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IEVADS

Promocijas darbs ir veltits tadu faktoru analizei, kuri ietekm& magnetohidrodinamisko
(MHD) plismu un sekla tidens plismu strukttiru un stabilitati. Jo Tpasi sienas pretestibas
ietekmi uz plismu var raksturot lokali (nemot véra robezas negludumu) vai globali
(izmantojot pusempiriskas formulas, kas apraksta ieksgjas berzes ietekmi).

Robezas negludums var rasties korozijas dél. Eksperimentalie rezultati paradija
nozimigu magnétiska lauka ietekmi uz korozijas procesiem — gan uz korozijas
intensitati, gan tas 1pasSibam. Tade] no praktiskas puses ir bitiski analizé€t negluduma
ietekmi uz MHD pliismu struktiiru. S7 ietekme darba tick novértéta, analitiski atrisinot
magnétiskas hidrodinamikas vienadojumu sistému (izmantojot Furjé transformacijas).
Darba ir skatitas vairakas virsmas negluduma formas. Analitiskie risinajumi ir iegtti un
atruma sadalijums ir skaitliski analizéts dazadiem Hartmana skaitliem. Tapat ir iegits
asimptotiskais risinagjums lieliem Hartmana skaitliem. Risinajumi ir iegiti ka integrali,
kas ieklauj oscilgjoSas funkcijas. Darba Sie integrali tiek parveidoti par integraliem no
neoscilgjosam funkcijam.

Ieksgjas berzes globalo ietekmi visbiezak nem veéra, izmantojot empiriskas pretestibas
formulas, pieméram, Cezi formulu, lai prognozétu turbulentu plismu “koncentracijas”
ietekmi, lai izskaitlotu plismas atrumu un zudumus kanalos vai caurul€s un atvérto
kanalu konstrukciju. Sis formulas satur empiriskas berzes koeficientus, kas ir tiesi
saistiti ar plismas Reinoldsa skaitli un robezvirsmas negludumu. Tiek uzskatits, ka
saistitas struktiras plismas aiz SkérSliem paradas ka plasmas hidrodinamiskas
nestabilitates galaprodukts. Iepriek§ dazadam plismam tika izmantotas vaji nelinearas
stabilitates teorijas metodes, kas parasti noved pie amplitiidas evoliicijas vienadojumiem
visnestabilakaja rezima. Viens no $adiem vienadojumiem ir kompleksais Ginzburga-
Landau vienadojums. Izmantojot vaji nelinearo teoriju kvazi-divdimensionalam
plismam ar Releja berzi (tiek pienemts, ka iek$€ja berze ir lineari saistita ar atruma
sadaltjumu), tika secinats, ka atrums ir loti atkarigs no bazes pliismas profila. Literattiras
apskata tika secinats, ka vaji nelinearos modelus nevar izmantot $adiem gadijumiem, jo
nav iespgjams eksperimentali noteikt ar augstu precizitati bazes plismas atruma
sadalfjumu un tadel nav iesp&jams izmantot ticamas Ginzburga-Landau vienadojuma
koeficientu vertibas. Darba ir paradits, ka ja nelinearu funkciju izmanto grunts berzes
model&Sanai, tad Ginzburga-Landau vienadojuma koeficienti nav jutigi pret bazes
plismas atruma sadalijumu.

PETIJUMA AKTUALITATE

Ir butiski p&tit un analiz€t MHD pliismas caurulvados vai kanalos magnétiska lauka
klatbatné tadiem pielictojumiem ka MHD generatoru un stiknu projektéSana un
analize. Vado$a metala virsmas negluduma ietekme uz MHD plismu ir noderiga
procesos, kas notiek Tokamak reaktora dzes€Sanas sistemas. Turklat $adu reaktoru
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projektéSana un veiktsp€jas analizé ir japem veéra korozija. Ir zinams, ka
magnétiskais lauks ietekmé gan korozijas pakapi, gan korozijas paSibas. Tade] ir
butiski analiz&t korozijas ietekmi uz MHD pliismu struktiiru.

Stabilitates 1pasibas seklam plismam aiz Skérsliem ir nozimigas no vides viedokla.
Vaja tudens cirkulacija regionos aiz salam var izraisit uUdens kvalitates
pasliktinaSanos un dazos gadijumos pat zivju bojaeju. Tadel ir bitiski zinat seklu
plasmu struktiiru regionos aiz $kérsliem.

DARBA MERKIS

Darba mérkis ir analizét virsmas negluduma ietekmi uz MHD plasmu struktiiru un
seklu plismu stabilitati. Virsmas negludums rodas no vadosa Skidruma izraisitas
korozijas magnétiska lauka. Iegtitos analitiskos risinajumus var izmantot korozijas
ietekmes prognozeésanai $ados gadijumos.

Linearas un vaji nelinearas stabilitates analize seklam plismam var nodergt, nosakot
tidens paraugus regionos aiz tadiem SkérSliem ka salas. Darba iegiitos rezultatus var
izmantot seklu pliismu vides novertésanai.

PETIJUMA METODES

Saja darba analizétie matematiskie modeli ir bazéti uz magnétiskas hidrodinamikas
vienadojumiem un sekla tUdens vienadojumiem. MHD plismu analizei par
negludiem elementiem tiek izmantotas $adas metodes:

1. magnétiskas hidrodinamikas vienadojumu transformacijas, lai iegiitu inducéta
magnétiska lauka veidu plismas regiona, ja ir doti negluduma elementi;
2. Furjeé kosinusa un sinusa transformacijas MHD plismu par negluduma
elementiem problému analitiskajam risinajumam;
3. rezidiju teorému izmanto integralu, kuru zemintegralu funkcijas ir oscilgjosas,
parveidoSanai par monotonu funkciju integraliem;
4. neistu integralu skaitliskais novert€jums ar “Mathematica”.

Sekla tidens pliismas modelis ir izmantots linearas un vaji nelinearas nestabilitates
analizei vienai no plismu klasém. Analizes metodes ieklau;:

1. linearas stabilitates analizi kustibas vienadojumiem;
kolokacijas metodi, kuras pamata ir CebiSeva polinomi, stabilitates robezas
aprékinasanai;

3. asimptotiskos izvirzijumus kritiska punkta apkaimé, lai veiktu vaji nelinearas
stabilitates analizi;

4. skaitliskas metodes robezvertibas problému atrisinasanai  vienkarSiem
diferencialvienadojumiem, lai aprékinatu amplitidas evoliicijas vienadojuma
koeficientus.



ZINATNISKA NOVITATE UN GALVENIE REZULTATI

Ir 1iegiits magnétiska lauka veids un MHD vienadojumi pilniba attistitai plismai, ko
izraisijis robezvirsmas negludums.

Ar analitisko metozu palidzibu ir analizéta virsmas negluduma ietekme uz MHD
plusmu struktiru pustelpa. Virsmas negludums tiek pienemts ka konstante dotaja
intervala.

Iegiitais asimptotiskais atrisinajums tiek analizéts lielu Hartmana skaitlu gadijumam.
Neistie integrali, kas satur oscil§joSas funkcijas, kuras radusas izmantojot MHD
plismas par negluduma elementiem, tiek parveidoti par integraliem, kas satur
monotonas funkcijas, kuras ir skaitliskiem aprékiniem.

Ir veikta teor@tisko rezultatu analize, kas attiecas uz eksperimentiem par korozijas
ietekmi magnétiska lauka.

Lineara un vaji nelineara sekla tidens pliismu analize ir veikta vienai plismu klasei.
P&tijuma ir izmantots nelinears Cezi modelis, lai atveidotu grunts berzi. Ir paradits,
ka Ginzburga-Landau vienadojuma koeficienti nav jutigi pret bazes plismu profila
formu pretgji ieprieksgjiem pétijumiem, kur berze tika model&ta ar linearu atruma
funkeciju.

PIELIETOJUMI

Iepriek$gjie eksperimentalie pétjjumi Fizikas institita Salaspili (Latvija) ir
paradijusi, ka dazu apstaklu ietekmé& virsmas, kas paklautas magnétiskam laukam,
veido kaut kadu regularu vilpveidigu struktiiru . Vispargjos vilcienos — magnétiskais
lauks ietekmé ne tikai korozijas pakapi, bet arT korozijas raksturu . Tad€] janem vera
virsmas negludums, skatot realus modelus skidra metala plismam reaktora. Darba
redzamos teor€tiskos rezultatus var izmantot, analiz&jot korozijas procesu
magnétiska lauka.

Linearas un vaji nelinearas stabilitates metodes biezi izmanto seklu plasmu
struktiiras analizé. Darba grunts berze ir modeléta ar nelinearu atruma funkciju.
Darba ir paradits, ka Ginzburga-Landau vienadojuma, kas apraksta plismu
nestabilitates attistibu virs sliekSna, koeficienti nav jutigi pret bazes pliismas profila
variacijam. Sis rezultats ir pretruna ieprieks$gjiem pétijumiem, kad iek3gja berze tika
modeléta ar linearu atruma funkciju. Tadel ir ticams pien€mums, ka vienkarSotus
modelus, kas bazéti uz tik sarezgitiem amplitidas evoliicijas vienadojumiem ka
Ginzburga-Landau vienadojums, var izmantot apgabala virs sliekSpa visnestabilaka
rezima uzvedibas analizei.
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tabulas. Literatiiras saraksta ir 75 izmantotas literatiras darbu nosaukumi. Darbs ir
uzrakstits anglu valoda.



1. nodala. Ievads.

Ievada ir skatits literatiiras apskats. Papildus tam ir apspriesta darba strukttira un
galvenie rezultati.

Promocijas darba galvenais temats ir tadu faktoru analize, kas ietekmé MHD
plismu un sekla tidens plusmu strukttru un stabilitati. Galvenokart koncentrésimies uz
robezvirsmas negluduma ietekmi. Analizes metodes ir pamatotas uz analitiskiem
risinajumiem, kas atrasti dazam MHD plismam par negluduma elementiem spécigos
magnétiskos laukos taisnstiirveida kanalos. MHD risinajumi, kas aprakstiti darba,
atvieglo Skidruma analizi apgabalos, kur ir spécigs magnétiskais lauks (Hartmana
skaitlis ir liels). MHD pliismu uzvedibas analize ar lieliem Hartmana skaitliem ir temats,
par kuru ir pieaugosa interese, jo to izmanto galvenokart MHD iekartas, pieméram,
stknos, un MHD generatoros. MHD §kidruma-metala plismu ar lielu Hartmana skaitli
galvenas 1pasibas ir: ,,homogens” atruma profils kanala kodola un plani robezas slani
tuvu robezvirsmam. Elektriska strava, kas inducé€ta Skidruma, maina plismas lauku.
Zinot §Ts stravas celu ir iesp&jams paredzet plismas struktiiru.

Hidraulikas inZenieri efektivi izmanto Cezi formulu ,lempiguma” efekta
energijas zudumu prognozeSanai turbulentas plismas plismas atruma un zaud&jumu
aprékinasanai kanalos vai caurul@s. Par robezvirsmas negludumu ir gadats, izmantojot
empiriskus berzes koeficientus. Sie koeficienti ir saistiti ar vairakam empiriskam
formulam pie plismas Reinoldsa skaitla, ka ari pie robezvirsmas negluduma. Tiek
uzskatits, ka lidzpliismas saistitas struktiiras paradas ka plismas hidrodinamiskas
nestabilitates gala produkts. Vaji nelinearas teorijas metodes ir aplukotas literattra
dazadam pluismam un visbiezak noved pie amplitiidas evoliicijas visnestabilakaja
rezZima. Viens no $adiem vienadojumiem ir kompleksais Ginzburga-Landau
vienadojums. V3aji nelineara teorija ir izmantota kvazi-divdimensiju plismam [22] ar
Releja berzi (ieks€jo berzi pienem ka lineari saistitu ar atruma sadalijumu). Ka redzams
[22], Ginzburga-Landau vienadojuma koeficienti gadijumam, kad ieks€jo berzi att€lo ar
linearu atruma funkciju, ir loti atkarigi no bazes plismas profila. Tadel [22] ir secinats,
ka sados gadijumos nevar izmantot vaji nelinedrus modelus, jo nav iesp&jams
eksperimentali noteikt bazes plismas atruma sadalijumu ar augstu precizitati un tade]
analizé nav iesp€ams izmantot ticamas vértibas Ginzburga-Landau vienadojuma
koeficientiem. Tomér §a darba 5.nodala ir paradits, ka nelielas linearas stabilitates
Ipasibu variacijas neizraisa lielas Landau konstantes izmainas (Landau konstante ir reala
dala vienam no Ginzburga-Landau vienadojuma koeficientiem ), kad grunts berzes
model&3anai ir izmantota nelineara Cezi formula.

2., 3. un 5. nodalas ir teorétiskas, 4.nodala ir praktiska, kur skatita EUROFER
terauda korozija Pbl7Li pluisma un tas pielietojums D-T (deiterija-tritija) plazmas
ierobezojumam reaktora.

2.nodala ir noteikti MHD plismu principi, izklastita virsmas negluduma
ietekme uz vadosa metala MHD pliismu un noteikti galvenie vienadojumi. Ta ka MHD
plusmu problémas ir plasi pétitas dazadu formu kanalos un ar dazadiem robezu
nosacijumiem, $adu pétjjumu rezultatiem ir tieSs pielietojums dazadas magnétiskas
hidrodinamikas nozarés [29], [38] un [58]. Ta ka magnétiska hidrodinamika pé&ta
elektribu vadoSu Skidrumu kustibu magnétisko lauku klatbiitng, ir acimredzami, ka
magnétiskie lauki ietekmé& Skidrumu kustibu. Visbiezak MHD problémas
elektromagnétiskais spe€ks tiek pievienots kustibas vienadojumam, un magnétiskais
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lauks (izmantojot Oma likumu) maina Skidruma kustibu. Ir aprakstitas dazas MHD
plismas problémas kanalos pari negluduma elementiem stipra magnétiska lauka, un
sadu problému analitiskie risinajumi tiek ieguti, izmantojot Diraka deltas funkciju
(skatit [6], [7], [12], [13], [17], [18]).

So problému asimptotiska analize veikta spécigu magnétisko lauku gadfjumam,
un stravas z-komponensSu diagrammas att€lotas dazadiem Hartmana skaitliem. Lauka
atrumam un stravas z-komponentém pie lieliem Hartmana skaitliem analiz&ti dazadi
robezvirsmas slani. MHD probléma pilniba attistitai plismai ir atrisinata homogena un
nehomogena aréja magnétiska lauka gadijumam, kad ir nemts véra virsmas negludums.
Skidruma atruma sadalfjums, inducéta strava ar tas potencialu un argjais magnétiskais
lauks ir iegiti (skattt turpmakas atsauces par lidzigu problému analizi [2], [5], [11]-[13],
[17], [18], [21], [30], [31], [42], [50], [53], [54], [57], [59], [65], [69)).

