmantot LU Fizikas institiita
izstradatas MHD iedarbibas metodes un izmantot silicija monokristalu audzesanas
fiziskas model€Sanas eksperimentalo stendu un InGaSn sakausg€jumu, ka arT datu
savakSanas un apstrades daudzkanalu sisteému.

2005.g.-2008.g. saskana ar p&tijumu programmu, izstradats un izgatavots
rot€josa magnétiska lauka induktors. Modernizéts eksperimentalais stends, kas
domats kausgjuma hidrodinamikas pétiSanai rotgjosa magnétiska lauka izotermiska
un neizotermiska rezima. Izpétits, ka iedarbojoties uz kaus€jumu ar rotgjoso
magnétisko lauku, var akfivi vadit hidrodinamiskos procesus un parveidot
hidrodinamisko pluismu struktiru. Tas rada veselu virkni pozitivu efektu
(pieméram, lauj atteikties no tigela grieSanas u.c.). Taja pat laika, liela diametra
tigeliem RML, ja baroSanas stravas frekvence  f=50Hz, ir spilgti izteikts
skinefekts. Elektromagnétiskiem spekiem maksimala veértiba ir pie tigela sienas un
krasi samazinas virziena uz tigela centru. Tas rada nevienmérigu atruma sadalijumu
tigela radija virziena  un atruma un temperatiras pulsaciju amplitadas
palielinasanos pie tigela sienas.
Lai samazinatu So efektu:

1. jaiedarbojas uz kausgjumu ar rot€josa un skrejosa magnétiska lauka
superpoziciju. Galvena ideja paméginat ar meridionalo plasmu, ko rada
skrejosais magnétiskais lauks , parnest rotgjoso kustibu (kustibas daudzuma
momentu) kaus€juma uz tigela centralo dalu.

2. iedarboties uz kaus€jumu, ja rot€josa magnétiska lauka (RML) barosanas
stravas frekvence ir pazeminata (20-30Hz). Tas lauj iev€rojami samazinat
skinefektu un palielinat rotgjosa magnetiska lauka iedarbibas efektivitati
tigela centralaja dala ar tajos gadijumos, ja kaus€juma augstums ftigeli ir
mazs .

Salidzinot iegiitos eksperimentalos rezultatus liela diametra (300-400mm) tigelos,
nonakam pie slédziena, ka $ados gadijumos jaizmanto rot€josa magnéetiska lauka
induktors, kura barosanas stravas frekvence ir pazeminata (20-30Hz).

2007-2008 g.g. izstradatas skaitliskas metodes un programmas
hidrodinamisko un siltuma parneses procesu aprékiniem Cohralska monokristalu
audz€Sanas procesam, ja uz kaus€jumu iedarbojas ar rot€josSo magnétisko lauku.
[zmantota turbulentu plismu aprékinasanas tieSa skaitliska modeléSana metode,
kas lauj izdarit aprékinus pie realiem lidzibas kritérijiem. Teorijas un eksperimenta
saskana ir apmierinosa.

Institiita zinatnisko darbinieku publikacijas

4.

L.Gorbunov. Some Features of the Horizontal Magnetic Field Influence on the

Growth of Large-Diameter Silicon Single Crystals. . Magnetohydrodynamics, No3,
97-113 , 2008

LU Fizikas instituts — 2008



5. R.B.Gomes, H.Fernandes, C.Silva, A.Sarakovskis, T.Pareira, J.Figueiredo,
B.Caravalho, A.Soares, C.Varandas, O.Lielausis, A.Klyukin, E.Platacis, I.Tale.
Interaction of a gallium jet with the tokamak ISTTOK edge plasma .  Fusion
Engineering and Design, 83 (2008)102-111

6. A.Cramer, V.Galindo, G,Gerbeth, J.Priede, A.Bojarevics, Yu.Gelfgat,
O.Andersen, C.Kostmann, G.Stephani. Tailored magnetic fields in the melt extraction
of metallic filaments. — In: The Minerals, Metals & Material Society and ASM
International 2008, (in press).

7. Votyakov, E. V.; Zienicke, E.; Kolesnikov, Yu.: Constrained flow around a
magnetic obstacle, J. Fluid. Mech, Vol. 610 , pp. 131-156 (2008).

8. Andreev, O.; Kolesnikov, Yu.; Thess, A.: Application of the ultrasonic velocity
profile method to the mapping of liquid metal flows under the influence of a non-
uniform magnetic field. Exp. Fluids, 77-83 (online 30.07.2008,).

9. Platnieks I.,Freibergs J.E., Klavins J. MHD Technique For Production Of Lead-
Lithium  Eutectic =~ Alloy.  (Submitted  for  publication in  journal
“MagnetoHydroDynamics”)

10. Grants, G.Gerbeth, Use of a traveling magnetic field in VGF growth: Flow
reversal and resulting dopant distribution, Journal of Crystal Growth 310, 16, 3699
(2008)

11. Stefani, F., Gailitis, A., Gerbeth, G. Magnetohydrodynamic experiments on
cosmic magnetic fields 7. Angew. Math. Mech. 88, 930-954 (2008), ;
arxiv.org/0807.0299

12. Galilitis, A., Gerbeth, G., Gundrum, Th., Lielausis, O., Platacis, E., Stefani, F.
History and results of the Riga dynamo experiment Comptes Rendus Physique 9
(2008), 721-728; arxiv.org/0807.0305

13. L.Grants, C.Zhang, S.Eckert, G.Gerbeth, Experimental observation of swirl
accumulation in a magnetically driven flow, Journal of Fluid Mechanics 616, 135
(2008)

14. Vilnis Frishfelds; Elmars Blums, Drift of nonuniform ferrocolloid through
cylindrical grid by magnetic force, Journal of Physics: Condensed Mater, 20 (2008)
204130 (5pp)

15. D.Zablotsky, V. Frishfelds, E. Blums. Numerical investigation of
thermomagnetic convection in heated cylinder under the magnetic field of a solenoid.
Journal of Physics: Condensed Mater, 20 (2008) 204134 (5pp).

16. E. Blums, A. Mezulis, G. Kronkalns. Magnetoconvective heat transfer from a
cylinder under the effect of a non-uniform magnetic field. Journal of Physics:
Condensed Mater 20 (2008) 204128 (5pp)

LU Fizikas instituts — 2008



17. M.M.Maiorov, E Blums, G. Kronkalns. The heat generation by an alternating
magnetic field of low frequency in a ferrofluid: the dependence of energy dissipation
on temperature, Magnetohydrodynamics, 44 (2008), No. 1, pp. 27-32

18. G. Kronkalns, A. Dreimane, M.M. Maiorov. The effect of thermal treatment on
the magnetic properties of spinel ferrite nanoparticles in magnetic fluids,
Magnetohydrodynamics, 44 (2008), No. 1, pp. 3—10

19. E. Blums, G. Kronkalns, M. Maiorov. Thermoosmotic Transfer of Ferrocolloids
through a Capillary Porous Layer in the Presence of Transversal Magnetic Field, In:,
Thermal Nonequilibrium, 7th International Meeting on Thermodiffusion, Lecture
notes, Eds. S. Wiegand, W. Kohler, J.K.G. Dhont, Forschungcentrum Julich GmbH,
2008, p. 169 - 174.

20. I Segal, A. Zablotskaya, E. Lukevics, M. Maiorov, D. Zablotsky, E. Blums, I.
Shestakova, I. Domracheva. Synthesis, physico-chemical and biological study of
trialkylsiloxyalkyl amine coated iron oxide/oleic acid magnetic nanoparticles for the
treatment of cancer, Applied Organometallic Chemistry, 22 (2008), 2, pp. 82 — 88.

21. L.Pauchard, F.Elias, P.Boltenhagen, A.Cebers, and J.C.Bacri. When a crack is
oriented by a magnetic field. Phys.Rev.E — 2008,v.77-021402

22. K.Erglis,D.Zhulenkovs,A.Sharipo, and A.Cébers. Elastic properties of DNA
linked flexible magnetic filaments. J.Phys.:Condens.Matter — 2008, v.20, 204107

23. A.Tatulchenkov, and A.Cebers. Magnetic fluid labyrinthine instability in Hele-
Shaw cell with time dependent gap. Physics of Fluids — 2008, v.20, 054101.

24. L.Levental, P.A.Janmey, and A.Cg&bers. Electrostatic contribution to the surface
pressure of charged monolayers containing polyphosphoinositides. Biophysical
journal — 2008, v.95,1199-1205.

25. ILevental,A.Cébers, and P.A.Janmey. Combined Electrostatics and Hydrogen
bonding determined intermolecular interactions between polyphosphoinositides.

Journal of American Chemical Society — 2008,v.130,9025-9030.

26. K.Erglis, L.Alberte, A.Cébers. Thermal fluctuations of non-motile magnetotactic
bacteria in AC magnetic fields. Magnetohydrodynamics — 2008, v.44, P.223-236.

LU Fizikas instituts — 2008



Publikacijas starptautisko konferencu izdevumos — 56 referati sagatavoti un
publiceti

I 7th PAMIR International Conference on Fundamental and Applied MHD”.,
Presqu’ile de Glens — France, September 8-12, 2008.

1. Bojarevics A., Kaldre 1., Gelfgat Yu., Fautrelle Y. A Sensor for Continuous
Measurements of the Absolute Thermoelectric Power of Liquid Metal during
Turbulent Non-Isothermal Mixing or Segregation of Multi-Component Melts. —
Abstract for the Pamir 2008 Conference, Gien, 2008, France, p.109-113 .

2. Bojarevics A., Gelfgat Yu., Fautrelle Y., Etay J. Experimental Validation of a
Dynamic Method to Define Thermoelectric Power of the multi-component liquid
metals. — Abstract for the Pamir 2008 Conference, Gien, 2008, France, p.821-825.
3. Bucenieks 1., Bojarevics A., Gelfgat Yu. On the Flows on the Liquid Metal
Surface Subject to Rotating Magnetic Fields. — Abstract for the Pamir 2008
Conference, Gien, 2008, France, p.165-166

4. Abricka M. and Gelfgat Yu. On the flow hydrodynamics in the channel of a
cylindrical induction pump with no core. — Abstract for the Pamir 2008 Conference,
Gien, 2008, France, p.897-901.

5. S.Dementjev, F.Groeschel, S.Ivanov, “On an Electromagnetic Pump for Liquid
Metal Target for Swiss Spallation Neutron Source”, 7" PAMIR Int. conf.
Fundamental and applied MHD, France.

6. Mikelsons Arturs , Valdmanis Janis, Kronkalns Gunars. Pair of Rankine-type
Vortices in MHD . MHD. France, MHD Conference “Pamir”, 2008., pp.405-407.
7. Valdmanis Janis, Cipijs Aleksandrs , Valdmane Rita. Transvere E || B waves and
their MHD aspects. MHD Conference “Pamir” 2008, France, Volume 1, pp. 501-
505.

8. L.Gorbunov, A. Pedchenko. Physical modelling of large-diameter silicon single
crystal growth in a rotating magnetic field. Proc.of 7" PAMIR International
Conference on Fundamental and Applied MHD,649-653, 2008.

9. L.Gorbunov, A. Pedchenko. Numerical Simulation of Large-Diameter Silicon
Single Crystal Growth in a Rotating Magnetic Field. Proc.of 7" PAMIR
International Conference on Fundamental and Applied MHD, 873-878, 2008

10. Kolesnikov, Yu.; Karcher, Ch.; Thess, A.; Minchenya, V: Lorentz Force
Velocimetry: Development and Application. Proceedings: 7th Pamir Conference,
September, France, Giens, vol. 2, 537-540 (2008).

11. Minchenya, V.; Karcher, Ch.; Kolesnikov, Yu.; Thess, A.: Calibration of the
Lorentz Force Velocimeter for High-Temperature Melts. Proceedings: 7th Pamir
Conference, September, France, Giens, vol. 2, 785-788 (2008). J.E.Freibergs.
Simulation of MHD Processes in Industrial Aluminium Electrolysis Cell. In
Proceedings of the 7™ Intenational pamir Conference Fundamental and Applied
MHD, Vol. 1, pp.35-38, Presqu’ile de Giens, France, September 8-12, 2008

13. L.Platnieks, J.E.Freibergs, J.Klavins. MHD Technique for Production of Lead-
Lithium Eutectic Alloy. In Proceedings of the 7™ Intenational pamir Conference
Fundamental and Applied MHD, Vol. 2, pp.845-849, Presqu’fle de Giens, France,
September 8-12, 2008.

14. E,Platacis, R.Krishbergs, F.Muktepavela, A.Shishko. Analysis of the strong
magnetic field influence on the corrosion of EUROFER steel in Pb17Li melt flows.
7™ International PAMIR Conference on Fundamental and Applied MHD, Presqu’lle
de Giens, France — 2008, pp. 321-325.

LU Fizikas instituts — 2008



15. . Muktepavela F., Platacis E., Krishbergs R., Shishko A. Eksperimental studies of
the strong magnetic field action on the corrosion of RAFM steels in Pb17Li melt
flows. 7" International PAMIR Conference on Fundamental and Applied MHD,
Presqu’lle de Giens, France — 2008, pp. 565-569.

16. . Ivanov S., Platacis E., Platnieks I., Krishbergs R., Flerov A., Shishko A., Zik A.
Eksperimental studies of the MHD processes at the inlet elements of the liquid metal
blanket. 7" International PAMIR Conference on Fundamental and Applied MHD,
Presqu’lle de Giens, France — 2008, pp. 553-557.

17. . Bucenieks I., Kravalis K., Characteristics of disks type electromagnetic
ibduction permanent magnet pump. 7™ International PAMIR Conference on
Fundamental and Applied MHD, Presqu’lle de Giens, France — 2008, pp. 91-95.

18. Elmars Blums, Gunars Kronkalns and Michail Maiorov, Thermoosmosis in
magnetic fluids in the presence of a magnetic field, In: Proc. 7th International PAMIR
Conference on Fundamental and Applied MHD, Presqu’lle de Giens, France, 2008,
Vol. 2, 667-272.

19. D. Zablotsky, V. Frishfelds, E. Blums, Investigation of heat transfer efficiency of
thermomagnetic convection in ferrofluids, In: Proc. 7th International PAMIR
Conference on Fundamental and Applied MHD, Presqu’lle de Giens, France, 2008,
Vol. 2, 715-720.

20. A. Mezulis, E. Blums and G. Kronkalns, Magnetoconvective intensification of
heat transfer based on permanent magnets, In: Proc. 7th International PAMIR
Conference on Fundamental and Applied MHD, Presqu’lle de Giens, France, 2008,
Vol. 2, 803-808.

21. M M. Maiorov, G. Kronkalns, E. Blums. Complex Magnetic Susceptibility Of
Cobalt Ferrite Ferrofluid: Influence Of Carrier Viscosity And Particle Concentration,
In: Proc. 7th International Pamir Conference On Fundamental And Applied Mhd,
Presqu’ile De Giens, France, 2008, Vol. 2, 725-730.

22. 1. Segal, A. Zablotskaya, E. Lukevics, M. Maiorov, D. Zablotsky, E. Blums, A.
Mishnev, 1. Shestakova, A. Gulbe. “Iron Oxide Based Magnetic Nanoparticles
Bearing Cytotoxic Silylated Alkanolamine”, In: Proc. 7th International Pamir
Conference On Fundamental And Applied Mhd, Presqu’ile De Giens, France, 2008,
Vol. 2, 691-696.

23. L.Alberte, K.Erglis,A.Cébers. Thermal fluctuations of magnetotactic bacteria in
ac magnetic fields. 7™ International Pamir Conference on Fundamental and Applied
MHD, Presqu’ile de Giens, France, P.661-665, 2008.

24. V.Vorohobovs, A.Cgbers. Delicate milling of nonmagnetic substances by small
iron oxide spherical beads.7™ International Pamir Conference on Fundamental and
Applied MHD, Presqu’ile de Giens, France, P.455-460, 2008.

II

25. I.Bucenieks, J.Freibergs, E.Platacis. “Evaluation of Parameters of Powerful
Electromagnetic Induction Pumpson Permanent Magnets for Heavy Liquid Metals.”
”IV Workshop on Materials for HLM-cooled Reactors and Related Technologies”.
CNR, Roma, May 21-23rd, 2007

26. V. Kremeneckis, N. Kremenecka — Calculus With “Mathematica” Labs At Riga
Technical University // Proceedings of the 5th WSEAS/IASME International

LU Fizikas instituts — 2008



Conference on ENGINEERING EDUCATION, Heraklion, Crete Island, Greece, July
22-24,2008.

27. A. Arshanitsa, | Barmina, G Telysheva, M. Zake, Combustion and emission
characteristics of the wood fuel pellets, “World Bioenergy-2008”, Jonkoping,
Sweden, 2008, pp.244-248.

28. 1. Barmina, M. Zake, Wood biomass co-firing for the clean heat energy
production, “World Bioenergy-2008”, Jonkoping, Sweden, 2008, pp.249-253.

29. 1. Barmina, M. Zake, M. Purmals, The effect of wood biomass co-firing with
fossil gaseous fuel on the combustion and emission characteristics, Riga, 2008, 5t
UEAA General Assembly and the associated Workshop on “Renewable Energy
Resources, Production and Technologies”, Zinatne, 2008, pp.54-62.

30. A. Arshanitsa, I. Barmina, T. Dizhbite, G. Telisheva, M. Zake, Combustion of
Granulated Plant Biofuel, Riga, 2008, 5" UEAA General Assembly and the associated
Workshop on “Renewable Energy Resources, Production and Technologies”, Zinatne,
2008, pp.37-46.

31. A. Arshanitsa, I Barmina, T.Dizhbite, G Telysheva, M. Zake, J.Rizhikov,
Combustion and emission characteristics of the plant biofuel pellets 2008, Spain,
Valensia, pp10.

32. M. Zake, 1. Barmina, M. Purmals, Co-Fire of Renewable with Fossil Fuel for the
Clean and Effective Heat Energy Production. Abstract for 17* European Biomass
Conference, Hamburg 2009(pienemts public€sanai).

33. M. Zake, 1. Barmina, Magnetic Promotion of the Swirling Combustion. Abstract
for 17 European Biomass Conference, Hamburg 2009 (pienemts publicesanai).

34, A.Gailitis ,,Last results from Riga Dynamo Experiment” nolasits seminara
,Magnetic field generation in experiments, geophysics and astrophysics”, Santa
Barbara, Kalifornija, ASV, 15-18.07.2008

35. Janis Valdmanis, Aleksandrs Cipijs, Electromagnetic metamaterials and new
aspects of electricity, XVI International Congress on Electricity applications in
modern world, Krakow, Poland, 2008, pp.79-80.

36. Janis Valdmanis, Aleksandrs Cipijs. On the mechanism of low frequency
bioelectromagnetism. 14th Nordic-Baltic Conference on Biomedical Engineering
and Medical Physics. Riga,2008. p.69 , pilns teksts [IFMBE Proceedings , Volume
20, Springer

37. Gelfgat Yu., Tiselsky S. ELECTROMAGNETIC METHOD AND DEVICE FOR MIXING UP
FINE SCRAP AND ALLOYING ADDITIONS INTO MOLTEN METAL. — Proc. 4™ International
»Aluminium Recycling” Conference and Exhibition, St.-Petersburg, Russia, April 1-5
2008,p.124-136.

38. Bojarevics A., Bucenieks 1., Gelfgat Yu. Tests and optimization of a permanent
magnetic device for driving the flow at the free surface of liquid metal. — International
Scientific Colloquium “Modelling for Electromagnetic Processing, Hannover,
Germany, 2008, (in press).

39. E. Blums, G. Kronkalns, M. M. Maiorov, The heater with cobalt ferrite
nanoparticles utilizing a low frequency magnetic field, , In: Infernational Baltic Sea
Region conference “Functional materials and nanotechnologies-2007, Institute of
Solid State Physics, University of Latvia, April 2-4, Riga 2007, p. 108.

LU Fizikas instituts — 2008



40. E. Blums, G. Kronkalns, M. Maiorov. Thermoosmotic transfer of ferrocolloids
through a capillary porous layer in the presence of transversal magnetic field.
Abstracts, 7th International Meeting on Thermodiffusion, Bonn, June 2008, p. 56 —
57.

41. D. Zablockis, V. Frishfelds, E. Blums. Numerical Investigation of Heat Transfer
in Magnetic Nanocolloids under Inhomogeneous Magnetic Field, Abstracts,
International Baltic Sea Region conference “Functional materials and
nanotechnologies”, Institute of Solid State Physics, April 1 — 3, 2008, Riga.

42. M. Maiorov, G. Kronkalns, E. Blums. The Magnetic Susceptibility Spectrum of
Cobalt Ferrite Ferrofluid, Abstracts, International Baltic Sea Region conference
“Functional materials and nanotechnologies”, Institute of Solid State Physics, April
1 -3, 2008, Riga.

43. Kolesnikov, Y.: Flow around a magnetic obstacle: Experimental illustrations.
Conference 11" MHD Days, [lmenau, Dec. 1-3, Germany (2008).

44. Kolesnikov, Yu.; Karcher, Ch.; Thess, A.: Magnetic field application in
metallurgy; Flow control and measurements. The 1* Intern. Engineering Science
Conf. — IESC’2008, Aleppo, Syria Nov. 2—4, 21-28 (2008).

45. Kolesnikov, Yu.; Karcher, Ch.; Thess, A., Minchenya, V.: Development of
Lorentz Force Velocimetry and Applications. Workshop Elektroprozesstechnik,
Technische Universitéit [lmenau, 28.-29. Aug. (2008).

46. Minchenya, V.; Karcher, Ch.; Kolesnikov, Yu.; Thess, A.: Calibration of the
Lorentz Force Flowmeter. International Scientific Colloquium Modelling for
Electromagnetic Processing Hannover, October 27-29 (2008).

47. Kolesnikov, Yu. Lecture: Electromagnetic breaking of turbulent MFD channel
flow. SINO-German summer School on Fundamental and applied
Thermofluiddynamics, Northeastern University, Shenyang, PR China, Sept. 13-27, 20
p- (2008).

48. Kolesnikov, Yu. Lecture: Magnetic obstacles in turbulent MFD flow. SINO-
German summer School on Fundamental and applied Thermofluiddynamics,
Northeastern University, Shenyang, PR China, Sept. 13-27, 25 p. (2008).

49. Kolesnikov, Yu. Lecture: Electromagnetic control of industrial fluid-flow.
SINO-German summer School on Fundamental and applied Thermofluiddynamics,
Northeastern University, Shenyang, PR China, Sept. 13-27, 23p. (2008).

50. E.Platacis, I.Platnieks, J.E.Freibergs, R.Krizbergs, J.Klavins, F.Muktepavela,
A.Sisko. MHD tehnologija svina-litija sakaus&juma iegi§anai un izmanto$anai.

24 .zinatniskas konferences, veltitas LU CFI 30 gadu jubilejai, referatu tézes. 2008.
gada 20-22 februaris. Ipp. 30.

51. I,Bucenieks, S.Ivanovs, R.Krizbergs, E.Platacis, I.Platnieks, A.Romancuks,
A.Sigko, A.Ziks. Eksperimentalie p&tijumi par MHD procesiem Pb-Li eutektikas
blanketa ieejas elementos supravadosa magnéta lauka. 24.zinatniskas konferences,
veltitas LU CFI 30 gadu jubilejai, referatu tézes. 2008. gada 20-22 februaris, 31 lpp.

52. A.Cebers K Erglis. Elasticity of Cytoskeleton and Motion of Magnetotactic
bacteria in AC magnetic Field. In: The Joint Biophysical Society 52" Annual
Meeting, 16™ TUPAB International Biophysics Congress, Long Beach, California,
3243-Pos.,2008.

LU Fizikas instituts — 2008



53. K.Erglis,A.Cebers. Magnetic field sensing by magnetotactic bacteria and
elasticity of cytoskeleton. Third International Conference Smart
Materials,Structures&Systems, Acireale,Sicily,Italy, E-3.1:1.03,P.78,2008.

54. K.Erglis, M.Belovs, A.Cébers. Flexible ferromagnetic filaments and the interface
with biology. Moscow International Symposium on Magnetism, Book of Abstracts,
Moscow , P.238, 2008

55. M.Belovs, A.Cébers. Properties of twisted ferromagnetic filaments. 11®
International Conference on Electrorheological Fluids and Magnetorheological
Suspensions, Dresden, P.123, 2008

56. K.Erglis, A.Cébers. Dynamics of flexible ferromagnetic filaments. 1"
International Conference on Electrorheological Fluids and Magnetorheological
Suspensions ,Dresden, P.129, 2008.

Citi izdevumi

6. M. Zake, Co-firing of renewable with fossil fuel for the clean and effective
heat energy production, reklamas katalogs "High Tech in Latvia", 2008, pp.
31.

Registréto un uzturéts patents
Patenti

1. “Verfahren und Anordnung zur Beriirungslosen Inspektion elektrisch
leitfahiger Materialien”, 10 2006 025 542.9 (Deutschland, USA), 2007,
/Thess A., Kolesnikov Y., Karcher Ch./

2. Latvijas patents Nr.13575, 20.07.07. Universals kompleks aluminija
sakausgjumu iegtiSanai un lieSanai. Autori: J.Gelfgats, V.Foliforovs,
S.Tiselskis.

3. Latvijas patents Nr.13571, 20.07.07. Ierice skidru metalu vai sakausgjumu
maisisanai metalurgiskos agregatos. Autori: J.Gelfgats, V.Foliforovs,
S.Tiselskis.

4. Latvijas patents Nr.13580, 20.07.07. Magné&tiska skrejlauka linears inductors
metalurgiskiem agregatiem. Autori: J.Gelfgats, V.Foliforovs, S.Tiselskis.

5. W.v.Ammon, Yu.Gelfgat, L. Gorbunov , E.Tomzig, J.Virbulis. Verfahren und
Vorrichtung  zun Herstellen eines Einkristalls aus Silicium.” Wanderfeld”.
EP122525581,  DES502015950, 2005.

6. US Patent 7,335,256, 2008. Silicon single crystal ande process for producing
it. Authors: W.von Ammon, H. Schmidt, J. Virbulis, Yu. Gelfgat et. .al.

7. European Patent (Application No.08016830.5-2209) “Vervahren
undAnordnung zur Messung des Durchflusses elektrisch leitfahiger medien”
(2008). Autori: G.Gerbeth, ... A.Bojarevics, J.Gelfgats.

8. Karcher, Ch., Kolesnikov, Y., Thess, A.: German Patent DE 10 2007 038 685
(2008).

9. 1. Barmina, M.Gedrovics, P. Meija, A. Meijere-Lickrastina, M. Purmals, M.
Zake, Atjaunojama kurinama un gazveida kurinama vienlaicigas
sadedzinasanas apkures katls- patenta pieteikums, 2008, pp.1-16.

LU Fizikas instituts — 2008



Institiita (augstskolas) 2008.gada istenoto ligumdarbu kopa ar Latvijas un

arvalstu uznémeéjiem

(ORNL)

Paul Scherer Institute Switzerland | Modification ofan electromagnetic
pumps

Corus Research, Development The Design, manufacture, test and

and Technology Netherlands | delivery of a permanent magnet
system

SIEMENS, Grenobles Germany | Fesible study for the MHD facility

Politehniskais institiits France with permanent magnets for the glass

CNRS, INPG technology

Center for Automatice R&D Spain A research Uroject for liquid

CIDAUT Foundation for R&D aluminium pumps on rotating

in Automative Sector permanent magnets

Commissariat a l’energie France Assesment of possibility to design and

atomique, Departement de develop pf EM pump related to m3

technologie nucleaire irradiation devices

Los’Alamos National ASV System of electromagnetic pumps

Labarotory (LANL)

Oak Ridge National Laboratory ASV Design, manufacture, test and

delivery 2 electromagnetic pumps

Institiita (augstskolas) 2008.gada istenoto tirgus orientéto petijumu vai

pasvaldibu pasiitijumu skaits un nosaukums:

1 Iigums

IZM TOPO08-17

Titana razoSanas tehnologijas izstradasana,
bazgjoties uz savstarp&ju titana tetrahlorida
un metaliska magnija tvaiku savstarp&ju

mijiedarbibu”

E.Platacis

LU Fizikas instituta doktoranti — 3
K Kravalis — vaditajs dr.fiz. Imants Bucenieks
G.Lipsbergs — vaditajs dr.fiz. Agris Gailitis
A.Desnickis — vaditaja dr.fiz. Maija Zake

D.Zablockis- vad, dr.hab.fiz. Elmars Blums

Asistents V1. Kremeneckiis pabeidzis promoijas darbu “ Precizi automodularie
risinajumi hidrodinamika un magnétiskaja hidrodinamika un to sakars ar uzdevumiem
robezslanu tuvinajuma” fizikas doktora grada iegiiSanai.

Asistenta v.i. [.Kaldre izstradajis magistra darbu “termoelektrisko stravu un
magnétiska lauka mijiedarbibas izraisitas $kidra metala plismas eksperimentala izp&te

adatveida rezga apkartng”

Asistenta v.i. T. Beinerts izstradajis bakalaura darbu ,,Magnétisku dipolu
rotacijas inducéta Skidra metala kustibas eksperimentala izp&te”

LU Fizikas instituts — 2008




I apaksSvirziens
Zinatniskas pétniecibas apaksvirziens, kura LUFI ir vadoSo
institiiciju vidii pasaule:

Skidru metalu magnetohidrodinamika un hidrodinamika,
fundamentalie un pielietojumie pétijumi.

LU Fizikas instituts — 2008



EU Project MAGFLOTOM

Magnetic flow tomography
in technology, geophysics, and ocean flow research

Contract number 028670

Sixth Framework Programme
New and Emerging Science and Technology (NEST)

Mid-term Progress Report

October 2008
Annex 6
Report: Report on Riga dynamo experiment
Authors: A. Gailitis, E. Platacis (IPUL), Th. Gundrum, F.

Stefani, G. Gerbeth (FZD)

Report nature:  Public



1. Introduction

The Riga dynamo experiment was worldwide the first liquid metal experiment in which
magnetic field self-excitation was ever observed [1]. Between 1999 and 2005, seven
experimental campaigns have been carried out that have brought about a wealth of data
on the kinematic and on the saturated regime [2,3,4,5,6,7]. Since the Karlsruhe dynamo
experiment [8] was disassembled in 2004, the Riga dynamo experiment is presently the
only homogeneous dynamo in the world that is really running. The VKS (von Karman
sodium) experiment in Cadarache (France) has provided many interesting results [9,10],
but only with the use of iron propellers with high permeability, which disqualifies it as a
real homogeneous dynamo.

Within the MAGFLOTOM project, the unique Riga dynamo experiment was expected to
be further exploited. According to the specific character of MAGFLOTOM, one of the
main focuses was on the inverse problem of inferring velocity structures of the liquid
sodium flow from measured magnetic field information. This is still a most interesting
task since direct flow measurements in the facility have turned out to be very difficult.

In accordance with the project plan, one experimental campaign has been carried out in
July 2007. Since the old dry face seal was worn out, a completely new seal in form of a
magnetic coupler had been installed for this campaign. Therefore, the first goal of the
experiments with this important technical modification was to test the new sealing
concept. In the first part of this report, we will describe the main results of this
experimental campaign.

In the second part, we report on the progress that was made in the numerical
understanding of the saturation regime. This understanding relies on a hybrid
forward/inverse approach, in which a simple one-dimensional back-reaction model is
used in order to predict the modification of the velocity structure in the saturation regime,
which then, in turn, can be evaluated by comparison with the growth rate, the frequency
and the spatial structure of the measured magnetic eigenmode, and with the Joule power
resulting from it. While in former approaches the coupling between induction equation
and back-reaction model was realized with only a single step of an iteration [5,6], we
have actualized a full time-dependent coupling of both effects which yields indeed an
improved agreement with the measurements [7].

2. The experimental campaign of 2007
After intensive preparatory work, the experimental campaign took place on 23 and 24

July 2007. The main focus was on the integrity and the correct functioning of the new
magnetic coupler. The latter is shown in Figure 1.



Fig. 1: The newly installed magnetic coupler, connected by 2x5 belts to the two 100 kW
motors.

In total, four experimental runs where carried out. Since there was some problem with
data acquisition in the first run, we document here only the runs 2, 3 and 4. An overview
of these three runs is given in Fig.2.

The interesting point in run 2 was that, after some intermediate stop at 2000 rpm where
the dynamo started self-excitation, the next rotation rate of 2100 rpm was kept for around
12 minutes during which the temperature of the sodium increased significantly, leading to
a noticeable decrease of the electrical conductivity, so that the magnetic field dies away
at the end of this period.