3.nodala ir veltita dazu neistu oscilgjoSu integralu klasu apr€kinaSanai. Ir
paradits, ka dazos gadijumos oscilgjoSus integralus var transformét par neoscil&josu
funkciju integraliem. Sadiem integraliem ir tie$s pielietojums MHD plismam, kas
analizétas darba. Sie rezultati tiek izmantoti, lai transformétu dazu MHD problému
risindjumu pustelpa z>0 ka rezultatu virsmas negludumam z=0 dazadiem
robezslaniem (skatit [3], [4], [6], [7], [17], [21], [72], [74]).

Septinu gadu laika, esot Riga, Latvija (viens no galvenajiem MHD pielietojuma
centriem Eiropa), man bija iesp&ja apmeklét daZzas interesantas ar MHD pétniecibu
saistitas vietas ka, pieméram, Fizikas instititu Salaspili, kur esmu redzgjis tris nesen
planotas eksperimentu sesijas (katra 2000 stundas gara), kas ir sekmigi beigu§as. Sajos
petijumos iegiitie rezultati paradija magnétiska lauka nozimigu ietekmi uz korozijas
procesiem gan korozijas intensitaté, gan tas butiba. Jauni rezultati saistiba ar korozijas
profilu ir iegaiti [55] un [56]. Sadiem pétTjumiem ir nozimiga ietekme uz to, ka ierobezot
un kontrolét D-T plazmas dedzinaSanu ar sp&cigu magnétiska lauka slogu reaktora
ieksien€ (skatit [1], [9], [55], [56], [70], [73]). Papildus man bija iesp€ja piedalities
dazas PAMIR MHD starptautiskajas konferences (4., 5., un 7. PAMIR starptautiska
konference). Saistiba ar §Sim aktivitatém ir uzrakstita promocijas darba 4. nodala, kura
izklastiti praktiskie aspekti saistiba ar virsmas negluduma ietekmi uz MHD plismam
([11, [9], [32]-[37], [39], [40], [48], [49], [55]-[57], [60], [64], [68], [70] un [73]).

S5.nodala ir veltita sekla tdens pliismas analizei vaji nelineara rezima,
izmantojot komplekso Ginzburga-Landau vienadojumu (KGLV). Ieprieksgjie ar vaji
nelinearu kvazi-divdimensiju plismu analizi saistitie p&tijumi [22] (sekla Gidens pliisma
ir viens no piemé&riem, kas apskatiti [22]) ir paradijusi, ka Landau konstantes vertibas
atSkiras par koeficientu tris diviem dazadiem atruma profiliem, kuru linearas stabilitates
raksturotaji atSkiras ne vairak par 20%. Citadi sakot, ir atklats, ka Landau konstante ir
loti jutiga pret bazes plismas profila formu. 5.nodala grunts berze ir modeléta ar
nelinearu Cezi formulu [64]. Datu analize, kas redzama 1. un 2. tabula, parada, ka seklu
lidzplismu viena parametra saimei izmainas linearas stabilitates TpaSibas izraisa pat
mazakas izmainas KGLV koeficientos. Tadel ir ticams, ka komplekso Ginzburga-
Landau vienadojumu var izmantot sekla idens plismu analizei vaji nelineara rezima
(skatit [8], [10], [14]-[16], [19], [22], [26], [43]-[47] un [67]) izmantoSanai vaji
nelineariem modeliem dazadam plismam Skidruma mehanika.
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2. nodala. Plasma par negluduma elementiem stipros magnétiskos laukos.

2. nodala ir veltita MHD plismu struktiras analizei par dazadu formu negluduma
elementiem. Ir iegiiti analitiski risinajumi atbilstoSajai MHD vienadojumu sistémai. Ir
paraditi skaitlisko aprékinu un asimptotiskas analizes rezultati lieliem Hartmana
skaitliem.

Galvenie MHD principi ir formul€ti un skatiti sadala 2.1. Tada magnétiska lauka forma
un MHD vienadojumi pilniba attistitai plismai, ko izraisijis robezvirsmas negludums, ir
iegiiti sadala 2.2.

Tiek skatita probléma par MHD pliismu pustelpd z >0, ko izraisijis robezvirsmas
negludums z =0 . Pretgji tam, kas paveikts monografija [75], vispirms tiek pienemts,

N
ka inducétajam magnétiskajam laukam B'ir x, y un z komponentes. P& tam tiek

izmantota plismas simetrija un pieradits, ka induc€tajam magnétiskajam laukam ir
viena y-komponente. Tiek skatits viendabigs magnétiskais lauks sadala 2.2.1 un

neviendabigs magnétiskais lauks sadala 2.2.2. Plismas geometrija ir redzama 1. att.

7

Z=7 f(®)=7,[nE+L)-n&-1)]

AZ

V(x,2)=V,(x,z2)8,
%

Tée ={0,0,B8,}

\ 4

| L] ’
/ )
X
1. attels. Plismas geometrija.
Vadogais Skidrums ir pustelpa Z >0 , —oo < X,y < +oo . Ar&ja magnétiska lauka forma
ir
B°=B,é. (1)

- -
Nepartraukta strava plist ar blivumu j, = j, e, x-ass virziena. Ja virsma zZ =0 ir

ideali gluda, tad pliismas nav, jo elektromagnétiskais speks ;“ = ;x B_)e ir konstants un
rotl_*: = 0. Turpmak pienemsim, ka uz virsmas 7=0 negluduma forma ir :

. {?(f),—L <Y< L—o< < +oo,
0,x ¢ (—L,L). @)

Saja gadijuma pilna strava ir vienada ar } = }0 +}()7 ,z)un $kidruma pliisma ar atrumu

11



V,=V,(y,2)e, 3)
plust y -ass pretgja virziena (skatit 1.att.)

Ir pieradits, ka inducétais magnétiskais lauks B’ $aja gadijuma ir

~
—

B =B'(},%)e,
: 4)
un MHD vienadojumi Skidruma atrumam V (y,z) un inducetas stravas potencialam

®(y,z), izmantojot bezdimensiju mainigos, ir

oD
AVy —HCley +Haa=O, (5)
o,
AD = Ha——,
ox (6)

kur A =0°/ox* +0° /0z°, Ha= B,L\Jo/ pv ir Hartmana skaitlis un o, p,v ir

attiecigi Skidruma vaditsp€ja, blivums un viskozitate.
Tiek izmantots nesaspiezama skidruma MHD vienadojums un Oma likums (skatit [29],
[50] un [58]) :

(VV)I; = —lgraa’lg+vAI7 +l(] xé), (7
p p
]=G(E+I7x§)=6(—gmd§)+l7xl§), (8)
2 2 2 ~
kur A: ?\,2+62+623 VV:VXEN_FVQ"‘VZE.
ox Ve oz ox oy 0z

- V,(x,2)¢,, )

é:g"(;,ZHB@, (10)
kur B' ir inducétais magnétiskais lauks.
Vispirms tiek pieradits, ka

B'(%.%) = B'(%.5)e,

(11)

ar nosacijumu, ka inducétas stravas vektora forma ir
un ka secinajums paradits, ka $kidruma atruma vektors ir dots ar (9). Sa mérka dé] tiks

izmantots Bio-Savara likums, saskana ar kuru inducéta magnétiska lauka vektors dB ,
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ko veidojis elements d/ no bezgaligi tievas stieples, kas virzita stravas / virziena, ir
vienads ar

= dl X1y,

dB=1

. 3 ?
|”M’M|

(13)

~p ~ o~

kur 7, ir radiusa vektors, kas savieno punktu M'(x",y’,Z") edl un novérosanas
punktu M (x,7,Z) (skatit 2. att.):

Py = (X =X"e, + (¥ =y"e, +(Z -Z"e.. (14)

2. attels. Magnétiska indukcija dB, ko izraisijusi elementara strava 1dl .

Nezaudgjot visparinajumu, varam izvéleties novéroSanas punktu M (0, 0, 0) koordinatu
~I 1~

sakumpunkta. Katram punktam M'(X’,7’,Z2")8kidruma vienmér var izvéleties
simetrisku punktu N'(X',—7',Z") attieciba pret punktu M (0, 0, 0). Tiek apskatita
magnétiska indukcija dB, ko izraisijusi elementara strava 1dl , 1zejot caur punktu
M'(X",y".Z") un elementara strava [,dl, izejot cauri simetriskajam punktam
N'(X'=5",Z"). (skatit 3. att&lu) 7 un I, ir stravas ar blivumu ;(%,%), kas dots formula
(12).

Ta ka vektors /(X,Z) nav atkarigs no mainiga 7, §aja gadijuma /, = I

Tad saskana ar formulu (13) tiek iegiits

dB| = Ddl % (Fyyy + oy, )

M : (15)

kur  D=llr,, |7, dl =dlé +dlé., (16)
- ~r— ~— ~r— = lod Asd ~I= ~I=

rMMz—(xex+yey+Zez), I’NMZ—(X ex—yey+z ez). (17)

Aizvietojot (16) un (17) formula (15), tiek iegiits:
dB=D(2Z'dl, - 2X'dl_ ), . (18)

13



Summgjot formula (18) pa visiem elementiem di Skidruma, tiek iegiita formula (11),

kas pabeidz pieradijumu.

Lai iegiitu vienadojumus (5), (6), tiek aizvietoti vektori V un B’ no (9), (10)un (11)
vienadojumos (7) un (8). P&c daziem algebriskiem aprékiniem tiek iegiits

\12

x B = {Bo%bey—%bza” %‘DB’* ~B,’V e +Bol7y§fé’z}
X X z

(19)

(20)

DV (-, 2) SN (x, ), 2)

'nm Tam

M (0,0,0) y

3. attels. Simetrisks att€lojums, kas nepiecieSams formulas (18) pieradijumam.

Aizvietojot (19) un (20) vienadojuma (7) un, veicot dazas algebriskas transformacijas,
tiek iegiita $ada saistiba

2 20
V[a +-2 jV(;,EHE —5®(x ) _p, 'V (%,2)|=0.
7 2 P ox

2
X 0z

Tagad tiek izmantoti bezdimensiju lielumi, nemot vertibas

L,v/L,B,, V\/ pv/ O',V\/ pv/o /L’ attiecigi ka garuma, atruma, magnétiska lauka,
potenciala un stravas apmerus.

Lai ieglitu vienadojumu (6), tiek izmantoti divergences operacija vienadojumam (8) un

nepartrauktibas nosacijums div}' =0:

0=-AD+ BydivV ,(3,2)e, 1)

Izmantojot formulu (21) bezdimensiju mainigajiem, tiek iegiits vienadojums (6).

Lidziga analize ir veikta sadala 2.2, kur ir pienemts, ka argjam magnétiskajam laukam
un dotajai ar¢jai stravai ir tikai x un z komponentes, kas nav atkarigas no y mainiga.

MHD problémas par negluduma elementiem homogéna argja magnétiska lauka
analitiskais risinajums ir iegiits sadala 2.3.
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Vadogais $kidrums ir pustelpa Z >0, —oo <X,y < +oo. Aréja magnétiska lauka
forma ir (1).

~

Robezvirsma Z =0 nevada stravu. Nepartraukta strava pliist ar blivumu = jé,
x -ass virziena. Ja virsmaz =0 ir ideali gluda, tad pliismas nav, jo elektromagn&tiskais
speks F = jx B ir konstants un rofF =0. Piepemsim, ka uz virsmas Z=0 ir
taisnstiirveida formas negludums (skatit 1. att.):

= e _ Yo» —L<X <L,
P @ =G D-nE-Dl=0 T g (22)
kur 77(X) ir Hevisaida funkcija:
N 0,x <0,
nx) =4 - (23)
1, x>0.

Saja gadijuma pilna strava ir vienada ar j = j, + j(¥,Z) un $kidruma pliisma ar atrumu
V= I7y (7,2)é, plust y asij pretéja virziena (1. att.).

Tiek iegiiti robeznosacijumi elektriska lauka potencialam &)(i,y) uz virsmas
zZ= ;?Of(f). Stravas normalajai komponentei uz §is virsmas jabit vienadai ar nulli, jo
robezvirsma z = ;?Of(f) nevada stravu, tas ir, tai ir jabat ;-7 =0 uz virsmas (7 ir
virsmas normala vieniba).

Izmantojot formulu 7 = grad[Z — 7, f (F)1/ 1+ 7," (%) , tiek iegits
— ~ N[ ~\ — - ~ 2 N’Z ~
izl 7,7 @ va 1+ 7277 @) . (24)

'@ =[6GE+L)-6(x-L)],

kur

o(x) ir Diraka delta funkcija.

Aizvietojot 7i no (24)un j = (jo +7 (%, Z))éx +7.(X,Z)é. par j -ii =0 un izmantojot
formulu j = 0'[— grad® +V xé} ,ti, 7= —o 0D /%, J. = —00® /& uz virsmu,
kur V =0, tiek iegiits robeZnosacijums potencialam ®(%,%):

I oD | oD ~,

2=/ () —o—==%| JoS ' (X) —o—=f'(X)|. (25)
0z 0x

Vieniga Saja nodala veikta aproksimacija ir: robeznosacijums tiek transforméts no

virsmas z = ;?0]7()7) uz plakni Z =0, t. i., tiek vienkarsi pienemts, ka ;?0‘]7()7)‘ vertiba

ir maza. Ta rezultata tiek iegiits robeznosacijums potencialam forma
5=0:00/0% = 7,|- joo +0®/0% | [5F + L) -5 - L)]. (26)

Tiek izmantoti S$adi bezdimensiju lielumi, izmantojot veérttbas L, v/L, B,
vipvio /L, vipvo /L’ attiecigi ka garuma, atruma, magnétiska lauka, potenciala un
15



stravas apméri. Kur 6, p, v ir attiecigi skidruma vaditspgja, blivums un viskozitate.
Tad MHD vienadojumu un robeznosacijumu forma ir (skatit [28]):

AV, - Ha®V,+Ha-0®/0x=0, AD =Ha-0V,/ox (27),(28)
z2=0:V,=0,00/0z=y,[- 4+ F(x,0)]- [5(x+1) - 5(x-1)], (29),(30)
X’ +z2 >0 V, 50,00, (31)
kur A=0"/0x*>+0*/0z°, Ha = B,L\Jc/pv ir  Hartmana  skaitlis,
oD

A:j0L2 /(vava)a Xo :/?O/L un F(xao):a_
X

z=0

Lai atrisinatu problému (27)-(31), tiek izmantota §1s problémas simetrija attieciba pret
x: funkeija ¥, (x,z) ir para funkcija, @(x,z) ir nepara funkcija attieciba pret x. Tas

nozime, ka funkeijas ¥, (x,z) un®(x, z) apmierina papildu robeZu nosacijumus:

oV
2=0: —2=0,D(x,0)=0. 32)
Ox

Tadel problemu (27)-(31) var atrisinat ar Furjé kosinusa un Furjé sinusa
transformacijas palidzibu (skatit [3], [4]). Vardu sakot, tiek izmantota Furjé kosinusa
transformacija pret x vienadojumu (27) un ¥V robezu nosacijuma (29), un Furje sinusa

transformacija vienadojumam (28) un 0®/0z robezu nosacijuma (30), tas nozimé,
aizvietojot:

vV, (Az)= \/%ij (x,z)cos Axdx ,D°(1,z) = \E [o(x,2)sin ixdx. (33)
0 0

Tiek iegiita Sada vienkarSa diferencialvienadojumu sistéma nezinamam funkcijam
V. (\,z), @' (A,2):

2 ¢
-2V, + dj —Ha’V, + Hah®* =0, (34)
'z
dZ s
VD' + e +Ha\V,‘ =0. (35)
Tiek izmantotas ar1 transformacijas (33) robeZu nosacijumiem:
z=0: V=0, do” _ 704 - F@1,0) zsin,i; (36)
’ z V4
z—)oo:Vyc,d)S -0, (37)

kur F1,0)= E;E pie x=1, z=0 ir nezinama konstante. Problémas (34)-
X

(37) risinajuma forma ir:

D (4,2) = g, \E[- F(1,0) + A]%(kle"zz +hye) (38)
T
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sin A

Ve(d,z) = 1, \/%[— F(1,0)+ A]W(e"lz — "), (39)

kur k, =—(A +u’ +u), ky=—(JA +u’ —u), 2u=Ha.

Izmantojot inversas Furjé sinusa un kosinusa transformacijas formulam (38), (39), tiek
iegiits risinajums problémai (27)-(31), kas satur nezinamu konstanti F(1,0):

sin A

/12

8

D(x,2) = 22 [- F(1,0) + A][ (k,e" + ke )22 sin AxdA, (40)
T

V,(x,2) = %[— F(1,0)+ A][(e" — e )Si%/lcos/lxdﬂ . (41)

Ot 8 o

Izmantojot komponentes j un j no inducétas stravas blivuma un veicot daZzas

risindjuma transformacijas, tiek iegiita formula nezinamai konstantei F'(1,0):

FUoy=-to 1
2n 1— Lo
2n
Risindjuma asimptotiska analize gadijumam Ha — «oir veikta ari sadala 2.3. Ir atrasti
vairaki plismas apgabali lieliem Hartmana skaitliem, vardu sakot, Hartmana robezas
slanis, plismas kodols un attala lidzpliisma.

(42)

Diagrammas stravas z-komponentei j_(x,z) ir redzamas 4. att. Aprékini ir veikti ar
»~Matematika (Mathematica)”.
iz Ha=10
1.4} o
1.2} ~
1F i
osr
o6}

ogf
ozt

®
3 4

4. att. Diagrammas stravas z -komponentei ar precizu formulu (---) un ar aproksimétu
formulu ( ) no z =1 (divas augsgjas linijas) Iidz z = 3.5 (divas apaksgjas Iinijas) ar
soli Az =0.5. Funkcija j_(x,z) ir nepara attieciba pret x .

Stravas pludlinijas j(x,z) apgabala 0<x <1 ir redzamas 5. att. divam Ha vértibam.
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M

Ha=5

0.z 0.4 0.6 =)
Ha=10

¥
-

- b [ I

-

0.z 0.4 0.6 =)

5.att. Stravas pludlinijas j(x,z) apgabala 0<x<1,ja Ha =5 un,ja Ha =10.

Turpmakos secinajumus var izsecinat no problémas risinajuma:

1. analitiskais risinajums ir iegits tikai ar vienu aproksimacijas pienémumu, ka
negluduma augstums ir mazs. Risindjumi Skidruma atruma y komponentei un
induc@tas stravas x komponentei ir ieguti neistu vienkarSu funkciju integralu
forma. Turpretim inducétas stravas z komponente ir izteikta ar Besela funkciju;

2. asimptotiskais risindjums problémai, ja Hartmana skaitlis Ha — oo, ir iegits
elementaru funkciju forma. Hartmana skaitliem Ha >10 tieSais un asimptotiskais
risinajums praktiski sakrit;

3. ir atrasti vairaki robezslani Skidruma atrumam un stravas x un z komponentém ar
lieliem Hartmana skaitliem.

sadala 2.3 aprakstitais analitiskais risindjums ir visparinats sadala 1.4 gadijumam ar

negludumu forma

7. [¥]<L,
F=F(®) =17, L <[|<L.
0, [x]>L

Sts funkcijas grafiks ir redzams zemak.

-L -L 0 L L X

6. Att. Plismas geometrija.
18



3. nodala. Neista integrala aprekinasana.

Saja nodala integrali forma

T P(A) i cosdcoslx
> ( 2) 7. COS cos2
0 Qm (/1 ) /12 _ T

4

da, (43)

kur P (1*), Q, (A7) ir attiecigi n un m pakapes polinomiun m>n, a>0, b>0,
x>0 ir pozitivi parametri, transform&sim integralos ar monotonam funkcijam,
1zmantojot konvoliicijas teorému divu Furjé transformaciju reizinajumam.
Pienemsim, ka visas polinoma Q(A’) nulles ir vienkarSas un ir izteiktas ka:
A0 =-a,’, k=1,2,-3,..n.
Piepemsim, ka

F.(A)= \ET £(x)cos Axdx (44)

ir Furj€ kosinusa transformacija funkcijai f(x).

Izmantosim teorému (skatit [23]).
Ja F, (A1) un @ (A) ir Furjé kosinusa transformacijas attiecigi funkcijam f(x)un ¢(x),
tad

[F.()®, (2)cos Axdi= % [o@lr(x-eh+ fx+&)ac. (45)
Pienemsim, ka 2 (122) St _ g (2),e T = F.(2). (46)
0,() » 7
4

Lai iegtitu funkcijas ¢(x), f(x), ir janoverte integrali:

\/7J'P(/1)cos/lcos/lxdl o(x), I, _\/7J~ ‘“mcosﬂxd}t 1)
V4

0,(F) . 7
4
Lai izteiktu /,, izmantojam literatlira zinamu integrali:
© gy 2+b?
¢ cos Ax dA = K, (bNa® +x7), (47)

J.\M +b°

kur K,(z) ir modificéta Besela otra veida funkcija ar kartu 0.
Diferencgjot formulu (47) pret a, tiek izteikts integralis 7, :

:\/z]oe-“m cosaxdi= |2 Ki@Vat 2ty (48)
s T Na®+x*

kur K,(z) ir modific€ta Besela otra veida pirmas kartas funkcija.
Lai izteiktu integrali /,, izmantojam rezidiju metodi (no [6]):
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I, = \/%%Re{(2ﬂ12Res+ i Resj ,(2) [ FID o0 ]} (49)

ai 0,(z%)
Res 218 _ #(z0)
wop(z) p(z,)
ar nosacijumu, ka ¢(z) un w(z) ir analitiskas funkcijas pie z, un maza apkaimé, kur
w(z,)=0, ¥'(z,)#0.No (50) var secinat, ka

P, _
I, = \/? Z—( @) [ -afi-d sign(1—x) + e’”k(l”)]+
2 k=1 Qm ( ak)

kur

(7]
+ l—4{sin(£|l - xUSign(l —x)+ sin(£|1 + XM =p(x), (50)
2 1 x? 2 2
0, (4j

kur sign(1 - x) norada (1-x) zimi.
Izmantojot (43), (46) un (51) un nemot veéra, ka

|1 - x|2 = (1-x)?, tiek transforméts integralis (43) par integrali ar neoscilgjosu funkciju:

wm_“m cos A cos AxdA =
2 0,,(2)
a_bjfgo(é{ K-8 +a ) K baror+a?)

by(x=&)* +a’ by(x+ &) +a’

kur (&) ir dots formula (50).
Lidzigi var noradit, ka

}dé, (51

0

© e—zw/lz +,uz

; cos A cos AxdA =
o T 22

4

1 Kl(,u 22+(x—§)2j Kl(,u 22+(x+§)2)

=2,uz N
z '([ 22+(x—§)2 Zz+(x+cf)2

cos%fdf . (52)

Integrali (53) var viegli novertét, izmantojot paketi “Mathematica” visam parametru
verttbam x >0 un z >0. Ka var redzét formula (53), transformacijas prieksrocibas ir:
1. parametrs x pariet no oscilgjosas funkcijas kosinusa argumenta uz
monotonas Besela funkcijas argumentu X ;
2. integréSanas robezas tick nomainitas uz ierobezotu apgabalu 0 <& <1.
Integrali (52) un (53) tiek izmantoti MHD plismu problému, kas rodas virsmas
negluduma del, risindjuma novertéSanai vai transformésanai (skatit [2], [13]). Viens
$ads piemérs ir dots sadala 4.2.
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4. nodala. EUROFER terauda korozija un plazmas magnétiskais ierobeZojums
reaktoros.
4.1 Deiterija-Tritija reakcija un tas lietojums reaktoros.

Sa gadsimta laika lidz 2050. gadam pasaules iedzivotaju skaits palielinasies no
seSiem miljardiem Iidz desmit miljardiem cilvéku. Tomér lielaka nozime ir tam, ka
nakotné tiks pateréts butiski vairak energijas neka paslaik. Gadsimta vidii paterétas
energijas daudzums, iesp&jams, bus divas reizes lielaks, turklat vislielakais patérina
palielinajums bis vérojams elektroenergijas raditajos.

4000
3500 1
3000 -
2500 -
2000 - |
1500 -
1000 +—

e =
0 \ \ \ \ —

crude oil coal gas wood nuclear hydro

Mtoe

Energijas patérins pasaulé

Crude oil — jelnafta

Coal — ogles

Gas — gaze

Wood — koksne

Nuklear — kodolenergija
Hydro — hidroelektroenergija

Mtoe - Mt

1.tabula. Energijas patérins 2007.gada [Mt (miljoni tonnu ellas ekvivalents)]
(Precizas vértibas ir attiecigi — 3500, 2200, 2100, 1200, 700 un 200.)

Zinatnieki no visam Eiropas dalibvalsttim un G8 valstim, kas saistitas ar
EURATOM kodolenergijas programmu, ir centuSies mazinat Deitérija-Tritija
glazmas reakcijas procesu uz Zemes reaktora iekSienes virspuse:

*H+°H — jHe + jn+ 17.6 MeV (53)
(skatit [1], [32], [33], [57], [49]).

Kodolenergija ( 17,6 MeV ) paradas gan ka neitronu kingtiska energija (14,1 MeV), kas
jauzglaba reaktora iekSpus€, izmantojot svinu, gan art ka alfa dalinas (3,5MeV), kas tiek
izmestas no konkréta reaktora caur skursteni kopa ar pelniem [1], [36], [37] un [64].
Deitérijs galvenokart atrodams jiiras tdenit, bet tritijs ir radioaktivs elements, kas uz
Zemes dabiska veida ir reti sastopams. Tomér to iesp&jams radit reaktora, izmantojot
neitronu reakciju virspusé, izmantojot litiju — bagatigu, vieglu metalu, kas sastopams
daba ka:

Li6 +n ---- T+ He4 + 4,8 MeV

Li7 +n---- T+ He4 — 2,5 MeV
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Desmit grami deitérija, ko iesp€jams iegiit no 500 litriem tdens un 15 g tritija, ko
savukart iegist no 30 g litija, nodroSina viena cilvéka muzam pietickami daudz
elektribas industriali attistita vide (skatit [1], [32], [39], [35], [49], [55], [56], [64]).

D-T plazmas ierobezojums ir apspriests jau sakot ar JET projektu (Joint European
Torus), panakot ITER (International Thermonuclear Experimental Reactor
Starptautiskais Termonuklearais eksperimentalais reaktors), kas nodroSinas tehniskos
datus, kuri nepiecieSami turpmako I€mumu piepemsSanai par citiem reaktoriem,
pieméram, DEMO un PROTO, kas var klut par pirmajiem spékstaciju prototipiem ar
pilnigam reaktoru sisttmam un papildsisttmam, kuras razos elektribu komerciala
méroga (pienemot, ka ta biivnieciba tiks uzsakta §a gadsimta piecdesmitajos gados, bet
darbu tas uzsaks §a gadsimta septindesmitajos gados) [1], [33], [35], [49], [57], [64].

4.2 MHD fenomena ietekme uz EUROFER teérauda koroziju Pb-17Li plisma.

(Seit MHD plisma ar virsmas negludumiem ka vado$a Skidruma z = 7o cos(zx /2L)
ir pustelpa un tiek pienemts,) Aplikosim MHD plismu ar negludumu veida
Z = y,cos(m /2L)pustelpa Z >0,—00 <X,y <+o0. Ar€jais magnétiskais lauks ir

B =B,e,. EUROFER terauda korozija Pb-17Li plisma var tikt uzskatita par

negludumu raditam sekam, kur Hartmana virsmas pliismas arf ir perpendikulari plismai.
Nenemot véra to, ka t€rauda koroziju Pb-17Li plisma ir neliela, tomér nozimiga
reaktora darbibas dala, tiek informéts par tas svarigumu un jaunakajiem rezultatiem, kas
iegti, petot korozijas procesu Fizikas institata Latvija [55], [56]. Sis eksperiments tika
veikts ar dazadiem paraugiem, kuru plismas atrums bija 2,5 cm/s un 5 cm/s, bet
magnétiska strava bija 0, 1,5 un 1,7 T. Rezultati, kas tika iegiiti Sajos p€tijumos,
pieradija, ka magnétiskajam laukam ir liela ietekme uz korozijas procesiem gan
korozijas intensitates, gan tas biitibas zina (7. attels).
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ev=bcm/sB=17T
® ® v=2.5cm/sB=0T
v=2.5cm/s B=17T
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(4]
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7. attels. EUROFER paraugu korozijas atruma salidzinajums magnétiska lauka un bez
magnétiska lauka.

Corrosion rate — korozijas atrums

Mikron/year — mikroni/gada Number of samples — paraugu skaits
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Cits eksperiments pieradija, ka korozijas virsmas ir vérstas pliismas virziena
(8. attels).

1 2 3 4 5 7 8 10

12 mm

8. att€ls. EUROFER paraugu virsmas reljefs, kas paklauts korozijai Pb17Li 2000 stundu
laikposma.

Cerams, ka lidz $a gadsimta beigam zinatnieki, izmantojot pieejamas tehnologijas un
pétijumus, spés gut panakumus /TER projekta, kas nodro§inas fizikas un tehnologiju
pamatu tadas elektriski generéjamas spékstacijas demonstracijas buvniecibai ka,
pieméram, DEMO un PROTO . P&c tam jauns, tirs un I&ts energijas avots klitu par daju
no cilveku dzives (skatit [1], [9], [20], [28], [32]-[37], [40], [49], [51], [55], [56], [62],
[70] un [73]).

5. nodala. Ginzburga-Landau vienadojums sekla iidens stabilitates analizei vaji
nelineara rezZima.