In run 3, the propeller rotation rate was driven to 2200 rpm, without any noticeable
problem with the magnetic coupler.

In run 4, the rotation rate was increased in steps of 100 until 2200, at which, however,
one of the belts was broken and forced us to stop the experiment.

In principle, it can be stated that the magnetic coupler has been tested successfully until
rotation rates of 2200, which is, however, still below the value of 2500 rpm that was



achieved in pervious campaigns. Such a test of larger rotation rate, therefore, left for the

next campaign that is envisioned for the end of 2008.
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Fig 2: Three of the four runs in the 2007 campaign. The blue lines show the propeller
rotation rate, the red line shows the signal of one external Hall sensor, both in
dependence on time.
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Fig. 3. Growth rate and frequency of the eigenmode of the Riga dynamo experiment.
The red squares are the values in the kinematic regime that had been observed between
1999 and 2005. The two pink squares are two corresponding values of the 2007
campaign.

An interesting point in connection with the magnetic coupler concept is whether the
dynamo works as good as in former campaigns. A significant criterion in order to
evaluate the “quality” of the dynamo is the growth rate and the frequency of the magnetic
field eigenmode in the kinematic regime (where the back-reaction of the magnetic field
can be neglected). Figure 3 shows both quantities in dependence on the rotation rate,
which has been, as usually, corrected by the temperature effect. We have distinguished
the two points from the new campaign (pink circles) from all the other points from



previous campaigns (red squares). Obviously, the growth rates for the 2007 campaign are
significantly lower than usually. In terms of the critical rotation rate, which was around
1840 rpm in former runs, we can extrapolate the 2007 one to approximately 2040 rpm.

The reason for this underperformance of the dynamo is not yet clear. One possibility
could be that during the long resting time between 2005 and 2007 oxides have stuck to
the inner walls, hence increasing the electrical resistance between the different tubes.
Another possibility might have to do with the effect of a lower filling level of the liquid
sodium, which is a necessity for the magnetic coupler to function properly. This lower
filling, in turn, could be responsible for more argon entry into the sodium in the propeller
region which could lead to a deteriorated pumping efficiency. This would mean that,
although the magnetic coupler works in principle well, it has unintended consequences
for the dynamo. This point will be clarified in the next campaign.

Another new aspect of the campaign was the use of modified version of the permanent
magnet probe (PMP) for the determination of the sodium velocity in the inner cylinder.
This probe was already tested in the February 2005 campaign, but now the wiring was
changed in order to get a better distinction between the axial and the azimuthal velocity
component. The probe is shown in Figure 4

Potential Electrodes Induction Coil

///A’g//’ L L
i f mmﬂﬁ

Permanent Magnet

Fig. 4: Scheme and photograph of the permanent magnet probe used for the
determination of the sodium flow velocity in the innermost channel.



The measuring principle is shown in Fig. 5. The permanent magnet in the middle
produces a dipolar magnetic field. The interaction of the velocity with this dipolar
magnetic field induces voltage that is basically proportional to the velocity component
that is perpendicular to both the magnetic field and the connecting line between the
electrodes.

Vz

Fig. 5: Illustration of the measuring principle. The induced voltage between the
electrodes 1 and 2 is basically proportional to the axial velocity, the voltage between
electrodes 2 and 3 is basically proportional to the azimuthal velocity.

Figure 6 shows now the results from this probe. The blue curves show again the propeller
rotation rates, the red and green curves show the measured voltages indicating the axial
and the azimuthal velocity components. At each instant, the voltages are averaged over
10 seconds in order to average out the effect of the oscillating magnetic eigenfield which
adds to the field of the PMP. Although the different amplitudes (by a factor around 2) of
the two velocity components are in rough agreement with the earlier water dummy
measurements, it should be noticed that the probe has not been calibrated yet and that the
precise attribution of the axial velocity to U;; and of the azimuthal component to U3 has
still to be validated.



Further work will also be needed to check the numerical predictions of the saturation

model with respect to the saturated velocity.
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Fig. 6: Measured voltages at the PMP, indicating the axial and azimuthal velocity
components. At each instant, the voltages are averaged over 10 seconds in order to
average out the effect of the oscillating magnetic eigenfield which adds to the field of the
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3. An improved saturation model

In our simple saturation model of the Riga dynamo, we try to implement the most
important back-reaction effect. While the axial velocity component has to be more or less
constant from top to bottom due to mass conservation, the azimuthal velocity component
is susceptible to be braked by the Lorentz forces without producing a significant pressure
(and hence power) increase. In the inviscid approximation, and taking only into account
the axi-symmetric component of the Lorentz force, we end up with the ordinary
differential equation for the Lorentz force induced perturbation of the azimuthal velocity
component 6v,,(r, z):

v, (r, z)i5v¢,(r, z) = L[(V x B)x B],(r, 2)

0z HoO
where v, (r,z) represents the mean axial velocity. Differing from the procedure
describes in [5,6] where we had used the measured excess Joule power at a given super-
criticality to calibrate the Lorentz force term on the r.h.s. of this equation, we have now
solved the equation simultaneously with the induction equation. This is done both in the
innermost channel where ov ,(r,z) is decelerated downward and in the back-flow

channel where it is accelerated upward. Both effects together decrease the differential
rotation, which leads to saturation simply by a deteriorated dynamo capability if the
flow, in particular in the lower part.

The validity of this self-consistent saturation model (which automatically gives a zero
growth rate) can be judged from the behaviour of the frequency curve in the lower panel
of Fig. 3. Actually, we see a good correspondence with the measured frequencies in the
saturated regime, in particular concerning the slope of the curve.

For more details, we refer to the attached recent publication [7] where this new improved
model has been discussed.
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Abstract

On 11 November 1999, a self-exciting magnetic eigenfield was detected for the first time in the Riga liquid sodium dynamo
experiment. We report on the long history leading to this event, and on the subsequent experimental campaigns which provided a
wealth of data on the kinematic and the saturated regime of this dynamo. The present state of the theoretical understanding of both
regimes is delineated, and some comparisons with other laboratory dynamo experiments are made. 7o cite this article: A. Gailitis
et al., C. R. Physique 9 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Historique et résultats des expériences dynamo de Riga. Le 11 novembre 1999, un mode propre magnétique auto-excité était
détecté pour la premiére fois dans 1’expérience dynamo au sodium liquide de Riga. Nous relatons le long historique qui a conduit
a cet événement et présentons les campagnes expérimentales qui ont suivi et qui ont produit de trés nombreuses données sur les
régimes cinématique et saturé de cette dynamo. L’état actuel de compréhension théorique des deux régimes est esquissée et des
comparaisons avec d’autres expériences dynamo sont fournies. Pour citer cet article : A. Gailitis et al., C. R. Physique 9 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

It is widely believed that almost any flow of a conducting liquid will give rise to self-excitation of a magnetic field
provided that, first, the flow topology is not too simple (e.g. a flow in one direction or a purely rotational flow) and,
second, the so-called magnetic Reynolds number is large enough. This dimensionless number Rm = poo LV, which
is defined as the product of the magnetic permeability po and the electrical conductivity o of the fluid and the typical
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length scale L and the typical velocity scale V of its flow, measures the ratio of diffusive time scale to kinematic time
scale in the induction equation for the magnetic field B:
oB 1 _,
— =Vx(vxB)+—V“B (D)
at Hoo

While this number is large in many astrophysically relevant flows, simply due to their huge spatial extension, it
requires significant effort to produce a flow with Rm ~ 10, ..., 100 in the laboratory. The simple reason for this is
that the electrical conductivity of liquid metals, even in the optimum case of liquid sodium, does not exceed a value
of 107 S/m, which leads to a product poo ~ 10 s/m?. Hence, in order to get an Rm ~ 10, it requires a product of
fluid dimension and flow velocity of V L ~ 1 m?/s. It is this large number, in connection with the precautions that are
indispensable for the safe handling of sodium, which had prevented dynamo experiments for a long time.

There are many possibilities to organize a dynamo-active flow in a vessel, and quite a number of them have been
tried in experiment. By now, experimental dynamo science is completely international with strong activities in Latvia,
Germany, France, US, and Russia. These attempts, only three of which were successful in showing dynamo action,
have been summarized in a number of recent review papers [1-6], and some of them are also described in the present
special issue. Therefore, in this paper we will restrict our attention to the Riga dynamo experiment, with only a few
comparative side-views on other experiments.

2. The history of the Riga dynamo experiment

The idea of the Riga dynamo experiment originates from one of the simplest dynamo concepts that was investigated
by Ponomarenko in 1973 [7]. The Ponomarenko dynamo consists of one conducting rigid rod which undergoes a spiral
motion within — and in gliding contact with — a medium of the same conductivity that extends infinitely in the radial
and axial directions. People working on planetary, stellar, or galactic dynamos might be sceptical about the physical
relevance of such a system. The first answer to them is that this dynamo represents an “elementary cell” of a number
of more complicated dynamos, and in this function it deserves particular attention in its own right. The second answer
is that possibly some natural systems work in a similar manner as the Ponomarenko dynamo. One promising candidate
is the “double helix nebula” which was detected recently in the outflow from the galactic centre [8]. The basic idea
that cosmic jets could work as a Ponomarenko-like dynamo was already discussed in an early paper by Shukurov and
Sokoloff [9].

Soon after its invention by Ponomarenko, the dynamo was further analyzed by Gailitis and Freibergs [10] who
found a remarkably low critical magnetic Reynolds number for the convective instability of 17.7 (with the radius
taken as the defining length scale). An essential step towards an experimental realization was the consideration of
a straight back-flow concentric to the inner helical flow, which converts the convective instability into an absolute
one [11].

Based on this early analytical and numerical work, a first experimental attempt was undertaken in 1986 by Gailitis
et al. [12]. In contrast to the later Riga dynamo experiment, the central helical flow in this experiment was actualized
by a spiral flow guide (the “helical labyrinth”) at the entrance of the flow. The main experimental result was the
observation of a significant amplification of an externally applied magnetic field. Unfortunately, the experiment had
to be stopped due to some construction problems leading to strong mechanical vibrations, and so it is not known if
this dynamo would have been able to show self-excitation.

With this experience in mind, it was decided to change slightly the concept of the experiment by replacing the
“helical labyrinth” by a propeller and some guiding blades, restricted to the inlet of the central tube. Later we will see
that the lack of mechanical constraints along the 3 m distance from the propeller region to the bottom qualifies this
dynamo as a markedly fluid dynamo, in which the saturation mechanism of the magnetic field strongly relies on the
deformability of the velocity field. In addition to the concentric back-flow channel, a third cylinder with sodium at rest
was attached in order to further reduce the critical Rm due to improved boundary conditions for the electric currents.

A good deal of work was devoted to the optimization of the geometry and the details of the flow structure. The main
dimensions, i.e. length and the radii of the three cylinders were optimized in [13]. A further idea of optimization relied
on the expectation that a flow with maximum helicity (at fixed kinetic energy) should represent a sort of optimum for
dynamo action to occur. The calculus of variation for the corresponding problem in cylindrical geometry leads to
Bessel functions of the zero and first order for the axial and the azimuthal velocities, respectively. It turned out that
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Fig. 1. The Riga dynamo experiment and its eigenfield. (a) Sketch of the Riga dynamo facility. M — Two 100 kW motors. B — Belts from the
motors to the propeller shaft. D — Central dynamo module. T — Sodium tank. (b) Details of the central dynamo module. 1 — Upper bending region;
2 — Propeller; 3 — Central helical flow region; 4 — Return-flow region; 5 — Outer sodium region; 6 — Guiding vanes for straightening the flow in the
return flow. 7 — Lower bending region. At approximately 1/3 (L) and 2/3 (U) of the dynamo height there are four ports for various magnetic field,
pressure and velocity probes. (¢) Simulated structure of the magnetic eigenfield in the kinematic regime.

radial flow profiles of this kind lead indeed to a minimum for the critical magnetic Reynolds number [14]. For people
familiar with Taylor relaxation and the reversed field pinch [15], in which a turbulent plasma produces a magnetic field
of the same Bessel function shape, this might appear as an intriguing duality of velocity optimization and magnetic-
field self-organization.

Besides the general problems in setting up a large scale liquid sodium facility, the realization of the desired flow
structure was a time-consuming process in particular. Most of the work was done by G. Will, M. Christen and H. Hénel
at the Technical University of Dresden, where a 1:2 water dummy model of the Riga sodium facility was built and
utilized for flow measurements and optimization [16]. While the propeller geometry was fixed at an early stage, much
numerical and experimental effort was needed to find a configuration of pre- and post-propeller vanes suitable to shape
the flow as close as possible to the desired Bessel function profiles.

Between 1995 and 1999, the dynamo facility was installed at the Institute of Physics in Salaspils, Latvia (actually,
the name “Riga dynamo experiment”, which has been chosen for a better recognizability, is not fully correct, since
Salaspils is an independent town 25 km eastward of Riga). The main components of the facility and the structure of
the simulated (and experimentally widely confirmed) magnetic eigenfield are shown in Fig. 1.

After all preparations had been done, a first experimental campaign took place on 10-11 November 1999. Before
an experiment starts, sodium is usually heated up to 300 °C and pumped slowly through the central module for about
24 hours in order to achieve good electrical contact between sodium and the internal stainless steel walls. It was
planned to decrease the temperature to approximately 150 °C since the electrical conductivity and hence the magnetic
Reynolds number increase with decreasing temperature. During this cooling-down process, some measurements of
the amplification of an externally applied magnetic field were carried out [17,19,20]. Amplification factors up to 25
were identified, with a distinct resonance behaviour at such propeller rotation rates where the frequency of the applied
field corresponds to the eigenfrequency of the dynamo. For almost all rotation rates the measured signal had only
a single component with the frequency of the applied field. However, at the highest achieved propeller rotation rate
of 2150 rpm, an additional exponentially increasing mode was identified with a frequency different from that of the
externally applied field (see Fig. 2).

Due to some technical problems arising with the seal, this highest rotation rate had soon to be reduced to 1980 rpm,
at which the external field was switched off. This allowed the observation of a pure eigenstate, which was already
slowly decaying at this lowered rotation rate [17,18,20]. In hindsight it can be stated that the eigenfrequencies and
growth rates measured at these two events fit perfectly into the many other data that were taken in later experimental
campaigns. Hence 11 November 1999 marks the first observation of an exponentially growing eigenmode in a liquid
metal dynamo experiment.
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Fig. 2. (a) Axial magnetic field measured by a fluxgate sensor (situated close to the innermost wall) at the highest propeller rotation of 2150 rpm
on 11 November 1999. (b) Decomposition of this signal into the amplified externally applied field (dotted line) and the exponentially increasing
self-excited dynamo eigenmode (full line).

What was, however, not achieved in this first experimental campaign was the saturated regime of the dynamo in
which the Lorentz forces resulting from the self-excited magnetic field reduce the amplitude and modify the structure
of the flow velocity in such a way that the growth rate drops down to zero. To observe this saturated state took another
8 months in which a new seal had to be installed. Then, in July 2000, four runs were carried out, partly with, partly
without externally applied magnetic fields, which provided a first stock of growth rate, frequency, and spatial structure
data of the magnetic eigenfield [21].

A further step towards the detailed determination of the magnetic eigenfield was done in June 2002, when several
lances with radially spaced Hall sensors were inserted into the dynamo module.

A somehow frustrating story was the attempt to measure flow velocities in a direct manner. This was, for the
first time, tried in February 2003 and reiterated in the July 2003 and May 2004 campaigns, when three ultrasonic
transducers were installed at the outer wall in order to measure the velocity in the outermost cylinder of the dynamo.
Note that there is no mechanical forcing of the sodium in this outer cylinder, and any significant flow there can only
result from the Lorentz forces due to the magnetic eigenfield. This flow structure was numerically estimated to be
a main rotation with a velocity of the order of 1 m/s, and a poloidal flow in the form of a double vortex. This flow
structure was experimentally confirmed during some runs in the May 2004 campaign, while we failed to study it in
more details in further runs. The reason for this failure is not completely clear: it seems that, after some short initial
phase in which data can be collected, the Lorentz force induced flow stirs up a lot of oxides in the outer cylinder which
then accumulate at the interfaces of the ultrasonic transducers that may act as cold traps.

Another novelty of the May 2004 campaign was the measurements of pressure data in the inner dynamo channel
by a piezoelectric sensor that was flash mounted at the innermost wall. These measurements provided not only the
expected f~7/3 behaviour of the pressure fluctuations [22], but also the velocity modes at the double and the quadruple
of the eigenfrequency of the dynamo which result from the non-axisymmetric parts of the Lorentz forces.

Another attempt to measure velocities in a direct way was undertaken in February/March 2005 when a stainless-
steel permanent magnet probe for the determination of flow induced electric potentials was installed. In principle, this
probe has provided data on the velocity. However, it was not trivial to disentangle the axial and the azimuthal velocity
components from the obtained signals. What was also new in the February/March 2005 campaign was the installation
of two traversing rails with Hall sensors moving in axial direction outside the dynamo and induction coils moving in
radial direction within the dynamo module. These traversing sensor rails allowed for the detailed determination of the
spatial structure of the magnetic eigenfield, the results of which will be published elsewhere.

Fig. 3 shows the axial magnetic field measured by induction coils inside the upper and the lower port close to the
innermost wall during the last run on 1 March 2005. This figure might serve as an example on how the magnetic
field can be switched on and off at will, and on how its amplitude depends on the propeller rotation rate. Comparing
Figs. 3(a) and 3(b), a peculiarity of this dependence becomes visible. Whereas at the upper sensor (Fig. 3(b)) the
field amplitude increases from 27 mT for 2000 rpm to 120 mT for 2500 rpm, at the lower sensor (Fig. 3(a)) the
corresponding increase is only from 24 mT to 65 mT. This is a clear indication for a drastic change of the field
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Fig. 3. Axial magnetic field and propeller rotation rate during the run 6 of the February/March 2005 campaign, measured by induction coils within
the lower (a) and upper (b) port, close to the innermost wall where the axial magnetic field has its maximum.

dependence in axial direction with increasing supercriticality of the dynamo, which in turn mirrors a significant change
of the axial dependence of the flow.

The most recent campaign was undertaken in July 2007, after which the outworn gliding ring seal for the propeller
shaft was replaced by a magnetic coupler which had been designed and produced by SERAS-CNRS in Grenoble.
After a few successful runs had been done with this magnetic coupler, the experiment had to be stopped due to fact
that the belts between the motors and the propeller shaft were broken.

3. Summary of main results

The most significant number for the qualification of a dynamo is the growth rate of the magnetic field eigenmode.
In the subcritical regime, this negative number can either be obtained after switching off an externally applied mag-
netic field or by lowering the propeller rotation rate from supercritical to subcritical and tracing again the following
exponential decay of the eigenfield. When the dynamo is driven into the supercritical state, there are typically a few
seconds during which the field is still weak enough so that the dynamo can be considered as a kinematic one. Since
the Riga dynamo has a complex eigenvalue, there is also a rotation frequency of the eigenfield which can easily be
determined both in the kinematic and in the saturated regime.

During the eight experimental campaigns, plenty of growth rate and frequency measurements were carried out.
When scaled appropriately by the temperature dependent conductivity of sodium, both quantities turned out to be
reproducible over the years. Only a slight change appeared, starting with the June 2002 campaign when a lance with
sensors was inserted into the central helical flow leading to a slight additional braking of the flow and a corresponding
slight decrease of the growth rate.

In Fig. 4, the temperature corrected measurements for the growth rate (Fig. 4(a)) and the frequency (Fig. 4(b)) are
shown in comparison with the corresponding numerical results. The numerical curves in the kinematic regime were
obtained with the 2D solver [14,27] and were corrected for the slight effect of the lower conductivity of the stainless
steel walls that was estimated separately by a 1D solver. As for the saturation regime we have tried to identify the most
important back-reaction effect within a simple one-dimensional model [19,26]. While the axial velocity component
has to be rather constant from top to bottom due to mass conservation, the azimuthal component vy can be easily
braked by the Lorentz forces without any significant pressure increase. In the inviscid approximation, and considering
only the m = 0 mode of the Lorentz force, we end up with the ordinary differential equation for the Lorentz force
induced perturbation dvy (7, z) of the azimuthal velocity component:

_ ) 1
v, (7, z)a—zav¢(r, 7) = W[(V x B) x B]¢(r, 2) ()

In contrast to the procedure described in [19,27] where we had utilized the measured Joule power at a given supercrit-
icality to calibrate the Lorentz force on the r.h.s of Eq. (2), here we solve Eq. (2) simultaneously with the induction
equation. Note that Eq. (2) is solved both in the innermost channel where it describes the downward braking of vy,
as well as in the back-flow channel where it describes the upward acceleration of vy. Both effects lead to a reduction
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of the differential rotation and hence to a deterioration of the dynamo capability of the flow. The validity of this self-
consistent back-reaction model, which gives automatically a zero growth rate, can be judged from the dependence
of the resulting eigenfrequency in Fig. 4(b). Actually, we see a quite reasonable correspondence with the measured
data, in particular with respect to the slope of the curve. A slight jump of the measured eigenfrequencies between the
kinematic and the saturated regime could be attributed to the arising fluid rotation in the outermost cylinder, which
is not described by the back-reaction model according to Eq. (2). Other criteria for the quality of the back-reaction
models are the correspondence of the resulting amplitude and shape of the eigenfield which also turned out to be quite
satisfactory.

The braking of the azimuthal velocity component, which accumulates downstream from the propeller, results in a
deteriorated self-excitation capability of the flow in the lower parts of the dynamo and therefore in an upward shift
of the magnetic field structure. This is visible in Fig. 5(a) which shows the measured axial magnetic field amplitudes
(from the June 2002 campaign) at the upper and lower ports and their ratio in dependence on the supercriticality.
Corresponding dependencies for the outer Hall sensors were already documented in Fig. 12 of [20].

This deformation of the flow field under the influence of the Lorentz force of the self-excited magnetic field has
a strong impact on the dependence of dissipated Joule power on the supercriticality. In Fig. 5(b) we try to compare
the corresponding curves for the Lowes and Wilkinson experiment [23], the Karlsruhe experiment [24], the VKS
experiment [25], and the Riga experiment. Deliberately, we have given only a schematic plot of these dependencies
since all four curves are not very accurately known. For the Lowes and Wilkinson case we refer to their paper [23],
for the Karlsruhe results we rely on the pressure increase shown in the inset of Fig. 4 in [24], for VKS we took the
mean value between the estimates 15 and 20 per cent for a supercriticality of 30 per cent [25], for Riga we took the
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fit Pyoule = (£2 — 1840 rpm) /(1840 rpm) x 48.4 kW of the motor power measurements published in [27]. In stark
contrast to the sharp rise for the Lowes and Wilkinson experiment, but also strongly differing from the steep increase
in the Karlsruhe experiment, the Joule power dependence on supercriticality in both the VKS and the Riga experiment
is very flat. For the latter we had already seen that, quite different to the back-reaction of a rigid body, the sodium flow
deforms under the influence of the Lorentz forces, and the resulting deterioration of the dynamo condition makes the
growth rate drop down to zero.

4. Conclusions

The Riga dynamo experiment, which relies on the concept of the Ponomarenko dynamo, was the first successful
liquid metal experiment in which the critical magnetic Reynolds number had been exceeded. Its kinematic regime
has been simulated by a 2D-dimensional finite-difference solver with an accuracy of a few percent, and its saturated
regime is qualitatively well understood by means of a simplified one-dimensional back-reaction model that accounts
for the downward braking of the azimuthal component of the flow. The detailed measurements of the spatial structure
of the magnetic eigenfield in dependence on the supercriticality make the Riga dynamo an ideal test-field for validating
various MHD-turbulence models in a contemporary three-dimensional RANS model [28-30].

Contrary to what is sometimes written in the literature, the Riga dynamo has a highly unconstrained flow: the
volume fraction in which the fluid flow is directly imposed by the propeller or by guiding blades is only 10 percent of
the free flow volume behind the propeller. Interestingly, this is the same 10 per cent ratio as in the VKS experiment,
hence it is not surprising that the slope of the Joule power curve is approximately the same in both experiments (see
Fig. 5(b)). In contrast to the VKS experiment, the turbulence level in the Riga experiment is rather low (approximately
8%, depending on the position). The good correspondence of numerical predictions (based on the mean flow) with
experimental data indicates that fluctuations of this level do not play a significant role in the dynamo mechanism.

A drawback of the Riga dynamo could be seen in the fact that it is definitely not suited for any investigation of
field reversals since it is an oscillatory dynamo from the very outset. By virtue of its flow topology (a sltl in the
terminology of Dudley and James [31]) there is no chance to observe any reversal process which, we believe, is
connected with a transition between steady and oscillatory eigenvalues of the non-selfadjoint dynamo operator [32].
Such reversal studies have to be left to dynamo experiments with other flow topologies, e.g. of the s2t2 type as in the
VKS experiment, in which reversals were actually observed [33].

The Riga dynamo is still operating. Further improvements of the velocity and magnetic field measuring techniques
are planned and will possibly help to constrain turbulence models of flows under the influence of a self-excited
magnetic field.
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Itis widely known that cosmic magnetic fields, i.e. the fiedfiplanets, stars, and galaxies, are produced by the hydroma
netic dynamo effect in moving electrically conducting fllidt is less well known that cosmic magnetic fields play also
an active role in cosmic structure formation by enablingnauit! transport of angular momentum in accretion disks \éa th
magnetorotational instability (MRI). Considerable thetaral and computational progress has been made in undeirsga
both processes. In addition to this, the last ten years rese semendous efforts in studying both effects in liquidahe
experiments. In 1999, magnetic field self-excitation waseoled in the large scale liquid sodium facilities in Riga an
Karlsruhe. Recently, self-excitation was also obtainethFrench "von Karman sodium” (VKS) experiment. An MRI-
like mode was found on the background of a turbulent sphe@oaette flow at the University of Maryland. Evidence
for MRI as the first instability of an hydrodynamically staldlow was obtained in the "Potsdam Rossendorf Magnetic
Instability Experiment” (PROMISE). In this review, the tosy of dynamo and MRI related experiments is delineated, an
some directions of future work are discussed.

Copyright line will be provided by the publisher

1 Once upon atime...

Magnetism has been known for approximately 3000 years. €Tlsesome evidence that a hematite bar, found close to
Veracruz (now Mexico), had served the Olmecs as a simple aes29]. In any case, the Chinese have built, probably in
the first century B.C., a compass in the form of a lodestonersfitat was freely turnable on a polished bronze plate [155].
The old Greek philosophers, starting with Thales of MilgRiswere well aware of the attracting forces of lodestoms] a
the Roman philosopher Lucretius (957-55 B.C.) descrilseddtion in an atomistic way [140]: "First, stream there must
from off the lode-stone seeds. Innumerable, a very tideckvbimites by blows that air asunder lying betwixt the storte an
iron. And when is emptied out this space, and a large placedsst the two is made a void, forthwith the primal germs
of iron, headlong slipping, fall conjoined into the vacuuangd the ring itself by reason thereof doth follow after and go
thuswise with all its body.”

As early as 1269, a first systematic experimental study oéttracting and repelling forces of lodestone was published
by Petrus Peregrinus in his "Epistola de magnete” [169]. tRerfirst time, he defined the concept of polarity and distin-
guished the north and south poles of the magnet. He was thsffmmmulate the law that poles of opposite polarity attrac
while poles of the same polarity repel each other (cf. Figuae Besides the construction of several compasses (afrd-ig
1b), he also proposed a magnetic perpetuum mobile.

Three centuries later, Peregrinus’ work inspired Williartb€ért to make his own experiments with small spheres of
lodestone (“terrellae”), which led him, in 1600, to the clusion that “...that the terrestrial globe is magnetic ané i
loadstone [79]”

However, this lodestone theory soon ran into trouble whenatbstward drift of the Earth’s magnetic field declination
was described by Gellibrand in 1635 [76], and the detectfaboupt polarity reversals by David and Brunhes in 1904/05
[21] has dealt it the ultimate deathblow.

Interestingly, it was not the well-studied magnetic fieldtod Earth, but the observation of magnetic fields in sunspots
[87], that put Larmor on the right track speculating [127&ttlit could be ”...possible for the internal cyclic motion to
act after the manner of the cycle ofself-exciting dynamoand maintain a permanent magnetic field from insignificant
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Fig. 1 Lodestone experiments of Petrus Peregrinus. (a) Expetingmowing the attracting and repelling forces of a
broken piece of loadstone. Upper configuration: "naturd@ier configuration: "non naturale”. (b) A simple compass.
Figures from [169].

beginnings, at the expense of some of the energy of the aiteirculation.” This one-page communication, in which
a natural process was explained in terms of a technical €d2i@8, 209, 257], was the birth certificate of the modern
hydromagnetic theory of cosmic magnetic fields.

2 Cosmic magnetism

Wherever in the cosmos a large quantity of an electricallydoeting fluid is found in convection, one can also expect a
magnetic field to be around.

The Earth is not the only planet in the solar system with a retigfield [144, 233]. Fields are produced inside the gas
giants Jupiter, Saturn and the ice giants Uranus, and NepRossibly, a dynamo had worked inside Mars in the ancient
past [41]. The Mariner 10 mission in 1974-75 had revealediiagnetic field of Mercury [156] and there remain many
puzzles as to how it can be produced [212, 35, 81, 82]. Thetieteof the magnetic field of Ganymede, the largest Jupiter
moon, was one of the major discoveries of NASA's Galileo sgaaft mission in 1996 [114]. The fact that Venus does not
have a dynamo generated magnetic field has been attributied v@ry slow rotation [144], but also to the stably stradifie
liquid core [232] of this planet.

The magnetic fields of sunspots were discovered by Hale (1&04t. Wilson observatory, thus proving evidence that
natural magnetism is not a phenomenon restricted to thén E¥fith view on the tight relation of sunspots and magnetic
fields, sunspot observation turns into a perfect test figldrig theory of solar magnetism. Still today, the 11 yearquicity
of sunspots, their migration towards the equator (the it diagram”), and the occurrence of grand minima which are
superimposed upon the main periodicity are the subjecttensive investigations [160].

Some main-sequence stars of spectral type A have remankegeetic field strengths on the order of 1 T which are
hardly explainable by dynamo action and which have beemeldito be remnants of the star’s formation, i.e. "fossil §&ld
[17]. However, this magnetic field strength is rather moteecampared with that of other stars. The field of some white
dwarfs can easily reach values of 100 T, and even fields bf Thave been ascribed to some anomalous X-ray emitting
pulsars [117].

Large-scale magnetic fields of the order of 20T are observed in many spiral galaxies [11]. Usually ther ¢sose
correlation of the magnetic field structure with the spirattern that indicates the relevance of dynamo action, agthdy
far not all problems with the origin and amplitude of galacieed fields are solved [85, 123, 48].

Fascinating phenomena appear close to the centers of galakich are usually occupied by supermassive black holes.
These are fed by so-called accretion disks [9], a processhafgisults typically in two oppositely directed jets of high
energetic particles that can fill vast volumes with magnfegid energy [120]. In our galaxy, these jets are rather wedk b
show a particularly interesting feature. Morris et al. r@bereported the detection of a double-helix nebula in thitflow,
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not far from the galactic center, which they described as lawreA wave [148]. However, we will see later that this might
well be connected with a typical dynamo action.

The working principle of accretion disks, which are the mefficient "powerhouses” in the universe [88] supplying
energy for systems such as X-ray binaries, active galaatiten and quasars through the release of gravitationaipiad
energy, had been a puzzle for a long time. The problem is tla#em before it can be accreted by the central object, has
to get rid off its angular momentum. The molecular viscosityuch gas disks is much to small to explain the observed
accretion rates of stars and black holes, so that turbulienbsity has to be assumed [204]. The point is only: why
accretion disks are turbulent at all? Since they obey Kaptkird law, i.e, their angular velocity decays &s*/? with
the radius, while the angular momentum increases &s Rayleighs criterion must be applied stating that rotafiogys
with radially increasing angular momentum are linearhpktdor all Reynolds numbers [184]. In principle, the sabatio
this puzzle was already given in papers by Velikhov in 195%/]2and Chandrasekhar in 1960 [30], who had detected that
a Taylor-Couette flow in the hydrodynamically stable regiuneld be destabilized by an axially applied magnetic field.
The astrophysical importance of this "magnetorotationstability” was, however, noticed by Balbus and Hawley iaith
seminal paper of 1991 [7].