Hidraulika zaud€umi, kas rodas turbulentasvberzes dél, biezi tiek attéloti
empirisku (vai dalgji empirisku) formulu, pieméram, Cezi vai Manninga formulu [22]
veida. Ipasi biei tiek lietota Cezi formula, lai att€lotu berzes speku F formula

Fo pgAc,

v, (55)

kur p skidruma blivums, g ir smaguma speka paatrindjums, A ir Sk€rsgriezuma
laukums, £ ir Gdens dzilums, ¢, ir berzes (jeb grumbulainuma) koeficients, v ir atruma
vektors un F berzes speks. Koeficients ¢ tiek aprekinats ar vairaku empirisko formulu

palidzibu, kas atrodamas literatiira. Viens piemérs ir Kolbruka formula [67], kas attiecas
uz ¢, Reinoldsa plusmas skaitli.
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P&c tam tiek nemta véra formas bazes pliisma

U=U()0) , (56)
kur
u=1-=8__1 (57)

1-R cosh’(ay)
Ieteikumi par bazes plusmu (57) doti [19], p€c rupigas pieejamo eksperimentu datu
analizes par dzilajam tdens plismam aiz aplveida cilindriem. Profils (55) ari ir
pielagots esoSajam  pétjjumam. Parametrs Rir atruma  koeficients:
R=U,-U/)/I(U,+U,), kar U, ir sekla tdens plismas atrums un U ir vides
atrums, bet « =sinh™'(1). Raksta [44] redzams, ka seklad fidens linedro stabilitati
raksturo $ada probléma:

9, "(U —c+SU)+SU, g, '+ (/8 ~U, —kU - gkUj 9 =0 (56)
@, (£0) =0, (57)
kur straumei ir plismas funkcija, w(x, y,t), pienem ka

w(x,y,1) = g (y)explik(x—ct)]+c.c. (58)

Seit ¢,(y)ir perturbacijas amplitida, k ir vilnu skaitlis, cir perturbacijas vijpu atrums,
bet c.c.nozimé “kompleksais konjugats”. Bazes pliismas linearo stabilitati (55) nosaka
pec 1pasvertibu problémas (56), (57) ipasvertibam, ¢, =c,, +ic,, , m =12,.... Plisma
(55) ir lineari stabila, ja ¢,, <0 visiem m , bet ta ir lineari nestabila, ja ¢,, >0 vismaz
vienai m vértibai.

Linearas stabilitates probléma (56), (57) tiek risinata ar pseidospektrala izvietojuma
metodi, kas pamatota uz CebiSeva polinomiem. Aprékina procediira Tsuma ir izklastita
turpmak (papildu informaciju par skaitlu metodém meklgjiet [44]). Intervals

. : . . 2
—o0 < y<+ooir kart€ts uz intervalu —1<r <1, veicot transformacijas » =—arctan y.
V4
Risinajums (56), (57) tick meklets
N
0 (r) = a,(1=r")T.(r), (39)
k=0

kur 7, (r) ir Cebiseva polinoms & pakape. Izvietojuma punkti r; ir

Cecos L i
r; =cos N j=0,1,..,N. (60)

Stabilitates parametra S kritiskas veértibas ir redzamas 2. tabula.
Nemot véra [67], tiek veikta vaji nelineara stabilitates analize kritiska punkta apkartné.

R k S, c
03 0.892 0.11819 0.69814
04 0.909 0.15689 0.65964
-0.5 0.926 0.19548 0.62394
0.6 0.944 0.23409 0.59083
0.7 0.962 0.27286 0.55925
-0.8 0.980 031189 0.52882

2. tabula. Stabilitates parametra S kritiskas vertibas.
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R o ) H o\ _ . D
Amplitidas evoliicijas vienadojums
20,3 0,063+0,004 0,060 0.206i 4,673 + 13,2941 Kompleksai Ginzb Lond
04 0,078+ 0,003 0,090 — 0.195i 3,796 + 10,938i (kompleksais mzburga-Landau
0,5 0,090+0,000i  0,115-0.184i 3,895+ 10,119 vienadojums), lai novertétu
0,6  0,100-0,003i 0,136 0.172i 4,375 +10,109i . bilak o Wa 6d
20,7 0,109-0,007  0,153-0.16li 5,149 + 10,590 visnestabilako rezimu sekla udens
08 0,116-0012i  0,167-0.152i 6,302 + 11,448 plusmas aiz SkérSliem, tiek ieglts
3 [44], wvisas formulas Ginzburga-
CGLEAEUL? enti (61 Landau vienadojuma  koeficientu
oeficienti (61) aprékinasanai ar1  sniegtas [44].
Kompleksajam Ginzburga-Landau
vienadojumam ir $ads pieraksts:
0A 0°A 2
—=0A+6——ulA 4 (61)
or o0&

Izmantojot [44] aprakstito metodi, tiek aprékinati CGLE (61) koeficienti dazadam R
veértibam. Rezultati ir apkopoti 3. tabula.

Viens no galvenajiem secinajumiem, kas izdarits p&c vaji nelinearas stabilitates
analizes, kas piemérota kvazi-divdimensiju plismam [22], bija Landau konstantes s,
speciga atkariba no bazes plusmas profila formas. Aprekini, kas sniegti [22], pierada, ka
Landau konstantes vertibas atSkiras par koeficientu tris diviem bazes pliismas atruma
profiliem, kuru linearas stabilitates raksturotaji atSkiras tikai par 20%. Tade] [22] tika
secinats, ka vaji nelinearas teorijas metodes nav iesp&jams piemérot praks€, jo
eksperimentu gaita nav iespgjas precizi noteikt bazes pliismas profilu. Citiem vardiem
sakot, [22] tika secinats, ka Landau konstantes noteikSanas probléma ar vaji nelinearas
teorijas palidzibu ir jutiga attieciba pret bazes profila izmainam, jo nelielas novirzes no
bazes plusmas profila rada véra nemamas izmainas Landau konstante.

Aprekini, kas doti 2. un 3. tabula, pierada, ka KGLV koeficienti nav tik jutigi
pret izmainam parametros R bazes plusmas profila (55), ka tas tika atzits [22]. Faktiski,
ne vien Landau konstante nav jutiga pret izmainam profila (55), bet visi CGLE
koeficienti ir saméra nemainigi.

SECINAJUMI
Darbs ir veltits to faktoru analizei, kas ietekmé MHD plismu un sekla tidens
plusmu struktiiru un stabilitati. Jo 1pasi sienas pretestibas ietekmi uz plismu var
aprakstit lokali (nemot véra robezas negludumu) vai globali (izmantojot pusempiriskas
formulas, kas apraksta iek$€jas berzes ietekmi).
Robezvirsmas negludums var rasties korozijas d€]. Eksperimentalie rezultati paradija
nozimigu magnétiska lauka ietekmi uz korozijas procesiem — gan uz korozijas
intensitati, gan tas pasSibam. Tade] no praktiskas puses ir biitiski analizét negluduma
ietekmi uz MHD plismu struktiiru. ST ietekme darba tiek novértéta, analitiski atrisinot
magnétiskas hidrodinamikas vienadojumu sistému (izmantojot Furjé transformacijas).
Darba ir skatitas vairakas virsmas negluduma formas. Analitiskie risinajumi ir iegiiti, un
atruma sadalijums ir skaitliski analiz€ts dazadiem Hartmana skaitliem. Tapat ir iegtts
asimptotiskais risinajums lieliem Hartmana skaitliem. Risinajumi ir iegtti ka integrali,
kas ieklauj oscil€josas funkcijas. Darba Sie integrali tiek parveidoti par integraliem no
neoscilgjosam funkcijam.
Turklat tiek sniegta informacija par jaunakajiem rezultatiem, kas iegiti trijas
eksperimentu sesijas (katra 2000 stundu ilga), kuras sekmigi veiktas Salaspili, Latvija.
Sajos pétijumos gitie rezultati pieradija véra nemamu magnétiska lauka ietekmi uz
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korozijas procesiem gan korozijas intensitates, gan tas biitibas zina. Turklat tika iegiiti
jauni rezultati, kas saistiti ar korozijas profilu [56]. EUROFER korozijas paraugu
1zp€tes process pieradija, ka ir pietickama atskiriba starp korozijas procesiem paraugos,
kas izvietoti arpus magnétiska lauka (B = 0), un paraugos, kas izvietoti magnétiska
lauka zona (B = 1,7 T). Sadi péttjumi tiek veikti, lai nodroginatu kodolenergijas kontroli
reaktoros. Viens no §is programmas pamatjautajumiem ir Skidro metalu virskartas
probléma. Virskartas strukturalajam materialam jaatbilst augstam prasibam ekstremalo
darbibas apstaklu dé]. Tapec ir nepiecieSamas zinaSanas par metalu pliismas atruma,
temperatiiras, ka ar1 par neitronu starojuma un magnétiska lauka ietekmi uz korozijas
procesiem. Paslaik par vispiemérotako reaktora tritija virskartas materialu tiek uzskatits
eutektiskais svins — litijs (Pb-17Li) [1], [55] un [56].

Tiek pétita sekla tidens plismu stabilitates analize vaji nelineara rezima, izmantojot
Ginzburga-Landau vienadojuma komplekso formu, lai iegiitu aprékinus, kas norada, ka
Landau konstanSu vertibas [22] ir salidzinosi jutigas pret bazes pliusmas profila formu.
Darba ir pieradits, ka berzes speku modelé ar nelinearu Cezi formulu [66]. KGLV
koeficienti nerada ipasu ietekmi uz intervalu —0.8 < R<-0.3. Sis R vértibu intervals
atbilst konvektivi nestabilajam reZimam [44]. Tad€l jasecina, ka kompleksais
Ginzburga-Landau vienadojums ir izmantojams seklu kilidens plismu analizei vaji
nelineara rezima.

Pirmas divas nodalas ir veltitas negluduma elementu ietekmei uz MHD plismam
stipra magnétiskaja lauka. Ir iegiti atbilstoSo problému analitiskie atrisinajumi ar Furjé
transformacijas metodi. Sadala 2.3.1. tika pieradits, ka divdimensiju MHD pliisma rodas
y asij pretgja virziena tikai tad, ja robezas ir nelidzenas. y komponentes risinajumi
Skidruma pliismas atrumam un x komponentes risinajumi induc@tajai stravai tiek iegiti
ka elementarfunkciju neistie integrali. Toties inducétas stravas z komponente ir izteikta
ar Besela funkciju. Problémas asimptotiskais risinajums, ja Hartmana skaitlis ir

Ha — o tiek iegiits elementarfunkciju veida. Ja Hartmana skaitlis ir Ha > 10, precizie
un asimptotiskie risinajumi praktiski sakrit.

Turklat probléma, kas izvirzita $aja sadala, ir pieradits, ka induc€tajam magnétiskajam
laukam ir tikai y komponente. Tiek iegtiti MHD vienadojumu sistémas risindjumi par
Skidruma plismas atrumu un inducétas stravas potencialu. Tiek iegiti ari spiediena
gradienta x un z komponen$u vienadojumi. Skidruma plismas atrums centralaja
plisma ir konstants, ja Hartmana skaitlis ir liels. Tas nozimé, ka tas nav atkarigs no Ha.
Palielinoties Hartmana skaitlim, palielinas vienigi centrala apgabala augstums. MHD
atrisinajumi, kas izklastiti Saja darba, atvieglo skidruma izplatiSanas izpéti apgabala ar
stipru magnétisko lauku (Hartmana skaitlis ir liels). Sie secinajumi ir nozimigi, un tie
var palidzgt citu ar elektribu vadosu Skidrumu problému risinasana dazadas tehnologiju
un inzenierzinatnu jomas, pieméram, MHD pliismas mériericeés, MHD stknos utt.

TreSa nodala galvenokart ir veltita jautajumam, ka noteiktu problému par MHD
vadoSa Skidruma plismu pustelpa risindjumi ir izteikti dazu meromorfu funkciju un

funkcijas exp(—a+vA* +b*)cos Acos Ax reizindjuma neisto integralu veida, kur a >0
un b >0 ir parametri, x >0 ir x koordinata Dekarta koordinatu sisttma. Tomer §is
funkcijas ir Joti oscil§josas, ja x ir liels, tadéjadi sarezgijot So integralu aprékinasanu ar
paketes “Mathematica” starpniecibu. Saja dala minétie integrali tiek parveidoti par
monotonas funkcijas integraliem, izmantojot konvoliicijas teorému par divu Furjé
kosinusa transformaciju reizinajumu. legiitie rezultati atvieglo atseviSku problému
noveértéSanu matematikas, inzeniertehnisko zinatnpu un inzeniertehniskas matematikas
jomas.
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Ceturta nodala ir veltita EUROFER korozijas Pbl17Li plusma praktiskajam
petijumam, kur iegiiti triju nesen planoto un sekmigi pabeigto eksperimentalo sesiju
rezultati. Rezultati, kas iegiiti Sajos petijumos, pierada magnétiska lauka ieveérojamo
ietekmi uz korozijas procesiem gan attieciba uz korozijas intensitati, gan tas biitibu.
Turklat tiek ieglti jauni rezultati par korozijas profilu [56]. EUROFER korozijas
paraugu izpétes process paradija, ka magnétiskais lauks rada pietieckamu ietekmi uz
koroziju: vizuala test€Sanas paraugu noverosana, kas iegiiti no test€Sanas sekcijas pec
eksperimentiem, uzradija atSkiribas starp korozijas procesiem paraugos, kas izvietoti
arpus magnétiska lauka (B = 0), un paraugos, kas izvietoti magnétiska lauka zona (B =
1,7 T). Jaunu energijas avotu meklgjumi arvien lielaku uzmanibu piesaista reaktoru
izmantoSanai. Zinatnieki, kas iesaistitit EUROATOM programma, cenSas izprast veidu,
ka kodolreaktori sp&j darboties, izmantojot D-T plazmas koncepciju. JET, DEMO un
PROTO ir projekti, kuru istenosana var palidzet razot pilniba kontrolétu energiju, kas
tiks tiesi pievienota elektribas tikliem. Turklat ta ir viena no nedaudzajam iesp&jam, kas
potenciali ir piepemamas gan no apkartgjas vides droSibas (pilnigi bez CO, izmetes),
gan no ekonomiska viedokla.

Piekta nodala ir veltita seklo tidens pliismu stabilitates analizei vaji nelineara
reZima, izmantojot Ginzburga-Landau komplekso vienadojumu rezultatu iegiSanai un
petijuma secindjumu izdariSanai. Aprékini, kas sniegti [22], liecina, ka Landau
konstantes vertibas atSkiras par koeficientu tris diviem dazadiem atruma profiliem ar
linearas stabilitattes raksturotajiem, kas atSkiras ne vairak par 20%. Citiem vardiem
sakot, tika secinats, ka Landau konstante [22] ir sam@ra jutiga pret bazes pliismas profila
formu. Promocijas darba berzes speku modelé ar nelinearo Cezi formulu [67]. 1. tabulas
un 2. tabulas datu analize liecina, ka seklas kilidens plismam linearas stabilitates
raksturojuma izmainu d€] radas mazakas izmainas KGLV koeficientos. Tadel var
secinat, ka komplekso Ginzburga-Landau vienadojumu ir iesp&jams izmantot, lai veiktu
sekla kiludens analizi vaji nelineara rezZima.

BIBLIOGRAFIJA

[1] Abdou.M., Sawan M. Physics and technology conditions for attaining tritium self
sufficiency for the DT fuel cycle, Fusion Engineering & Design, vol. 81, pp.
1131-1144 (2006).

[2] Antimirov M.Ya., Lielausis O.A., Ligere E.S. Shishko A.Ya. Linear approximation
to the flow over roughness elements in a strong magnetic field, Fifth International
Pamir Conference on Fundamental and Applied MHD, Volume 1. Ramatuelle,
France (2002).

[3] Antimirov M.Ya., Kolyshkin, A.A. Vaillancourt, R. Applied Integral Transforms.
AMS, Providence (1993).

[4] Antimirov M.Ya. , Kolyshkin, A.A. Vaillancourt, R. Complex variables.

Academic Press (1998).

[5] Antimirov M.Ya., Chaddad I.A. Solution of the flow over the roughness elements of
special shape in a strong magnetic field, Magnetohydrodynamics, vol. 41, no. 1,
pp.- 3 — 17 (2005).

[6] Antimirov.M.Ya, Dzenite I. Evaluation of new classes of definite integrals,
Scientific Proceedings at Riga Technical University,5th series: Computer
Science,43rd thematic issue, vol. , pp. 32-39, Riga, RTU (2001).

27



[7] Antimirov.M.Ya, Dzenite I. Evaluation of new classes of definite integrals,
Proceedings of the 3rd European Congress of Mathematics, ECM , Barcelona
(Spain), July 10-15 (2000).

[8] Aranson L.S., Cramer L. The world of the complex Ginzburg-Laundau equation,

Review of Modern Physics vol. 74, pp. 99-143 ( 2002).
[9] Benamati G., Fazio G, .Ricapito C: Mechanical and corrosion behavior of
EUROFER 97 steel exposed to Pb-17Li. Journal of Nuclear Materials, vol. 307-
311, no. 2, pp.1379-1383 (2002).
[10] Blennerhassett P.J. On the generation of waves by wind, Philosophical transactions
of the Royal Society of London, Ser. A Mathematical and Physical Sciences, vol.
298, pp 451-494 (1980).
[11] Buikis A, Kalis H. Numerical modeling of heat transfer in magnetohydrodynamic
flows in a finite cylinder, Computational Methods in Applied Mathematics,
vol.2. no.3, pp.243-259 (2002).
[12] Chaddad I.A., Antimirov M.Ya. Solution of a problem to the flow over the
roughness elements of a special form in a strong magnetic field , 5™ Pamir
International conference, Fundamental and applied MHD, Poster session 1, June
27 —July 1, Riga, Latvia (2005).
[13] Antimirov M.Ya., Chaddad I. A. Analytical solution of the MHD problem to the
flow over the roughness elements using the Dirac delta function, Scientific
Proceedings at RigaTechnical University, Sth series: Computer Science, 46th
thematic issue,vol.13, pp. 123 — 136, Riga, RTU (2004).
[14] Chaddad I. A., Kolyshkin A.A. Ginzburg-Landau model: an amplitude evolution
equation for shallow wake flows, Proceedings of World Academy of Science,
Engineering and Technology, vol. 28, pp. 1 —5. April (2008).
[15] Chaddad, I. A., Kolyshkin A. A Ginzburg-Landau model: an amplitude evolution
equation for shallow wake flows, International conference on Mathematics and
Statistics, Rome, Italy, April 25 —27 (2008).
[16] Chaddad I. A., Kolyshkin A. Ginzburg-Landau model: an amplitude evolution
equation for shallow wake flows, International Journal of Mathematical, Physical
and Engineering Sciences, vol. 2, no. 3, pp. 126 — 130 (2008).
[17] Ligere E.S., Chaddad I. The transformation of one class of integrals containing
oscillating functions and its application to some MHD problems, Proceeding of
Riga Technical University, 5th series: Computer Science, 45th issue, vol.7, pp.
70 — 78, Riga (2003).
[18] Chaddad.l.A. On the form of magnetic field of fully developed MHD equations.
Proceeding of Riga Technical University,6th series: Computer Science, 46th
issue, vol.9, pp. 113 — 122, Riga, RTU (2004).

[19] Chen D., Jirka G.H. Absolute and convective instabilities of plane turbulent wakes
in shallow water, Journal of Fluid Mechanics, vol. 338, pp. 157-172 (1997).

[20] Cross M.C., Honenberg P.C . Pattern formation outside of equilibrium, Reviews of
Modern Physics, vol. 65, pp. 851-1112 (1993).

[21] Davidson P.A. An introduction to magnetohydrodynamics, Cambridge University
Press (2001).

[22] Dolzhanskii F.V. Krymov V.A., Manin D. Yu. Stability and vortex structures of
quasi-two-dimentional shear flows, Soviet Physics Uspekhi, vol. 33, pp. 495-
520 (1990).

[23] Dufrenoy T, Rodi W. Developments in computational modelling of turbulent
flows. In 'ERCOFTAC'. Workshop on numerical simulation of unsteady flows.
Cambridge Univ. Press, pp. 1-76 (1996).

28



[24] Drazin, P.G and Reid W.H. Hydrodynamic stability (second edition), Cambridge
University Press (2004).

[25] EFDA ( European Fusion Development Agreement) The European Fusion
Research Programme:Strategic outlook for infrastructure towards DEMO.
EFDA associates and F4E (2008).

[26] Fedderson F. Weakly nonlinear shear waves, Journal of Fluid Mechanics, vol. 372,
pp. 71-91 (1998).

[27] Gazzola F., Secchi P. Some results about Stationary Navier-Stokes equations with
a pressure dependent viscosity, Proceedings of the International Conference on
Navier- Stokes. Equations, Theory and Numerical Methods, Varenna 1997,
pp. 131-137 (1998).

[28] Gelfgat YM., Lielausis O.A., Shcherbinin E.V. Liquid metal under influence of
electromagnetic forces, Riga (1975) (In Russian).

[29] Hartmann J. Theory of the laminar flow of an electrically conductive liquid in a
homogenous magnetic field, Mat.fys. medd. K. Danske videnskab. Selskab, bd.

15, no. 7 (1937).

[30] Hunt, J.C.R., Stewartson K. Magnetohydrodynamic flow in a rectangular ducts II,
Journal of Fluid Mechanics, vol. 23, pp 563-581 (1964).

[31] Hunt, J.C.R., Moreau R. Liquid metal magnetohydrodynamics with strong
magnetic fields: a report on Euromech 70, Journal of Fluid Mechanics, vol. 78,
pp-261-288 (1976).

[32] Thle H., Wu C. Chemical thermodynamics of fusion reactor breeding materials and
their interaction with tritium, Nuclear.Materials, vol.130, No.3, pp. 454-464
(1985).

[33] ITER Physics basis, Nuclear Physics Documentation vol.47, Number 6 pp. S1-
414 (2007).

[34] ITER EDA Agreement and Protocol 2. Documentation series Number 5.IAEA
Vienna (1999).

[35] ITER special working group report on task 1 results. ITER Council proceeding
(1998).

[36] Shimomura, Y., Spears, W. Review of the ITER project, IEEE Transactions on
Applied Superconductivity, vol. 14, pp. 1369 -1375 (2004).

[37] ITER Council proceeding: ITER DEMO Documentation series Number 20. [AEA
Vienna (2007).

[38] Jackson J.D. Classical electrodynamics, Wiley (1986).

[39] Jeffrey. P., Freidberg Plasma Physics and Fusion energy, Cambridge University
Press (2006).

[40] Kallenrode M.-B., An Introduction to Plasmas and Particles in the Heliosphere and
Magnetospheres. (Second Edition) Springer ( 2001 ).

[41] Metallurgical technologies, energy conversion, and magnetohydrodynamic flows,
Progress in Astronautics and Aeronautics, vol. 148, Published by ATAA (1993).

[42] Sterl A. Numerical simulation of liquid-metal MHD flows in rectangular ducts,
Journal of Fluid Mechanics , vol. 216, pp. 161 - 191 (1990).

[43] Kolyshkin A.A., Ghidaoui M.S. A quasi-steady approach to the stability of time-
dependent flows in pipes, Journal of Fluid Mechanics vol. 465, pp. 301-330
(2002).

[44] Kolyshkin A.A., Ghidaoui M.S. Stability analysis of shallow wake flows, Journal
of Fluid Mechanics, vol. 494, pp.355-377 (2003).

[45] Kolyshkin A.A., Nazarovs S. Influence of averaging coefficients on weakly
nonlinear stability of shallow flows, IASME transactions, issue 1, vol.2, pp. 86-
91 (2005).

29



[46] Kolyshkin A.A., Vaillancourt, R., and Volodko, I. Weakly nonlinear analysis of
rapidly decelerated flow, IASME transactions. issue 7, vol. 2, pp. 1157-1165
(2005).

[47] Kolyshkin A.A. Chaddad I.A. Ginzburg- Landau equation for stability of water
flow in a weakly nonlinear regime, Scientific Proceedings at Riga Technical
University,5th series: Computer Science,49th thematic issue, vol. 33, pp. 58-64,
Riga, RTU (2007).

[48] KYOTO Protocol to the United Nations framework convection on climate change
By United States Congress. House. Committee on Science United Nations
Framework Convention on ClimateChange (2007).

[49] Leavenworth H.W., Clealy R.E. The solubility of Ni, Cr, Fe, Ti and Mo in lithium.
Acta Metallurgica, vol.9, no.5, p.519-520 (2002).

[50] Lorrain P., Lorrain F., Haule S. Magneto-fluid dynamics. Fundamentals and case

studies of natural phenomena, Springer (2006).

[51] Max-Plank Institute for Plasma Physics- Research for Energy of the Future, vol.2
issue 3, Berlin (2005).

[52] Micheal I. Study of MHD problems in liquid metal blankets of fusion reactors,
KFK-3839, Karlsruhe Nuclear Research Center (1984).

[53] Moreau R. Magnetohydrodynamics, Kluwer (1990).

[54] Muller U., Buhler L. Magnetofluiddynamics in channels and containers, Springer
(2001).

[55] Platacis.E, Shishko.A, Bucenieks.I., Krishbergs R., Lipsbergs G, Zik A.,
Muktepavela F., Assessement of Magnetic field effects on EUROFER corrosion
in Pb.17 Li at 550°C, EFDA, Final report TTBC-006-D1, Salaspils, Latvia
(2006).

[56] Platacis.E, Shishko.A, Bucenieks.I., Krishbergs R. Analysis of the strong magnetic
Field influence on the corrosion of EUROFER steel in Pb.17 Li flows, Salaspils,
Latvia (2008).

[57] Porleon L., Miyazaki,K. Reed C. Present understanding of MHD and heat transfer
phenomena for liquid metal blankets. Report 8 ANL/TD/CP--83938; CONF-
940664-27, Washington, DC , USA (1998).

[58] Priest E, Forbes T. MHD Theory and Applications, Cambridge University Press
(2000).

[59] Ramos J.I, Picologlu T. Numerical simulation of liquid metal MHD in rectangular
ducts, Physics of Fluids v. 29, pp.34-42 ( 1996).

[60] Ramos J. Report of of the PROTO Project on joint implementastion of ITER :
Documentation series. Number 20. IAEA Vienna (2007).

[61] Schultz B. Thermophysical properties of the Lil 7Pb83 alloy, Fusion Engineering
and design activities, vol. 14, Issues 3-4, pp.199-205 (2005).

[62] Shimomura Y. Large eddy simulation of magnetohydrodynamic turbulent channel
flows under a uniform magnetic field, Physics of Fluids A, vol. 3, pp. 3098 —
3106 (1991).

[63] Shimomura Y. ITER: opportunities of burning plasma studies, Burning Plasma
Science Workshop, San Diego, USA, May 1 — 3, (2001).

[64] Simon N., Terlain A., Flament T. The compatibility of martensitic sttels with

liquid Pb 17 — Li, Journal of Nuclear Materials, vol. 254 . pp 185-194 (1998).

[65] Singh B., Lal J. Heat transfer in an MHD channel flow with boundary conditions

of the third kind, Applied Scientific Research, vol. 48, no. 1, pp. 11 - 33 (1991).

[66] Streeter V.L., Wylie E.B., Bedford K.W. Fluid Mechanics ( 9th edition) McGraw

Hill (1998).

30



[67] Stewartson, K. & Stuart J.T. A nonlinear instability theory for a wave system in
plane Poiseuille flow. Journal of Fluid Mechanics, vol. 48, pp. 529-545 (1971).

[68] Stott G., PeterE. Diagnostics for thermonuclear Fusion reactors part 2, Proceedings
of the International School of Plasma Physics "Piero Caldirola" Workshop on
diagnostics for experimental fusion reactors, held September 4-12, in Varenna,
Italy (1997).

[69] Valdmanis J., Shishko A., Krishbergs R. MHD flow pattern near the rough
Hartmann wall subjected to corrosion process, 4™ International conference of
Electromagnetic proceeding of materials, France (2007).

[70] Levinton, F.M., Batha, S., Yamada, M., Zarnstroff, M.C. Q-profile measurements
in the Tokamak fusion test reactor, Physics of Fluids B, vol. 5, pp. 2554- 2559
(1993).

[71] Antimirov M. Ya., Kremenetsky V.N. Magnetohydrodynamical flow of a flat
submerged jet into semi-space in a strong magnetic fields . Magnitnaya
Gidrodinamika, 32(1):56-62, (in Russian) (1996).

[72] Ditkin V.A., Proudnikov A. P. Integral transforms and operational calculus,
Moscow , FizMatGiz (1979) (In Russian).

[73] Gryaznov G.M., Evtikhin V.A., Zavyalsky L.P. et al. Material science of liquid
metal systems for thermonuclear reactors, Energoizdat Publishing House,
Moscow (1989) (in Russian).

[74] Prudnikov A.P., Brychkov Yu.A., Marichev O.I. Integrals and Series,

Moscow, Nauka, (1981) (In Russian).

[75] Vatazin A.B., Lubimov G.A., Regirer S.A. Magnetohydrodynamic flows in

channels, Moscow, Nauka, (1970) (In Russian).

31



INTRODUCTION

The thesis is devoted to the analysis of factors that influence the structure and
stability of magnetohydrodynamic (MHD) flows and shallow water flows. In
particular, the effects of wall resistance on the flow can be described locally (taking
into account roughness of the boundary) or globally (using semi-empirical formulas
describing the effect of internal friction).

Roughness of the boundary can occur as a result of corrosion. Experimental results
demonstrated essential influence of magnetic field on the corrosion processes both
in the intensity of corrosion and its character. Therefore, is it important from a
practical point of view to analyze the effect of roughness on the structure of
magnetohydrodynamic flows. This effect is evaluated in the thesis by solving the
system of magnetohydrodynamic equations analytically (using the Fourier
transform). Several forms of surface roughness are considered in the thesis.
Analytical solutions are found and velocity distribution is analyzed numerically for
different Hartmann numbers. Asymptotical solution for high Hartmann numbers is
also found. The solutions are found in terms of integrals containing oscillatory
functions. These integrals are transformed in the thesis to integrals containing non-
oscillatory functions.