Going beyond the galactic scale, we find randomly tangledmetgfields also in galaxy clusters [84] which brings us
to the topic offluctuation dynamogr small-scale dynamdsvhich have attracted much interest recently [198, 199].

3 Some mathematical basics

The temporal evolution of the velocity field under the influence of a magnetic fidlis governed by the Navier-Stokes
equation
a—V—i—(V-V)v:—@—l—L(VXB)><B—|—1/AV-|—fd, (1)
ot P Hop
wherep andv denote the density and the kinematic viscosity of the flpii, the pressureyo the magnetic permeability
of the vacuum, andl; symbolizes driving forces as, e.g., buoyancy in cosmic &dr mechanical forcing by propellers
in liquid metal experiments. The magnetic fi@din equation (1) is in general the sum of an externally appiedjnetic
field and the flow induced or self-excited magnetic field.
In order to derive the temporal evolution f& in a fluid of electrical conductivityr, we start with Ampeére’s law,
Faraday'’s law, the divergence-free condition for the mégrield, and Ohm'’s law in moving conductors:

V X B = poj 2
VxE=-B 3)
V-B=0 (4)
j=0c(E+vxB). (5)

Here,E denotes the electric field afjdlenotes the electric current density. We have skipped g@atiement current in
equation (2) as in most relevant cases the quasistatiopgrp@mation holds. Taking theur! of equations (2) and (5),
inserting equation (3), and assumingo be constant in the considered region, one readily aratvdsinduction equation
for the magnetic field:

%—?sz(va)—kMo%AB. (6)
Obviously, the right hand side of equation (6) describesctirapetition between the diffusion and the advection of the
field. Forv = 0 equation (6) reduces to a vector heat equation and the fidlldeday within a typical time,; = uool?,
with [ being a typical length scale of the considered system. 8imigcon the advection term, it can lead to an increase
of B within a kinematic time,, = [/v, wherev is a typical velocity of the flow. If the kinematic time is sr@lthan the
diffusion time, the net effect can become positive, and télel fivill grow. Comparing the diffusion time-scale with the
kinematic time-scale we get a dimensionless number thargsithe "fate” of the magnetic field which is called magnetic
Reynolds numbeRm:

Rm := poolv . (7

Depending on the flow pattern, the values of the critiRab, at which the field starts to grow, are usually in the range
of 10'...1¢*. Most flows in cosmic bodies, in whickm is large enough, will act as dynamos, although there are a
number of anti-dynamo theorems excluding too simple sinest of the velocity field or the self-excited magnetic field
[42,51, 189, 97, 104].
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The competition between field dissipation and productionaiao be understood in terms of the energy balance. Taking
the scalar product of the induction equation w1y, and performing an integration by parts, we find for the time
evolution of the magnetic energy

d B2 j?
L e~ (jx B)dV — dV——-(ExByw. ®)
dt Jy 2p0 s

In this form, the dynamo action can be interpreted in a colverway: the time derivative of the magnetic field energy
equals the difference between the work done (per time) bizdhentz forces on one side and the Ohmic and Poynting flux
losses on the other side. The Lorentz force converts kiegigrgy into magnetic energy, the Ohmic dissipation corvert
magnetic energy into heat, the Poynting flux transportsteletagnetic energy across the surféc®f the considered
volumeV'.

Besides the magnetic Reynolds numban, the coupled system of Egs. (1) and (6) is governed by some whier
mensionless numbers: first of all the well known Reynolds benRe := lv/v, second the Hartmann numbBia :=
Bl+/o/vp which describes the square root of the ratio of magneticdoouis forces. In some cases, the system behaviour
is better described by the interaction parameter (Stuartbes) N = 0B21/(vp) = Ha?/Re or the Lundquist number
S =: Blo\/uo/p = Hav/Pm, wherein the magnetic Prandtl number is defined as the rétkinematic viscosity to
magnetic diffusivity:Pm := vugo. Of course, more dimensionless numbers will enter the sefea a particular forcing
and/or global rotation of the system is taken into account.

The coupled system of equations (1) and (6) can be treatédvaiiyying complexity. For many technologically relevant
cases, but also for the "helical MRI” to be discussed latéh im << 1, it will suffice to use the so-called inductionless
approximation [173]. On the other extreme, one can studyekiatic dynamo models” by just solving equation (6) while
supposingv to be fixed. In general, however, the treatment of most magmettabilities and of dynamically consistent
dynamos requires the simultaneous solution of equatiorend. (6).

The numerical costs of the simulations are strongly gowthyehe relevant spatial dimension of the considered system
In some cases, including long cylindrical dynamos with Biavariant flows or long MRI experiments based on Taylor-
Couette flows, it is appropriate to start with an analysis @ffrmal modes in axial and azimuthal directions giving an
eigenvalue problem im direction only. For dynamo or MRI experiments in finite cgars, 2D models im, z will be
appropriate. Most expensive are, of course, fully couplediBnulations of Egs. (1) and (6).

Dynamo relevant flows are in general turbulent, the queionly about the turbulence level and its role in the dynamo
process. Commonly, one distinguishes between so-cldlathar and mean-fielddynamo models. Laminar models are
described by the unchanged equation (6) with neglectedifembe. The self-excited magnetic field varies on the same
length scale as the velocity field does. Mean-field dynamoeispan the other hand, are relevant for highly turbulent
flows. In this case the velocity and the magnetic field are idened as superpositions of mean and fluctuating parts,
v = v + v/ andB = B + B’. From equation (6) we get the equation for the meanPart

OB 1 _
= x B —AB. 9
B =Vx (v +5)+M00 9)

This equation for the mean field is identical to equation @ )fie original field, except for one additional term
E=v' xB, (20)

that represents the mean electromagnetic force (emf) dtreetéluctuations of the velocity and the magnetic field. The
elaboration of mean-field dynamo models in the sixties byiteck, Krause and Radler [216] was a breakthrough in
dynamo theory (cf. [119, 180]). They had shown that, for hgereous isotropic turbulence, the mean electromotiveforc
takes on the form

E=aB-BVxB, (11)

with a parameted that is non-zero only for non-mirrorsymmetric velocity fluationsv’ ("cyclonic motion” [161]) and a
parametep that describes the enhancement of the electrical resystivie to turbulence. The fact that helical fluid motion
can induce an emf that arallel to the magnetic field is now commonly known as theffect. Dynamo models based on
the a-effect have played an enormous role in the study of solamatattic magnetic fields, and we will later explain the
physics of the Karlsruhe experiment in terms of a mean-fiedd@hwith thex-effect.

A promising way to combine the credibility of direct numeaiicimulations with the convenience (and robustness) of
mean-field models is to carry out global 3D simulations abrafable spatial resolution, and to extract then the medah-fie
coefficients by means of a test-field method [202, 203, 77, 19]

Copyright line will be provided by the publisher



ZAMM header will be provided by the publisher 5

4 Why doing liquid metal experiments?

During recent decades tremendous progress has been maaeainalytical understanding and the numerical treatment of
flows with high Rm, including dynamos, which has been reported in dozens obigraphs and review articles [24, 145,
119, 95, 190, 191, 31, 91, 144, 50, 192, 25, 26, 193, 18].

As for the geodynamo, to take one example, recent numenmalations [83, 103, 122, 27, 33, 36, 254, 230, 89, 4, 231]
share their main results with features of the Earth’s magfietd, including the dominance of the axial dipolar compot)
weak non-dipolar structures, and, in some cases, full ppl@versals, a behaviour that is well known from paleoneiign
measurements (for a recent overview, see [116]).

Despite those successes, a number of unsolved problemsref@ simulations of the Earth’s dynamo, to remain in
this picture for the moment, are carried out in parameteioregfar from the real one. This concerns, in particular, the
Ekman numbeF (the ratio of the rotation time scale to the viscous timeejcahd the magnetic Prandtl numben (the
ratio of the magnetic diffusion time to the viscous diffusiime). The Ekman number of the Earth is of the order'PQ
the magnetic Prandtl number is of the order£0 Present numerical simulations are carried out for valsesnaall as
E ~ 107° andPm ~ 0.1. The wide gap between real and numerically tractable pamss, of course, a continuing
source of uncertainty about the physical reliability of¢besimulations. The usual way in fluid dynamics to deal with
parameter discrepancies of this sort, namely to apply stipated turbulence models, is presently hampered by theolfa
validated turbulence models for fluids that are both fagttiog and strongly interacting with a magnetic field. Herthis
crucial point where laboratory experiments are unavorlabbrder to collect knowledge about the turbulence stredtu
the (rotating or not) dynamo regime.

With this critical attitude towards simulations, one mukéWwise admit that none of the real cosmic bodies can be put
into a Bonsai formto be studied in laboratory. Taking again the geodynamo a#i&i(g) example, it is not possible to
actualize all of the dimensionless numbers in an equivagpérimental set-up. A liquid sodium experiment of 1 m radiu
would have to rotate with £0(!) rotations per second in order to reach the Ekman numbtreoEarth, which amounts to
twice the speed of light at the rim of the vessel.

So what, then, can we actually learn from liquid metal experits ?

First, it is worthwhile to verify experimentally that hydromadiradynamos work at all. In theory and numerics, kine-
matic dynamo action has been proved for a large variety oferoorless smooth velocity fields or pre-described distri-
butions of turbulence parameters. However, liquid metaldloat the necessagm, will be highly turbulent. Further,
most dynamo simulations have been carried out in sphereaingtry. What happens when we are using cylindrical
vessels instead of spheres? How important is the corred¢mentation of the non-local boundary conditions for thgyma
netic field, which is trivial for spherical geometry but ré@s sophisticated methods in other, e.g. cylindrical,ngety
[220, 259, 260, 96, 86, 80, 78]? Later, when discussing th&\dgnamo, we will see that even slight modifications of
the experimental design can teach a lot about the role ofiteinbe, boundary conditions, and the distribution of défe
dynamo sources.

Secondif one was lucky to make a hydromagnetic dynamo running, bawthe exponential field growth be stopped,
how does the dynamo saturate? Roughly speaking, dynamasaiuis nothing than an application of Lenz’s rule stating
that an induced current acts against the source of its owarggan. How this saturation works in detail, depends gfiypn
on the mechanical constraints the flow is experiencing. Athe present laboratory dynamos comprise mechanicalinsta
lations to drive and guide the flow (propellers, guiding lelsdetc.). Obviously, the fewer installations are presetié
fluid, the more freedom has the flow to be modified and re-ompahby the Lorentz forces. It would be most interesting
to drive the flow purely by convection, as in the Earth’s owtge. However, it seems to be impossible to reach velocities
sufficient for dynamo action in a purely convective way indedtory experiments, as discussed, e.g. in [240]. Hence,
all present laboratory experiments have to find a comprobgseeen a mechanical forcing of the flow and the degree of
freedom of the flow for the magnetic field back-reaction.

This brings us to th¢hird point: Besides its influence on the large scale flow, the miggfield back-reaction may
also change the turbulence properties of the flow. Sometinigeffect is considered the most important one that dynamo
experiments may help to understand, as they provide arestteg test-case for MHD turbulence models (a summary of
the latter can be found in [249]). Those models, once vadiatould gain reliability when applied to such hard protdem
as magnetic field generation in the Earth’s core . But "turhaé model validation” sounds much easier as it is in reality
Even the simple flow measurement in liquid sodium is a probteits own right, let alone the measurements of all sorts of
correlation functions which might be important for the daliion of turbulence models.

A fourthtopic, which is intimately connected with the issue of tueémece modification, is the destabilizing role magnetic
fields can have on flows. Typically dynamo experiments ancex@Ents on the magnetorotational instability are of a
similar size, making it worth to hunt for new instabilities the presence of (self-excited or externally applied) netign
fields. In addition to this, there is a large variety of wavepbmena to be studied in rotating magnetized flows.
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A fifth issue that could possibly be addressed by dynamo expesrhastto do with the distinction between steady
and oscillatory dynamo states. Typically, these trans&tioccur at so-called exceptional points of the spectrunnef t
non-selfadjoint dynamo operator, and polarity reversalsetbeen described as noise triggered relaxation osailin
the vicinity of such points [221, 222, 224]. However, rexasscan occur for a wide variety of bistable systems [94], and
experiments can be helpful to distinguish between differeversal scenarios.

5 The experiments in detail

In the following we will concentrate on the most importanpexkmental efforts related to the understanding of theiorig
and the action of cosmic magnetic fields. We will start with four experiments that have already shown homogeneous
dynamo action, and then move to experiments devoted to wasegmena and magnetic instabilities in liquid metals. For
the sake of shortness, we have to skip some very interediiieg experiments like those of Lehnert [130] (cf. [131] for
a very amuzing account of these experiments in Stockholmh)&ams [74], but also the impressive series of liquid metal
experiments on Alfvén waves which have been summarizeddig@ann [75]. Another topic omitted is the search for self-
excitation phenomenain fast breeder reactors [13, 171,11 170], although this close connection was occasionakylas
a political argument to motivate dynamo experiments (s&8])2 Slightly focusing on some newer experimental adagit
we advise the reader to consult some former reviews on ealeriments [190, 25, 128, 69, 70, 39, 240, 49, 168, 72].
For decades, hydromagnetic dynamo experiments seemedabtbe edge of technical feasibility. The problem to
achieve self-excitation is that values of the critiéah for different flow geometries are of the order of 100. For testh
liguid metal conductor, sodium, the product of conducgivihd magnetic permeability is approximately 10 %/Hence,
to get anRkm of 100, the product of length and velocity has to be ZsnTo reach this value one should have more than
1 m? sodium and use at least 100 kW of mechanical power to movenivttfer possibility is of course to increaBen by
simply using materials with a high magnetic permeabilitfisTorings us directly to the first experiment on homogengous
though not hydromagnetic, dynamo action.

5.1 The dynamo experiments of Lowes and Wilkinson

In the sixties of the 20 century, Lowes and Wilkinson haveiedrout a long-term series of homogeneous dynamo experi-
ments [138, 139, 255] at the University of Newcastle uporelyihe main idea of their experiments was already laid down
in a 1958 paper by Herzenberg [90] who had given the first odgsexistence prove for a homogeneous dynamo consist-
ing of two rotating small spheres embedded in a large spitégeie 2a). Thus motivated, Lowes and Wilkinson started
with the first homogeneous dynamo using two rotating cylindie a “house-shaped” surrounding conductor (Figure 2b).
The key point for the success of this and the following expents was the utilization of various ferromagnetic materia
(perminvar, mild steel, electrical iron) making the magn&eynolds number large, simply by a high relative magnetic
permeability.,. (between 150 and 250).

(O] (V) ©
2

(@) (b) 0, (c)

Fig. 2 (a) The Herzenberg dynamo. Two spheres rotate around mafigb@xes. (b) The first dynamo of Lowes and Wilkinson. Two
cylinders rotate in a “house-shaped” block. (c) The fifthayro with four independent rotors.

The history of these experiments is impressive, not onlyHeir step-by-step improvements but also for the contiguin
comparison of the resulting field with geomagnetic feat{28§]. Starting with a simple geometry of the rotating cyléms
(Figure 2b), which produced steady and oscillating magifegids, the design was made more sophisticated (Figure 2c)
so that finally it permitted the observation of field revessalThat way it was shown that a complex field structure and
behaviour can result from comparatively simple patternwnofion.

Needless to say, the experiments were flawed by the use offagnetic materials and the nonlinear field behaviour
which is inevitably connected with these materials. Onenafit to get self-excitation with rotating non-magnetic pep
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cylinders failed. And, although homogeneous, these dyisamgve not suited to study the nontrivial back-reaction ef th
magnetic field on the fluid motion, and there was no chanceatm lsomething about MHD turbulence.

5.2 The dynamo experiments in Riga

There is a long tradition at the Institute of Physics Rigaylag to carry out dynamo related experiments.

.om

exciting
windings

Fig. 4 The dynamo module of the 1987 experiment.
Significant amplifications of externally applied magnetic

Fig. 3 The “a-box,” the first dynamo-related experiment fields were measured, before the experiment had to be
in Riga. The sodium flow through the helically interlaced stopped due to mechanical vibrations.

channels produces an emérallel to the applied mag-

netic field.

The first one, actually proposed by Max Steenbeck, was ie@taprove experimentally theeffect, i.e. the induction
of an electromotive force parallel to an applied magnetidfi&his experiment, thed-box” (Figure 3), consisted of two
orthogonally interlaced copper channels through whichitsndvas pumped with velocities up to 11 m/s. Interestingly,
although the very flow helicity - (V x v) is zero everywhere in this set-up, areffect results from the non-mirrorsymmetry
of the flow. The main result of this experiment was that theugetl voltage between the electrodes (cf. Figure 3) is
proportional tov?, i.e., it is independent of the flow direction, and that iteeses if the applied magnetic field is reversed.
The a-effect was therefore validated [217]. Interestingly, théuced current was shown to increase slower than linearly
with the applied magnetic field, a result which points to s@uenching oty with increasing interaction parameter.

A second experiment was also prepared in Riga but actualfiedeout in St. Petersburg in 1986 [62] (Figure 4). The
principle idea of this, as well as of the later Riga dynamoesipent, traces back to Ponomarenko [172] who had proved
that a helically moving, electrically conducting cylindembedded in an infinite stationary conductor can show dynamo
action. This simple configuration was analyzed in more tlbtaGailitis and Freibergs [60] who found a remarkably low
critical magnetic Reynolds number of 17.7 for the convextiistability. By adding a back-flow, this convective insliap
can be transformed into an absolute instability [61].

All this early numerical work, including the optimizatioB9] of the main geometric relations which led to the design
of the Riga dynamo (Figure 5a,b), was done with a one-dino@asieigenvalue solver. For refined kinematic simulations
a two-dimensional finite difference code (in radial and batieection) was written whose main advantage is the pol#yibi
to treat velocity structures varying in axial direction,ialinis indeed of relevance for the Riga dynamo [71]. The mtgne
field structure as it comes out of this code is illustratediguFe 5c.

Much effort has been spent to fine-tune the whole facilitye Titst step was to optimize the main geometric relations,
in particular the relations of the three radii to each othwt @ the length of the system [59]. The resulting shape of the
central module of the dynamo is shown in Figure 5b. In a watenrdy facility at the Dresden Technical University, many
tests have been carried out to optimize the velocity prof8@sand to ensure the mechanical integrity of the systenh. Al
the experimental preparations were accompanied by extengimerical simulations. One main result of these simuuti
was the optimization of the velocity profile with regard te thmited motor power resources of around 200 kW. For hglicit
maximizing profiles ("Bessel function profiles”) a criticBin as low as 12.0 (for the convective instability) and 14.7 (for
the absolute instability) has been found, while the comagg numbers for the measured (as far as possible optinize
profiles were 14.3 and 17.6, respectively [219]. Anotheultesas the prediction of the main features of the expected
magnetic field, i.e., its growth rate, frequency, and spatracture, and the dependence of these features on th@rota
rate of the propeller.

At the present facility, eight experimental campaigns hiaeen carried out between November 1999 and July 2007.
In the first campaign in November 1999, a self-exciting fieelswlocumented for the first time in a liquid metal dynamo
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(a)

Fig. 5 The Riga dynamo experiment and its eigenfield. (a) Sketchefdcility. M - Motors. B - Belts. D - Central
dynamo module. T - Sodium tank. (b) Sketch of the central eodl - Guiding blades. 2 - Propeller. 3 - Helical flow
region without any flow-guides, flow rotation is maintainedibertia only. 4 - Back-flow region. 5 - Sodium at rest.
6 - Guiding blades. 7 - Flow bending region. (c) Simulated nedig eigenfield. The gray scale indicates the vertical
component of the field.
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Fig. 6 Two experimental runs carried out in July 2000 and in Felyr@805. Rotation rate of the motors, and magnetic field measur

at one Hall external sensor plotted vs. time. After the expoial increase of the magnetic field in the kinematic dynaegime, the
dependence of the field level on the rotation rate has beeiestin the saturation regime.

experiment, although the saturated regime could not béneghat that time [64]. This had to be left until the July 2000
experiment [65]. In June 2002, the radial dependence of thgnetic field was determined by the use of Hall sensors
and induction coils situated on "lances” going throughdt tvhole dynamo module. In February and June 2003, first
attempts were made to measure the Lorentz force induce@miotithe outermost cylinder. A novelty of the May 2004
campaign was the measurements of pressure in the innere@hana piezoelectric sensor that was flash mounted at the
innermost wall. In February/March 2005, a newly developeth@nent magnet probe was inserted into the innermost
cylinder in order to get information about the velocity theand two traversing rails with induction coils and Hall sers
were installed to get continues field information along thaxis and across the whole diameter of the dynamo. In July
2007, a newly developed magnetic coupler was installedgiace the outworn gliding ring seal. More details about¢hes
results can be found in Refs. [69, 71, 68, 66, 67, 70], andalslh be published elsewhere.

In Figure 6 we document two experimental runs carried outiiy 2000 and in February 2005. It is clearly visible that
the magnetic field switches on and off when a critical valuéhefpropeller rotation rate is crossed from below or above,
respectively.
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Fig. 7 Measured growth rates and frequencies of the magnetic featgerfior different rotation rate$ in the kinematic and the
saturation regime, compared with the numerical predistio®, p, and f at the temperaturd” were scaled toQs, ps, fs) =
o(T)/o(157°C) (AT, p(T), f(T')) as required by the scaling properties of equation (6).

In Figure 7 the temperature corrected measurement datddogrowth rate (Fig 7a) and the frequency (Fig. 7b)
are shown in comparison with the corresponding numericallte The numerical curves in the kinematic regime were
obtained with the 2D solver [219, 71] and were slightly coteel by the effect of the lower conductivity of the stainless
steel walls that was estimated separately by a 1D solver.

As for the saturation regime we have modelled the most inapbliack-reaction effect within a simple one-dimensional
model [68, 71]. This relies on the fact that, while the axiglocity component has to be rather constant from top to botto
due to mass conservation, the azimuthal compongetn be easily braked by the Lorentz forces without any sicanifi
pressure increase. In the inviscid approximation, andidernisg only them = 0 mode of the Lorentz force, we end
up with the ordinary differential equation for the Lorentzde induced perturbatiofv, (r, z) of the azimuthal velocity
component:

0 1
ﬁz(r,z)&&}qb(r,z) = @[(v x B) x Blg(r, 2) . (12)

This equation is now solved simultaneously with the indutiquation, both in the innermost channel where it desgribe
the downward braking of,, and in the back-flow channel where it describes the upwarelation ofv,. Both effects
together lead to a reduction of the differential rotation &ence to a deterioration of the dynamo capability of the.flow
The validity of this self-consistent back-reaction moaeijch gives automatically a zero growth rate, can be judgeah f
the dependence of the resulting eigenfrequency in FigurdZtually, we see a quite reasonable correspondence véth th
measured data, in particular with respect to the slope oftinee.

Only recently, a sophisticated T-RANS (transient Reynali=rage Navier-Stokes equation) model of the Riga dynamo
experiment has been developed at the Delft Technical Usityef105, 106, 107]. This model, which incorporates the
state of the art of hydrodynamic turbulence modelling uriderinfluence of magnetic fields, has basically confirmed, and
slightly improved, the main predictions of our simple origensional back-reaction model.

5.3 The Karlsruhe dynamo experiment

Historically it is interesting that not only the basic ideadathe geophysical motivation, but also a final formula far th
critical flow-rates for a sort of Karlsruhe experiment careatly be found in a paper of 1967 [58]. The idea was to
substitute real helical ("gyrotropic”) turbulence by "ps-turbulence” actualized by a large (but finite) numbegyarfllel
channels with a helical flow inside. Later, in 1975, Bussestbgred a similar kind of dynamo [23] which prompted him
to initiate the Karlsruhe dynamo experiment which was thesighed and carried out by R. Stieglitz and U. Miller.

In 1972, Roberts had proved dynamo action for a velocityepatperiodic inz andy that comprises both a rotational
flow and an axial flow [188]. The-part of the electromotive force for this flow type can be teritin the form& =
—a (B — (e, - B)e.), which represents an extremely anisotropieffect that produces only electromotive forces in the
x- andy-directions, but not in the-direction [175].

In the specific realization of the Karlsruhe experiment (ff@g8), the Roberts flow in each cell is replaced by a flow
through two concentric channels. In the central channefltheis straight, in the outer channel it is forced by a "spiral
staircase” on a helical path (Figure 9). This design prilecqf the Karlsruhe dynamo being given, a fine tuning of the
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Fig. 8 Central part of the Karlsruhe dynamo facility. The modulesists of

52 spin-generators, each containing a central tube withratating flow and Fig. 9 A model of a spin-generator. Figure
an outer tube where the flow is forced on a helical path. Figatetesy of R. courtesy of R. Stieglitz and Th. Gundrum.
Stieglitz.

geometric relations was carried out with the aim to achieseaimuma effect for a given power of the pumps. Such an
optimization led to a number of 52 spin generators, a radi@s85 m and a height of 0.7 m for the dynamo module.

Figure 10 documents the experiment carried out in Decen@@9 [[149, 234]. The scheme in Figure 10a depicts again
the central dynamo module with the 52 spin-generators, afideb the coordinate system for the location and direction
of the Hall probes. Figure 10b shows the measur@@mponent of the magnetic field. This signal was recordest #ie
central flow rateV was set to a constant value of 115/mand the flow raté’;; in the helical ducts was increased from
95 m?/h to 107 ni/h at a time 30 s from the start of the experiment. After apppnately 120 s the field starts to saturate at
a approximately 7 mT.

For the experimentally interesting region, the isolinethefquantityC' = ppoa ) R, which is a dimensionless measure
of the a-effect, and the experimentally obtained curves, are gdoitt Figure 11. The experimentally determined neutral
line, separating dynamo and non-dynamo regions, corr@sptmnvalues of2" in the region of 8.4...9.3. Hence, the
numerical prediction¢"* = 8.12, resulting from mean-field theory [176], was quite reasd@mab

(IR A M N MR N T
7 wzog N\
& central loop = Tt E
- helical loop 1/2 x/ ¢ ,/ = 1of \ 1(\:
5 ! s F E
. ! - E
4 T 00 \ 1
= 37 : > \\ 3
, probe at E 9 3
E 27 .I {z=-35mm, 90F
o ! xy=0) g
1 : 80}?\ “““““““ FAw S I 8
o S ! 80 90 100 110 120 130 140
el . Vi [m2/h]
2 T TT T T T
0 do 8 t1[zst]' 160 200 240 Fig. 11 Isolines of the dimensionless number
(a) (b) C = ,uO(raJ_R in the VC — VH-pIane. Ina
. o o certain approximation, dynamo action should
Fig. 10 Self-excitation and saturation in the Karlsruhe dynamoeexp occur beyond the isoline witl.;; = 8.12
iment. (a) The dynamo module with the connections betweespim- [176]. The experimentally determined neutral
generators and the supply pipes. (b) Hall sensor signals,ai the line (bold), separating regions with and without
inner bore of the module. Figure courtesy of R. Stieglitz. dynamo action, slightly deviates from the theo-

retical line. Figure courtesy of K.-H. Radler.

During its comparably short lifetime, the Karlsruhe dynaemperiment has brought about many results on its imperfect
bifurcation behaviour and on MHD turbulence which are doeuatad in [150, 151, 152]. Much work has also been done in
order to predict the kinematic dynamo behaviour [238, 238, 243] and to understand quantitatively the saturateicheg
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[241, 177, 178]. It should be mentioned that data from thddfaine experiment have been used in an attempt to distimguis
between two different scaling laws of the geodynamo, withriesting consequences for its power consumption [34].

A last remark: There is growing evidence that the disassieigbf the Karlsruhe dynamo facility was too rash. Recent
numerical simulations have shown [5] that just a very sligdrease of the aspect ratio of the dynamo module would have
changed the dominant dipole direction from equatorial t@lak suggests itself that in the vicinity of this point ooeuld
have expected quite interesting flip-flop phenomena betwgeatorial and axial dipoles in the non-linear regime of the
dynamo. A similar point concerns transitions between stead! oscillatory dynamo regimes which typically occur at
so-called exceptional points of the spectrum of the nofagglint dynamo operator. Those transitions have been made
responsible for the polarity reversals of the Earth’s méigrield [221, 222, 224]. In technical terms, an appropritg
change ofa along the radius of the module would have been sufficientdichs transition to occur. In any case, with
modifying slightly the central module of the Karlsruhe dym® keeping all other parts of the installation unchandeetg
would have been a good chance to investigate very integestiacts. Unfortunately, this opportunity has been missed

5.4 The VKS experiment in Cadarache
At the CEA research center in Cadarache (France), a grodpbled.-F. Pinton (ENS Lyon), S. Fauve (ENS Paris) and
F. Daviaud (CEA Saclay) has built a dynamo experiment ungeatronym VKS ("von Karman sodium”). Here, "von
Karman” stands for the flow between two rotating disks [262

0il cooling circulation
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Fig. 12 Design of the VKS experiment with two disks
counter-rotating in the cylinder driving two poloidal and
two toroidal eddies (s2t2). The numbers on the Lh.s are
the dimension in mm, the numbers on the r.h.s are the di-
mensions normalized by the radius. Figure courtesy of the
VKS team.

Fig. 13 A reversal of the azimuthal magnetic field occur-
ring when the rotation rate of one propeller was 16 Hz and
that of the other propeller was 22 Hz. Figure courtesy of the
VKS team.

In a first version of the experiment (VKS 1), the flow was pragilimside a cylindrical vessel with equal diameter and
height,2R = H = 0.4 m, driven by two 75 kW motors at rotation rates up to 1500 rpime Yon Karman flow geometry
has been chosen as it represents a convenient realizatiom e6-called s2t2 flow that consists of two poloidal eddies (s2)
which are inward directed in the equatorial plari¢, @nd two counter-rotating toroidal eddies (t2). Such a fl®Wnown
to yield self-excitation at comparably low values®n [47, 154]. One problem of such flows is that the counter-rotat
in the equatorial plane is a powerful source of turbulendthdugh significant induction effects were measured infinss

experiment [141, 15, 166, 167], no self-excitation was olesd

Based on this experience, a new version of the experimen§(khad been constructed (Figure 12) . The total sodium
volume was extended from 50 | to 150 I, the available motorgrofnom 75 kW to 300 kW, and great effort was spent
in order to optimize the shape of the blades of the impell&d2] 181, 143]. Further, a side layer with sodium at rest
was attached which reduces the criti¢ah drastically. In spite of this thorough optimization, thigperiment failed to
show self-excitation [183], and the induced magnetic fitldsed out to be significantly weaker than numerically prest
[182]. The reason for this general under-performance wasr@eersially discussed. One "school” attributed it tar@la
scale) fluctuations [129], another one attributed it to tkistence of "lid layers” behind the impellers, and in pautar to

the sodium rotation therein [223, 261, 124].

In an attempt to mitigate this detrimental effect of lid leg,eit was decided to change the axial magnetic boundary
conditions by replacing the stainless steel impellers lmg¢hmade of soft-iron. This modification led ultimately te th
observation of self-excitation in fall 2006 [146]. In somar@meter regions, characterized by asymmetric forcing wit
different rotation rates of the two impellers, impressivegmnetic field reversals (cf. Figure 13) were recorded [12].
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The critical Rm of the VKS 2 experiment with soft iron propellers was detereai to bex 31...35, in contrast to the
numerical predictions between 48 and 133 (the latter dépgmdainly on the flow details in the lid layers). The really-su
prising thing was, however, that the self-excited eigedfieined out to be basically an axisymmetric one, in contitaah
to the non-axisymmetric equatorial dipole that was predidity numerics. This axisymmetric field is apparently at odds
with Cowling’s theorem [42] which forbids non-decaying sseinmetric eigenfields to be excited by large-scale flows.

Hence, numerical work is going on to understand better thetfoning of the VKS dynamo [80, 78], in particular the
role of the iron propellers and the possible influence ofditglin the propeller region [125]. A final explanation of the
axisymmetric eigenmode and its comparably low critiBab is, however, still missing.