Global effect of internal friction is usually taken into account by using empirical
resistance formulas like Chezy formula to estimate the “lumped” effect of friction in
turbulent flows for the computation of flow rate and losses in channels or pipes and
design of open channels. These formulas contain empirical friction coefficients that
are directly related to the Reynolds number of the flow and the roughness of the
boundary. The coherent structures in wake flows behind obstacles are believed to
appear as a final product of hydrodynamic instability of the flow. Methods of
weakly nonlinear stability theory have been applied in the past to different flows and
usually lead to amplitude evolution equations for the most unstable mode. One of
such equations is the complex Ginzburg-Landau equation. Weakly nonlinear theory
applied to quasi-two-dimensional flows with Rayleigh friction (internal friction is
assumed to be linearly related to the velocity distribution) led to the conclusion that
the coefficients of the amplitude evolution equation (Ginzburg-Landau equation) for
the most unstable mode strongly depend on the shape of the base flow profile. As a
result it was concluded in the literature that weakly nonlinear models cannot be used
for such cases since it is impossible to determine experimentally the base flow
velocity distribution with high accuracy and, therefore, one cannot use reliable
values of the coefficients of the Ginzburg- Landau equation. It is shown in the thesis
that if a nonlinear formula is used to model bottom friction then the coefficients of
the Ginzburg-Landau equation are not sensitive to the base flow velocity
distribution.

IMPORTANCE OF THE RESEARCH

Study and analysis of magnetohydrodynamic flows in ducts or channels in the
presence of a magnetic field is important in applications such as design and analysis
of MHD generators or pumps. The influence of the surface roughness on the MHD
flow of a conducting metal is useful for the techniques used to set up the cooling
system of the Tokamak reactor. In addition, corrosion has to be taken into account in
design and analysis of the performance of such reactors. It is known that magnetic
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field affects both the rate of corrosion and the character of corrosion. It is, therefore,
important to analyze the effect of corrosion on the structure of
magnetohydrodynamic flows.

The stability characteristics of shallow flows behind obstacles are important from
environmental point of view. Poor water circulation in the regions behind islands
can lead to deterioration of water quality and, in some cases, even to fish mortality.
As a result, it is important to know the structure of shallow water flows in the
regions behind obstacles.

SCOPE AND GOALS

The objective of the thesis is to analyze the effect of surface roughness on the
structure of magnetohydrodynamic flows and stability of shallow flows. Surface
roughness appears as a result of corrosion of a conducting fluid in a magnetic field.
The obtained analytical solutions can be used to estimate the effect of corrosion in
such cases.

Linear and weakly nonlinear stability analysis of shallow flows can be useful in
determining water patterns in regions behind obstacles such as islands. The results
obtained in the thesis may be used for environmental assessment of shallow flows.

METHODS OF RESEARCH

Mathematical models that are analyzed in the thesis are based on equations of
magnetohydrodynamics and shallow water equations. The following methods are
used for the analysis of magnetohydrodynamic flows over roughness elements:

5. Transformations of the equations of magnetohydrodynamics in order to derive
the form of the induced magnetic field in the flow region when roughness
elements are present;

6. Fourier cosine and sine transforms for the analytical solution of the problems of
MHD flows over roughness elements;

7. The residue theorem is used to transform integrals containing oscillatory
integrands to integrals of monotonic functions;

8. Numerical evaluation of improper integrals with “Mathematica”.

Shallow water flow model is used to analyze linear and weakly nonlinear instability
of one class of wake flows. The methods of analysis include:

5. Linear stability analysis of the equations of motion,;

6. Collocation method based on Chebyshev polynomials to calculate the stability
boundary;

7. Asymptotic expansions in the neighborhood of the critical point to perform
weakly nonlinear stability analysis;

8. Numerical methods for solution of boundary value problems for ordinary
differential equations in order to calculate the coefficients of the amplitude
evolution equation.
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SCIENTIFIC NOVELTY AND MAIN RESULTS

The form of the magnetic field and MHD equations for fully developed flow caused
by the roughness of the boundary is obtained.

The effect of surface roughness on the structure of magnetohydrodynamic flows in
half-space is analyzed by means of analytical methods. Surface roughness is
assumed to be of the form of a piecewise constant function.

Asymptotic of the obtained solution is analyzed for the case of high Hartmann
numbers.

Improper integrals containing oscillatory functions that arise in applications of
MHD flows over roughness elements are transformed to integrals containing
monotonic functions which are more suitable for numerical calculations.

Analysis of theoretical results that are relevant to experiments on the effect of
corrosion in the magnetic field is performed.

Linear and weakly nonlinear analysis of shallow water flows is performed for one
class of wake flows. A nonlinear Chezy model is used in our study to represent
bottom friction. It is shown that the coefficients of the Ginzburg-Landau equation
are not sensitive to the shape of the base flow profile in contrast with previous
studies where the friction was modeled by a linear function of the velocity.

APPLICATIONS

Previous experimental studies in the Institute of Physics in Salaspils (Latvia) have
shown that under some conditions surfaces exposed to the magnetic field resemble
some sort of a regular wave-like pattern. In general, the magnetic field affects not
only corrosion rate, but also corrosion pattern. As a result, surface roughness has to
be taken into account when realistic models of liquid metal flows in reactors are
considered. Theoretical results presented in the thesis can be used in the analysis of
the corrosion process in magnetic field.

Methods of linear and weakly nonlinear stability are often used to analyze the
structure of shallow wake flows. Bottom friction is modeled in the thesis by a
nonlinear function of the velocity. It is shown in the thesis that the coefficients of
the Ginzburg-Landau equation which describes the development of flow instability
above the threshold are not so sensitive to the variation of the base flow profile. This
result contradicts the previous studies where the internal friction was modeled by a
linear function of the velocity. As a result, it is plausible to assume that simplified
models based on amplitude evolution equations such as complex Ginzburg-Landau
equation can be used to analyze the behavior of the most unstable mode in the
region above the threshold.

34



List of publications

1. Ligere E.S., Chaddad I. A. The transformation of one class of integrals containing

oscillating functions and its application to some MHD problems, Proceedings of
Riga Technical University, Sth series: Computer Science, 45th issue,
pp. 70 — 78, Riga, (2003).

2. Chaddad.I.A. On the form of magnetic field of fully developed MHD equations.

Proceeding of Riga Technical University,6th series: Computer Science, 46th
issue, pp. 113 —122, Riga, RTU (2004).

3. Antimirov M.Ya., Chaddad I. A. Analytical solution of the MHD problem to the flow

over the roughness elements using the Dirac delta function, Proceedings of Riga
Technical University, 5th series: Computer Science, 46th thematic issue,
pp. 123 — 136, Riga, RTU (2004).

4. Antimirov M.Ya., Chaddad I.A. Solution of the flow over the roughness elements of

special shape in a strong magnetic field, Magnetohydrodynamics, vol. 41, no. 1,
pp. 3 — 17 (2005).

5. Chaddad I. A., Kolyshkin A. Ginzburg-Landau model: an amplitude evolution

equation for shallow wake flows, International Journal of Mathematical,
Physical and Engineering Sciences, vol. 2, no. 3, pp. 126 — 130, (2008).

6. Chaddad I. A., Kolyshkin A.A. Ginzburg-Landau model: an amplitude evolution

equation for shallow wake flows”, Proceedings of World Academy of Science,
Engineering and Technology, vol. 28, pp. 1 — 5, (April 2008).

7. Kolyshkin A.A. Chaddad [.A. Ginzburg- Landau equation for stability of water flow

in a weakly nonlinear regime, Proceedings of Riga Technical University, Sth
series: Computer Science,49th thematic issue, pp. 58-64, Riga, RTU
(2007).

Presentations at conferences

. Antimirov M.Ya., Chaddad I.A. On new class of integrals used in some MHD
problems, RTU 44" International Scientific Conference, October 9 — 11,

RTU, Riga (2003).

. Antimirov M.Ya., Chaddad I.A. Solution of a problem to the MHD flow of

a conducting fluid over roughness elements of rectangular form in a magnetic
field, RTU 45" International Scientific Conference, October 14 — 16,

RTU, Riga (2004).

. Antimirov M.Ya., Chaddad I.A. On the conditions of coincidence of MHD
problems at the exact statement and at the inductionless approximation, RTU 45"
International Scientific Conference, October 14 — 16, RTU, Riga (2004).

. Antimirov M.Ya., Chaddad I.A. On the MHD flows arising at the interacting of
magnetic field and given current, RTU 45™

International Scientific Conference, October 14 — 16, RTU, Riga (2004).

. Chaddad I.A., Antimirov M.Ya. Solution of a problem to the flow over the
roughness elements of a special form in a strong magnetic field , 5" Pamir
International conference, Fundamental and applied MHD, Poster session 1, June
27 —July 1, Riga, Latvia (2005).

. Chaddad I.A. Influence of wall roughness on the structure of fluid flow in a
magnetic field, RTU 48" International Scientific Conference, October 11 — 13,
RTU, Riga (2007).

35



7. Chaddad, I. A, Kolyshkin A. A Ginzburg-Landau model: an amplitude evolution
equation for shallow wake flows, International conference on Mathematics and
Statistics, Rome, Italy, April 25 — 27, 2008.

BRIEF CONTENT AND STRUCTURE OF THE THESIS

The thesis contains 5 chapters, list of references, 16 figures, 4 tables, 92 pages. List
of references contains 75 titles. The thesis is written in English.

Chapter 1. Introduction.

Literature review is presented in the Introduction. In addition, the structure of
the thesis and the main results are discussed.

The main topic of the PhD thesis is the analysis of the factors that influence the
structure and stability of magnetohydrodynamic (MHD) flows and shallow water flows.
In particular, we shall concentrate of the effect of roughness of the boundary. Methods
of analysis are based on analytical solutions which are found for some MHD flows over
roughness elements in strong magnetic fields in rectangular ducts. The MHD solutions
described in our work facilitate the investigation of the redistribution of the fluid in a
region where the magnetic field is strong (the Hartmann number is large). The analysis
of the behavior of MHD flows at high Hartmann numbers is a topic of increasing
interest since it is mainly applicable to MHD devices such as pumps, and MHD
generators. The main features of MHD liquid-metal flows at large Hartmann number are
as follows: A ° flat’ velocity profile in the core of a channel and thin boundary layers
near the boundaries. Electric currents induced in the fluid modify the field of the flow.
Knowing the path of these currents then it is possible to predict the flow structure.

Hydraulic engineers are effectively using Chezy formula to estimate the
“lumped” effect of energy losses in turbulent flows for the computation of flow rate and
losses in channels or pipes. Roughness of the boundary is taken care of by using
empirical friction coefficients. These coefficients are related by several empirical
formulas to the Reynolds number of the flow as well as to the roughness of the
boundary. The coherent structures in wake flows are believed to appear as a final
product of hydrodynamic instability of the flow. Methods of weakly nonlinear theory
have been applied in the past to different flows and usually lead to amplitude evolution
equations for the most unstable mode. One of such equations is the complex Ginzburg-
Landau equation. Weakly nonlinear theory is applied to quasi-two-dimensional flows in

[22] with Rayleigh friction (internal friction is assumed to be linearly related to the
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velocity distribution). It is shown in [22] that the coefficients of the Ginzburg-Landau
equation for the case where the internal friction is represented by a linear function of the
velocity strongly depend on the shape of the base flow profile. As a result it was
concluded in [22] that weakly nonlinear models cannot be used for such cases since it is
impossible to determine experimentally the base flow velocity distribution with high
accuracy and, therefore, one cannot use reliable values of the coefficients of the
Ginzburg-Landau equation in the analysis. However, in Chapter 5 of our work we show
that small variations of linear stability characteristics do not lead to large changes in the
Landau constant (the Landau constant is the real part of one of the coefficients of the
Ginzburg-Landau equation) when a nonlinear Chezy formula is used to model bottom

friction.

Chapters 2, 3 and 5 are theoretical while Chapter 4 is practical dealing with
corrosion of EUROFER steel in the Pb17Li flow and its application to D-T ( Deutrium-

trittum ) plasma confinement in a reactor.

In Chapter 2 we state the principles of MHD flows and then we describe the
influence of the surface roughness on the MHD flow of a conducting metal and state the
governing equations. Since MHD flow problems are widely studied in channels of
various forms and different boundary conditions, the results of such studies have direct
applications in different fields of magnetohydrodynamics [29], [38], and [58]. Since
magnetohydrodynamics studies the motion of electrically conducting fluids in the
presence of magnetic fields, it is obvious that the magnetic field influences the fluid
motion. Usually in MHD problems electromagnetic force is added to the equation of
motion and the magnetic field (through Ohm’s law) changes the fluid motion. We
describe some MHD flow problems in ducts over the roughness elements in a strong
magnetic field and analytical solutions of such problems are obtained using of the Dirac
delta function (see [6], [7], [12], [13], [17], [18]).

Asymptotic analysis of these problems is performed for the case of strong
magnetic fields and graphs of the z-components of the current are shown for different
Hartmann numbers. Different boundary layers for the field velocity and for the z-
components of the currents at large Hartmann numbers are analyzed. The MHD
problem for fully developed flow is solved for the cases of a uniform and non-uniform

external magnetic field where the surface roughness is taken into account. The
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distribution of fluid velocity, induced current with its potential and external magnetic
field are derived (see the following references for the analysis of similar problems [2],

[51, [11]-[13], [17], [18], [21], [30], [31], [42], [50], [53], [54], [57], [59], [65], [69]).

Chapter 3 is devoted to the calculation of some classes of improper oscillatory
integrals. It is shown that oscillatory integrals in some cases can be transformed to
integrals of non-oscillating functions. Such integrals have direct applications to MHD
flows analyzed in the thesis. These results are applied in order to transform the solution
of some MHD problems arising in half space z>0 as a result of roughness of the

surface z = 0 for various boundary layers (see [3], [4], [6], [7], [17], [72], [74]).

During my seven year stay in Riga, Latvia (one the main MHD application
centers in Europe), I had the opportunity to visit some interesting sites related to MHD
study such as the Physics Institute in Salaspils where I have seen the three recently
planned experimental sessions (each 2000 hours long) which have been successfully
completed. Results gained in these investigations demonstrated essential influence of
magnetic field on the corrosion processes both in the intensity of corrosion and its
character. New results concerning the profile of corrosion are obtained in [55] and [56].
Such studies have an important implication on how to confine and control the burning
D-T plasmas by a strong drag of magnetic fields inside a reactor (see [1], [9], [55], [56],
[70] and [73]). In addition, I had the opportunity to participate in some PAMIR MHD
International Conferences (4", 5™ and 7™ PAMIR International Conferences) . As a
result of these activities Chapter 4 of the thesis describing practical aspects related to the
effect of surface roughness on MHD flows ([1], [9], [32]-[37], [39], [40], [48], [49],
[55]-[57], [60], [64], [68], [70] and [73]) was written.

Chapter 5 is devoted to the analysis of shallow water flow in a weakly nonlinear
regime using the complex Ginzburg-Landau equation (CGLE). It is shown in the
previous studies [22] related to weakly nonlinear analysis of quasi-two-dimensional
flows (shallow water flow is one of the examples considered in [22]) that the values of
the Landau’s constant differ by a factor of 3 for two different velocity profiles with
linear stability characteristics (differing by not more that 20%). In other words, the
Landau’s constant was found to be quite sensitive to the shape of the base flow profile.

In Chapter 5 the bottom friction is modeled by a nonlinear Chezy formula [66]. The
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analysis of data presented in Table 3 and Table 4 shows that for a one-parametric family
of shallow wake flows the changes in the linear stability characteristics resulted in even
smaller changes in the coefficients of the CGLE. As a result, it is plausible to conclude
that the complex Ginzburg-Landau equation can be used for the analysis of shallow
wake flows in a weakly nonlinear regime (see [8], [10], [14]-[16], [19], [22], [26], [43]-
[47], and [67]) for the application of weakly nonlinear models to different flows in fluid

mechanics.