5.5 The Bullard-von Karman experiment in Lyon

A simple mechanical dynamo model, that had been proposedubigrB in 1955, is the homopolar disk dynamo [22]:
Imagine a metallic disk rotating with an angular velocityn a magnetic field3. The emfv x B points from the axis to
the rim of the disk and drives a currehthrough a wire that is wound around the axis of the disk. Tlentation of the
wire is such that the external magnetic field is amplified. Atidcal value ofw, the amplification becomes infinite: self-
excitation sets in. With growing magnetic field, the Lorefioizej x B acts against the driving torque, which will ultimately
lead to saturation. The feasibility of such an experimert regently discussed in a paper by Radler and Rheinharé}.[17
Inspired by this disk dynamo, a team in Lyon has investigatethteresting experimental arrangement which generates
a magnetic field by a simple trick [16]. Basically, it compssa flow of the same $22 type as the VKS flow. The working
fluid is, however, gallium instead of sodium ("von Karméallgm” experiment, [250]). The magnetic Reynolds number
reaches only values of 5 which is clearly not sufficient fonayo action to occur. The trick is now that a part of the
amplification process is taken over by an external eledtan®lifier which takes as input the azimuthal field component
measured by a Hall sensor and feeds a coil which producedamzagnetic field. Roughly speaking, theeffect (i.e. the
generation of a toroidal from a poloidal field by means ofefintial rotation) is produced by the flow, while thesffect
is mimicked by the external amplifier. Very interesting leshave been obtained with this machine, including intéeni
reversals of the dipole field, as well as excursions [16].

5.6 Madison

At the University of Wisconsin, Madison, C. Forest and hikeagues have undertaken the "Madison dynamo experiment”
(MDX) which is, in many respects, quite similar to the VKS dyno. The flow topology is of the same™32 type with

two counter-rotating toroidal eddies and two poloidal eddihich are pointing inward in the equatorial plane. Histdly

it is noteworthy that Winterberg had proposed exactly thappller configuration as early as 1963 [256].

The difference to VKS is that MDX works not in a cylinder butarl m diameter sphere (Figure 14) and that the flow
is driven by two impellers with Kort nozzles instead of twiskd (with blades) as in VKS. A lot of effort had been spentin
the hydrodynamic and numerical optimization of the pregisemetry of the st2 flow [54].

The MDX dynamo has not shown self-excitation up to presdniak a surprise, however, that the measuneldiced
magnetic field turned out to be dominated by an axial dipolamanent (Figure 15), since such an induced axial dipole
cannot be produced by a large scale axisymmetric flow [213].

Evidently, this puzzle has a striking resemblance with glé&excitation of the axisymmetric field in the VKS experi-
ment. The most plausible explanation comes from assumimg sort ofa effect in the flow. And again one has to bear
in mind the extreme sensitivity of the mode selection to mamounts of helical turbulence (i.e) in the impeller region
that was identified (for VKS) in [125].

Further results have been published on intermittent bofstgnamo action [157], the detailed measurement of the mag-
netic field structure [158], and its interpretation in temipossible dynamo sources [214]. In the latter paper, tthedtion
of an axial dipole has been interpreted as a sort of "turlidEmagnetism”, which is not necessarily in contradictiathn
the interpretation given in [125]. Present activities at KIpoint on further optimizing the flow by installing variougtes
of baffles.

Another focus of the Madison group is on replacing liquid ahexperiments by plasma experiments. A main step
in this direction is to confine the plasma and to drive a rotaflow by means of crossed magnetic and electric fields at
the boundary [55, 40]. Interestingly, this is a configumatwhich had been used in many flow control experiments with
low conducting fluids [63, 252]. The big advantage of plasx@eeiments is, of course, th&tm is not a constant of the
material but can be adjusted in a wide range [251]. By calirigothe poloidal profile of the toroidal rotation, highm
flows will be generated that can result in MRI or dynamo action
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Fig. 14 Schematic plot of the Madison Dynamo experi-
ment (MDX). The flow topology is of the same S type 35 -18 0.0 18 35
as in the VKS experiment. The two rings symbolize the B/B

Helmholtz coil for producing an axial magnetic field. The o

lances for internal magnetic field sensors are also shown. ) o )
Figure courtesy of E. Spence. Fig. 15 Induced magnetic field structure measured in the

MDX, including a significant axial dipole component. Fig-
ure courtesy of E. Spence.

5.7 The rotating torus experiment in Perm

An ingenious idea to circumvent the large driving power thaisually needed to do dynamo experiments has been pursued
by the group of P. Frick at the Institute of Continuous Mediadianics in Perm, Russia [56, 228, 43]. The idea relies on
the fact that a helical flow of the Ponomarenko type can beured within a torus when its rotation is abruptly braked
and a fixed diverter forces the inertially continuing flow ohelical path. While this concept is very attractive not only
with respect to the low motor power that is necessary to slaetelerate the torus, but also with respect to the fact that
the sodium can be perfectly confined in the torus without agdrfor complicated sealing, a less attractive featureeis th
non-stationarity of the flow allowing only the study of a tséant growth and decay of a magnetic field.

Extensive water pre-experiments and numerical simulatié4] have been carried out to optimize and predict magnetic
self-excitation in such a non-stationary dynamo. Figu® ¢fives an impression of the flow that appears shortly afer t
braking of the torus. The major radius of the water-fillediois 10 cm, the minor radius is 2.7 cm. The photograph was
taken 1.5 s after the full stop.

Based on these preparations a sodium experiment has bddmiihi the following dimensions: major radius of the
torus 40 cm, minor radius of the torus 12 cm, mass of sodiumkilSotation rate 3000 rpm, maximal velocity 140
m/s, effective magnetic Reynolds number 40, minimal brgkime 0.1 s. The main problem for such an experiments is
connected with the tremendous mechanical stresses theaaipghe short braking period. A special bronze alloy hanbe
used for of the torus. First water experiments have beeredaout, but for a sodium experiment more safety tests will be
necessary.

In the preparatory phase of this experiment, importantliesm mean-field turbulence parameter have been obtained
with a smaller gallium experiment [228, 43]. The importantéhese parameters results from the question whethenhighl
turbulent flows with highRm lead to an effective reduction of the conductivity of theuid} This reduction has been
described in the context of mean-field dynamo theory &dfect (cf. equation (11)). While a significant reductiondy
factor 1¢'...10° can be well justified for the solar dynamo [113], the corresfing value for the geodynamo is not safely
known. Recent studies of reversal sequences and theststaltiproperties suggest that the effective conductioftthe
Earth’s outer core might be reduced by a factor 3, when coetpiar the molecular conductivity of the material [52, 53].
Interestingly, this value is not that far from the factor hattwas indicated by recent numerical simulations of meeld-fi
coefficients in the geodynamo [203].

While neither the Riga nor the Karlsruhe dynamo experimermelrshown any measurabeeffect, there was only one
experiment in which the measurement ofaeffect had been claimed [185]. Now, the Perm group has ifiethtby means
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Fig. 16 Helical flow that develops after the abrupt brake of the taruthe Perm water test experiment, visualized by polystgren
particles. The white bar at the bottom of the picture repressthe diverter. Figure courtesy of P. Frick.
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Fig. 18 The second dynamo experiment in Maryland. In a

Bl 0.3 m diameter sphere different flows have been produced
Fig. 17 The first dynamo experiment in Maryland. A by propellers. This configuration, but with the propellers
rapidly rotating torus is heated at the rim and cooled at the replaced by an inner sphere, was used for the MRI experi-
axis. Figure courtesy of D. Lathrop. ment. Figure courtesy of D. Lathrop.

of a very thorough measurement technique, a conductivityaton in the order of 1 per cent for a comparably 18w of
~ 1 [43]. This sounds not very much, but since the dependengeofRm starts to be quadratic (in the low-conductivity
limit) one could well imagine a significant effect in planetary core flows characterized by much highéras ofRm.

5.8 Sodium experiments in Maryland

A variety of liquid sodium experiments have been carriedumder the guidance of D. Lathrop at the University of Mary-
land [162, 163, 128, 205, 210, 211, 206].

In the first experiment (Dynamo |, see Figure 17), a 0.2 m dtemanium vessel containing 1.5 | of liquid sodium was
heated on the outer side and cooled at the axis. The fasiom{atp to 25000 rpm!) was intended to induce centrifugally
driven convection, with the centrifugal force as a subsgifor gravitation in the planetary case. Self-excitaticasvinot
observed.

The second device (Dynamo Il, see Figure 18) consisted 03 anGdiameter sphere made of steel. A total of 15 | of
sodium was stirred by two counter-rotating propellershgqamwvered by 7.4 kW motors. Note that the flow is again of the
s2"t2 topology as in VKS and MDX. The most interesting resulthi§texperiment was obtained by carefully analyzing
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Magnetic Reynolds number
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Lundquist number

Fig. 19 Phase diagram of the spherical Couette experiment
in dependence on the Lundquist number and the magnetic . _ ) .
Reynolds number. O1 E1 02 AND e2 are different modes. Fig. 20 The rotating 3m sphere in Maryland. An impres-
Th1l and Th2 are the theoretical stability boundary curves sive video is available under www.youtube.com. Figure
from the dispersion relation for the longest (Th1) and sec- courtesy of D. Lathrop.

ond longest wavelength. Figure courtesy of D. Lathrop.

the decay rates of different modes. The decay of an axisyrnuegiplied field turned out to be more slowly &sn was
increased, while the decay of a non-axisymmetric field eweelarated with increasingm. Actually the decrease of the
decay rate of the axisymmetric magnetic field was by aboute8Qcpnt compared to the un-stirred fluid, at a magnetic
Reynolds number of about 65. Naively, a simple extrapafatibthis trend would point to a criticakm of around 200.
Although we know from Cowlings theorem how problematic ateipolation of decay rates of an axisymmetric mode
towards zero is [242], one might ask again if not a similar haedsm as in VKS (and MDX) could provide a positive
growth rate of an axisymmetric field.

Maybe the mostimportant result of the Maryland group waaioled with a modification of this Dynamo II. By replacing
the two propellers by one 5 cm diameter sphere, one arrivagktssical spherical Couette configuration. Applying, as
before, an axial magnetic field to this flow, new modes of dateel magnetic field and velocity perturbation appeared]21
in certain parameter regions &im and.S (see Figure 19). On closer inspection the dependence & thesles orkRm
andsS turned out to be in amazingly accurate correspondence wétigtions of the MRI based on the dispersion relations.
Running in an already strongly turbulent regime, this ekpent was certainly not able to show MRI as first instability
of a stable flowNevertheless, it is tempting to speculate (in the spirjil8#]) that the fine-grained background turbulence
just gives some renormalized viscosity, without terriffgeting the basic mechanism of MRI that seems robust entugh
show up as an "coherent structure” as long as dy andS are in the right range.

The most recent project of the Maryland group is the consbnof a giant rotating sphere with 3 m diameter (Figure
20), for future studies of MHD instabilities and (hopefyltiie dynamo effect in rotating systems.

5.9 Grenoble

Continuing the tradition of former geophysically inspirexperiments [20, 3], a group in Grenoble has prepared the so-
called DTS ("Derviche Tourneur Sodium”) experiment whishguite similar to the MRI experiment in Maryland. The
distinguishing feature is a permanent magnet in the inneergpin order to study the magnetostrophic regime [28] even
when self-excitation is expectedly not achieved (Figure 21

One of the most important results of the DTS experiment was#perimental observation of strong super-rotation of
the liquid sodium in the equatorial region [153], which haab predicted by Dormy et al. in 1998 [45]. This was made
possible by inferring velocity profiles from electric potiats measurements at the rim of the spherical containerlé/Nh
the observed latitudinal variation of the electric potaistin the experiments differs markedly from the prediciofh a
numerical model similar to that of Dormy, recent numerieslults show a better agreement with the measurements [93].

A further focus of the DTS experiment is the investigationvafious wave phenomena in magnetized rotating flows
[201].
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5.10 Princeton

A group at Princeton Plasma Physics Laboratory, headed I3y, Has a long tradition in doing plasma experiments with
relevance to astrophysical processes, in particular tonetagreconnection [98] and the effect [99] (which is, in the
laboratory fusion plasma community, sometimes denotedysdmo effect” [14]).

At present an experiment is under preparation that is irgerid show MRI in a Taylor-Couette cell filled with liquid
gallium, at Reynolds numbers of several millions [100]. Hasic question for such an experiment is, of course, under
which conditions the underlying flow can really be considdaeinar. Although Rayleighs criterion predicts lineatslity
for the ratio of rotation rates of outer to inner cylinderrgeilarger than the squared ratio of inner to outer radiusast h
long been thought that the effect of boundaries togethdr mon-linear instabilities will make the flow ultimately twrent.
Actually, in the linear stable regime turbulence had begomed by a number of authors [253, 200, 46].

After a long optimization process [102], the Princeton grdas finally succeeded to find such a configuration of
differentially rotating end rings that preserves the Taydouette profile of the angular velocity. The measuredues)
fluctuation levels and Reynolds stresses suggest that thaédlmdeed laminar up to Reynolds numbers of about 9x10
[101]. Experiments with liquid gallium are presently ungeeparation. Recent numerical simulations suggest tleat th
MRI should indeed be identifiable in such an experiment, mi@aar by its linear growth and the increased torque [137]

However, as usual for such experiments, some uncertaietiegin. They concern, in particular, the not well underdtoo
role of the rotating rings in the end-caps. Actually, theation rates which have been chosen in the experiment in order
to restore the Taylor-Couette flow profile are different frtira numerically optimized ones. To explain this discreyanc
even cylinder wobbling has been invoked, which may pointqaite complicated process involved in restoring the Taylor
Couette profile [187, 137].

On the other hand, the Maryland experiment has shown thatdéBins to be a quite robust phenomenon that appears
quite independently on other flow features as long as onlpéovessary combination éfm and.S is reached.

However this might be, the Princeton gallium experiment eéftainly teach us a lot about hydromagnetic instabditie
in Taylor-Couette flows at high Rm.

Shafts
!
Inner__y—p Inner
rngs ) cylinder
| Fluid
Outer
rngs ~4|| , Outer
iR ") cylinder
Fig. 21 The DTS experiment in Grenoble. Forty liters of

liquid sodium are contained between a 7.4 cm inner sphere

and a 21 cm radius outer sphere. The copper inner sphere

contains a magnet which produces a nearly dipolar fiefdg. 22 The Princeton MRI experiment. The rotating gal-

with a maximum of 0.345 T in fluid close to the poles. Figlium of height 27.86 cm is contained between two differ-

ure courtesy of D. Schmitt and the DTS team. entially rotating concentric cylinders of radii 7.06 cm and
20.30 cm. Figure courtesy of H. Ji.

5.11 The sodium experiment in New Mexico

Since a couple of years, a sodium experiment is under canistnuat the New Mexico Institute of Mining and Technology
(NMIMT) in Soccoro [37, 38]. The title of the project is “The — 2 accretion disk dynamo that powers active galactic
nuclei (AGN) and creates the magnetic field of the universe.”
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At the present stage, the experiment is a Taylor-Couetteraxent (Figure 23), quite similar to the Princeton experi-
ment. Itis planned to produce aneffect by means of "plumes” that are driven by pulsed jete &hvisioned?m, based
on the rotation alone, is 130, the correspondig for the plumes is 15 [37]. The water experiments have alreedsaled
that the differential rotation of the Couette flow speedshgpanticyclonic rotation of the plumes. This anticyclortation
will form the basis for thev-effect of thea-Q2-dynamo.

Couette Flow  Ilagnetic Probe
Couette Sheared  (Sodiumy  3-asds Hall Sensors

Ilagnetic Field % / At 6 radii H.:tI Air
-:.{.:I:
Pressure EFSLFSTILL LT IT AL
Belt Drives Tranzducers I
Inner Cylinder  Outer Cylinder  (at 5 radii) hae Plume Ports
é il ' (Blocked)
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Fig. 23 The NMIMT o — 2 experiment, at the present stage without the pulsed jetir€igourtesy of S. Colgate.

5.12 The MRI experiment in Obninsk

An MRI experiment with liquid sodium, proposed by E.P. Véldv, is under preparation at the Institute of Physics and
Power Engineering in Obninsk (Russia), in collaboratiothihie Kurchatov Institute in Moscow. The basic idea is to@ri

a flow in a torus of rectangular cross-section by a Lorentzdalue to an applied vertical field and an applied radial ciirre
[248, 108, 109]. The hope is that in the bulk of the volume oeis @n angular velocity dependenee-—2 which would
exactly correspond to the Rayleigh line. A similar expenittead been proposed in [229], although as a Taylor-Dean flow
to have the angular momentum increasing at all radii. Whifgeeimental results are not available from those experimen
an interesting claim has been made on a re-interpretatithedfloresco-Alboussiere experiment [147, 118] on the btabi

of the Hartmann flow in terms of MRI [110].

5.13 The PROMISE experiment in Dresden-Rossendorf

In this last subsection we leave the realm of higgn flows and discuss an experiment on a particular type of MREvhi
has been coined "inductionless MRI” [173] or "helical MRHRI) [136].

The background for this is the following: We have seen, inneantion with "standard MRI” (SMRI) experiments with
an axially applied magnetic field, that it is extremely diflito keep those higte flows laminar. However, those highe
are not a genuine necessity for MRI, but just a consequeniteafeed forRm in the order of one or larger.

The reason for this is that the azimuthal magnetic field (Widgcan unavoidable ingredient for MRI) must imeluced
from the applied axial field by the rotation of the flow, andtsireduction effects are just proportional fn. This being
said, one could ask why not to replace the induction procggadh externally applyinghe azimuthal magnetic field as
well? This question was addressed in a 2005 paper by Holteraad Rudiger [92], who showed that the MRI is then
possible with dramatically reduced experimental efforttuglly, the scaling characteristics of this HMRI are coetply
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different from those of SMRI. While the latter neeB's» and S of the order of 1, the former depends & and Ha (or
the interaction parameteéy).

HMRI is currently the subject of intense discussions in ttegdture [165, 194, 135, 136, 173, 235, 236, 126], the roots
of which trace back to an early dispute between Knobloch][ah8l Hawley and Balbus [8].

A remarkable property of HMRI, which has been clearly worked in [173], is the apparent paradox that a magnetic
field triggers an instability though the dissipation is krthan without magnetic fields. This is not so surprising mvpet
in the context of othedissipation induced instabilitieshich are quite common in many areas [121, 112].

Another, and not completely resolved, issue concerns tleganrece of HMRI for astrophysical flows. On first glance,
HMRI seems well capable to work in cold regions of accretiwksl characterized by smdhm where SMRI cannot work.
This scenario might indeed be important for the "dead zonéptotoplanetary disks [245] as well as for the outer pafts o
accretion disks around black holes [10].

However, before entering such a discussion in detail, osédeheck whether HMRI works at all for Keplerian rotation
profilesQ(r) ~ r~3/2. While the answer resulting from the dispersion relatiors wagative [135], the solution of the
eigenvalue equation gave an affirmative answer, as long lesisitthe outer or the inner radial boundary is conducting
[195].

Unfortunately, even this is not the end of the story. SinceRiMppears in the form of a travelling wave, one has to be
quite careful with the interpretation of the instability @kingle monochromatic wave. Actually, one has to look foveva
packet solutions with vanishing group velocity. Typicallye regions in parameter space for thissolute instabilityare
only a subset of those for tlwnvective instabilityA comprehensive analysis of this topic is under prepandfiG4].

Notwithstanding this ongoing discussion, the dramatiaeiese of the criticaRe and Ha for the onset of the MRI in
helical magnetic fields, as compared with the case of a puarabl field, made this new type of MRI very attractive for
experimental studies.

800

Fig. 24 The PROMISE experiment. (a) Sketch. (b) - Photograph of émeral part. (c) - Total view with the coil being installed.-V
Copper vessel, | - Inner cylinder, G - GalnSn, U - Two ultrasaransducers, P - Plexiglas lid, T - High precision turitéabM - Motors,
F - Frame, C - Coil, R - Copper rod, PS - Power supply for cugremptto 8000 A. The indicated dimensions are in mm.

The PROMISE facility PotsdamRQssendorfMagneticlnStability Experiment), shown in Figure 24, is basically a
cylindrical Taylor-Couette cell with externally imposegia and azimuthal magnetic fields. Its primary componerd is
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Fig. 25 The asymmetric end cap configuration in ¢ 1000 1900t
PROMISE 1 is replaced by a symmetric one in rig 26 The measured axial velocity perturbation fBe —
PROMISE 2. U - Upper end cap fixed in the labora- 9975 ang1.,,, = 50 A, showing the appearance of MRI as a
tory frame, L - Lower end cap, made of copper, ro- {ae|ling wave. (a) PROMISE 1 experiment with,, = 6000

tating with the outer cylinder, | - Inner plastic rings, A (b) PROMISE 2 experiment witlh, ,q = 7000 A.
O - Outer plastic rings, TF - Fixed ultrasonic trans-

ducer, TR - Rotating ultrasonic transducer.

cylindrical copper vessel V, fixed on a precision turntablMd an aluminum spacer D. The inner wall of this vessel is 10
mm thick, extending in radius from 22 to 32 mm; the outer wall5 mm thick, extending from 80 to 95 mm. The outer
wall of this vessel forms the outer cylinder of the TC cell.€Tihner cylinder I, also made of copper, is fixed on an upper
turntable, and is then immersed into the liquid metal frorovab It is 4 mm thick, extending in radius from 36 to 40 mm,
leaving a 4 mm gap between it and the inner wall of the contairtmessel V. The actual TC cell therefore extends in radius
from 40 to 80 mm, for a gap widtti = r, — r; = 40 mm. This amounts to a radius ratiopt= r;/r, = 0.5. The fluid is
filled to a height of 400 mm, for an aspect ratio-ofi0. Axial fields of the order of 10 mT are produced by a coil C, and
azimuthal fields of the same order are produced by currentp &5 8000 A in a water cooled copper rod R going through
the center of the facility.

First results of PROMISE were published recently [225, ZP&]. The most important result was the appearance of
MRI in form of a travelling wave in a limited window aff  (which is proportional to the coil curreti,;;). The frequency
of this wave turned out to be in good agreement with numepicadictions.

The intricacies of this PROMISE 1 experiment, as we call ivnwace back to the two points discussed above. First,
HMRI only slightly extends beyond the Rayleigh line and,@®t, the small unstable region for the convective instahili
is further reduced when considering the absolute instgbikrom this high sensitivity of the instability with resgeo
= Q,/9Q; one has to be careful with Ekman/Hartmann pumping and algessange of the profiles by short circuited
currents which can drive a Dean flow [236]. Another point es¢hitical role of the radial jet approximately at mid-hetigh
the Taylor-Couette cell at which the MRI wave is typicallggped [227]. This radial jet results from the Ekman pumping
at the lower and upper end caps.

For all those reasons, some changes of the axial boundadjtioors have been implemented in a modified experiment
which is called now PROMISE 2. As suggested by a thoroughyarsabf Szklarski [236], the Ekman pumping can be
minimized by using split rings, the inner one rotating witle inner cylinder and the outer rotating with the outer aj&in
with a splitting position at 0.4 of the gap width (Figure 2Bpth upper and lower rings are now made of insulating mdteria
Since the ultrasonic transducers are rotating with therairtg (i.e. with the slow rotation rate of the outer cylinjiéreir
signal must be transmitted by slip rings to the computer.

Without going into the detailed results of the PROMISE 2 eipent, which will be published elsewhere, we can state
that these modifications bring about a drastic improvemégtitecoMRI wave and a significant sharpening of the transitions
between stable and unstable regimes. In Figure 26 we seéthAROMISE 2 the MRI wave goes through the entire
volume while it was stopped at the radial jet position in PROK 1.
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6 Conclusions and prospects

The last ten years have seen tremendous progress in liqual meeriments on the origin and the action of cosmic
magnetic fields. With the success of the complementary soékperiments in Riga and Karlsruhe in 1999 it was shown
that self-excitation works not only in computer programs$tembasis of rather smooth flows, but also in real-world tleu
flows. Kinematic dynamo theory has been shown to be robust negpect to low levels of turbulence and complicated
boundary and interface conditions. The saturation meshaim the Riga experiment is non-trivial as it results notyonl
from a global pressure increase but also from a significatistrébution of the flow.

While the Riga and Karlsruhe dynamos are characterized anmaazing predictability, in some respect one can learn
even more from the efforts to make the VKS dynamo (and alsavibX dynamo) running. After some modifications
of the original concept, the VKS experiment was eventuallycessful in self-exciting a magnetic field. The fact that th
observed eigenfield in VKS is essentially an axisymmetrpobl, in contrast to the original prediction of an equatoria
dipole, is an inspiring challenge to understand better itrécate field amplification loop the dynamo mechanism selie
on. The "little brother” of the VKS experiment, the VKG expaent in Lyon, has yielded fascinating field reversals when
complemented by an external amplification loop that mimissraof« effect.

On the way to the final rotating torus experiment, the Pernugitas obtained important results concerning the mean-
field coefficients in turbulent flows.

After dynamo action has thus been proven, one observesntifeseme tendency to take a breath and turn back to
somewhat smaller machines in order to study MHD instabditind wave phenomena. The identification of the MRI is
only one aspect in this direction, though an important orestdihe enormous astrophysical implications of this insitgb
Apart from standard MRI (Maryland, Princeton, New Mexica)dahelical MRI (Dresden-Rossendorf) there are other
magnetic instabilities that are capable of destabilizipdrbdynamically stable flows or even fluids at rest. Amongrthe
we have to note the Taylor-Vandakurov instability (with aremt flowing through the liquid) [246, 237, 215] and the
"azimuthal MRI” (AMRI) [196] based on an purely azimuthallfle Future experiments on those instabilities are very
desireable.

There are many wave phenomena in rotating fluids under theeimde of (externally applied or self-excited) magnetic
fields which still deserve a deeper understanding. At thistpee observe a revival of the activities in the sixties ofvAh
wave studies with liquid metals. In this respect, it miglgoabe interesting that presently magnetic fields are availab
[258] which are so strong that for potassium and sodium tHeéflvelocity exceeds the sound velocity. The small scale
experiments in Maryland and Grenoble have provided a weélilta, and the 3 m sphere in Maryland will be a fascinating
tool for extending those investigations into extreme pat@mregions.

An interesting direction of future research could be theegxpental investigation of precession driven dynamos, for
which a water test experiment had been carried out by Léatrak [132, 133]. Numerical work by Tilgner [244] points
to a critical Rm of around 200 which makes a laboratory experiments not liatiea Of course, much more optimization
would be necessary before such an experiment could be @gkign

If one had a wish for free, one could think of constructing @dself-sustaining nonlinear dynamo [186] (or "self-
creating dynamo” [57]). One could start, for example, in tigedrodynamic stable regime of a Taylor-Couette flow (mim-
icking a Keplerian flow) which could be destabilized, via MBY an externally applied magnetic field. Suppose now that
the resulting flow would act as a dynamo, the resulting eigé&h&iould possibly replace the initially applied magnetddi
as a trigger for the instability.

Having another wish for free, one could also think about tieemental realization of a fluctuation dynamo, based on
more or less homogeneous isotropic turbulence [199]. Faseilows, criticalRm around 200 have been found in recent
simulations. However, simple Kolmogorov scaling argursesat! us that such a "James-Bond-dynamo” ("...shaken, not
stirred...”) is only possible with a giant input power of nydvilegawatts.

In spite of the fact that liquid metal experiments should lm@expected to be perfect Bonsai models of any real astro-
physical systems, experimental work has already startetidage some views on those natural systems. Maybe that the
Riga dynamo will once become a model of the double helix reebldse to the galactic center [148, 207], maybe that the
partitioning ofa and(? effects in the VKS dynamo will re-animate the old Babcockghton theory of the solar dynamo
[6], maybe that the PROMISE experiment will illuminate thespible action of helical MRI in cold parts of accretion disk
were standard MRI cannot work.
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Pb-Li eutektikas razoSana (J.Freibergs, I.Platnieks, E.Platacis,

Izstradata metodika un izgatavota iekarta, liectojot magnetohidrodinamisku
maisiSanu, svina--litija 15.7at% riipnieciskai razoSanai. Ar §1s iekartas
sarazotas 5 tonnas augstas tiribas Pb-15.7at%Li eutektikas, kas nodotas Italiem
(ENEA Fusion and

Nuclear Technologies Department, Frascati) kodolsintézes reaktora dzeséSanas
sist€mas petjjumiem.

1) Starting materials.
The lead is supplied by firma CFM Oskar Tropitzsch and firma DOMA as the
mediator. The lithium is supplied by firma Chemetall GmbH through the same
mediator. The data given by suppliers are in the Appeddix]1.

2) Melting process, crucible material, heating, gained experience.

The alloyage process is going in reactor made of stainless steel. The liquid
components and the product have contact only with stainless steel. The description of
the process, regimes and the gained experience are given in the Appendix 2 and
Appendix 3.

3) Information about batches.

In following table dates about each batch are concentrated. The weight of a batch is
given as the sum of all ingots weight. The batches were weighted regularly after first
14 casts and later selectively only when by-flow at mould filling was fixed. The
weight of recasted batches was carefully fixed because the mould filling interruption
was done by hand following the level detector signal. In common cases the weight
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was estimated as exceeding 75 kg. The characteristic weight of a normal batch is 75.5
kg.

The solidification temperature on the crystallization front was fixed by thermocouple.
The restricted accuracy of the used thermocouple (2.5%) and the intensive heat flux
near the tip of the thermocouple do not allow qualifying the measurement as exact
solidification point temperature measurement. The equality between the fixed
temperatures through all the casts at identical conditions was used as a criterion of
stability of all the production process. The temperature not shown in table because for
all bathes was fixed the quantity: 233.7 £ 0.5 °C.

For batches 7, 11, 28, 34, 35 as minimum one of the Lithium analyses result is out of
the range requested in the Technical Specification. However, the cast average Li
content based on the all of the performed Li analyses is in the specified range.

Fig. 1. The ingots

acquiring the process, the description of the design of the equipment for producing 75
kg in one batch, the description of operations during the run of the process, the safety
measures in handling with lead and lithium, the operation instruction to control the
process and the chemical content fixation of the produced alloy.

Introduction. The most important problems which must be solved by designing of
the equipment are:

e [Itis necessary to ensure very effective mixing because the very large
difference in densities of the alloy components results in considerable
tendency to stratification.

e [t is necessary to minimize the formation of intermetalites which happens in
result of the chemical reactions between lead and lithium. They have high
melting temperatures (Li4Pb — 648 *C, Li7Pb2 — 726 *C, Li3Pb — 658 *C,
Li5Pb2 — 642 *C, LiPb — 482 *C) and suspend in the Pb-Li alloy when it
temperature is lower.

The solution of the first problem was finding by using MHD-mixing. The running
magnetic field was used to stir up the two-component melt.

The way to minimize the quantity of intermetalites was found by resuming the
experience of different castings, watching the pouring-out difficulties. The quantity of
the reactions products, believably, depends from the character the injected lithium
fronts lead and the temperature of the components. The experience shows that slow
injection at temperature which does not essentially exceed the lead melting
temperature results in increased quantity of intermetalites. A good result was achieved
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when lead in the reactor was heated up to 390 *C and injection was performed using
high pressure (10 bars) through a nozzle which ensures dispersive spray

Design of the equipment and description of operations during the process. The
composition of main units of the equipment are shown on fig. 1.

Pb dose feeder

Inductor

Li dose feeder -
Reactor

Pb tank

Mould container for \\

ingots -~
Cooling ventilatf:rs‘\“‘h?._\':\L-\k "

Li metting tank

\\\ e
= [
.,
- |
' Li pressure tank \ =
) Mould container for
brick blanks

Fig. 1. Composition of the main units of the equipment.

The alloyage and the reaction between the lead and the lithium goes in the reactor
which is designed as a vertically orientated elongated box tacking by one side the
electro-magnetic inductor. The inductor creates the running magnetic field induction
lines of which are closed through the liquid metal. It creates up-orientated force in the
metal. The decay of the local strength of the force by increasing the distance from
inductor is the reason the rotating velocity structure in the liquid metal arises.

The preparation of the lead goes in the lead tank by putting the pieces of solid lead in,
vacuum-treatment of closed tank and electrical heating of the tank to melt the metal.
For the preparation of lithium 100 g pieces of metal are put in a special melting tank
under argon atmosphere, melted by electrical heating and transfused in the pressure
tank. There is possibility to fix the height of levels in Pb tank and in Li pressure tank
by electrical contact sounds.

At the beginning of the process the for-vacuum is ensured in all containers of the
equipment; the temperature predicted for different containers, pipes and valves is
maintained by special automatized system controlled by computer (390°C , 280°C and
300°C for units containing lead, lithium and the alloy). To obtain the necessary
quantity of lead for one alloyage cycle the vacuum-treated Pb-dose feeder is filled by
argon pressure created in lead tank. It must be high enough to raise the liquid metal to
the top point of the feeder. The dose of lead is canalized to the reactor by closing
valve to the lead tank and opening the other to the reactor. The dose feeder is designed
to feed the stated quantity of lead in the reactor. The mixing of the lead is started and
goes 15 minutes admitting that some solution of remnants from the previous batch
would take place in the lead heated up to 390* C.
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Vacuum — pressure

Li dose feeder

Needle stem

Nozzle

Fig. 2.Lithium feeding system. Fig. 3. Injector.

The lithium system must ensure feeding the dose of lithium in the matching lead dose
which is subject of stirring during the injection. To fill the calibrated dose feeder
pressure of argon is created in the lithium pressure tank. To prepare the Li dose for the
injection the vacuum treatment of the dose feeder goes through the 4-way valve.
When the feeder is disconnected from the vacuum and connected to the Li pressure
tank the Li fills the feeder. To run the injection the dose feeder is disconnected from
the Li pressure tank and connected to10 bars pressure trough the 4-way valve before
the injection valve is opened.

The injector (Fig. 3) is designed to form disperse spray of the lithium in the lead. The
10 bars pressure which drives the injection must ensure the effect. The injection of
0.95 liter of Li takes about 30 seconds. The end of the injection is fixed by pressure
measurement in the reactor — spoiled vacuum indicates the end of injection.

The mixing continues at least 40 minutes after the end of the injection. Then without
interruption of the mixing the valve to the mould container is opened to empty the
reactor. Two ways to two mould containers are put in the design (Fig. 1). For the two
mould containers two valves with the15.9 mm orifices is welded to the reactor bottom
to pour the alloy in the sequent mould container through %4 pipes. Use of the second
container doubles the productivity of the process when the batches follow one after
another. We have the possibility to perform the 75 kg cycle one in each hour. This
process demands quick cooling of filled mould container and changing the filled
sectioned mould by prepared next one during this hour. In one of the containers
casting of brick blanks take place; in another the 10 kg ingots for melts to supply
liquid metal loops are produced. Two sectioned moulds for each container are used to
cast the brick blanks and the

ingots are in use. It ensures the quick renewing the start position for the following
cycle. The sectioned moulds of the containers are shown in the Fig. 4.
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Fig. 5. Ingots
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During the solidification the temperature measurements and record are performed to
fix the solidification point. A special unit for this purpose is designed. A slide able
sealed pipe gives possibility to draw a little amount of liquid alloy in a dipper and take
it up out of level. A thermocouple is placed in the dipper. The temperature during the
cooling is recorded and analyzed by computer (fig. 6). The temperature at which the
solidification heat stop the reduction of temperature is fixed as the solidification point.

- E..__J...w_-_,ﬁ_ P e

230,749 |0.00425586 {108.269  |-1.36215E-7 10 | RESET Téh [

E

i 0 :'_:‘...._;'.':'i

£ |
Fig.6. Temperature record during the cooling of alloy.

The ELTHERM heating cables is used for heating of all units of the equipment. The
power is supplied through CRYDOM power controllers. The controllers are
connected to an automatic temperature maintenance system controlled by computer
program worked out in LABVEW (fig.7). The program gains the temperature
measurements by certified NiCr-Ni (K) type thermocouples from TEMPERATUR
MESSELEMENTE HETTSTEDT GmbH.

Tl

Li dose
Pipe and valve Li dose vocuum

Li tank.

Li melting tank.

Pipe Li melting-Li tank
Valve Pb tank-dose
‘room

Vakve Pb dose-vacuum
jabve Li tank-dose
alve Li dose reactor
jabve Limelting-Li tank
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Fig. 7. Computer control of the process
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Chemical analyses. The specimens are cut of the ingots to analyze the content of
gained alloy. The addresses of location of specimens are determined as shown in
picture (fig. 8).

Fig. 8. The location of specimens on ingots.

Safety measures. For the staff safety the measures related to handling with lead and
with lithium are respected.

1) The lead is kept in hermetic closed packing to avoid inhalation of the lead dust. For
the same reason vacuum cleaning of rooms where cleaning of surface of ingots or
machine works goes take place. At continuous works a special respirator
recommended by specialists is used. The persons for which the working place is
defined near the equipment are under custody of the Department of Occupational and
Environmental Medicine of Institute of Labour and Environmental Health of Stradins
University. Regular health checking take place.

2) The safety requirements regarding works with lithium are kept up by minimizing
contact with lithium in the working place. During the filling the melting tank by
pieces of lithium the tank is filled by overflowing argon.

The rule about maximum of amount of liquid lithium (10 litres) in rooms of such type
is kept. The room is provided with powerful and effective ventilation system. It is
ensured that in case of emergency, when the lithium flows out it will be localized in
stainless steel pans. Isolating oxygen masks for two persons will be ready-to-wear for
the case of necessity to enter the room when the lithium runs out.
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LU Fizikas institiita dazadu izstradato un izgatavoto realo
elektromagneétisko indukcijas siiknu uz pastavigiem magnétiem piemeri

Ka piemerus var minét vairakus dazadas konstrukcijas un jaudas MHD
indukcijas stknus uz pastavigiem magné&tiem, kuri tika izprojrktéti un izgatavoti LU
Fizikas Instittta un parbauditi darbiba realajas iekartas sadarbiba ar dazadiem arvalstu
zinatnisko petijumu centriem risinot dazadus zinatnisko petijumu uzdevumus saistitus
ar minéto neitronu atskaldiSanas avotu realizéSanu.

Pirmais realais MHD cilindriska tipa indukcijas stknis uz pastavigiem
magnétiem eutektiska sakaus€juma svins-bismuts (Pb-Bi) parsiiknéSanai pie darba
temperatiiras 350°C tika izgatavots Fizikas institiita 2000. gada péc sadarbibas liguma
ar Italijas energ€tisko problému pé&tiSanas agentiru ENEA. Siknis taja pasa 2000.
gada tika parbaudits un sekmigi darbojas ENEA zinatnisko pé€tijumu centra
Brasimone eksperimentalaja skidra metala (Pb-Bi) divu cilpu cirkulacijas iekarta
CHEOPE-1, zim. 1.

Stkna testéSanas experimentalie rezultati realajos apstaklos paradija loti labu
sakritibu ar sukpa novertétiem galveniem parametriem balstoties uz teorétiskiem
aprékiniem un modelg&joso eksperimentu rezultatiem [3]. Ta, pieméram, kliida starp
noveértétam siikpa attistama spiediena un raditas caurteces raksturlikném un
experimentali nom&ritam neparsniedza 5 + 7 procentu robezas. Tie ir loti vertigi
rezultati, kas 1auj novertét lielako gabaritu un daudz jaudigako siiknu parametrus un
razotspeju.

Nakosais realais MHD disku konstrukcijas stiknis uz pastavigiem magnétiem
ta pasa eutektiska sakaus€juma svins-bismuts (Pb-Bi) parsiknéSanai pie darba
temperatiiras lidz 400°C tika izgatavots Fizikas institiita 2001. gada péc sadarbibas
liguma ar Paula Sérera instititu (PSL, Sveice), zim. 2, zim 3. Siknis ilgstosi
vairakus gadus veiksmigi tika darbinats radiacijas apstaklos eksperimentalaja PSI
iekarta LiSoR, kura tika pétitas dazadu materialu TpaSibu izmainas radiacijas ietekme.

Zim. 1. Cilindriska tipa MHD indukcijas stiknis uz pastavigiem magnétiem svina-bismuta
sakauséjuma parsiknésanai pie temperatiras 350°C. Maksimalais attistimais spiediens P = 6
atmosferas, caurtece lidz QO = 1,2 litriem sekundé (jeb 4.3 m® stunda). Siikpa piedzinas elektriska
motora jauda 10,0 kW. Suknis bija uzstadits un parbaudits 2000. gada skidra metala iekarta CHEOPE-
1 (ENEA, Brasimone, Italija).
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Zim. 2. Disku tipa MHD indukcijas siiknis uz pastavigiem magnétiem svina-bismuta
sakausgjuma parsiknéSanai pie temperatiras 400°C. Maksimalais attistimais spiediens P = 1,7
atmosféras, caurtece Q = 1.0 litrs sekund@ (jeb 3.6 m’® stunda). Siikpa piedzinas elektriska motora
jauda 5.0 kW, lietderibas koeficients 10 %. Stuknis uzstadits 2001. gada skidra metala iekarta LiSoR
(PSI, Sveice).

Zim. 3. LiSoR iekarta (PSI, Sveice), kura tika pétitas dazadu materialu ipasibu izmainas
Skidra metala plisma radiacijas ietekme [4].

Velak lidzigi sadi diskveidigie MHD indukcijas sikni uz pastavigiem
magnétiem tika izprojekteti un izgatavoti LU Fizikas institita un uzstaditi un
veiksmigi darbojas ari citas iekartas, pieméram: tur pat PSI (Sveice), zim. 4 [5];
Rossendorfas pétniecibas centra (Vacija), zim. 5;  Stokholmas Karaliskaja
Tehnologijas institiita (Zviedrija), zim 6, ka arT LU Fizikas instittta ilgstoSos (tris
sesijas, katra no tam 2000 stundas gara) eksperimentos pé&tot skidra metala pliismas
magnétiskaja lauka ietekmi uz terauda EUROFER-97 korozijas procesiem, zim. 7 [6].
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Zim. 4. Dubults (divu paru disku) stiknis uzstadits $kidra metala (Pb-Bi) divu cilpu circulacijas iekarta
(PSI, Sveice) termohidrauliskiem pétijumiem neitronu atskaldisanas mérku modelos.

Zim. 5. Diskveidigais siiknis tira svina (darba temperatiira lidz 500°C) cirkulacijas cilpa
ELEFANT (Rossendorfas pétniecibas centra, Vacija) foto-neitronu avota pétijjumiem izmantojot
jaudiga elektronu kiila starojuma absorbésanu tira $kidra svina.
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Zim. 6. Diskveidigais stiknis svina-bismuta vertikalaja cirkulacijas cilpa TALL
termohidrauliskiem pétjjumiem Stokholmas Karaliskaja Tehnologijas Institiita (Zviedrija).

Zim. 7. LU Fizikas institata ilgstoSos (tris sesijas, katra no tam 2000 stundas gara)
eksperimentos pétot $kidra metala pliismas magnétiskaja lauka ietekmi uz térauda EUROFER-97
korozijas procesiem ari tika izmantots MHD diskveidigais indukcijas stknis uz pastavigiem

magng&tiem.
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Specialas konstrukcijas cilindriska tipa MHD indukcijas stknis dzivsudraba
parsiknéSanai, zim. 8. uz pastavigiem magnétiem izprojektets, izgatavots un
izmantots LU Fizikas instituta kopigos eksperimentos ar Juelihas pétniecibas centru
(Vacija) gazes burbulu ieSpricei dzivsudraba pliisma un $o burbulu dzives ilguma
mérijumos atkariba no to izmériem. Sie pétijumi ir svarigi sakara ar gazes burbulu
izmantoSanu (ieSpricéSanu) skidraja metala neitronu atskaldiSanas iekartas ar merki lai
apslapétu augsta spiediena impulsus mérka bombardésanas laika.

Dzivsudraba cirkulacijas cilpa ar cilindriska tipa stokni uz pastavigiem
magnétiem (ka arT ar elektromagnétisko kondukcijas caurteces méritaju) izgatavota
LU Fizikas institiita pec sadarbibas liguma priek§ ORNL (Oakridge National Lab.,
ASV), zim. 9. Iekarta izmantota ka gazes burbulu dinamikas pétiSanai dzivsudraba
plisma, ta arT neitronu atskaldiSanas ikartu kandidatu materialu izturibas p&tijumos
radiacijas apstaklos un min&to spiediena impulsu iedarbibas rezultata, kuri tiek veikti
LANL (Los Alamos National Lab., ASV).

Zim. 8. Specialas konstrukcijas cilindriska tipa MHD indukcijas stknis dzivsudraba
parsuknéS$anai uz pastavigiem magnétiem (ar abpusgjiem aktiviem koncentriskiem cilindriskiem
induktoriem un gregzenveidigo kanalu sprauga starp tiem) relativi mazam caurtecém (250 cm?/s), bet
lieliem spiedieniem — 1idz 8.0 atmosferam.

Zim. 9. Dzivsudraba cirkulacijas cilpa ar cilindriska tipa stikni uz pastavigiem magngtiem
izgatavota LU Fizikas instittita péc sadarbibas liguma priek§ ORNL (Oakridge National Lab., ASV).
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Jaudigi elektromagneétiskie indukcijas siikni uz pastavigiem magnétiem
neitronu atskaldiSanas iekartam

P&c sadarbibas Iiguma ar Juelihas pé&tniecibas centru (Vacija) 2003. gada LU
Fizikas instituta tika izprojektéts, izgatavots un notestets jaudigs siiknis dzivsudrabam,
zim. 10. Sis siknis nogadats Vacija un bija paredzéts izmanto$anai bijusa ESS
projekta.

Zim. 10. Jaudigs indukcijas stiknis uz pastavigiem magnétiem dzivsudrabam.
Spiediens 6 atm., caurtece 13 L/s (170 kg/s), sikna piedzinas motora jauda 90 kW.

legtita LU Fizikas institita pieredze lauj aprékinat parametrus vél jaudigakiem
indukcijas siikniem smagiem Skidriem metaliem (Pb, Pb-Bi, Hg) uz pastavigiem
magnétiem — spiedienam Iidz 10 atm., caurtecei Iidz 20 L/s, zim. 11b, kuriem ir lielas
priekSrocibas salidzinajuma ar tradicionaliem MHD lineariem 3-fazu induktoru
stikniem, zZim. 1lc, jo tiem ir vienkarSaka konstrukcija, mazaki gabariti un lielaks
lietderibas koeficients. Siikniem uz pastavigiem magné&tiem ar1 ir daudz vienkarSaka
konstrukcija un nesalidzinami lielaka droSiba, ka arT mazaki gabariti, salidzinajuma ar
mehaniskiem stikniem

Zim. 11. Mehaniskais siiknis (a), indukcijas stknis uz pastavigiem magnétiem (b)
un tradicionalais linearais cilindriskais 3-fazu indukcijas stiknis (c).
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Fixed contribution contract with EURATOM
EC 6 Framework Programm-
Preparation of a gallium jet limiter for testing under reactor relevant conditions
FU07-CT-2007-00047,
Preparation of a gallium jet limiter for testing under reactor relevant conditions.
In 2008 a paper [1] was published summarizing the results of the work with a liquid
gallium jet limiter on the tokamak ISTTOK. These results can be characterized by a
following citation from the abstract “... It was stated that ISTTOK has been
successfully operated with the gallium jet without degradation of the discharge or a
significant plasma contamination by liquid metal. This observation is supported by
spectroscopic measurements showing that gallium radiation is limited to the region
around the jet. Furthermore, the power deposited on the jet has been evaluated at
different radial locations and its temperature increase estimated”. An additional
practical achievement should also be underlined - the fully new technology of
preparation and introduction of liquid gallium in the vacuum of the discharge chamber
was mastered. But ISTTOK is a typically small size tokamak {major radius
R=0.46m, minor radius r=0.085 m, toroidal magnetic field B,=0.45T, center electron
temperature To(0)=150 eV, centre electron density ne(0)=5x10"*m>, plasma current
1,~6kA, loop voltage V,~3V}. It means that in the sense of all the critical to the
process loads the mentioned results are giving not so much. To make a step towards
more reactor relevant conditions in 2007 a collaboration agreement among three
associations (ENEA, Frascati- IST, Lisbon — Univ.of Latvia) on the development of
liquid metal systems for protection of plasma facing components was signed. A high
magnetic field, high plasma density, high current tokamak, the Frascati Tokamak
Upgrade FTU {R=0.93m, r = 0.28m, B=8T, I=1.6 MA}, was chosen for potential next
step experiments. On FTU, due to reduced dimension, the power per unit would be
comparable even with that of ITER.
On Fig.1 two schemes have been compared how such an experiment on FTU could
look like. The geometry of ISTTOK practically allowed only for one version when the
jet is introduced through the upper port and evacuated trough the opposite lower one.
On Fig.la it is shown that in principle such a directly downward directed jet could be
incorporated also in the cross section of FTU. However, at such a version the
clearance inside the design becomes very limited, no more than a few centimeters
remain free from the jet up to the outer wall and the internal corner of the lower port,
it is difficult to find a place free for installation of some additional units, etc. But the
cross section of FTU allows also for other versions when the jet is touching upon the
plasma under a definite angle and in the same time all the constructive elements
remain placed outside the scrape-of layer. One of such examples is shown on Fig.1b.
In such a case the jet can be backed by some droplet trapping sub-channel drained into
the main receiver installed in the lower port. It is essential since it is necessary to give
a definite space for some deflection of the jet by the plasma which was detected on
ISTTOK. A full exclusion of any interaction of the plasma with the liquid metal will
be newer achieved, however, on ISTTOK the outward displacement of the jet was
essentially higher then expected and the corresponding forces are still waiting for
explanation. An experiment on FTU with gradually deepened into plasma jets would
be very helpful also for answering this question. By some horizontal replacement of
the nozzle this deepening could be started with a very low initial level. It can be seen
on the figure that jets of the length L ~0.4m are needed, the loads are requiring the
velocities on the level v~ 10m/s. Break-up in droplets remains as one of the tools for
minimization of the MHD interaction, however, it requires a very exact relation
between the velocity, length and diameter. More flexible would be the version when
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the continuity of the jet would be broken by means of targeting it against a ceramic
stopper. In any case, the geometry of the receiver should be investigated rather
carefully, to avoid back-splashing etc. The possibility to transfer to a multi-jet version,
able to scrape-of already a noticeable layer of plasma, should also be remembered.
Fig.1 gives also an idea how the liquid Ga stand linked up with FTU could look like.
This sketch was prepared in a very easy way, simply by joining the scheme of
ISTTOK Ga stand together with the scheme of the cross section of FTU. It is worth
mentioning this circumstance since it means that the main liquid metal technologies
mastered on ISTTOK could be used also on FTU, that a definite number of design
units could be directly transferred, that new in essence procedures and tools will not
be necessary.

Stability of long liquid metal jets.

The working length of the jet L will always be roughly proportional to the small
radius of the plasma. In the case of ISTTOK r = 85 mm and in the experiments the
length of the jet was kept on the level L ~ 10cm. After a great number of
measurements with different metals (Hg, InGaSn and Ga) a dimensionless
dependence, characterizing the stability of the jet, was constructed: L/d = 4.2 Wb'?2,
where L stays for the break-up length, d for the diameter of the jet and Wb for the
Weber number. In the case of FTU r = 300mm, it means, the working lengths of the
jet will be approx. equal to L ~ 35 cm. It can be checked also on Fig.1. It was not fully
clear what will the behavior of a liquid metal jet at such high values of the relative
length (L/d > 100). A corresponding experiment was performed on our Ga stand. In
the test section a 50cm long glass cylinder was installed, instead of the previous
model of ISTTOK’s chamber (Fig.2a,b). It was stated that the d = 3mm InGaSn jet
remains stable over all the length of the cylinder. As an example on Fig.2c a photo of
the length interval 30cm-40cm is presented. It should be underlined that also the
break-up length of such long jets remains depending on the same mentioned above
relation. A conclusion can be drawn that generation of long enough Ga jets should
not cause essential problems. Additionally, to generate such long jets the equipment
and methods tested on ISTTOK and at [IPUL could be directly applied.

Liquid metal jets in strong magnetic fields.
It is MHD-interaction, that makes the promotion of any proposal about the application
of liquid metal to fusion difficult. To overcome this obstacle experiments under
conditions as close as possible to the reality are required. In the case of FTU specific
are very high values of the main magnetic field, theoretically up to 8T.Therefore the
question about the behavior of jets in strong fields remains topical, in spite of the fact
that the general tendency was cleared already in the previous years - an orthogonal
field enhances, and essentially, the stability of the jet. Basing on experiments with Hg
and InGaSn jets in an up to 3.4 T field (electromagnet with permendure field
concentrators) for the break-up length L a following empiric dependence was
developed: L/Lj = 1+0.75Ha"*Re "% where Ly stays for the BUL without a field, Ha
and Re for Hartman and Reynolds numbers. In a 5.6 T field the enhanced stability of a
system of ten parallel InGaSn jets was demonstrated. In these previous experiments an
ordinary N/He cooled superconducting magnet was used. Last year a modern
cryogen-less superconducting magnet with 6T in a D=30cm and L=967cm bore was
acquired, mainly for fusion related MHD investigations. In the very first set of
experiments the stable behavior of a InGaSn jet in high fields was demonstrated Our
many times used InGaSn stand was connected to the magnet by a parallel hydraulic
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arm adapted for proper feeding and draining of the test section ( Fig.3). The test
section was based on a glass cylinder with a d=3mm nozzle in the centre of the upper
lid (Fig.4). In the lower lid an opening for draining was foreseen, rather simple by
configuration, newer the less, working surprisingly well, especially in the presence of
strong fields. Without the field the behavior of the liquid metal jet was familiar,
typical to any liquid jet, with definite fluctuations, splashing, etc. Already in a 1T
field the jet was like a string in view, without any remarkable by eye fluctuations and
outlet splashing. This picture remained practically unchanged also at values of the
field 2, 3,4 and 5 T.

1-upper tank; 2-7 - valves; 8-flow meter; 9-tube;10- glass tube D45mm;
11 - hot tank; 12 - supply tank; 13 - photo camera.

LU Fizikas instittts — 2008



B/ mTA

2 1600

1800

o

220 _|

1500

Fig.3

LU Fizikas instittts — 2008

832

( =il |

N 0

1 @H9.2 ¥

] » =

i o

H o

1 (o]

i &

NN O
n I

640




EURISOL DS (European Isotope Separation On-Line

Radiactive Ion Beam facility)
RIDS
Contract number 515768

EURISOL DS, TASK# 2- MULTI-MW TARGET STATION

Participants to the Task and total human effort deployed

Participant number |4 18 19

1)

Participant short CERN PSI IPUL
name 2)

The Task has progressed towards its objectives in a satisfactory way. The conceptual
design of the Multi-MW target station (D1) has been consolidated by means of
detailed coupled neutronics and computational fluid dynamics simulations. A first
target station layout (D5) has been proposed which includes the building, hot cells,
service and storage areas. A beam dump capable of handling a 4 MW proton beam
has been designed and integrated. A risk register has been drawn up and the
corresponding risk analysis launched. The conceptual design of the Multi-MW target
station has been reviewed by an international expert panel.

Sub-taskitl: Engineering Study of the liguid metal converter

The conceptual design of the Multi-MW target station (D1) has been consolidated by
means of detailed coupled neutronics and 3D computational fluid dynamics
simulations. The goal is to deliver predictions for METEX-1 useful in terms of safety
and test correlations, but also for planning a second experiment for which the
instrumentation must be established.
Broadly we obtain the same results as in 2D, that is:

e stable flow, no oscillations or large recirculation zones.

e cavitation at around P =-2.5 bar.

e Total pressure loss of P = 0.6 bar.

There is a negative impact from the three supports of the fins which is not so
significant
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In the beginning of the June, the 180° bend coaxial flow target was installed on the
loop. All engineering parameters were successfully checked, and the loop was
pressurized to 6 bars. A first check of the filling system of the loop, serviceability and,
stability of the hydraulic parameters (pressure drop, flow rate , temperature and so on)
was planned, however mercury vapours exceeded allowable level in the experimental
hall and it was decided to postpone the tests to late autumn.
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In parallel, a mock-up of the transverse flow film windowless target having a length
of 300mm and a width of 16mm (injector with parallel separator inner structure) was
designed, fabricated and installed on the Hg — loop,

e e

|
.

According to the theoretical estimations, in order to constrain the liquid metal film in
the beam direction well — shaped solid walls were incorporated in the injector body.
This ensures an almost flat free surface in the transverse plane. The following
parameters were achieved: flow rate in the loop — 6 L/s; velocity of mercury in the
film — 1.8 m/s; temperature of Hg during experiment — 16 — 18C®; pressure drop in the
loop — 0,7 — 0,9 bars.
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Following a request from EURISOL-DS MB, a visit to the EURISOL mercury target
experiment at IPUL (Institute of Physics of University of Latvia) outside Riga in
Latvia was organized for 17th September 2008 with J.Gulley (CERN Safety
Commission, chemical safety expert) accompanied by K. Samec (CERN, AB
Department) and K. Thomsen (Paul Scherrer Institute, PSI). The aim of the visit was
to provide general recommendations to IPUL on health and safety issues related to the
use of mercury, with the objective being to reduce exposure to acceptable levels, so
far as is reasonably practicable. An in-depth process safety study using a systematic
risk assessment/hazard identification technique was outside the scope of the study.

The concentrations measured on the day of the visit, at the approximate height of the
breathing zone of operators were, for comparison, below the occupational exposure
limits referenced by Suva and INRS. However the operating parameters of the target
loop were not fully representative of the real EURISOL test conditions and further
continuous readings should be taken during the next planned operation of the loop.
Measures to improve the situation have been outlined. The measures should not be
considered as exhaustive, but are based on the observations made on the day of the
visit. Certain specific measures relating to PPE (4.1.1) and health surveillance (4.1.6)
are to be observed by CERN staff, other remarks are addressed to [PUL and/or the
Consortium [PUL-CERN-PSI for implementation.

It is very important that the appointed person responsible for the safe operation of the
test facility, E. Platacis, is given the authority to stop (and restart) any activity and to
call on, if necessary, additional experts/outside help in dealing with any emergency.
As part of his duties E. Platacis should ensure that a log book is compiled, recording
all normal operations (e.g. filling/draining the loop, start of pump) and all abnormal
situations (e.g. leak of mercury, power failure) as well as regular entries reporting the
concentration of mercury in the air at selected sampling point

Sub-taskit4: Off-line testing and validation of the thermal
hydraulics and fluid dynamics

Following the visit of CERN’s Safety commission to IPUL, which reviewed the
safety conditions in the mercury laboratory and provided important recommendations
on safety issues related to the use of mercury, considerable efforts were carried out to
bring the Hg loop up to standard enabling therefore to re-schedule the offline tests
(D4) to December 2008.
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We propose to split the experimental program into three phases, provided the results
of the first one are satisfactory. Since the experiment will explore up to now
unexperienced flow rates and velocities in a liquid metal target, Phase 1 shall be a
proof of principle experiment. In this experiment, the overall behaviour of the target
will be assessed. The main variables will be the flow rate and the static pressure as
well as the effectiveness of the guiding fins. The parameters explored will be the

Pressure drop in the target

Flow velocity and distribution in the target downcomer
Vibrations

Cavitation

Deformation

If the performance of the target is successful, a second phase is envisaged, in which

o the local flow velocity field in the beam window area using UDV
o the local heat transfer coefficient in the beam window using Infrared
Thermography

could be measured to validate the CFD calculation.

(=] PAuL SCHERRER INSTITUT

Mercury Target Experiment

METEX1: METEX 2.1:
Hydraulic Hg test of the mock- Record and analysis of “cavitations
up with the purpose to check noise” with use of acoustic or/and high
workability and regime of the —>| frequency pressure sensors in —
target operation under close to collaboration with the Fachhochschule;
nominal Hg flowrate: pressure preparation ongoing, ab 3 months,
loss, vibrations, cavitations, 25kCHF
velocity distribution in the BEW \L’
inlet; stress in the welding
seams: session 1 - without the
blades; session 2 - with the
blades
Paul Scherrer Institut - 5232 Villigen PSI PSI. EURISOL converter target. METEX status. Technical meeting. PSI June 17 2008 D334
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The instrumentation of the target is shown below.

=0

Acceleration sensors (2 pes) for the mock-up |

PAIIl SCHFRRFR

INSTITHT

Manometer for cover gas pressure measurements in the expension tank

Acceleration sensors, interface flange

vibration parameters measurements

Laser, CERN —

US sensor FLD22 for

velocity measurements in
the BEW inlet

Strength guages,
welding seamms ‘

METEX 1. Measuring |

system

Conductive flowmeter for Hg flowrate /
measurements (IPUL), better industrial FLD12

Hg level detectors (HH and LL) |

/ Differential manometer for pressure

loss measurements in the mock-up

Thermocouple

Thermocouple (4 pes) ~

CIRCUTOR, 3-phase —~—{

iCl

‘B

el net analyser

~— Thermocouple
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METEX0 MEASUREMENT AND DATA AQUISITION SYSTEM

Kistler Piezo Sensor,

Kistler Piezo Charge Amp.

Kistler Piezo Sensor,

Laser Vibrometer

(CERN)

Strain Gauge System
(CERN)

K

Flowmeter Signal
7 x Spare Analoge Inputs
8 x Relais Cutputs

xTCT

Matinal Instrument
FieldPoint

COM4 - Hg Moniter 2000
COMS - Hg Monitor 3000

IPUL NETWORK

LPT 1

Main PC With:
- Labview Program

- Datalogging and Supervisory Control Module

- Citadel Database

- Historical Trend

- Remote Operation Control

- Local and External Etheret Access

Remote PC

- Archiving Databe on PSI AFS and CERN

- Remote control from Main PC
- Test, Analisys during Experiment Run

WAN (PSI; CERM
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e[ =) pauL scHERRER INSTITUT
Start-up of the loop and the test matrix

Session No.1 —without the blades; No.2 — with the blades

The fallowing steps will be camied out to Star the experiment

Purce the target loop systzm by filing with A of 6 bar and evacuating to
‘I mbar three times

Mairtain the system at 1 mbar for several hours and check pressure
evelution durng 12 hours 1he lkakrate above should be confirmed)
Check the measuring system including the Hg-analyzers

Start and check the loop water cooling [no leskage: fowrate If possiole]
Fill the target with Hg by pressunzing the storage wessel up to the
indicaion of the lewel detector in the espansion wessel. The filling
pressure 15 = 10 bar, The voluma of the target loop system 15201

Adiust cover gas pressure 4 har, Observe the [oop during 1 hour: Check
N8 pressure evoluton {no leakage). Check Hg-analyzer indications (no
fsa of the Hg-contantinair). Check level of Hy in the expansion tank.
Start circulating the EMP at low velodiyy [2 155) for 30 min. Observs 1he
indications of the signals. Chack H flow dirsctian

Stop circulation for 20 min 10 et impurit es swim up

Checl for leakage by eniffing with the mobile Hg vapar manitor glong 1he
loop {gas masks are abligatory)

Checlk for vibrations by manual verifications

Resume circulation for anothar 30 min (20s)

Drain the Hg from the loop irto the siorags vessel, observe loop
pressure. Adjust cover gas pressurs in the storage vesssl > 1bar.

Lot settle for at least 2 nours

Repeat tha fling oparation a5 described above

Conditon the loop untl stable operation is achieved: 1ls, 2lfs; 3lfs; 4ls;
3ls, .. Cbserve the Ho temperature and Ha-analyzers indications.

AN-34-08-01/1

GG Mercury Flowrate [Ifs]
Pressure
[bar] 2 3 4|56 7|89 [10]11]12]13
s |l il >
4
4 ] *
, >
3 |
2
1 ] L r L r R

Measurements of mercury
velocity distribution in the
target BEW inlet

Measurements of: cover gas
pressure in the expansion tank;
mercury flowrate in the loop;
hydraulic pressure loss in the
mock-up; vibrations parameters;

| EURISOL-MR34-005 |

stress in the welding seams

Paul Scherrer Institut - 5232 Viligen PSI
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Sub-task#5: Engineering design of the entire target station

A first target station layout (D5) has been proposed which includes the building, hot
cells, service and storage areas. A beam dump capable of handling a 4 MW proton
beam has been designed and integrated.

CERN- 1211 Genéve
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A risk register has been drawn up and the corresponding risk analysis launched. The
conceptual design of the Multi-MW target station has been reviewed by an
international expert panel.

The requirements for radiation protection of the multi-MW power target station and
propose options for the minimization of dose rates, activation, during and after

operation are being studied in collaboration with Task#5 and ITN.

Optimisation of the target design and integration of the secondary fission target
designed by Task#4 has been performed.

Investigation of the safe handling of the liquid Hg target (remote handling, target
interchange, etc...) in collaboration with ORNL-CS is in progress.
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Protonu merku salidzinoSa izpete programma
EIROPAS ATSKALDITO NEITRONU AVOTS.

ESS — nako$as paaudzes neitronu avots Eiropai.