Chapter 2. Flow over the roughness elements in strong magnetic fields.

Chapter 2 is devoted to the analysis of the structure of MHD flows over roughness
elements of different shape. Analytical solutions of the corresponding system of MHD
equations are obtained. Results of numerical computations and asymptotic analysis for
high Hartmann numbers are presented.

Main principles of MHD flows are formulated and discussed in Section 1. The form of
the magnetic field and MHD equations for fully developed flow caused by the
roughness of the boundary are derived in Section 2.

We consider a problem about the MHD flow in half-space z >0 caused by the

roughness of the boundary Z =0 . In contrast to what is done in monograph [75] it is

assumed here at the first that the induced magnetic field B’ has the x, y and z

components. After that the symmetry of the flow is used and it is proved that the

induced magnetic field has a single y-component, i.c. it has the form (4). We consider

uniform external magnetic field in subsection 1.2.1 and non uniform magnetic field in

subsection 1.2.2. The geometry of the flow is given on Fig. 1.
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Figure 1. The geometry of the flow.
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Conducting fluid is located in the half-space z >0 , —o0 <X,y <+oo. The external

magnetic field is of the form

B°=B,é, (1)

-

A steady current flows with the density j, = j, e, in the direction of the x-axis. If the

surface z =0 1is ideally smooth, then the flow is absent because the electromagnetic

5>

force F = jx B¢ is constant and rot F =0. Suppose further that on the surface 7=0

the roughness is of the form :

~ | fR)~L<I<L~0< <+,
-_7® y

0,x ¢ (—=L,L). ?)
In this case the full current is equal to ] = }0 +}()7 ,z)and the flow of the fluid with
velocity
Vy - Vy (y’z) éy (3)

arises in the direction opposite to the y -axis (see Fig.1)

N

It is proved that the induced magnetic field B’ in this case has the form

~

B'=B'(x,Z)e, @
and the MHD equations for the fluid velocity ¥, (y,z) and for the potential of the
induced current ®(y,z) can be written in the following dimensionless form

oD

AV, —Ha’V, +Ha—=0, (5)

ov

AD = Ha—,

Ox (6)

where A =0° /x> +0°/0z°, Ha= B,L\Jo/ pv is the Hartmann number and o, p,v

are, respectively, the conductivity, the density and the viscosity of the fluid.
We use the MHD equations of incompressible fluid and the Ohm’s law (see[29], [50]

and [58]) :
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(ﬁv)ﬁ :—lgmdf’+vAI7+l(]xl§), )

p P
J=o E+7xB)=of ~gradb+7 x5, ®)
2 2 2 ~
Where A: 2—|—a2 82, I/VZI/XE,\,‘l’I/‘}i‘FI/Zi
In our case
V= IZ (x,2)e,, ©)
B=B'(%,2)+B", (10)

where B’ is the induced magnetic field.

First, we prove that

B'(%.%) = B'(%.5)e, (11)

at the condition that the vector of the induced current has the form

J(E.2)=j,(R.D)e, + j.(X,2)e, (12)
and it will be shown as the corollary that the vector of fluid velocity is given by (9). For
this purpose we use the Bio-Savare’s law, according to which the induced magnetic
field vector dB created by an element dl of infinitely thin wire directed along the
current / is equal to

dl X7y,

- 3
|”M'M|

dB=1 (13)

where 7,,,, is a radius vector connecting the point M'(¥,5',Z") e dl and the point of
observation M (x,y,z) (see Fig. 2):

Py = (X =Xe, +(y-y"e, +(z -Z")e.. (14)
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Figure 2. Magnetic induction dB caused by elementary current 1l .

Without loss of generality we can choose the point of observation M (0, 0, 0) in the

(Aad Band )

origin. For each point M'(X",y',Z")in the fluid we always can choose the symmetric
point N'(X",—y',z") with respect to point M (0, 0, 0). We consider the magnetic
induction dB caused by elementary current 1l passing through the point

M'(X',y",Z") and by elementary current [ ldi passing through the symmetric point

~

N'(X',=5',2") (see Fig. 3). Here I and I, are the currents with density j(¥,Z) given

by formula (12).

Since vector (X,Z) doesn’t depend of variable J we have in our case that I = !

Then, according to formula (13), we have

dB| =Dl % (7 + o)

M (15)
where D =1lr,,.|”, dl =dl.é +dlé,, (16)
Py =56, +7, +2%C.), Fyy = (X8, — 3¢, + 276, ). (17)

Substituting (16) and (17) into (15) we obtain:
dB = D(2z'dl, - 2%'dl_)e, . (18)

Summing formula (18) over the whole elements dl in the fluid we obtain formula (11),

which completes the proof.
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In order to obtain equations (5), (6) we substitute vectors V and B' from (9), (10)

and (11) into equations (7) and (8). After some algebraic manipulations we obtain

0D 0D, 0D, = -
—~—B'é.+—B'¢ -B, V¢, +BOVyBleZ}

;xZ:?:aB—e
/ {Oafy o &=

(19)

(Evj? -0 oo

SOV (x-y',2) SN (x5, 2)
> \\/

M (0,0,0) y

Figure 3. Symmetric representation needed to the proof of formula (18).

Substituting (19) and (20) into (7) and performing some algebraic transformations we

obtain the following relationship

2 20 i -
y 6~2+ O FE5+2 Bo—aq)(’ﬁ’z)—Bon (*,2)|=0.
0 Yo, ox !

o oz?

We use the dimensionless quantities by  taking the values

Lv/LB,, V\/ pv/ O',V\/ pv/ o/L* as the scales of length, velocity, magnetic field,

potential and current, respectively.

To obtain equation (6), we apply operation of divergence to equation (8) and use the

~

equation of continuity div} =0:

0=-AD + BydivV ,(3,2)e, 1)

Passing in formulae (21) to the dimensionless variables, we obtain equation (6).
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Similar analysis is performed in Section 1.2 where it is assumed that the external
magnetic field and the given external current has only x and z components, which do

not depend on the variable y.

Analytical solution to the MHD problem over roughness elements in a uniform external

magnetic field is obtained in Section 1.3.

The conducting fluid is located in the half space z >0, —00 <X,y <+o. The

external magnetic field has the form (1).

The boundary zZ =0 is not conducting. A steady current flows with the density

J = j,é, in the direction of the x -axis. If the surface Z =0 is ideally smooth then the

flow is absent because the electromagnetic force F' = j x B is constant and rotF =0.

Suppose that on the surface Z =0 there is roughness of the rectangular form (see Fig.1):

= e B Xo» —L<X<L,
2= [ =ZnG+ 1) -nE-1)]= B (22)
0, |x| > L,
_ . .. X - 0,x <0,
where 7(X) is the Heaviside step function: 77(x) = L%>0 (23)
, X >0.

In this case the full current is equal to j = j, + j(¥,Z) and the flow of the fluid with the
velocity V = I7y (¥,Z)é, arises in the direction opposite to the y axis (Fig.1).

We will derive the boundary condition for the potential ®(X,y) of an electrical field on
the surface z = )?OJN”()? ). The normal component of the current on this surface must be
equal to zero because the boundary z = ;?0}()7 ) is not conducting, i.e. it must be

0 on the surface (7 is the unit normal to the surface).

i

Using formula 7 = grad[Z — 7, f (¥)1/ 1+ 7," /"> (¥) we obtain

izl 7,7 @ va 1+ 7277 @) . (24)
where
f'®)=[6GF+L)-6(E -1)],
0(X) is the Dirac delta function.
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Substituting 7 from (24) and j =(j, + 7. (%.%))é, + 7.(¥,Z)é. into j-i=0 and

using formula ]: = 0'[— grad® +V x Zﬂ e J. = —c 0D /K, J. = —c0® /3 on the
surface, where V = 0, we obtain the boundary condition for the potential qND(f ,Z):

IO oD | .~ oD ~,

Z=x S (X)) —o—==X| JoS (X) —o——f'(X)]. (25)
0z 0x

The only approximation which is made in this section is the following: we transfer the

boundary condition from the surface E:fof(?c) to the plane z =0, i.e. we only
assume that the value )?0‘]7()7 )‘ is small. As a result, we obtain the boundary condition

for the potential in the form

5=0:00/0% = 7,|- j,o ' +0B/0%] [5G + L) - 5F - L)]. (26)

We use the following dimensionless quantities using the values L, v/L, B,

vipvic /L, vipvo /L as scales of length, velocity, magnetic field, potential and
current, respectively. Here o, p, v are, respectively, the conductivity, the density and

the viscosity of the fluid. Then the MHD equations and the boundary conditions have
the form (see [28]):

AV,-Ha’V,+Ha-0®/ox=0, A®=Ha-0V,/ox , (27),(28)
z2=0:V,=0,00/0z=y,[- 4+ F(x,0)]- [5(x +1) - 5(x - 1)], (29),(30)
VX’ +z7 500 V, 50,00, (31)

where A=0/0x"+0"/6z, Ha=B,Lo/pv is the Hartmann number,

A:j0L2 I(vilpvo), x, =7,/ L and F(x,0) :%2
X

z=0

In order to solve problem (27)-(31) we use the symmetry of this problem with respect to
x : the function V' (x,z) is an even function, ®(x,z) is an odd function with respect to
x. This means that the functions V (x,z) and®(x,z) satisfy additional boundary

conditions:

oV,
z=0: ~ =0, D(x,0)=0. (32)
Oox
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Therefore, problem (27)-(31) can be solved by means of Fourier cosine and
Fourier sine transforms (see [3], [4]). Namely, we apply the Fourier cosine transform

with respect to x to equation (27) and to ¥, in boundary condition (29) and the Fourier

sine transform to equation (28) and to 0®/0z in boundary condition (30), that means,

by substituting:
¢ 27 s 27 .
V, (A2)= \ﬁj V (x,z)cos Axdx ,®* (1, z) = \P j ®(x,z)sin Axdx. (33)
T 0 ’ ﬂ. 0

We obtain the following system of ordinary differential equations for unknown

functions V', (A, 2), ®*(A,2):

AV szc Ha’V ¢ + Ha)h®* =0 34
-V, + PR a’V, +Ha =0, (34)
e AON AV =

-AO° + P +Ha)V, =0. (35)

We apply also transforms (33) to the boundary conditions:

do®

V4

z=0: V' =0,

y

= 7.[4-F(,0) gsinﬂ; (36)
T

z—>0: V0" -0, (37)

d . .
where F(1,0) = %—at x=1,z=0 is an unknown constant. The solution of
X

the problem (34)-(37) has the form:

' (A,2) = 7, \/%[— F(1,0) + A]%(klekzz +hye), (38)
V() = 20 \/%[— R (39)

where k, =~ +u’ +u), ky =—(A +u’ —p), 2u=Ha.

Applying the inverse Fourier sine and cosine transforms to formulae (38), (39), we

obtain the solution of problem (27)-(31), containing unknown constant #(1,0):
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sin A

/12

D(x,2) = % [ F(1.0) + A]f (ke + ke )™ % sin AxdA, (40)
0

V,(x,2)= %[— F(10)+ 4] e — e )¥cos,1xdﬂ . (41)

0
Using the components j and j_ of the induced current density and performing some

transformations of the solution we obtain the formula for unknown constant £(1,0) :

F(1,0)=—’2‘—0A L
T %o

271

(42)

Asymptotic analysis of the solution for the case Ha — oois also performed in Section
1.3. Several regions of the flow are found for high Hartmann numbers, namely,

Hartmann boundary layer, the flow core and the distant wake.

The graphs of the z -component j_(x,z)of the current are shown in Fig. 4. Calculations

are done with Mathematica.

Iz Ha=10

1.4F I, -
12¢ -

oar
oGt
o4gr
ozf

H

2 4

Figure 4. The graphs of the z -component of current by exact formula (---) and by
approximate formula ( ) from z =1 (two upper lines) to z = 3.5 (two lower lines)
through Az = 0.5. Function j_(x,z) is odd with respect to x .
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The streamlines of the current j(x,z) in region 0 < x <lare shown in Fig. 5 for two values

of Ha .

M

Ha=5

0z 0.4 0.6 os
Ha=10

M
-

= ] ol b

0z 0.4 0.6 osg

-

Figure 5. The streamlines of current /(x,z) in region 0 < x <1lat Ha=5 and at Ha=10.

The following conclusions can be drawn from the solution of the problem:
4. The analytical solution is obtained at the single approximate assumption that the

height of the roughness is small .The solutions for the y component of the velocity

of the fluid and for the x component of the induced current are obtained in the
form of improper integrals of elementary functions. On the other hand, the z
component of the induced current is expressed through the Bessel functions.

5. The asymptotic solution of the problem at Hartmann number Ha — oo is obtained
in the form of elementary functions. For Hartmann numbers Ha > 10 the exact and
the asymptotic solutions practically coincide.

6. Several boundary layers for the velocity of the fluid and for the x and z
components of the current at large Hartmann numbers are found.

Analytical solution described in Section 1.3 is generalized in Section 1.4 for the case of
roughness of the form

7. X<
Z=F®)=1{7, L <[x|<L.
0, [x]>L

The graph of this function is shown below.
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—L -L 0 L L X
Figure 6. The geometry of the flow.

Chapter 3. Evaluation of improper integral.

In this chapter the integral of the form

o

P (X e
J. n( ) —am cos AcosAx

di, (43)
20, (4) e
4

where P, (1%), Q, (4*) are polynomials of degrees n and m , respectively, and
m>n, a>0, b>0, x>0 are some positive parameters is transformed into integrals of

monotone functions using the convolution theorem for product of two Fourier cosine
transforms.

We suppose that all zeros of polynomial Q(A’) are simple and have the form:
A0 =-a’, k=12,-3,..n.

Let
2 0
F.(A)= \ﬁ [ £ () cos Axdx (44)
T 0

be the Fourier cosine transform of the function f(x).
We use the theorem (see [4]):

If F.(4) and ®_(A) are the Fourier cosine transforms of functions f(x)and ¢(x),

respectively, then

JFcu)@cu)coszdi:%j e (x- &)+ f(x+&)]de. (45)
P () cosA ol
Let =D (1), =F.(1). 46
o) (A).e (A) (46)
4

To obtain the functions ¢(x), f(x) itis necessary to evaluate the integrals:
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P.(1*) cosAdcosAx dA 27 ol
\ij & —¢(x),12=\/;.£e P cos Ax dA = f(x)

4

For evaluation of 7/, we use the integral known in the literature [74]:

2 o 2 en?
j —cos Ax dA = K, (bVa® +x7), (47)
o VAR +

where K,(z) is the modified Bessel function of order 0 of the second kind.

Differentiating formula (47) with respect to a we evaluate integral 7, :

:\/zTe_”m s Ax dA = K(b““ +a )—f(x) (48)
72'0 T 1/

where K,(z) is the modified Bessel function of order 1 of the second kind.