Situacijas raksturojums

Neitrons — neitrala elementardalina ar spinu % un masu, loti tuvu protona masai. Ka
kodola sastavdalas neitronu un protonu var uzskatit ar ka vienu dalinu — nuklonu —
divos dazados stavoklos, kas atSkiras tikai ar elektriska ladina klatbtitni. Neitronam
nav ladina, tad€] tas var bez gritibam Sk&rsot atoma ar&jo ektronu makoni un ,,trapit”
tiesi kodola. Briva veida neitrons var eksistét tikai slaicigi, blivos materialos Sis laiks
meérojams desmitos mikrosekunzu. Jebkur§ neitrons tiek galu gala absorbéts kada
kodola, izsaucot to vai citu kodolreakciju. Neitronam raksturigi visi Sobrid zinamie
dalinu mijiedarbibas veidi — gravitacijas, vaja , stipra un elektromagnétiska. TieSi
bagatais mijiedarbibu arsenals nosaka neitrona ka pé€tniecibas lidzekla vertibu,
salidzinot to ar citam elementardalinam. Sobrid dazadas energijas un blivuma neitronu
plusmas tiek uzskatitas par vienu no specigakajie petniecibas ierofiem ne tikai tados
tradicionalos virzienos ka kodolfizika, cietvielu fizika utt., bet arT vesela rinda citu
zinatnu, kuras 1si noradisim zemak. Jaatceras ari, ka neitrons ir arT galvena darba
daritajs kodolenerggtika.

Lidz musu dienam pétniecibas nolikiem neitronus generé galvenokart daliSanas
reaktoros ar jaudu starp 10 un 100 MW. Pedgjas desmitgades aizvien lielaka veriba
tiek pievérsta citai alternativai — generét neitronus ta saucamaja ,atskaldiSanas”
procesa. Lidz 1-2 GeV energijam paatrinatu protonu kalis tiek iestarots ,,mérki”
(target), veidota no kada materiala (metala) ar augstu Z-skaitli..AtbilstoSie atomu
kodoli tiek tada meéra ierosinati, ka viena sadursme rezulté liela skaita atskaldito
neitronu (tieck minéti skaitli 1idz 50). Tilpuma ar tGdenradi saturosu vielu tie tiek
paléninati lidz termiskam (vai tuvu tam) energijam un pa neitronu vadiem piegadati
patérétajam  (eksperimentiem ar neitronu difraktometriem, spektrometriem,
reflektometriem utt). Jaatceras, ka tradicionalaja kodolu daliSanas reakcija katrs
elementarais process producé tikai vienu neitronu. Tas pats sakams arT par nakotné
gaidamo kodolu sinteézes reakciju. TieSi sagaidamais lielais produc€to neitronu
blivums ir viens no galvenajiem parametriem, kas nosaka paaugstinato interesi par
neitronu ,,atskaldiSanas” procesu.Seviski jaatzZimé prognozeta iesp€ja rupnieciski
parstradat daliSanas reaktoru ,,atkritumus”.

Uzdevums veidot Eiropas Atskaldito Neitronu Avotu ESS (European Spallation
Source) ar 5 MW , mérka” jaudu tika formuléts 1997.gada ( ,,ESS.A Next Generation
Neutron Source for Europe”,Vol.Il ,,The Scientific Case”, Vol.IIl ,,The ESS Technical
Study” ISBN 090 237 6 500, Vol.II 090237 6 608, Vol.III 090 237 6 659, March
1997). ESS ,,idejiska”, ka ar principiala shema redzama zemak zim&jumos.Linearais
paatrinatajs (LINAC) ,,uzdzen” partikulas 1idz 1,33 GeV energijai, nodroSinot 5 MW
lielu kopgjo stara jaudu 1.2 ms impulsos ar 50 Hz frekvenci. Divos paral€li saslégtos
cirkularos akumulatoros/kompresoros §ie impulsi tiek ,saspiesti” lidz 1ps. Sadi
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protonu impulsi tiek iestaroti divos ar dzivsudrabu pilditos merkos, viena ar 50Hz,
otra ar 10 Hz frekvenci. Redzams ari interesantakais no iecerétajiem rezultatiem —
apméram 25 ps gari impulsi ar stavu priek3gjo fronti un, galvenais, ar 2x10'” cm™s™
lielu termalo neitrronu plismu maksimuma. Paradita art $skidra metala mérka shema —
tas orientéts horizontali. Mérkim jasp&j uznemt 100 kJ, pie tam lielaka dala $1s jaudas
realiz€jas triecienvilpu veida. Tas nozime, ka meérkis paklauts kombin€tai augsta
starojuma, termisko spriegumu un triecienvilnu iedarbei. Bet tieSi protonu kiila mérkis
ir paredzamais FI pétijjumu objekts. Interesanti redz&t, ka mérkis ,kotgjas”
salidzinajuma ar pargjam ESS komponentem. P&c sakotngjam 1997.gada aplesem
projekts kopa izmaksas 806 M Eiro, tani skaita paatrinatajs 206 M, dubultais
akumulators 129 M un abi Hg mérki 116 M. Tatad Hg meérki, misu paredzamo
petijumu objekti, tiek mingti izdevumu galvgali. Tika paredzg&ts projektu realizét 10
gados - trTs gadi R&D, divi gadi projekt€Sanai un pieci gadi celtniecibai. Bet reals
starta signals Sesta letvara ramjos ta ar1 netika dots.

Septitais letvars sakas cerigi. ESS paredzets sadala par Lielajam P&tnieciskajam
Infrastruktiram. Ar 01.01.08. sakta divgadiga projekta sagatavoSanas fazes. Starp
»labuma guvejiem”(beneficiary) mingta ari ,Latvijas Universitatei”. Pievienota
lappuse ,,sakombingta” no atbilstoSajiem dokumententiem, redzami formalie projekta
Htituli”, redzami izpilditaji, redzami ari kritiskie jautdjumi, kuri gaida atbildes
sagatavoSanas faze. Ka jau minéts, LU lidzdarbiba saistita ar Skidra metala mérka
izveidi. Noradits, ka fazes ietvaros ,tchniskais darbs” centrésies mérka materiala
izvele (praktiski runa ir par Hg vai PbBi). Tas var bt saistits pat ar vietas izveli ESS
celtniecibai. Bet tieSi $1 izv€le ir viens no galvenajiem sagatavosSanas fazes
uzdevumiem. Ka pretendenti starté Zviedrija, Spanija un Ungarija.

IeprieksSéjos gados izdaritais (FI lidzdaliba)

Sodienas optimisma pamata ir iepriek$&jos gados izpildita pétnieciska darba lielais
apjoms. Zemak pievienotaja tabula noraditi visi [idz 1996. gada beigam publicétie
ESS-Zinojumi (ar burtu ,,T” atzZiméti materiali, kas attiecas uz ,target”). Saraksta
ievada noraditi Sobrid galvenie Atskaites S€umi (Reference Volumes), ka ar to
adrese. Nakosaja pielikuma paradita pieminéta Vol.Il (1997) titullapa, kura iekop&ta
dala no S§1 s@uma satura raditaja — uzskaititas tas zinatnes nozares, uz kuru
»apkalpoSanu” pretende ESS. Pasa sgjuma atticksme pret katru no $Tm nozarém
defingta sikak, aptuveni uz 2 lappusém (Sis materials pieietams FI). Vispar jaatzimé,
ka ESS sagatavoSanas processa potrencialo pielietojumu ,,propogandai” veltita ]oti
liela uzmaniba. Neitrona specifisko 1pasibu dél tads avots ka ESS tiesam var kliit par
unikalu, plasi pielietojamu pétniecisku riku.No viena cita avota nemts nakosais
pievienotais materials — prognoze, ka palielinasies paterétaju loks, pieaugot piejamo
neitronu plismu blivumam.

Turpinot apskatit iepriek$gjos gados paveikto, atgadinasim par Latvijas zinatnieku
lidzdalibu. Lidz Sim galvenokart te darbojies LU Fizikas institiits (FI), [PUL
atSifr&jas ka Institute of Physics of University of Latvia. Tam pamata FI specifiska,
dalgji unikala pieredze darba ar dazadiem skidriem metaliem. Pieméri izveloti no
augSminétajam atskait€m, tatad ta bus tikai ta Iidzdalibas dala, kas fikséta ESS
dokumentos. Vairums no ta aprakstits ar1 dazadas citadas publikacijas, daudz kas
palicis arf aiz kadra. ST materiala ievadlappusé paradita ESS 5 MW mérka shéma. Ka
darba kermenis kalpo dzivsudrabs. Protonu kiilis versts horizontali un tiek iestarots
tilpuma ar horizontalu turp/atpakal Hg kustibu (par kustibas detalam turpmak sikak).
Nakosaja lappus€ uzskaititas galvenas uzdevumu klases, noradits, kadu uzdevumu
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izpildeé IPUL piedalijies, kada atskaiteé tas publicets.Par darba raksturu spriest lauj
sekojosas piecas pielikuma lappuses, arT izkop&tas no konkrétam ESS atskaitem

Informativs ir arT nakosais zZim&jums, kura aprakstits SNS protonu stara mérkis. Oak
Ridge(ASV) laborotorija uzstaditaja atskaldito neitronu avota SNS (Spallation
Neutron Source) mérkis veidots I1dzigi( tiek akcentéts, aiznemoties pieredzi no ESS).
SNS projektéta jauda bitiski mazaka, konkréti, 2MW. Bet svarigi tas, ka SNS darbibu
jau sacis, gan tikai ar jaudu zem 1MW. Konstat€ta vesela rinda probléemu, saistitu ari
ar procesiem Hg sist€éma. Bet neitronu atskaldiSanas efektivitate tika nodemonstréta,
praktiski vienlaicigi ka MEGAPIE projekta, par kuru runasim velak. Var atzimét, ka
arT SNS izveidé FI var pretendé uz mazu dalinu dalibas — pirmais Hg stends,
paredzets ievietoSanai protonu stara ,,iek§” Oak Ridge, tika projektets un izgatavots
Salaspilt. Bez tam SNS parstavji apmekléja FI dzivsudraba laboratoriju, lai
parliecinatos, ka iesp&jama lielas jaudas Hg stendu izveide un darbinasSana.

Japana tiek realizéts JAERI / KEK projekts. Zemak vispirms redzams aksialais
izdalitas jaudas sadalijums Hg merki, tas raksturigs ari visiem par€jiem
apskatamajiem projektiem. ESS un SNS meérka variantus japani dévé par
»atgriezeniskas pliismas mérkiem, ( return-flow targets)” — protoni tiek iestaroti
atpakalejosaja Hg pliismas dala. ArT paSi svini $adu variantu nem pamata, tomer
paraleli tam apskata ar1 ,Skersplismas merki (cross-flow target)”. Ar ieksgja
vadaparata palidzibu Hg pliisma tiek orient&ta perpendikulari staram, pie tam panakts
optimals Sk&rsplismas atruma sadalfjums gar mérka ,,asi” — atruma perpendikulara
komponente p&c lieluma atbilst izdalitas jaudas limenim.Tas panakts, pakapeniski
izp&tot Cetrus dazadus vadaparata modelus.Lieliska macibu stunda!

MEGAPIE projekts

WMEGAPIE ir starptautisks , cela lausanas” eksperiments Paula Serera institiita

(PSI) Sveicé, kura mérkis ir producét neitronus Skidra metala mérki. Pirmoreiz
pasaulé lielas jaudas protonu kiilis tiek producéts ar vienu megavatu ieeja. Augstas
energijas neitroni tiek izmantoti dazados pétniecibas virzienos un teorétiski varétu tikt
izmantoti kodolatkritumu parstradei. Eksperimenta pirma faze nesen tika pabeigta un
, par lielu apmierindjumu starptautiskajai zinatniskajai sabiedribai, rezultati parspéja
ceribas”

,,..tika pieradita iespéja ilglaicigi darbinat 920 kg svina-bismuta mérki protonu stara,
ko generé PSI cirkularais ciklotrons ar vienu megavatu izeja.”....

., 1lgi dzivojoSie aktinidi ir galvends komponentes, kas nosaka kodolatkritumu
radioaktivitati. To transmutdcija islaicigi dzivojosos vai stabilos elementos ir
teorétiski iespéjama zemkritiskos ar paatrindtaju vadamos reaktoros (Accelerator
Driven Systems ADS), apgadatos ar iekSéju neitronu avotu, kuru ierosina ar lielas
jaudas protonu staru. Lielas jaudas atskaldito neitronu avots, veidots no Skidra
metdla (svina-bismuta eutektika) un versts uz nepiecieSamo neitronu plismas
blivumu, tas tiek uzskatits par principialu soli cela uz ADS.”.
,, Péc intensivas pamatproblému izpétes 2000. un 2001.gados tads mérkis un ta
paligsistéms _tika izprojektéts un izgatavots Francija, Italija, Latvija un Sveicé.
Merkis satur 920 kg.svina-bismuta eutektikas, ietvertas terauda apvalka. No iestarota
800 kW protonu kiija 580 kW deponéjas mérka materiala ka siltums, kurs tiek
aizvadits, siuknéjot PbBi caur aréju siltummaini. Protonu kiilis, iestarots svind-
bismuta, generé 10" augstas energijas atskalditos neitronus sekundé”

Par MEGAPIE projektu ir ticis un tiek daudz rakstits. Augstak tiek citéti fragmenti
no PSI primaras Preses informacijas (Media release) 31.01.2007., tatad no pasa
kompaktaka, rezumé&josa materiala. Atkal varam ar prieku konstatét, ka Latvijas

LU Fizikas instituts — 2008



lidzdaliba §ini fundamentalaja eksperimenta tiek ,,dokumentali” apstiprinata. Sis
atskaites atseviska nodala aprakstits svarigais PSI un IPUL sadarbiba sakuma posms.
Te ne vardos, bet realas darbibas tika reagéts uz apstakli, ka visvairak slogots un
apdraudéts ir tiesi protonu kiila iestaroSanas logs.Tika pieradita nepiecieSamiba veidot
divplismu loga dzes€Sanas sist€ému, ievedot pamatpliismai paral€lu striiklu tieSai loga
dzeseSanai. Zemak dotajos pielikumos ilustréta miisu sadarbiba jau inZeniertehniska
limeni. Redzama MEGAPIE eksperimenta shéma. Protonu kiilis ar magnetu palidzibu
tiek paversts vertikali augSup un iestarots cilindriska, aptuveni 2m gara
kermeni/merkd, pildita ar PbBi. NepiecieSamas divkomponentu plismas radiSanai virs
pasa merka, loti ierobezota telpa iebuveti divi cilindriski elektromagnetiskie siikni.
Tiem jaiztur gan pieklajiga temperatiira, gan ieprieks faktiski nezinama radiacija, ko
nosaka mérki génerétie neitroni. Fakts, ka FI taisita iekarta tados apstaklos izradijas
darba sp@jiga, jauzskata par Sobrid atraktivako apliecindgjumu misu tehniskajam
potencialam. Pirms uzstadisanas Sveicé iekarta tika testéta un trenéta speciala PbBi
stenda Salaspili. Bet ka nakoSais pielikuma paradits cits stends, arT projektéts un
biivets Salaspili — konttirs LiSoR eksperimentam.Tas bija pirmais eksperiments, kura
laika PbBi satuross kontiirs tika paklauts augstam starojumam. Par §1 eksperimenta
»dramatisko” gaitu liecina pielikuma nakosa lappuse (Sin1 eksperimenta formali FI
parstavji gan nepiedalijas). Cikliski vadot kiili gar parauga virsmu, izveidojas pora un
Skidrais metals visiem par briesmam paradijas arpuse. Pec tam tika konstatets, ka pora
veidojusies parauga mehaniska defekta rezultata.

Ar paatrinataju vadits kodolu daliSanas reaktors (ADS)

Var drosi teikt, ka ESS tiek balstits ne tikai aiz tiras zinatnes milestibas. Ka jau
minéts, neitronu atskaldiSanas process lauj runat jau par tadiem parametriem, kad
iespejama kliist radioaktivo atkritumu riipnieciska parstrade. Ar to tiktu likvidets
fundamentals $kérslis kodolenergétikas attistibai, ka tehnisks, ta morals.Viens no
etapiem cela uz So mérki saistits ar ,,zemkritisku”, ar paatrinataju vadamu reaktoru
(ADS) izveidi. Parasta ,,virskritiska’reaktora katrs neitrons, kas tiek absorbé&ts kodola,
dali$anas rezultata nodroSina vismaz viena jauna neitrona izstaroSanu (teorétiski,
praktiski aptuveni 2.5 reiz vairak). Ta reaktora aktivaja zona tiek nodroSinats
nepartraukts kodolu daliSanas process. Paredzamaja ADS reaktora aktivaja zona
neitroni tiks generéti atskaldiSanas procesa rezultata, iestarojot augstas energijas
protonus materiala ar augstu Z-skaitli ( atskaldito neitronu skaits tie$i korel€ ar Z-
skaitli un iestaroto protonu energiju). Zemak aprakstito ADS shému (,,Rubiatronu’)
ieteica kolektivs Nobela prémijas laureata C.Rubia vadiba

( .Carminati,R Klapisch, J.P.Revol, Ch.Roche, J.A.Rubia, C.Rubia.An enargy
amplifier for cleaner and inexhaustible nuclear energy production driven by a
particle beam accelerator. Report

CERN / AT / 93-47 (ET). Genf, Nov.1993., C.Rubia et al., Conceptual design of a
fast neutron operated high power energy amplifier. CERN / AT / 95-44 (ET), 1995.).
Zemak dotas ilustracijas nemtas no: Energy amplifier demonstration facility reference
configuration. ANSALDO,

EA B0.00 1 200, Revision 0.

Pirmaja zZim&uma redzama reaktora kop&ja sheéma. Talak seko divi iespgamie
protonu meérka varianti — mérkis ar ,karsto” logu un ,bezloga” merkis. Cit€sim
fragmentu no ,,Conclusions™:

,Viens no galvenajiem uzdevumiem ir atrisinat jautajumu par Mérka Loga izveidi,
tas ir, par parejas virsmu starp protonu kiili aptveroSo vacuuma cauruli un pasu mérka
materialu....Karstais logs veido mehanisku barjeru, veidotu no materiala, péc iesp&jas
caurspidiga neitronu un protonu starojumam, tam jaiztur spiediena un mehaniskas
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slodzes, raksturigas meérka darba rezimam. Bezloga mérkt protonu kilis no
paatrinataja tiek iestarots tieSi mérka materiala....”

Autoritates tik gari cit€§jam tadel, ka sakara ar daudz perespektivako ,,bezloga” merki
nozimigs eksperiments tika veikts Salaspili. Ideja prncipa vienkarSa — ar speciala
vadaparata palidzibu augSupejosa pliisma japavers atpakal ta, lai veidotos pietiekosi
liels brivs Skidra metala ,,Jogs”ar pietiekosi stabilu virsmu. Tada iesp&ja ieprieks tika
pétita ka skaitliski, ta tidens eksperimentos.Eksperimenta, kas atspogulots zemak, $1
iesp&ja tika nodemonstréta darba ar blivu materialu, konkréti Hg , pie tam mé&roga 1:1
gan péc izmériem, gan atruma.
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Direction de I'énergie nucléaire R

el TR

diffusé le : 20/07/08

- Prof. Janis Ernests FREIBERGS
Institute of Physics of University of Latvia,

@ 32 Miera Str. , Salaspils, LV-2169

LATVIA

Saclay, 29" July 2008

Dear Prof. Freibergs,

I have the pleasure of informing you that at the 2" Governing Board meeting helc
Prague on May 29th 2008, the application of IPUL to become a member of the Sustainc
Nuclear Energy Technology Platform was approved. The document explaining
organization and rules of the SNE-TP was also approved at the Governing Board meet
hitp://www.snetp.ewhome/liblocal/docs/SNETP_Organisation version7.5.pdf, and I r
you to this document for questions you may have concerning the governance of
platform.

IPUL may now participate fully and officially in the different Working Groups (Strat
Research Agenda, Deployment Strategy, Education, Training and Knowle
Management). You may also be interested in the preparation of a European Indus
Initiative for sustainable fission (Generation IV technologies) in the context of the |
Plan. You may find more details on the status of the platform’s activities in the rece
released Newsletter (available on the website) or by contacting the secreta

secretariat(@snetp.eu.

1 look forward to IPUL’s active participation in the platform’s work, and to welcoming
to our first General Assembly, which will take place in Brussels on the 26™ Noven
Details and registration for this event may be found on the website, www.snetp.eu.

With my very best regards,

hilipe PRADEL

Copy: Mr. Bernd Giithoff (E.ON Kernkraft), Mr. Frantisek Pazdera (UJV).

Commissariat 4 I'énergie atomigue
Centre de Saclay - Batiment 121 - 91191 Gif-sur-Yveite cedex
198 14805 prissgains Tél:33-160086190-Fax:33-1690861895- philippe.pradel@cea.fr
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Collaborative Project for an

European Sodium Fast Reactor
Proposal acronym:

CP-ESFR

Type of funding scheme:

Large-scale integrating (CP-IP)

Work programme topics addressed:

FP7 - Fission 2008-01-24 - Nuclear Fission and Radiation Protection

Advanced nuclear systems : Fission-2.2 - Fission-2008-2.2.1: Innovative reactor
systems

Other addressed topics: Partitioning and transmutation: Fission-1.2- Fission-2008-1.2.2:
Transmutation fuels and targets and their reprocessing

Name of the coordinating person:

Gian Luigi FIORINI

Chargé de Mission "Generation I\V"

Nuclear Energy Division/ Reactor Studies Department/ Innovative System Section

CEA/CADARACHE - Bt 212

13108 Saint Paul Lez Durance cedex

Tel Cadarache : 33 (0)4 42 25 46 02; Cell phone : 33 (0) 6 78 09 77 96: Secrétariat : 33 (0)4 42 2538 77;
Fax : 33 (0)4 42 25 48 58

Mail address: gian-luigi.fiorini@cea.fr
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Contribution of IPUL to ESFR project

Introduction of IPUL Partner: In the field of Magneto hydrodynamics, the Institute of
Physics of the University of Latvia (IPUL) is widely recognized by the MHD research
community as a world-class facility and one of the world’s leading research institutes, both in
fundamental and applied MHD studies. Activities of IPUL deals with various liquid metals
such as Hg, Na, Li, Ga, Pb-Li, Pb-Bi, In-Ga-Sn,... Thanks to its capabilities, IPUL has
provided innovative electro-magnetic pumps and flow-meters for various nuclear systems i.e.
MEGAPIE spallation target, investigated MHD effects in PHENIX Sodium Fast Reactor, and
contributes more recently to the development of irradiation devices for the Reactor Jules
Horowitz reactor, or lithium loop for IFMIF. IPUL operates three sodium loops in the Alkali
metal laboratory” (157 m2 dedicated to Na) which has been fully renovated, recently: a
d=100mm (diameter o the main part) loop with minimized hydraulic resistance for high
velocity experiments (corrosion, cavitation, local resistances and heat-sinkers, etc.), a loop
stand for precise calibration of different type Na flow-meters, as well multi loop stand for
testing multi channel innovative electromagnetic pumps.

Task 1:: High performance electromagnetic pumps and instrumentation for various
electrically conducting Liquids.

Due to the future development of SFRs, it is necessary to update the liquid sodium
technologies. One of the key technologies to be optimized are the induction electromagnetic
pumps for the generation of flows in the primary liquid sodium circuit, and the electro-
magnetic flow-meters. One of the major advantages of those types of pumps or flow-meters
is the absence of any contact with the liquid metal.

IPUL will perform an assessment of the existing technologies for the sodium applications and
also for potential intermediate coolants, in order to have the feedback from previous
developments. IPUL will also investigate the criteria on flow-rates for the selection of the
most appropriate options, identify the needs for EMP developments, particularly for very
large flow-rates and achieve recommendations for future R&D. IPUL will investigate
particularly permanent magnet systems.

Deliverable
No Deliverable title Delivery
month Nature Task

Month 12 : D-WPxxx Synthesis of the existing technologies for the sodium applications and also
for potential intermediate coolants

Month 24 : D-WPyyy Criteria on flow-rates and local conditions with regards identification of
innovative EMP and instrumentation.
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Dr. Kurt Clausen

Paul Sherer Institut PSI
52323 Vilingen,
Switherland

Confirmation of participation

This is to confirm that in the Preparatory Phase of the European Spallation Source
(ESS) the University of Latvia is willing to act as a partner of the consortium for the
7th Framework Programme project proposal INFRA-2007-2.2.1.23: ESS (European
Spallation Source). The Institute of Physics (IPUL) as a subsidiary of the University
of Latvia will be involved in implementing the tasks under WP9. All documents
necessary for participation at the project consortium will be signed by the University
of Latvia.

Prof. Indrikis Muiznieks,
Prorector for science
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FAAL VASIRT WATE ¥ EJawirsa & om - mnr

ZINATNU PROREKTORS

Raina bulv. 19, Riga, LV - 1586  talr. 7034401; fakss 7034302; e-pasts: Indrikis.Muiznieks@lu.

24.05.2007. Nr.

LU Fizikas institata direktoram Dr. J. Freibergam
LU FMEF Fizikas nodalas vaditajam Dr. L. Buliginam
LU Akadémiska departamenta direktora vietniekam A. Pujatam

Par LU lidzdalibu ESS projekta
Godajamie kolegi!
Piedavaju talak aprakstito shému un nosacfjumus LU Iidzdalibai Eiropas Savientl

ietvarprogrammas (ES7FP) lielas infrastruktiras projektda European Spallation Source
sagatavosanas aktivitates:

1) Tiek izveidota LU ESS projekta Vadibas Padome (VP), kuras sastava ir trfs parstavji
fakultatém un divi - no LU Fizikas institota (LU FI), ka art LU Akadémiska departamenta (L
parstavis.

Padomes darba uzdevumi: -
apstiprinat ar ESS projekta konsorciju saskanotu darbu planu ESS sagatavoSanas aktivitate
apstiprinat aktivitaSu planu, tai skaitd: neitronu mérka konstru€Sanas iestradei, studiju
izveidei, studentu un doktorantu piesaistei, un meklét papildu finansgjuma avotus §im aktiviti
LU, IZM un EM resursiem, lai sagatavotos pilna apjoma lidzdalibai ESS
. nodroginat ES7FP projekta sasaisti ar LU, pirmkart Fizikas nodalas studijam, apkopojo
temu piedavajumu un sekméjot studentu iesaisti projekta, lai p& 2 — 5 gadiem misu jaunie sf
biitu spé&jigi darboties ESS;
. inicigt diskusiju, lai novértétu Latvijas iesp&ju iesaistities ESS Zviedrijas konsorcija ar sa
lidzfinanséjumu.

2) LU Fizikas nodala deleg€ projekta administratoru, kura piendkums ir arT nodrosinat oficialo
ar projekta konsorcija koordinatoru, Paula Sérera instititu (PSI), par projekta administra
jautdjumiem.

3) Projekta parraudzibu veic LU AD, kura tiek noziméta par projektu atbildiga persona.

4) ES7FP ESS sagatavo$anas aktivitates finans&jums tiek apsaimniekots LU graimatvediba.
dokumentacijas sagatavosanu un saskanoSanu ar PSI veic projekta administrators sadarbiba a
tos apstiprina LU AD atbildiga persona. Atkariba no ESTFP projekta finans€Sanas mehani
apmaksa LU FI projekta plana paredzéto uzdevumu veikSanu kopuma vai ar LU FI pétnieki uz
istenotanas laiku slédz uznémuma Iigumus ar LU. Projekta administratora darbs jaieklauj
projekta izmaksas.

5) No LU zinatniskas infrastruktiiras attistibas lidzekliem tiek piedkirts lidzfinans&jums ESS
sagatavosanai Ls 6000 apméra p&c ar PSI saskanota darba plana, pargja pieprasfjuma da
iesniegta pieprasTjuma tiek vertéta kopé&ja LU infrastruktiras projektu konkursa.

Ja ieinteresétas puses (3Ts v@stules adresati) piekrit iepriekSmin&tajiem nosacfjumiem, LU
parakstit atbalsta v&stuli un iesaistities ESS iesaistities sagatavo$anas aktivitates ka universitate

1. Muiznieks
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Viena no atskaldito neitronu avotu pamatipaSibam ir netipiski lielais neitronu plismas blivums,
lidz 10" neitroni/cm’sek. Salidzinajumam var min&t tradicionalo neitronus generacijas avotu-
kodolu dalisanas reaktoru- kur attieciga plisma péc kartas neparsniedz limeni 10 '*. Tiek
sagaidits, ka liela plismas intensitate un specifiskais energétiskais sadalfjums paveérs principiali
jaunas iespé&jas neitronikai ka pétniecibas lidzeklim dazadas zinatnes nozarés, fizika, biologija,
u.c. Seviski jaatzime iesp&ja atskaldito neitronu avotos parstradat atomelektrostaciju
“atkritumus”, parverst ilgi sabriikoSos izotopus atrak sabriikosos.

Neitronu atskaldiSanas procesa kada bliva materiala “meérki” tiek iestaroti protoni, paatrinati
lidz tik augstam energijam, ka viena sadursmes akta ar kodolu tiek “atskaldits” liels skaits (Iidz
divdesmit) neitronu. Bitiska dala §is energijas transforméjas siltuma, tadg] lielas jaudas mérkus
veido no Skidra metala (Hg vai PbBi), kas dod iespg&ju izdalito siltumu atvadit. LU Fizikas
institits, specializgjies dazadas Skidra metala tehnologijas, iesaistits praktiski visu Sobrid
eksistgjoso skidra metala protonu merku izveide. Ka piemérs zemak apskatits MEGAPIE (MW
Pilot Exp.) projekts Sveicg, Paula Serera Institita (PSI), kura ietvaros 2006.gada nogalé pirmo
reizi tika generéti neitroni ar prognoz&to augsto piismas blivumu. Institiita p&tijumu rezultata tika
izstradata protonu iestaroSanas “loga” dzes€Sanas metodika. Zim.1 ilustre atbilstoSo izmantoto
aparatiru. Tika izveidots un PSI uzstadits stends, lai pirmo reizi realu augstas energijas protonu
kali iestarotu siena, dzeseta ar PbBi. Beidzot, tika izstradats, izgatavots un MEGAPIE kompleksa
uzstadits saparots elektromagnétiskais siiknis, ar kuru veiksmigi tika realizeta Institiita ieteikta
divplismu shéma protonu mérka dzeséSanai (Z1m.2).
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Electromagnetic metamaterials and new aspects of electricity

Janis Valdmanis, Aleksandrs Cipijs
LINTRODUCTION

There are old and good theory of electromagnetic ( EM) field - classical
electrodynamics. It looks that all aspects of theory is realized. But recently the new
branch of electrodynamics have rapid growth — it is electrodynamics of materials with
negative index-of-refraction [1, 2]. Such materials are called Left-handed materials,
Metamaterials or Backwaid wave materials.

In general, materials have two EM parameters, permeability and permittivity, that are
positive. Left-handed material is a material whose permeability and permittivity are
both negative. Such materials are artificially created and their unique electromagnetic
properties were investigated. Because an index-of-refraction is negative light that
enters a left-handed material from a right-handed medium will undergo refraction, but
opposite to that usually observed. Another unique are that in left-handed medium light
propagates in opposite direction as energy flow and such materials have reversal
Doppler shift and Cherenkov radiation. Optic lens made from left-handed materials
that could be conversing if made from conventional material, will be diverging, and
vice-versa . There is also some situation than left-handed material attracts EM
radiation.

Historically first theoretical work were done by Victor Veselago (1967), then long
calm period and first experimental activities , that confirmed many theoretically
predicted interesting results ( see: The Research group of David Smith, Novel
Electromagnetic Materials, http://www.ee.duke.edu/~drsmith/smith_pubs.htm) in the
microwave region of EM field.

Really metamaterials have periodic composite material structure. Separate element of
such structure consist of part that resonate on electrical field and one that resonate on
magnetic field. One of the requirements is that EM wave lengths need to be much
larger than that characteristic dimension of structure elements. That is because in optic
region elements need to be in atomic or molecular dimension. That is one of the
problem the are not progress made metamaterials in optical region. Characteristic
element of metamaterials have small copper wire (electrical) and ring (magnetic)
resonator and have metamaterials properties in micro wave region.

From physical point of new it is interest to made metamaterials in MHz, kHz and
low frequency region including 50-60 Hz. There are some advantages and also
disadvantages. First, it is easy to fulfill requirement that wave length is much larger
then elements dimension.

Second we can investigate and optimize separate structure
element. Disadvantages are to maid line, plane and space structure in cases when
structure elements dimension is large.

In microwave region metamaterials element electrical and magnetic part are
separated. More compatible is element that resonates at EM field at the same time. It
is shown that in above-mentioned frequency region it is possible realize.

II. EXPERIMENTAL INVESTIGATIONS

Main characteristics of metamaterials are: periodic structure, separate elements that
responded to EM field, elements dimension and distance between them are smaller
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than EM wave length, there are essential dispersion effects. Last one is because EM
energy density needs to be positive

= @) 4o 0(ew) E?)0

’ (D
0w 0w
where p — permeability, € — permittivity, f = @/2x - frequency, H and E — magnetic
and electric intensity. (1) is positive if O(uw) and 8(550)>0
0w o

We instigated EM waves at range from 50 Hz to hundreds MHz where the waves
length are long enough to be larger than elements as well as distances between them.
Next step where unite element that response to E and H components. In microwave
region there are thin wire (E elements) and split ring resonator (H elements). On fig. 1
unite element that response to E and H field at 520 kHz are given. Such element
response is active with resonant character fig. 2. The voltage of generator was 2.2 volt
and maximal intensification ~70. Really there are also some higher modes but we
concentrated on the main one because intensification in that case is larger. For the
model fig.1 next mode is ~2.38 MHz with intensification ~ 3. Result fig. 2 was
received when generator is connected to element but the some results are if we excite

it electrically or by magnetic induction without straight contacting. Typical situation
2

is in plasma physics where & =¢g,(1— %), op - plasma (Longmuir) frequency.
10

2
In that cases ﬁ(ﬁ) =g,(1+ w—Lz))O
ow [0

Fig. 1. element , that resonates at 520 kHz
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Fig. 2. Voltage- frequency characteristic for element fig.1.
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Fig. 3. Two interacting elements at characteristic distance.

On fig. 3. two identical element are given at characteristic distance. In that cases we
have two resonance frequencies. One when both elements are in phase (
frequency 510 kHz ),  another when phase are opposite ( 472 kHz ). Generator is
connected to one element, no straight contact with other. The element can be excited
also without straight contact, it is by electric or magnetic induction. Due to interaction
the symmetrical mode resonances frequency is larger that asymmetric one. Compare
with one element cases ( fig. 1 ) the maximal intensification for symmetrical mode is
smaller but for asymmetrical mode due to apposite character give intensifications
increase. Physically situation is the same as in two interacting oscillators.

On fig. 4 results of interacting are shown when one element is excited by EM
impulse. At first one element is excited, than excitation go to second and vice versa.
Process repeat many times. The higher frequency on fig. 4 is 510 kHz, oscillation
between elements 90 kHz. If distances between elements increase the oscillation
period also increase ( fig. 5 ). It is necessary to emphasize the influence of measuring
process. There are used HAMEG type oscilloscope with resistance 10 MW and C=12
pF. Fig. 2 and fig. 4 - 5 results were received when oscilloscope contacted to
electrode. If measuring procedure is without contacting the resonate frequency is
larger. On fig. 6 are situation when impulse excitation are realized without
oscilloscope straight contact. Higher resonant frequency is 800 kHz , oscillation
between element 200 kHz. It is easy to realize situation discussed in [3 ]. Lets take
case when the resonance frequency of element excited by generator is smaller or
larger than that one of neighbour element. If excited frequency is near the
neighbours element resonance the voltage and excitation increase and the passive
element is pumped up. Light diode in generators element go out and in neighbour
(passive) catch fire [3]. On fig. 7 such situation are shown. In generator element we
have 2 volts but in neighbour 14 volts. There are also situation when passive
elements volts are 10 or more time larger.

Fig. 4. Two-element interaction process dynamic. Distance between elements 2 cm.
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Fig. 5. Distance between interactive elements 30 cm.

Fig. 6. Two elements interaction dynamics without oscilloscopes
Straight contacts.

For more elements we have many interacting oscillators problem. As mention in [4]
the situation is the same like in periodic crystals. In metamaterials cases instead of
atoms the crystal structure elements are man-made. In solid state physics dispersion
relations are characterized by energy-impulse dependence, in metamaterials it
frequency-wave length one.

Fig. 7. Passive element excitation. Frequency 512 kHz,
generators voltage 2V, passive element — 14 V.
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Fig. 8. Model , that resonate at 50 Hz.

On fig. 8. as example is given element for 50 Hz region . It looks like element that
have optimal parameters for 50 Hz need to be very large. It is shown experimentally
that the characteristic dimension could be approximately 20-30 cm. It really resonates
at magnetic and electrical components. If necessary dimension could be decreased.

III THEORETICAL ASPECTS

First question is why the simple coil element have resonant active response on E and
B field ? Really it is collective electrons oscillations that at definite frequency
resonate. One way is imagine oscillators as one dimensional Lengmuir type electron
oscillation along the coil wire that at the same time generate electrical current.
Because it is coil system current generate magnetic field. When at one end electric
charge increase and generate opposite electrical field, magnetic induction stimulate
electrical charge increases. Than process due too electrical fields force start in
opposite direction. At some frequency intensification process take place. It is like L-C
resonance but in those cases some effective L and C are distributed along the coil.
Another possibility is EM wave dispersion going from one coil end to another.
Because between separate winding is C that are charged. EM field velocity decreases.
It is like tsunami in shallow water. But in our cases due to vector character of field
process stopped and starts in opposite direction. Then at next end the same increasing
process are realized. One can use also interpretation using dynamic negative € and p.
In fig.3 case we have two interacting oscillators [5]. Using L, C or E, B bound it is
possible to detect resonant frequencies and dynamics of impulse excitations results
fig. 4, 5. Situation is like two pendulum that are bounded by spring oscillations.
Symmetrical case is when both pendulum move in the same directions. Asymmetrical
when moving direction is opposite.

If both oscillators fig. 3 have the same resonant frequency w, and interact with
effective L; and C; then solution of interacting oscillator equations gives for potential
at the elements end u; and u

@ =@,e" (u, cosw,t —iu, sinw,t) (2) where @, = \/LI_C , Li, G

1 1

effective interacting impedance and inductance. At times .t = (2n + 1)3 maximal

amplitude have second element, at times ®;# = (2n+1)z first one. That is the
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situation on fig. 4, 5. At t=0 u, oscillator is excited by impulse force. Due to
dissipation process oscillation amplitude decrease.

Experimentally results shown that w; increases when the distance between elements
decrease. Because effective C increase it means that there are essential decreases of
effective L. Using the interpretation about wave velocity decreases interaction
parameter w; can be taken as ve¢/l, where v¢s — mean velocity and 1 — distance between
elements. When there are sin type excitation the symmetric and asymmetric state are
observed. Asymmetric state frequency is lower because in that cases elements is
Ly,

Jc

On fig. 9 we have situation when there are two sin-type external sources. One
source has frequency f; and another f,,. The physics in this cases is little different but
visually the interaction process is the same. Compare with impulse excitation process
are without amplitude decreasing.

charged opposite and C between elements is larger ( f,, =

Fig. 9. Two elements excitation dynamics when there are two external sources.

For more elements, we need to solve many oscillatory interactive problem. Of course,
we can use all the solid state physics ideas and results because in the plane or volume
cases it is crystal type structure with man-mode elements instead of atoms. In atomic
physics, every atom has many discrete energy levels for electrons. Due to interaction
process, separate levels made energy band. There are closed bands as well as open
one. It is known as conductive band. In our cases, we considered only the main
resonant frequency level.

Returning to the situation fig. 3 where we have two resonant states, symmetric and
asymmetric. Results of resonance frequency splitting by interaction are 472 an 510
kHz. It is small compare with next mode 2.38 MHz. Specific case is 50 Hz range. To
have active element in 50 Hz range we need maximaly increase interaction between
element, it is increase C or L (or both) and as a result decrease resonance frequency.
That is realized in model fig. 8. In that cases difference between asymmetric (50 Hz)
and symmetric (~2 kHz) is essential.

If there are more elements the interacting process that is not very strong made some
resonant frequency band. Results of fig. 4, 5 shows that interaction process depends
of characteristic distance between elements. There exist optimal distance.

Really there are two resonant coil system investigated by Tesla [6]. When systems
are close one to other resonant frequency splitting is maximal. If distance increase the
resonant frequency for symmetrical and asymmetrical case is the same. It is analogy
of degeneration levels in atomic physics. If the system’s far away the question is
about interaction mechanism. In [3] it is claimed that there are longitudinal EM
wave’s interaction. When distance between element in small there are 3-dimensional
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EM field where both E mail H have all three components. When distance is large it is
something like entangled state in quantum field theory. Nobody exactly knows what
do’s it means entangled state.

Can we transfer energy using such entangled state? Results of Tesla investigations
show that it is possible. But in that case we need two strictly identical elements. As
we see fig. 4, 5 the energy transfers many time from one element to other when
distances between elements are small. The transfers frequencies decrease if distance
increase. Large distances need special investigations.

In the plane or volume cases, phases’ transition could be possible. In symmetrical
case, all oscillators give the same magnetic induction. It is not energy optimal case.
When the neighbouring elements are opposite, the magnetic energy is decreased. It is
analogy with phase transition in ferromagnetic where the domain structure appears.
This and many another questions is for future investigation .

CONCLUSIONS

There are no principal problems to realize metamaterials ideas in low frequencies
range.

Metamaterials element can be made in a way to have resonant response to E and H
field.

The important question is interaction effects between metamaterials elements.

At small distances between interacting elements pulse excitation of one element
transfers to other and vice versa.

For resonant interacting elements need to bee strictly identical.

Energy exchanges processes depend on distance between elements.

In resonance, interacting investigations there are necessary to take into account
influence of measuring procedure.

Resonant interacting elements made collective system that is like entangled state in
quantum field theory.

Active metamaterials element can be used as sensor in 50 — 60 Hz measuring
techniques.
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IT apakSvirziens
Magnetisko nanokoloidu fizika
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LU Fizikas instituta magnetisko Skidrumu pétijumu grupas rezultati
2008. gada Vaditajs E. Blums

LZP Sadarbibas projekts 05. 0026-14 ”’Difuziva un konvektiva nanodalinu
parnese neizotermiskos ferrokoloidos un kapilari-porainas vides”

1. Veikti eksperimentali pétijumi par magnétisko koloidu parneses paradibam
kapilari-poraina vide. Novérotas bitiskas osmotiska spiediena izmainas
steriski  stabiliz€tos  organosolos. Izdariti analitiski  p&tijumi  par
termoosmotisko procesu relaksaciju plana filtrgjosa slaniti. Atrastas
likumsakaribas, kas apraksta osmotiska spiediena liknu dinamiku. Salidzinot
§1s likumsakaribas ar eksperimentu rezultatiem, noskaidrots, ka domingjosas
parneses paradibas slanitt ir filtracija, termoosmoze un dal&ji reversa osmoze.
Prognozeta magnétiska lauka ietekmes anizotropija uz osmotiskam paradibam
atkariba no lauka orientacijas pret temperatiiras gradientu.

2. Veikti magnetizacijas un magnetiz&josa lauka energijas termiskas disipacijas
pétijumi nestacionara magnétiska lauka dazadu komplekso feritu nanodalinas
saturosos koloidos. Noskaidrots, ka kilohercu frekvencu diapazona noveérotais
termiskais efekts atkarigs no nanodalinu magnétiskas anizotropijas 1pasibam,
no argja lauka frekvences un intensitates, ka arT no nanodalinu izmé&riem un
koncentracijas, ka ar1 no koloida viskozitates.

Valsts programma Nr. 3 “Modernu funkcionalu materialu mikroelektronikai,
nanoelektronikai, fotonikai, biomedicinai un konstruktivo kompozitu, ka ari
atbilstoSo tehnologiju izstrade”, Projekts Nr.3. 5. "Nanodalinu, nanostrukturalu
materialu un plano kartinu tehnologiju izstrade funkcionalo materialu un
kompozitu izveidei'" .

1. Veikti p&tijumi par siltuma parnesi termomagnétiskas konvekcijas plusmas.
Noskaidrota magnéetiska lauka perturbaciju ietekme uz brivas konvekcijas
siltumapmainu starp cilindrisku sildoSo elementu un magnétisko Skidrumu.
Izdariti skaitliski pétijumi par termomagnétisko konvekciju divdimensionala
kanala ar reversu Skidruma pliismu zona bez magnétiska lauka. Noskaidrots,
ka transversalas siltuma parneses intensitate butiski pieaug, ja siltuma avots
tuvinats konvekciju ierosino$a magneta poliem.

2. Veikti pétijumi par salikto feritu nanodalinu saturoSu koloidu magnetizaciju
un tas atkaribu no temperatiiras rajona lidz 120 C. Formul&tas rekomendacijas,
lai raditu jaunus ferrokoloidus ar 1pasSibam, kas nepiecieSamas turpmakiem
specifiskiem fizikaliem un lietiSkiem pé&tjjumiem, tai skaita mediciniskas
hipertermijas tematika.

3. lIzstradata holografiska metode optiski ierosinatu nanodalinu struktiru
vizualizacijai un magnéetiskas mikrokonvekcijas pétijumiem. Izveidota
,wForced Rayleigh Scattering” mériekarta, izmantojot ka termisko un
termodifuzivo struktiiru ierosinataju nepartrauktas darbibas lazeri.

ERAF Iidzfinansetais projekts ”Feritu nanodalinas un koloidi termomagnetiskas
dzeséSanas sistemam un audu hipertermijai”, liguma Nr.
VPD/ERAF/CFLA/05/APK/2.5.1./000002/002

Nobeigti divu gadu p&tijumi un apkopoti to rezultati sekojosos jautajumos:
1. Izmantojot fundamentalo pé€tijumu rezultatus, uz salikto feritu bazes radita
virkne jaunu ferroSkidumu ar piesatindjuma magnetizaciju Iidz 16 kA/m un
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piromagnétisko koeficientu lidz 0.0025 K™, kd arf ar dazadam nanodalinu
magnétiskas  anizotropijas Tpasibam, lai nodroSinatu  paaugstinatu
augstfrekvences lauka energijas disipaciju koloida.

2. lIzveidots termomagnétiska sifona eksperimentals modelis. Izmantojot
specigus pastavigus magné&tus un izveidojot konvekcijas kanalu ar magnétiska
Skidruma reversas pliismas zonam ar nulles magné&tisko lauku, panakta jitama
translacijas siltumpliismas intensifikacija mangana ferita bazes koloida.

3. Balstoties uz fundamentalo pétijumu rezultatiem, noskaidrotas iespgjas
izmantot magnétiskas nanodalinas magnétiskas hipertermijas vajadzibam.
Feritu nanodalinas ar paaugstinatam magnétiskas anizotropijas TpaSibam
(kobalta feriti) pie relativi zemam nestacionara magnétiska lauka frekvenceém
(22- 44 kHz) panakta energijas disipacija virs 1 W/g , kas pietickama, lai
realiz€tu magnétisko hipertermiju biologiskos audos.

4. Bitiski atjaunota laboratorijas telpu infrastruktira (ERAF infrastruktiiras
projekts) un modernizéta ecksperimentalas baze. Aprikota speciala telpa
optiskiem un holografiskiem pe@tjjumiem, papildinats aprikojums
termomagnétiskas konvekcijas un filtracijas eksperimentiem.

Nestacionara magnetiska lauka energijas disipacija ferrokoloidos:
jaunas iespejas biologisko audu hipertermijai

Paraugs D-80: kobalta ferita nanodalinas (“hidrodinamiskais diametrs” 43 nm)
organiska neseja, surfaktants - oleinskabe

P, Wiy DF-80

& 44 kHz
04 022 kHz
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Koloida sakotnejas magnetiskas uznemibas spektrs Parauga DF-80 karsesanas intensitate
pie dazadam nesejvides viskozitatem: 1,2,3-reala magnetiskaja lauka ar amplitudu
k 4 k (Hanp=6.5 kA/m).

Solenoida magnetiska lauka ietekme uz magnetokonvektivo
siltumparnesi vertikala cilindriskas formas termosifona

Temperaturas lauks kolona, sildot no apaksas 10
Ra=10*

L 5

-

DOBED ZCOVOTSCT OO
zozoro—

o
=

001

Ar magnetisko lauku RmRa
Rm=2.5Ra Siltumparneses intensitates izmainas
magnetiska lauka

LU FI Siltuma un masas parneses laboratorija, E. Blums D. Zablockis
Projekts ERAF/CFLA/05/APK/2.5.1/000002/002
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Daliba 2 starptautisku zinatnisko konferenc¢u organizacijas komitejas:

1. 7™ th PAMIR International Conference on Fundamental and Applied MHD,

September 2008,Grenoble-Presquile de Giens, Francija (E. Blums),

2. 12th International Magnetic Fluid Conference, Sendai, Japan, 2010 (E.

Blums).

12 referati starptautiskas zinatniskas konferences:

1.

2.
3.

7th International PAMIR Conference on Fundamental and Applied MHD,
France, (E. Blums, G. Kronkalns, A. Mezulis, D. Zablockis),

8th International Meeting on Thermodiffusion, Bonn, Germany (E. Blums),
International Baltic Sea Region conference “Functional materials and
nanotechnologies”, Riga (A. Mezulis, M. Majorovs, G. Kronkalns, L. Tiluga).

Pakalpijumi ASV firmai “Ferotec-USA” uz LZA un Ferofluidics sadarbibas liguma

pamata: veikti aptuveni 40 firmas ferokoloidu magnetizacijas m&rijjumi un
izdarita to magnetogranulometriska analize (M. Majorovs)

Publikacijas
Vilnis Frishfelds, Elmars Blums, Drift of nonuniform ferrocolloid through
cylindrical grid by magnetic force, Journal of Physics: Condensed Mater, 20
(2008) 204130 (5pp)

D.Zablotsky, V. Frishfelds, E. Blums. Numerical investigation of
thermomagnetic convection in heated cylinder under the magnetic field of a
solenoid. Journal of Physics: Condensed Mater, 20 (2008) 204134 (5pp).

E. Blums, A. Mezulis, G. Kronkalns. Magnetoconvective heat transfer from a
cylinder under the effect of a non-uniform magnetic field. Journal of Physics:
Condensed Mater 20 (2008) 204128 (5pp)

G. Kronkalns, A. Dreimane, M.M. Maiorov. The effect of thermal treatment
on the magnetic properties of spinel ferrite nanoparticles in magnetic fluids,
Magnetohydrodynamics, 44 (2008), No. 1, pp. 3—10

Segal 1., Zablotskaya A., Lukevics E., Maiorov M., Zablotsky D., Blums E.,
Shestakova, I. Domracheva I. Synthesis, physico-chemical and biological
study of trialkylsiloxyalkyl amine coated iron oxide/oleic acid magnetic
nanoparticles for treatment of cancer. Appl. Organomet. Chem., 2008, 22, 82-
88.

Segal 1., Zablotskaya A., Lukevics E., Maiorov M., Zablotsky D., Blums E.,
Mishnev A., Shestakova 1., Gulbe A. Iron oxide based magnetic nanoparticles
bearing cytotoxic silylated alkanolamines. Proceedings of the 7th PAMIR Int.
Conference on Fundamental and Applied MHD, Giens - France, September 8-
12,2008, p.697-701.

E. Blums, G. Kronkalns, M. Maiorov. Thermoosmosis in Magnetic Fluids in
ihe Presence of a Magnetic Field, In: Proceedings of the 7th PAMIR Int.
Conference on Fundamental and Applied MHD, Giens - France, September 8-
12,2008, p. 667 -671.

M. M. Maiorov, G. Kronkalns, E. Blums. Complex Magnetic Susceptibility of
Cobalt Ferrite Ferrofluid: Influence of Carrier Viscosity and Particle
Concentration, In: Proceedings of the 7th International PAMIR Conference on
Fundamental and Applied MHD, September 8-12, 2008, Giens, France,
pp.725-729 , p. 725-729
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9. E. Blums, A. Mezulis, G. Kronkalns. Magnetoconvective Intensification of
Heat Transfer Based on Permanent Magnets, In: Proceedings of the 7th
International PAMIR Conference on Fundamental and Applied MHD,
September 8-12, 2008, Giens, France, 803-807.

10. D. Zablockis, V. Frishfelds, E. Blums. Investigation of Heat Transfer
Efficiency of Thermomagnetic Convection in Ferrofluids, In: Proceedings of
the 7th International PAMIR Conference on Fundamental and Applied MHD,
September 8-12, 2008, Giens, France, p. 715-720.

11.E. Blums, G. Kronkalns, M. Maiorov. Thermoosmotic Transfer of
Ferrocolloids through a Capillary Porous Layer in the Presence of Transversal
Magnetic Field, In:, Thermal Nonequilibrium, 8th International Meeting on
Thermodiffusion, Lecture notes, Eds. S. Wiegand, W. Kohler, J.K.G. Dhont,
Forschungcentrum Julich GmbH, 2008, p. 169 - 174,

12. E. Blums, G. Kronkalns, M. Maiorov. Thermoosmotic transfer of ferrocolloids
through a capillary porous layer in the presence of transversal magnetic field.
Abstracts, 8th International Meeting on Thermodiffusion, Bonn, June 2008, p.
56 —57.

13. Mezulis, A., L. Tiluga. Visualization of Optically Induced Gratings of
Magnetic Nanoparticles, Abstracts, International Baltic Sea Region conference
“Functional materials and nanotechnologies”, Institute of Solid State Physics,
April 1 -3, 2008, Riga.

14. D. Zablockis, V. Frishfelds, E. Blums. Numerical Investigation of Heat
Transfer in Magnetic Nanocolloids under Inhomogeneous Magnetic Field,
Abstracts, International Baltic Sea Region conference “Functional materials
and nanotechnologies”, Institute of Solid State Physics, April 1 — 3, 2008,
Riga.

15. M. Maiorov, G. Kronkalns, E. Blums. The Magnetic Susceptibility Spectrum
of Cobalt Ferrite Ferrofluid, Abstracts, International Baltic Sea Region
conference “Functional materials and nanotechnologies”, Institute of Solid
State Physics, April 1 — 3, 2008, Riga.

16. Zablotskaya A., Segal 1., Lukevics E., Zablotsky D., Maiorov M., Shestakova
I. Mixed coated iron oxide magnetic nanoparticles containing organosilicon
alkanolamine cover. The 15th International Symposium on Organosilicon
Chemistry, June 1-6, 2008, Jeju, Korea, 2008, p.133.

17.Segal 1., Zablotskaya A., Lukevics E., Maiorov M., Mishnev A., Shestakova I.,
Domracheva 1. Sterically stabilized colloidal systems of magnetic
nanoparticles for biomedical application. The International Baltic Sea Region
conference ‘Functional materials and nanotechnologies 2008°, April 1-4, 2008,
Institute of Solid State Physics University of Latvia, Riga, Latvia, 2008, p.115.

Studentu diplomdarbi:

1. Dmitrijs Zablockis. Termomagné&tiskas konvekcijas siltumparneses
efektivitates pétijums magnétiskaja Skidruma, Magistra darbs, LU Fizikas un
matematikas fakultate, Fizikas nodala, Riga, 2008.

2. Liga Tiluga, Termala un koncentracijas mikrorezga inducéSana magnétiskaja
koloida, un ta optiska p&tisSana, Bakalaura darbs, LU, 2008.g. jlinijs.
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3. Aija Dreimane, Dazadas raudzes sudraba virsmas inhib&Sana, Bakalaura darbs,
RTU, 2008. g . junijs, 63 lpp.
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III apakSvirziens
DegSanas procesu dinamikas izpéte.
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Dr.Phys. Maija Zakes grupas darbs:

Laika posma no 01.08 lidz 12.08. ir pabeigti eksperimentalie petijjumi un sagatavotas
atskaites diviem projektiem, kuru vaditajs ir LU Fizikas institiita vad. p&tn. Maija
Zake. Pirmais projekts ,,VPD1/ERAF/CFLA/05/APK/2.5.1./000001/001” , Koksnes
biomasas vietgjo resursu racionala izmantosana siltuma razosanai kombiné&ta koksnes
un gazveida kurinama degSanas procesa”, ir lietiSko p&tijumu projekts, kura mérkis
bija veikt kombin&ta degSanas procesa ecksperimentalos pétijumus, vienlaicigi
sadedzinot atjaunojamo kurinamo un gazveida fosilo kurinamo, lai nodro§inatu stabilu
un ckologiski tiru degSanas procesu,
sadedzinot dazada mitruma un strukttiras
koksni  (Skeldas,  malku,  granulas).
Izmantojot eksperimentalo petijumu
rezultatus ir izveidots un aprob&ts mazas
jaudas (lidz 50 kW) vietgjas apkures katls,
siltuma razoSanai izmantojot kombiné&to
fosila gazveida kurinama (propans, dabas
gaze) un atjaunojama kurinama (dazadu
struktiru ~ koksnes biomasa) degsanas
procesu. Ir sagatavots un iesniegts patenta
pieteikums katla konstrukcijai, ka art ir
sanemts  pazinojums par  pieteikuma
atbilstibu Patentu likuma 34.panta 1.dalai.
Pieteikuma publicéSsana notiks 20.08.2009.
Petjumu rezultati ir aprob&ti vairakas
starptautiskas konferenc€s, ka arT publicéti
dazados zinatniskos izdevumos (sk. lit.
sarakstu). Darbs pie projekta tika pabeigts
07.08., sagatavojot tehnisko un finansialo
atskaiti par projekta izpildi.

Vienlaikus ar pétfjumiem, kas ir saistiti ar
ERAF projekta izpildi, parskata perioda tika
veikti arT petijumi saistiba ar ZP projekta
Nr.05.1384 ,Siltuma un masas pameses pétijumi kombingta gazveida un cieta
kurinama degSanas procesa ar€jo speku lauka” (vispargjais projekts ar jauno
zinatnieku un doktorantu piedaliSanos) izpildi. Dotais projekts apvieno fundamentalos
degSanas procesa dinamikas petijumus dazada tipa liesmu virpulplismas, izmantojot
So plusmu kontrolei ar&jo lauku (elektriska, magnétiska) un liesmas mijiedarbibas
efektus, ka arT lietiSkos petijumus, kas saistiti ar nepiecieSamibu ierobezot siltumnicas
efektu un skabo lietu izraisoSo degsanas produktu (CO,, NOy) veidoSanos degSanas
procesa, izmantojot Sim noliikam gazveida fosila un cietd atjaunojama kurinama
kombinéto degSanas procesu. Parskata perioda pamata tika veikti p&tijumi, kas ir
saistiti ar argjo lauku (elektriska, magnétiska) un liesmas mijiedarbibu, veicot
detalizeétus degSanas procesa dinamikas, ka arT ar dinamikas izmainam saistitos
siltuma un masas parneses procesu pétijumus un to izmainas argjo speku lauka.
Petijumu rezultati ir aprobéti vairakas starptautiskas konferences (sk. Lit. pielikumu).
Darbs pie dota projekta ir pabeigts 12.08., sagatavojot atskaiti par darba izpildi.

1. zim. Vietgjas apkures katls siltuma razoSanai kombin&ta degsSanas procesa.
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WOOD BIOMASS CO-FIRING FOR THE CLEAN HEAT ENERGY PRODUCTION

1. Barmina, M. Zake
Institute of Physics, University of Latvia
Miera Street 32, Salaspils-1, LV-2169, Phone: +371 7945838, Fax. +371 7901214, e-mail: mzfi@sal.lv

ABSTRACT: The main objective of recent study is to provide a clean and effective burnout of a renewable fuel (wood
pellets) by co-firing the wood fuel with a fossil fuel-propane. The effect of propane co-fire on the wet wood fuel burnout
and composition of pollutant emissions is studied and analyzed at the different rates of propane co-fire and different
duration time of additional heat input from propane flame flow. The results of experimental investigations have shown
that co-firing of the wood biomass with propane flame flow results in a more effective and cleaner burnout of the wood
fuel with reduced mass fraction of polluting (CO, NO) emissions in the products and dominant release of carbon —neutral

CO, emissions.

Keywords: co-combustion, greenhouse gases, CO, emisson reduction, emissions reduction

1 INTRODUCTION

By utilizing modern and efficient technologies of the
heat energy production, biomass offers a source of
sustainable energy that can gradually replace coal or
other fossil fuels (natural gas, fuel oil, etc.). Biomass is
considered as the renewable energy source with the
highest potential to contribute to the energy needs of
modern society world-wide [1, 2]. The biomass residues
from agricultural or forestry-based activities are abundant
and are possible supply up to three quarters of world
energy demand. Globally, about 50% of the potentially
available residues for the heat energy production are
associated with forestry and wood-processing industries,
about 40% are agricultural residues (mainly straw, rice
husks, and sugarcane and cotton residues), while 10% are
associated with animal manure [1]. The wood biomass as
a fuel for heat production is a promising heat energy
source for the private country houses, replacing fossil
fuel use and mitigating global warming, because wood-
fuel heating systems can achieve significant reductions in
total emissions of greenhouse gases. Compared to the
coal, biomass reduces SO,, NOx, CO,, and other air
emissions. In the same time, the renewable wood fuels
indicate a wide variation in their heat energy content,
combustion and emission characteristics because of the
differences in their structure, moisture content and bulk
density, causing necessity for stabilization of the heat
energy production during the burnout of the wood fuel.
Traditionally co-firing is used at power plants where
some biomass may be mixed with coal. It is estimated
that typical coal-fired power plants can co-fire in excess
of 10% biomass by weight, reducing SO,, NOx, CO,
emissions during the heat energy production. In other
words, if biomass fuel provides 10% of the heat input to a
boiler, then 10% of the total heat energy produced can be
designated as renewable or green. Co-firing greater
proportions between the wood biomass and coal would
require greater capital investment for modification and,
therefore, is not preferable. The promising technique for
stabilization of the heat energy production and improving
combustion characteristics during the burnout of wood
fuels is co-firing of the renewable wood fuel with a small
amount of fossil gaseous fuel (natural gas, propane) [3-
5]. There is experience for natural gas to be fired with a
small amount (10%) of biomass, when practically
applicable is separate wet biomass gasification and co-
firing of the gas-phase products [3]. When used as a
reburn fuel in power plants, firing coal or biomass with
5% - 25% of natural gas can be used to reduce NO,
emissions up to 50-70% [6]. Similar proportions between

the wood biomass and fossil fuel by weight and total
amount of heat release during the burnout of these fuels
can be used, when the additional heat input by fossil fuel
is used as a heat energy source for the wet wood fuel
gasification and stabilization of the rate of heat energy
production. Practically, for such conditions of wood
biomass co-fire, when the heat input by fossil fuel into
the wood biomass is limited to 20-30%, produced flow of
CO, emissions mostly (up to 80%) refers to carbon-
neutral emissions that are released during the burnout of
the wood fuel. It should be noticed that the resulting
effect of fossil fuel co-fire on the combustion and
emission characteristics is influenced by altogether
factors, such as structure and heating value of wet wood
fuel, as well the rate, mode and duration of fossil fuel co-
fire. To optimize the process of propane co-fire with
application to the small-scale domestic boiler systems,
the presented study was aimed to appreciate the main
factors, affecting the resulting effect of fossil fuel co-fire
on combustion and emission characteristics to provide the
cleaner and more effective heat production.

2 EXPERIMENTAL

The experimental investigations of co-firing the
renewable with fossil fuel were managed using a small-
scale pilot device (6), designed for co-firing discrete
portions of different types of the wet wood biomass
pellets (Fig. 1) with propane flame flow. The pilot device
is composed of such main components: (1)- the wood
biomass gasificator (2)- swirling propane/air burner, (3),
(4)- inlet ports of the primary and secondary swirling air
supply, (5) -water cooled sections of the combustor, (6)-
diagnostic sections with peepholes for the local injection
of the diagnostic tools (thermocouples and gas sampling
probes) into the flame reaction zone. (7, 8)- inlet and
outlet ports of the cooling water flow. The total volume
of the gasificator can be varied by varying number of the
sections and, hence, can be charged by different total
mass of the wet wood pellets (180g or 500g), providing
the variation of the moisture content in the pellets from
7% up to 30%. The primary and secondary swirling
airflows were used to initiate the process of wood
biomass gasification and provide complete burnout of the
volatiles. The total rate of the air supply into the
combustor could be varied in a range from 80 up to 160
I/min. The tangential air nozzle provides the strongly
swirled secondary airflow formation above the layer of
the wood biomass (S=20,6-3,5), providing the formation of
the inner and outer recirculation zones with an intensive



mixing of the flame compounds above the wood layer.
The rate of propane supply into the swirl burner can be
varied in a range from 0,5 I/min to 0,8 1/min, determining
the variation of additional heat supply rate into the
system from 770 J/s up to 1100 J/s. For such conditions
the total additional heat supply that is released during the
propane combustion in these experiments is limited by
25-30% of the total heat value produced by co-firing the
wood pellets with propane flame flow.

Figure 1: The pilot device for the experimental study of
co-firing the wood biomass with propane flame flow.

The experimental investigations of co-firing the wood
co-fire with propane flame flow involve a test and
optimization of combustion characteristics and
composition of polluting emissions with respect of a rate,
mode and duration of propane co-fire for the clean heat
energy production. The investigations of combustion and
emission characteristics were conducted providing
simultaneous on-line measurements of the flame
characteristics with data registration using a plate PC-20
and software. The data registration was carried out with
time interval of lsec. The time-dependent measurements
of the flame characteristics were carried out at different
stages of the wet wood fuel gasification, ignition and
burnout of the volatiles and different rates of propane co-
fire, providing statistical analyzis of repeated
experimental measurements. The average values of the
flame temperature, heat production rate and emission
characteristics at different stages of the wood fuel
burnout and different rates of propane co-fire were
estimated from the 500 up 800 measurements, dislaying
on a chart a mathematical approximation of the relation
between the average values of the flame characteristics
and the rate of propane co-fire. The flame temperature
was measured using the Pt/Pt-Rh thermocouples and
providing the local injection of the thermocouples in the
different parts of the flame reaction zone, while the heat

production rate was estimated from the calorimetric
measurements of the cooling water flow for all sections
of combustor. The measurements of the time-dependent
variations of emission characteristics at different stages
of wood fuel burnout were carried out providing
continuous on-line monitoring of the products
composition (O,, CO, CO,, NO, NO, and NO,) using the
gas analyzer Testo 350XL.

3 THE EXPERIMENTAL RESULTS AND
DISCUSSION

The modeling parametric study of the wet wood
biomass (at moisture content up to 30%) co-firing with
the propane flame flow for the given system
configuration (Fig. 1) is carried out with the aim to
estimate the main factors, determining efficiency of the
wet wood fuel burnout. Among them, the experimental
research estimates the effects of the heat input rate during

the propane co-fire( Qco,ﬁ,,e_) and duration time of

additional heat input (f.,.4.), as well equivalence ratio
the propane flame flow (a,.,,) on the combustion and
emission characteristics and the rate of heat production
during the burnout of the wet wood fuel.

3.1 The effect of propane co-fire on combustion
characteristics of the wet wood fuel

By co-firing the wet wood pellets with propane flame
flow the wood biomass undergo fast thermal
decomposition with an intensive release of the volatiles —
CO, H,0, CO,, N, and hydrocarbon fragments (CcHy).
For the wet wood fuel moisture content (MC,,) is the
most critical factor determining the total amount of heat
value that can be produced during the burnout of the wet
wood fuel. For completely dry and ash free wood
biomass, the higher heating value (HHV) is in the order
of 20 MJ/kg (£15%). The higher the moisture content, the
lower the energy content of the wet wood fuel and less
amount of the heat can be produced during the burnout of
the wood fuel. The relation between the heating value of
the wet wood fuel and the moisture content and can be
expressed as follows [7, 8]:

GHV = HHV (I - MC,/100). (1)

Thus GHV represents the available potential heat at
given moisture content and is equal to HHV only
if the wood is dry. Generally, wood and bark fuels can
contain considerable moisture content with direct
influence on the rate of heat release, ignition time of the
volatiles and total amount of heat produced during the
wet wood fuel burnout. The time-dependent
measurements of the rate of heat production

(Qwood.sum) during the stages of thermal

decomposition of the wet wood pellets and burnout of the
volatiles confirm that increasing of moisture content in
the wet wood fuel results in a decrease of the rate of heat
production with pronounced ignition delay (Fig. 2). The
measurements of the average rate of heat production

during the burnout of the wet wood pellets (Q

wood .av. )
by varying the moisture content in the wood pellets (Fig.
3) and approximate estimation of the effect of moisture
content on the average rate of heat production confirm
that the average rate of heat production decreases by



increasing the moisture content in the wet wood fuel and
can be expressed as a power function of the moisture
content in the wet wood fuel:

O,ot.. = 350(MC, /100) 2

Heat production rate, J/s

‘ " time,s '
0 1000 2000 3000

o moist.15% A moist-21%

Figure 2: The effect of moisture content in the wet wood
fuel on the time-dependent variations of the heat
production rate.
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Figure 3: The effect of moisture content in the wet wood
fuel on the average rate of heat production during the
burnout of the wet wood fuel.

With the aim to obtain an increased rate of the heat
production during the burnout of the wet wood fuel, the
effect of propane co-fire on combustion and emission
characteristics of the wet wood fuel was studied and
analyzed. To appreciate the effect of propane co-fire on
the rate of heat release during the wet wood fuel burnout,
the time-dependent measurements of the flame
temperature and heat production rates were carried out at
different rates of the stoichiometric propane/air (0q,=1)
supply, different moisture contents in the wet wood
pellets and lasting propane co-fire up to the complete
burnout of the wet wood fuel (..4.=3000s). The results
show that the effect of a rate of propane co-fire on
combustion characteristics of the wet wood fuel is quite
different at different stages of propane co-fire. The local
measurements of the time-dependent variations of the
flame temperature and heat production rate at different

stages of propane co-fire indicate that the most
pronounced effect of propane co-fire is detected during
the primary stage of the thermal decomposition of the wet
wood pellets (t<1000s), when increasing of the rate of
propane co-fire initiates faster and more intensive wood
fuel drying, gasification and ignition of the volatiles with
rapid increase of the flame temperature and heat
production rate up to the peak values ( Fig. 4-a,b).
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Figure 4: The effect of propane co-fire on the time-
dependent variations of the flame temperature (a) and
heat production rates (b) during the burnout of the wet
wood fuel (moisture 21%)

The measurements of peak rate of heat production at
different rates of propane co-fire have shown that the
mathematical approximation of the relation between the
peak heat production rate during the propane co-fire

( qum'max ) of the wet wood pellets, rate of propane co-

fire (Qcof ﬁre) and peak rate of heat production during

the burnout of the wet wood fuel pellets (Qwaad.max)

can be expressed as:

qum. max (1 - MCw / 1 OO)Qco—fil'e + Qwood, max. 3)

Moreover, the local mesurements of the flame
characteristics confirm that increasing the rate of propane



co-fire promotes a faster transition to the stage of self-
sustaining wood biomass burnout. During this stage of
propane co-fire the wood layer gradually slows down
below the inlet port of propane flame flow and propane
co-fire mostly is used to complete the burnout of the
volatiles. At this stage of the wood fuel burnout the effect
of propane co-fire on the rate of heat production is less
pronounced (Fig. 5) and can be estimated using the
mathematical approximation of the relation between the
average rate of heat production during the propane co-fire

(qum' av. )» Tate of propane co-fire (Qw— fire ) and the
average rate of heat production during the burnout of wet

wood pellets (O ) that can be expressed as:

wood .av.

qumav‘ = 077(1 - MCw /IOO)Q.ca—ﬁre + . wood.av. 4)
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Figure 5: The effect of propane co-fire on the peak and
average rates of heat production by co-firing the wet
wood pellets.

3.2 The effect of duration time of additional heat input on
combustion characteristics

As shown above, the dominant and more pronounced
effect of propane co-fire is observed at the initial stage of
the wood fuel gasification and ignition of the volatiles,
when the propane flame flow helps as ignition source by
enhancing the wood fuel gasification and ignition of the
volatiles. In accordance with (3) and (4) the effect of
propane co-fire on the rate of heat production
significantly reduces during the next stage of the self-
sustaining wood fuel burnout, when the propane co-fire is
used to complete the burnout of the volatiles. Therefore,
with the aim to improve combustion and emission
characteristics of the wet wood fuel, there is essential so
to consider usefulness of lasting propane co-fire over the
all stages of the wood fuel burnout (fcopr.) up to
complete burnout of the wet wood fuel. The effect of
duration of propane co-fire on the time-dependent
variations of the flame temperature and heat production
rate at different stages of the wood fuel co-fire is
illustrated in Figure 6-a,b.

Figure 6 shows the variations of an ignition time of
volatiles at constant rate of propane co-fire, resulting in a
rapid increase of the flame temperature and heat
production rate. As one can see, decreasing duration of

propane co-fire at constant rate of co-fire results in
pronounced ignition delay with an intensive heat
consumption from the propane flame flow and correlating
decrease of the flame temperature during the primary
stage of the thermal decomposition of the wet wood fuel.
Hence, the time-dependent variations of the flame
temperature and rate of the heat production have shown
that, not only enough heat production rate during the
propane co-fire, but also enough duration of propane co-
fire must be provided to prevent an ignition delay. As a
consequence of resulting effect of these two main factors
on the rate of wood fuel gasification and ignition of the
volatiles, an ignition time of the volatiles can be
decreased by increasing duration of propane co-fire, as
well increasing the rate of propane co-fire and can be
approximately expressed as a power function of the total
additional heat input produced during the time of propane

co-fire ( qum.prop. = Qco—ﬁre 'tco—ﬁre ) (Fig. 7) :
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Figure 6: The effect of duration of propane co-fire on the
time-dependent variations of the flame temperature (a)
and the heat production rate (b) at constant rate of
propane co-fire (QL =1,1kl/s).
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Moreover, it should be noticed that by limiting
duration of propane co-fire and switching out the propane
co-fire during the stage of the self-sustaining wet wood
fuel burnout promotes the formation of combustion
instability, resulting in the formation of the intensive
pulsations of the flame temperature, rate of the heat
production and rate of the formation of main product -
CO, (Fig. 8). The amplitude of temperature pulsations
with no propane co-fire increases up to +300K, the
amplitude of heat production rate increases up to +300J/s,
while pulsations of the volume fraction of CO, in the
products increases up to +3,5% (Fig. 6-a,b and Fig. 8).

240

Ignition time,s

120

0 T T T 1
0 0,1 0,2 0,3 0,4
Total additional heat supply, MJ

Figure 7: The effect of additional heat input by the
propane flame flow into the wood biomass on the ignition
time of the volatiles.
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Figure 8: The effect of duration of propane co-fire at
constant rate of propane co-fire (1,1 kJ/s) on the time-
dependent variations of the formation of the main product
-CO,

Substantial stabilization of combustion and emission
characteristics can be achieved for the conditions, if the
propane co-fire is lasting yet over the stage of the self-
sustaining burnout up to complete burnout of wood fuel,
resulting in correlating increase of the total amount of
produced heat during the wood fuel burnout (Fig. 9).
Consequently, the propane co-fire of the wet wood fuel is
quite desirable not only as a tool to provide the enhanced
wood fuel gasification and faster ignition of the volatiles
at the initial stage of the wood fuel co-fire, but so as a
tool to provide stabilization of combustion characteristics

and to complete burnout of the volatiles during the stage
of the self-sustaining wood fuel burnout. In general,
increasing duration of propane co-fire and the total heat
amount (me_,,m,,) injected into the system during the
propane co-fire promotes an increase of the average
volume fraction of carbon neutral CO, in the products
from 5-6% with no propane co-fire up to 9-10% that is
fixed at the rate of propane co-fire 1-1,2 kJ/s (Fig. 10).
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Figure 9: The effect of additional heat input by the
propane flame on the total amount of produced heat
during the stage self-sustaining burnout of the wood fuel

As follows from Figure 10, increasing duration of
propane co-fire and the total additional heat input during
the stage of the self-sustaining wood fuel burnout results
in an increase of the average CO, volume fraction in the
products with correlating decrease of the average mass
fraction of the flammable volatiles (CO, H,) below
100ppm (Fig. 11-a), so decreasing the volume fraction of
free oxygen and air excess in the products (Fig. 11-b).
Hence, the results of experimental study confirm that the
additional lasting heat input during the propane co-fire
improves combustion characteristics of the wet wood fuel
and composition of polluting emissions.
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Figure 10: The effect of propane co-fire of the wood fuel
on the average volume fraction of CO; in the products

Finally, it should be noticed that the very important
problem of wood biomass co-firing for the stoichiometric
combustion conditions of the propane flame flow (a=1) is
an increased rate of thermal NO production with relative



high mass fraction of NO, emissions in the products— by
increasing the total heat input into by the propane flame
into the system, the average mass fraction of NO,
emissions in the products increases from 60-70ppm with
no propane co-fire up to 90-100ppm at 30% of propane
co-fire (Fig. 12).
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Figure 11: The effect of propane co-fire of the wood
biomass on the average volume fraction of CO, H, and
the air excess in the products
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Figure 12: The effect of fuel-rich (a<1) propane co-fire
on the average temperature of emissions.

Hence, as a consequence of the effect of propane co-
fire on the enhanced formation of NO,, the additional
measures must be used to restrict the thermal NO,
formation and reduce the levels of NO, in the products.
In this account the investigations of NO, formation are
carried out by varying the equivalence ratio of
propane/air supply (oiyp) and providing the propane co-
fire at the fuel-rich conditions of the propane flame flow.
In accordance with [6] propane supply into the flame
reaction zone can be used as reburn fuel to reduce NO,
emissions. The measurements of the composition of
products confirm that a slight increase of propane excess
(Otprop=0,8) during the propane co-fire allows provide the
enhanced wood fuel gasification and burnout of the
volatiles with an increased rate of heat release, the rate of
CO, formation and the average temperature of the
products (Fig. 12), while rapidly decreases the air excess
and the average mass fraction of NO, (Fig. 13) in the
products.
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Figure 13. The effect of total additional heat supply and
equivalence ratio of propane/air supply on the variations
of NO, mass fraction in the products

The observed variations of the products
composition and temperature allows suggest that co-
firing of the wood pellets with propane flame flow at the
fuel rich conditions (a<1) can promote destruction of NO
by enhancing the reburn reactions between unburned
hydrocarbons  (CyH,) and NO. The detailed
experimental study of NO destruction in slightly
rich premixed methane/air flame have shown [9]
that the more significant changes of NO
concentration occur in the flame front due to the
reburning phenomenon with the rapid reaction
between CH and NO:

CH+NO—HCN+O (©6)

The intensive CH band radiation of premixed
propane flame flow at 431.25nm close to the swirl burner
outlet confirms [10] that the propane flame contains the
free CH radicals that can promote the reburn reactions
between CH and NO with resulting reburn of NO, so
decreasing the mass fraction of NOy in the products (Fig.
13) and providing cleaner and more effective wood fuel
burnout with reduced levels of NOy in the products.



4 SUMMARY

In summary, the results of experimental study of the
effect of propane co-fire on combustion and emission
characteristics clearly show that:

Co-firing of renewable with fossil fuel improves the
wood fuel drying, gasification and ignition of the
volatiles at the initial stage of the additional heat
input into the wood biomass, so improving the
combustion and emission characteristics during the
stage of the self-sustaining wood fuel burnout.
Moreover, the propane co-fire of the wet wood fuel
provides stabilization of combustion characteristics,
completing the burnout of volatiles during the stage
of the self-sustaining wood fuel burnout.

Therefore, the results of experimental study confirm
that co-firing of wood biomass with propane is both
feasible and practical for cleaner, more stable and
effective heat energy production with reduced
mass fraction of polluting (CO, NO) emissions
in the products with dominant release (up to
80%)of carbon —neutral CO, emissions.
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COMBUSTION AND EMISSION CHARACTERISTICS OF GRANULATED NON-HYDROLIZED RESIDUES
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ABSTRACT: The paper presents results of the experimental study of composition, heating values and combustion
characteristics of rich in lignin-hydrolyzed residues (LHRs) of different configuration of spruce wood bioethanol
processing. Combustion and emission characteristic of LHRs granules were tested using small pilot-scale combustion
system, composed of the plant biofuel gasifier and water-cooled combustor and results compared with those parameters
for commercial softwood granules. In comparison with softwood granules LHRs granules differ by higher heating value,
faster gasification and faster burning out, determining an increase of heat production rate at 23-75% with higher rate of
CO, production and higher average volume fraction of CO, in the combustion products. It was established that LHRs
produced by enzymatic hydrolysis of different configurations contain more sulphur and nitrogen than LHR produced by
acid hydrolysis although the emission of SO, does not exceed the domestic requirements. At the same time NO, emission

exceeded the same requirements negligibly.

Keywords: bio-ethanol, biomass characteristic, CO, balance

1 INTRODUCTION

The still increased exhaustion of fossil fuels reserves
and environmental considerations have led to an intensive
research and development of alternative energy sources
[1, 2]. An important study in this raw is the
lignocellulosic biomass ethanol production, which is
considered as real alternative of gasoline for transport
needs today. In fact, the biomass hydrolysis during
biomass ethanol production cannot be processed
completely and about 40-50% of raw materials remain as
non-hydrolyzed residues, containing lignin and non-
hydrolyzed carbohydrates. LHRs (in fine dispersed form
or granulated) can combusted to provide heat energy so
increasing the value of this residue and significantly
enhancing the competitiveness of bioethanol production
technology. Significant differences in plants structure and
its chemical composition produce the wide variations of
combustion and emission characteristics of the plant
biofuel. Significant impact in variation of above
mentioned LHRs can be connected with conditions of
biomass processing during which LHRs were obtained.
The aim of the present study was estimation of
combustion and emission characteristics of fuel granules
on LHRSs basis obtained from spruce wood by dilute acid
hydrolysis (LHR AH), enzymatic (Enz.) hydrolysis with
separate hydrolysis and fermentation (LHR SHF), as well
enzymatic hydrolysis with simultaneous hydrolysis and
fermentation (LHR SSF).

2 EXPERIMENTAL

2.1. Materials and method of it investigation

LHRs samples were prepared by pilot plant in
Ornskoldsvik (Sweden). Due to the conditions of both
types of enzymatic hydrolysis were varied all
corresponding LHRs were investigated separately
(Tab.l). Lignin content determination was accomplished
in accordance with Klason procedure [3]. C, H N and S
total (S, determination was accomplished using
Elemental Analysis System Vario Macro CHNS. Water
content and ash content was determined according CEN
/TS 14774-1 and CEN /TS 14775 correspondingly.

Higher heating value (HHV) of LHRs samples and
softwood samples was founded by burning sample in the
calorimetric bomb according [SO1928. Combustion
sulphur content (Scomb.) was measured
spectrophotometrically, after burning samples in calorific
bomb [4].

Table I: Composition of different types of dry plant
biofuel

Biofuel and Element content, %
hydr()lySiS C H N Stot Scomb
type.

Softwood 502 6.2 0.33 0.14 0.02
(sw)

LHR AH 594 6.0 0.19 021 0.04
Dilute acid

LHR SHF-1 550 6.2 042 022 0.03
Enz.

LHR SHF-2 577 6.0 040 0.21 0.05
Enz.

LHR SSF-1 580 59 056 023 0.13
Enz.

LHR SSF-2 597 59 0.80 020 0.13
Enz.

LHR SSF-3 609 59 1.13 034 0.21
Enz.

Pilot extruder with capacity up 20 kg of material per
hour, equipped with six-channel die of channel diameter
7 mm has been used in experiment for manufacturing of
LHRs pellets. Water contents in LHRs before granulation
were in the range 47-62%. After air —drying LHRs pellets
with water content 6-7% and diameter 5.5-5.6 mm were
obtained. Commercial softwood granules (6.2 mm in
diameter) with water content 7.2% were used as reference
material.

Particles density, bulk density of granules were
determined according CEN /TS 15150:2005, CEN /TS
151030:2005 correspondingly.



2.2. Pilot-scale combustion system

The testing of combustion and emission
characteristics for different types of plant biofuel
granules was conducted using a small pilot-scale
combustion system, composed of biofuel gasifier with
discrete mass load (180g) of the biofuel granules and
water-cooled combustor [5]. The primary and secondary
swirling airflows are used to promote the biofuel
gasification and to provide complete burnout of the
volatiles downstream of the water-cooled channel. The
gasification of the wood fuel and ignition of volatiles
were initiated using the propane flame flow as a heat
source. Between the sections of the water-cooled channel
access ports for the kinetic measurements of the flame
temperature at the different stages of thermal
decomposition of plant biofuel were installed. The
diagnostic tools for the complex experimental study of
combustion and emission characteristics included: Pt/Pt-
Rh thermocouples for the local time-dependent
measurements of the flame temperature; a portable gas-
analyzer Testo 350XL that is used for investigation of
emissions composition (CO, CO,, NO,, SO,). The
calorimetric measurements of the cooling water flow are
used to estimate the rate of the heat energy production at
different stages of the biofuel burnout. The all time-
dependent variations of combustion and emission
characteristics during the burnout of different biofuels
were recorded on-line by using the data recording plate
PC-20.

3 RESULTS AND DISCUSSION.

3.1 Fuel characteristic of LHRs

In general lignocellulosic materials are composed of
three natural components; cellulose, hemicellulose and
lignin. Each of these natural components exhibit very
different characteristics of heat energy release when
combusted. It was reported [6] that cellulose and
hemicelluloses have a HHV of 18,6 MJ/kg, whereas
lignin has a HHV of 23,3 to 26,6 MJ/kg. Actually, the
HHV of lignocellulosic fuel increase with increase of
their lignin content (LC) that was reflected by the
regression equation proposed recently [6]:

HHV=0.0889(LC) +16.8218 )
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Figure 1: The effect of Klason lignin content on HHV of
dry biofuel

The experimental measurements of HHV for softwood
and LHRs samples confirm that heating value of biofuel
samples correlates with Klason lignin content in these
samples. Only a small deviation from calculated data was
observed (Fig.1), indicating usefulness of equation
proposed.

Results presented above show that HHV of investigated
LHRs up 10-18% exceed the value of softwood.
Moreover, when additional hydrolysis of LHR SHF-2
sample has been performed in laboratory conditions to
remove the main part of non-hydrolyzed carbohydrates,
the carbon content and HHV increases up to 69.2% and
27.3 MJ/kg correspondingly, that is near to the same
characteristic of fossil coal (carbon content 65-85%,
HHV-23-28 MJ/kg) [7].

Another important characteristic of plant biofuel is
amount of ash in material. It was established that ash
content in LHR AH (0.6%), LHR SHF (0.4-0.6%) and
softwood (0.5%) differs insignificantly. At that time LHR
SSF have lower ash content 0.1-0.3%. According to this
results no fouling and slagging problems can be
prognosed during combustion of fuels on LHRs basis.

The usage of SO, or sulphuric acid in the
pretreatment step of hydrolytic treatments and enzymes at
SHF and SSF hydrolysis results in an increase of total
nitrogen (for enzymatic products), total and combustion
sulphur content in LHRs in comparison with softwood
(Tabl. I). However, the combustion sulphur and total
nitrogen content correspond to demand of CEN /TC 335
standard for chemically treated biomass.

Since the difference granulating technologies (pellet
mills for softwood and screw extruder for LHRs) have
been used, particle density of softwood granules (1150
kg/m®) is higher than the density of LHRs granules
(1030-730 kg/m®). In fact, the granules density is one of
the factors that can affect the heat transfer rate into the
biomass and the process of biofuel volatilisation. This
factor have no been investigated in this paper and will be
investigated in further.

32 COMBUSTION AND EMISSION
CHARACTERISTICS OF DIFFERENT TYPES OF
PLANT BIOFUEL GRANULES

3.2.1 The effect of propane co-firing on the thermal
degradation and ignition of the different types of plant
biofuel granules.

In order to initiate the primary endothermic process
of thermal degradation of softwood and LHRs (in this
case LHR SHF-2) granules, resulting in the formation of
the mixture of combustible volatiles (CO, H,, C;H,) and
carbonaceous char, the additional heat energy (propane
flame flow in this case) must be injected into the layer of
the plant biofuel. The primary endothermic reactions of
biofuel degradation promote intensive heat absorption
from the system before an ignition and exothermic
combustion occurs. To provide ignition of the volatiles
with transition to the stage of self-sustaining exothermic
combustion, the mix of volatiles with swirling airflow
must be heated by the external heat source up to the 900-
1000K. It was established that at constant heat supply
rate of propane-air mixture (1.2 kJ/s) and constant biofuel
mass the ignition time is highly sensitive to the type of
biofuel and depends on the amount of heat introduced
into the system by the propane flame. The very important
factor, determining the rate of the thermal degradation of
biofuel and ignition of the volatiles, is duration of co-
firing the biofuel with propane. Actually, the time-



dependent variations of the flame temperature, heat
production rates and composition of the products have
shown that decreasing duration of co-firing biofuel with
propane can result in an ignition delay (Fig 2, a-d).
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Figure 2: The effect of duration of propane co-firing on
the rate of the heat production (a, ¢) and CO, formation
(b, d) for: (a, b) - LHR SHF-2, (c, d) — softwood granules.

As follows from Figure 2, the more pronounced ignition
delay is observed for the softwood granules, because the
thermal decomposition of main softwood compounds
(cellulose and hemicelluloses) results in an intensive heat
consumption during the endothermic degradation of
cellulose, promoting decrease of the flame temperature
with pronounced decrease of the heat production rate and
rate of CO, formation during the primary stage of the
thermal degradation (Fig.2-c, d). In contrary, the reduced
content of volatile matter with higher heating value of
LHRs samples allows decreasing duration of propane co-
firing with higher rate of the heat production and faster
CO, formation (Fig.2-a, b). Hence, the time-dependent
variations of combustion and emission characteristics
have shown that ignition of the volatiles and transition
from the primary stage of endothermic reactions to the
next stage of exothermic reactions is mostly affected by
the structural and elemental composition of the plant
biofuelf. In fact, proportion between the level of the
volatiles and char is quite different for the different types
of the plant biofuels [7,8]. It was established by the
thermogravimetry analysis that char residue at 1000 °C
for softwood is 12.9% and 27.6 % for LHR SHF-2. As a
result, the higher level of volatiles with lower heat of
combustion for softwood granules results in an ignition
delay, while higher char yield and lower percent of
volatiles with higher combustion heat for LHR-SSF-2
granules promotes the faster ignition of the volatiles.
Therefore, lower duration of propane co-firing is needed
to provide transition to the self-sustaining LHRs granules
burnout in comparison with softwood granules.

3.2.2 The effect of the plant biofuel composition on the
combustion and emission characteristics

The time-dependent measurements of the combustion
process have shown that at the equal rates of the primary
(55 Vmin) and secondary (85 l/min) air supply in a
system, equal rates of the additional heat supply during
the primary stage of the biofuel gasification and equal
moisture content in the granules (6-8%), the granules of
LHRs in comparison with softwood granules are
subjected to faster gasification during the primary stage
of the thermal degradation (Fig.2, 5), resulting in a faster
ignition and faster transition to the next stage of self-
sustaining biofuel burnout.
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Figure 3: The dependence of average and peak heat
production rates on the Klason lignin content during the
stage of self-sustaining wood fuel burnout.



The measurements of the heat production rates for the
softwood and different types of LHRs granules during the
stage of self-sustaining biofuel burnout have shown that
the average (Q,,) and peak rate (Qp,,) of heat production
can be approximately expressed with linear dependence
on the lignin content in the biofuel (Fig. 3)

The measurements of the average volume fraction of
CO, in the combustion products have shown that for
different types of the plant biofuel under investigation
these parameters can be approximately expressed with
linear dependence on the carbon content (Fig. 4)
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Figure 4: The correlation between the volume fraction of
CO, in the combustion products and carbon content in
different types of biofuel granules.

As one can see from Fig.7, the average volume fraction
of CO, in the products during the active burning stage
(air excess <200%) of different types of biofuels can be
increased from 7% for the softwood granules up to 10-
12,5% for LHRs granules. Hence, the results of
experimental study indicate that the LHRs are applicable
for the clean and effective heat energy production with
reduced impact on the global warming.

The local measurements of the flame temperature at the
distance L=25mm above the inlet port of propane flame
have shown that the average flame temperature during
the active burning stage of LHRs granules exceeds that
observed for softwood (sw) granules by 250 K (Fig.5).
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Figure 5: The variations of flame temperature during the
burnout stage for different types of biofuel granules.

The higher rate of heat release together with higher
temperature of the flame reaction zone during the burnout
of LHR granules allows suggest the faster formation of
temperature-sensitive NO, in the products. The average
concentration of NOy in the products during the active
burning stage increases from 48 ppm for softwood
granules up 68-380 ppm for LHRs granules (Fig.6).
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Figure 6: The variation of NOx content in combustion
products of different types of biofuel granules.

In fact, the analysis of correlation between the variations
of the mass fraction of NO, in the products and the
average flame temperature for different types of wood
fuels have shown that for given combustion conditions
NO, formation can not be expressed with exponential
dependence on the flame temperature, as it follows from
Zeldovich mechanism [9]. The better correlation is
observed between the average mass fraction of NOy in
the products and nitrogen content in the biofuel. (Fig.7).
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Figure 7: The correlation between mass fraction of NOx
in combustion products and nitrogen content in different
types of biofuel granules.

The investigation of SO, content in the burning
products of biofuel granules show that the burnout of



LHR granules produces the relatively high levels of
sulphyr dioxide. The highest sulphur dioxide content (up
80ppm in the products is fixed for LHR-SSF-3 pellets
that actually refers to the highest elemental content of
Scomv  (0,20%) in this type of the pellets. The minimum
value of SO, (2-3%) in the products was established for
the softwood granules with minimum value of elemental
Scomb content (0,02%) in the wood (Figure 8).
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Figure 8: The variations of SO, content in the products
during the burnout of the different types of biofuels
granules.

Finally it should be noticed that for the investigated
conditions the average levels of SO, (<175 mg/m®) and
CO (<1700 mg/m®) in the combustion products measured
during the active burning stage of different LHRs
granules do not exceed the Latvian standards,
determining the maximal emission of harmful products at
solid fuels combustion as follow: SO, -2500 mg/m’,
NO,-600 mg/m3, CO-2000 mg/m3 . Hence, the average
levels of NO, (800 mg/m®), fixed during the burnout of
LHR SSF-3, exceed the standard requirements and
conventional methods for NOx emission decreasing
could be used.

4 SUMMARY

».  Liner correlation between Klason lignin content and
higher heating values of soft wood and LHRs was
established.

* Because of higher carbon content and reduced
content of volatile matter in LHRs in comparison with
softwood, lower amount of heat is needed for the
beginning of the thermal degradation of LHR granules in
comparison with softwood pellets and faster ignition of
the volatile is preceded.

*  The higher heating value of LHR granules and higher
carbon content in LHR pellets results in higher average
value of the heat production rate and higher average
value of CO, in the products during the active burning
stage of self-sustaining burnout of LHR granules

* Because of higher nitrogen and combustion sulphur
content in enzymatic LHRs in comparison with softwood,
the burnout of LHRs granules produces the higher levels
of NO, and SO, in the products. Additional measures
should be undertaken to decrease NO, and SO, emission
in LHRs products up to values obtained for softwood
granules if it would be necessary.

REFERENCES

[11 M. Asif, T. Muneer, Energy supply, its demand and
security issues for developed and emerging
economies. Renewable and sustainable Energy
Reviews, Vol.. 11, (2006), pp. 1388-1413.

[2] A.C Dimian, Renewables raw materials, chance and
challenge for computer —aided Process engineering.
Computer Aided Chemical Engineering, Vol.24,
(2007), pp. 309-318.

[31 S.Y Lin, C.W. Dence (Eds.). Methods in lignin
chemistry. Springer-Verlag, Berlin-Heidelberg-New
York (1992).

[4] F. Egami, N. Takashi. Bull. Soc. Chem. Japan,
Vol.30, 5, (1957), p.442.

[5] I Barmina, A. Desnickis, M. Gedrovics, M. Zake,
Co-firing of Renewable with Fossil Fuel for the
Cleaner Heat Energy Production, Proceedings of
10™ Biennial Conference on Environmental Science
and Technology, CEST-2007, Cos island Greece,
2007, pp. B44-B51.

[6] A. Demirbas, Relationships between lignin contents
and heating values of biomass, Energy Convers.
Manage, 2001, 42:183-8.

[71 A. Demirbas, Combustion characteristics of
different biomass fuels, Progress in Energy and
Combustion Science 30, 2004, pp. 219-230

[8] R.M. Rowell, G. Ballard-Tremeer, Emissions of
Rural Wood-Burning Cooking Devices, A thesis
submitted to the Faculty of Engineering, University
of the Witwatersrand, Johannesburg, for the degree
of Doctor of Philosophy, Johannesburg, 1997:
(http://ecoharmony.com/thesis/PhDintro.htm#Conte
nts)

[9]. F.Shafizadeh ,S.S. Sofer, O.R .Zaborsky, Basic
Principles of Direct Combustion, in Biomass
Conversion Processes for Energy and Fuels, Plenum
Publishing Corporation, 1981, New York, pp. 103-
124.

ACKNOWLEDGMENTS.

The financial support Project NILE (Contract N 019882)
and the financial support by the European Regional
Development Funding (ERDF): 2.5.1. Applied Research
in the State Research Institutions are gratefully
acknowledged.