For evaluation of integral /, we use the residue method (see [6]):

Pz}, -
I, = \/ZlRe 27zlz Res+ 7iRes [— & 2) [elZ(l_X) + elZ(HX)] ’ (50)
T 2 ai /2 Qm (Z )

where Res ——~ o(2) _ ¢z
“ V/(Z) 4 (Zo)

at the condition, that ¢(z) and w(z) are the analytical functions at z, and on some

small neighborhood where w(z,)=0, w'(z,) #0. It follows from (49) that

m P ~ ) B
1 _\/?_zM —a|1-x| s1gn(1—x)+e ak(1+x)]+
2350, (-a})

+ Em{sin(%h - x|jsign(1 -Xx)+ sin(%ﬂ + x|ﬂ =p(x), (51)

where sign(1 — x) means the sign of (1-x).
Using (43), (46) and (50) and taking into account that

|1 - )c|2 = (1-x)*, we transform integral (43) into integral of non-oscillatory function:
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2P (A e
J.—e”(}L ) ol cos A cos AxdA =

=a—ng0(§) Kl(bq/(x—f)2 +a’ )+ Kl(bql(x+§)2 +a2) a4 (52)
Ty bl(x— &) +a’ bf(x+ &) +a? ’

where ¢(&) is given by formula (49).

Similarly, it can be shown that

J.z—cosﬂcosﬂxd/1=
0 L_/iz
4
1| K| 1 22+(x—§)2 K| u Zz+(x+§)2
=2“Zj ( j+ [ )cosﬁgdg. (53)
T 9% 22+(x—§)2 zz+()c+§)2 2

Integral (52) can be easily evaluated using package “Mathematica” for all values of
the parameters x >0 and z>0. As it can be seen from formula (52), the advantages of
these transformations are:

3. The parameter x goes from an argument of oscillatory function cosine into
the argument of a monotone Bessel function X ;
4. The limits of integration are changed in the bounded region 0 <& <1.

The integrals (52) and (54) are used to evaluate or transform the solution of problems
about MHD flows arising due to the roughness of the surface (see [2], [13]). One such

example is given in Section 3.2.

Chapter 4. Corrosion of Eurofer steel and magnetic confinement of plasma in
reactors.

Section 4.1. Deuterium-Tritium reaction and its use in Reactors.

During this century, the world's population will double from six billion people and
it will rise to ten billions by 2050. More importantly, a lot more energy will be used
than we use today, energy consumption will probably be two times higher by the middle
of the century with an even stronger increase in electricity consumption.

Table 1 below shows the pattern of energy consumption in 2007.
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4000
3500 { ——
3000 -
2500
2000 +— |
1500 -

1000 -
500 -
0 ‘ ‘ ‘ ‘ ‘

crude oil coal gas w ood nuclear hydro

Mtoe

Energy consumption around the world

Table 1. Energy consumption by the year 2007 [Mtoe (Million Tonnes Of Oil Equivalent)]
(The exact values are respectively 3500, 2200, 2100, 1200, 700, and 200)

Scientists from all European member states and G8 countries associated with the
EURATOM fusion program have been trying to reproduce the Deutrium-Trithium
Plasma reaction process on Earth inside od the blanket of a reactor as:

’H + %H — jHe + n+ 17.6 MeV (53)
(see [1], [32], [33], [57], [49)).

The fusion energy ( 17.6 MeV ) appears as kinetic energy of neutrons (14.1 MeV ) that
need to be saved inside of a reactor using lead, and of alphas ( 3.5MeV ) that are
evacuated as ashes from the chimney of a certain reactor [1], [36], [37], and [64].
Deutrium is generously present in seawater but Tritium is a radioactive element rarely
existent naturally on Earth. However it can be bred inside the reactor using the reaction
of the neutrons in a blanket containing lithium, an abundant light metal in the nature as:

Li6 +n ---- T+ Hed + 4.8 MeV
Li7+n---- T+ He4 - 2.5 MeV

Ten grams of deuterium which can be extracted from 500 liters of water and 15 gr of
tritium produced from 30 g. the lithium would produce enough fuel for the lifetime
electricity needs of a person in an industrialized country (see [1], [32], [39], [35], [49],
[55], [56], [64]).

Progress of the D-T plasmas confinement inside of reactors is discussed starting from
the JET project (Joint European Torus) reaching ITER (International Thermonuclear
Experimental Reactor) which will provide the technical data necessary for future
decisions for other future reactors such as DEMO and PROTO which will become the
first proto-type power station with complete reactor and ancillary systems that would
generate electricity on a commercial scale. The construction suppose to start in 2050s
and its operation in 2070s (see [1], [33], [35], [49], [57], [64]).
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Section 4.2. Analysis of MHD phenomena influence on the corrosion of EUROFER
steel in the Pb-17Li flow

Consider MHD flow of a conducting fluid with roughness of the surface in the form
Z = y,cos(x /2L) located in the half space Zz >0,-0 <X,y <+oo. The external

magnetic field is B = Be,. Corrosion of EUROFER Steel in the Pb-17Li flow can be

considered as a consequence of roughness where the Hartmann surfaces flows are
perpendicular to the flow as well.

Despite of the fact that corrosion of steel in the Pb-17Li flow is a small but important
part of the reactor work, we notify the importance and newest results attained of the
corrosion process done in the Physics Institute in Latvia [55], [56]. This experiment was
performed on different samples with flow velocities of 2,5 cm/s and 5cm/s and magnetic
current of 0, 1,5 and 1.7 T. Results gained in these investigations demonstrated essential
influence of magnetic field on the corrosion processes both in the intensity of corrosion
and its character (see Fig. 7).

1250 ev=5cm/sB=0T
ev=5cm/sB=17T
Py ® v=25cm/sB=0T
v=2.5cm/s B=17T
1000 - Bmv=5cm/sB=0T
. [ ] PY v=5cm/sB=15T
®
2
5
= 750 - ® ° =
IS & () -
g n
5 500
o ® [ |
a o
2 v ° o H
o ° n Y ] [ ]
m ¥ = ]
250
0 T T T T T
0 2 4 6 8 10

number of samples

Figure 7. Comparison of corrosion rate of EUROFER samples in magnetic field and
without magnetic field.

The other experiment showed that the corroding surfaces were oriented in the melt
flow direction (see Fig. 8).
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12 mm

Figure 8. Surface relief of EUROFER samples subjected to corrosion in Pb17Li during 2000
hours.

There is a hope that before the end of this century scientists will be able to achieve
success of ITER project. This will provide the physical and technological basis for the
construction in the future electrically generating power plants like DEMO and PROTO .
Then a new clean and cheap source of energy would be a part of humans’ life (see [1],
[9], [20], [28], [32]-[37], [40], [49], [51], [55] , [56] , [62] , [70], [73]).

Chapter 5. Ginzburg-Landau equation for stability analysis of shallow water
flows in weakly nonlinear regime.

Losses due to turbulent friction are often described in hydraulics by means of

empirical (or semi-empirical) formulas like Chezy of Manning’s formulas [22]. In

particular, the Chezy formula is used to represent the bottom friction force Fin the

form

pgAcf

F=

\7|\7 ,

where pis the density of the fluid, gis the acceleration due to gravity, A4 is the cross-

sectional area, /is water depth, ¢, is the friction (or roughness) coefficient, v is the

velocity vector and F is the friction force. The coefficient ¢ 18 estimated by means of
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several empirical formulas which can be found in the literature. One example is

Colebrook formula [66] which relates ¢, to the Reynolds number of the flow.

Consider the base flow of the form

U = (U(»),0) (54)
where
Uy=1-28 1 (55)

1-R cosh’(ay)’
The base flow (55) is suggested in [19] after careful analysis of available experimental

data for deep water flows behind circular cylinders. The profile (55) is also adopted in

the present study. The parameter R is the velocity ratio: R=(U, -U,)/(U, +U,),

where U, is the wake centerline velocity and U, is the ambient velocity, and
a =sinh ™' (1). It is shown in [44] that under the rigid-lid assumption the linear stability

of wake flows in shallow water is described by the following eigenvalue problem:

9, "(U —c+SU)+SU, g, '+ (/8 ~U, —kU - %kUj 9 =0 (56)

@, () =0, (57)
where the perturbed stream function of the flow, w(x, y,?), is assumed to be of the form
w(x,y,t) =@ (y)explik(x—ct)]+c.c. (58)

Here ¢,(y)is the amplitude of the normal perturbation, k£ is the wavenumber, cis the
wave speed of the perturbation, and c.c. means “complex conjugate”. The linear stability

of the base flow (55) is determined by the eigenvalues, ¢, =c,, +ic,,, m=12,... of the

eigenvalue problem (56), (57). The flow (55) is linearly stable if ¢,, <0 for all m and
linearly unstable if ¢, > 0 for at least one value of m .

The linear stability problem (56), (57) is solved by means of a pseudospectral
collocation method based on Chebyshev polynomials. The computational procedure is
briefly described below (details of the numerical method can be found in [44]). The

interval —oo <y <+oois mapped onto the interval —1<r<1 by means of the

transformation » = 2 arctan y . The solution to (56), (57) is sought in the form
V4

@ (r) = Z a,(1-r")T,(r), (39)
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where 7, (r) is the Chebyshev polynomial of degree k& The collocation points 7, are

Tj .
I"j —COSW, ] —0,1,...,N. (60)
R k S, c
-0.3 0.892 0.11819 0.69814
-0.4 0.909 0.15689 0.65964
-0.5 0.926 0.19548 0.62394
-0.6 0.944 0.23409 0.59083
-0.7 0.962 0.27286 0.55925
-0.8 0.980 0.31189 0.52882

Table 2. Critical values of the stability parameter S .

The critical values of the stability parameter S are shown in Table 2.

Following [67], we perform weakly nonlinear stability analysis in the neighborhood of
the critical point. The amplitude evolution equation (the complex Ginzburg-Landau
equation) for the evolution of the most unstable mode above the threshold for shallow
water flows is derived in [44], all the formulas for the calculation of the coefficients of
the Ginzburg-Landau equation are also given in [44]. The complex Ginzburg-Landau

equation has the form

2
%=GA+56 Ij
or o0&

—uldl 4 (61)

Using the method described in [44] we calculate the coefficients of the CGLE (61) for
different values of R . The results are summarized in Table 3.

One of the major conclusions drawn

o S 7 from weakly nonlinear analysis
0.063+0.004i  0.060 - 0.206i 4673+ 13.294i applied to quasi-two-dimensional
0.078+0.003i  0.090 - 0.195i 3.796 + 10.938i
0100 0003 0136 0171 4375+ 101 flows in [22] was the effect of strong
Dl 001 0167 0150 6302+ 114 dependence of the Landau constant

TABLE 3 u.on the form of the base flow

Coefficents of the CGLE (61) profile. Calculations presented in

[22] showed that the values of the
Landau constant differed by a factor of 3 for two base flow velocity profiles whose
linear stability characteristics differed by only 20%. As a result, it was concluded in [22]

that it would be impossible to apply methods of weakly nonlinear theory in practice
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since the base flow profile cannot be determined very precisely in experiments. In other
words, it was concluded in [22] that the problem of determination of the Landau
constant from weakly nonlinear theory is ill-posed so that small variations of the base
flow profile lead to large changes in the Landau constant.

The calculations presented in Table 2 and 3 in this chapter demonstrate that the
coefficients of the CGLE are not so sensitive to the variation of the parameter R of the
base flow profile (55) as claimed in [22]. In fact, not only the Landau constant is not so
sensitive to the changes in the profile (55) but all the coefficients of the CGLE do not

vary too much.

CONCLUSIONS

The present thesis is a theoretical work dealing with analysis of the structure of MHD
flows and stability of shallow water flows. Solutions of some MHD problems in the
presence of roughness element on the walls are obtained. The solutions are obtained in
terms of improper integrals containing Bessel functions. The integrals are oscillatory at
large x. We transform these integrals into integrals of monotone functions using the
convolution theorem for product of two Fourier cosine transforms. Applications to some
MHD problems are considered. We report the newest results of the three recently
planned experimental sessions (each 2000 hours long) which have been finished
successfully in Salaspis Latvia. The results gained in these investigations demonstrated
essential influence of magnetic field on the corrosion processes both in the intensity of
corrosion and its character. Besides, new results concerning the profile of corrosion are
obtained [56]. The process of investigation of EUROFER corroded samples showed the
existence of sufficient distinction of corrosion processes between samples located in the
zone outside magnetic field (B = 0) and those located in zone with magnetic field (B =
1.7 T). Such investigations are done for the purpose of fusion control in reactors.
Especially, of D-T ( Deutrium- Tritium) plasma fusion concept. One of the main things
in this program is the problem of liquid metals breeder blanket behavior. Structural
material of blanket should meet high requirements because of extreme operating
conditions. Therefore the knowledge of the effect of metals flow velocity, temperatures
and also a neutron irradiation and a magnetic field on the corrosion processes are
necessary. At the moment the eutectic lead —lithium (Pb-17L1) is considered as the most
suitable tritium breeder material of the reactor (see [1], [55], [56]).

We analyze stability of shallow water flows in a weakly non-linear regime by using the
complex form of Ginzburg-Landau equation. In our work the bottom friction is modeled
by a nonlinear Chezy formula [66]. The coefficients of the CGLE do not change much
in the interval —0.8<R<-0.3. This interval of the R values corresponds to
convectively unstable regime [44]. As a result, it is plausible to conclude that the
complex Ginzburg-Landau equation can be used for the analysis of shallow wake flows
in a weakly nonlinear regime.

The first two chapters are devoted to the analysis of MHD flows under
roughness elements. Analytical solutions of the corresponding problems are obtained
for the case of roughness of different forms. In particular, in the problem introduced in
Section 1.3.1 we proved that the two dimensional MHD flow arises in the direction
opposite to the y axis, only if the roughness of the boundary is present. The solutions
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for the y component of the velocity of the fluid and for the x component of the

induced current are obtained in the form of improper integrals of elementary functions.
On the other hand, the z component of the induced current is expressed through the

Bessel functions. The asymptotic solution of the problem at Hartmann number Ha —
is obtained in the form of elementary functions. For Hartmann numbers Ha >10 the
exact and the asymptotic solutions practically coincide.

Moreover, in the problem introduced in this section, it is proved that the induced
magnetic field has only a y -component. Solutions for the system of MHD equations for

the velocity fluid and for the potential of the induced current are obtained. In addition,
the equations for the x and z components of pressure gradients are obtained. The
velocity of the fluid in the core flow at large Hartmann numbers is constant. That means
that it does not depend on Ha . With the increase of Hartmann number only the height
of the core region is increased. The MHD solutions described in our work facilitate the
investigation of the redistribution of the fluid in a region where the magnetic field is
strong (the Hartmann number is large). These conclusions are important and can be
helpful to other problems dealing with electrically conducting fluid through ducts in
various area of Technology and Engineering such as MHD power generation, MHD
flow-meters, MHD pumps, etc.

In Chapter 3 we consider the solutions of certain problems about MHD flow of
conducting fluid in the half space that are expressed in terms of improper integrals of
the  product of some  meromorphic  function and the  function

exp(—avA* +b*>)cosAcos Ax. Here a >0 and b >0 are some parameters, x > 0 is the

x -coordinate in Cartesian coordinate system. These functions are strongly oscillating at
large x, what make difficult the calculation of these integrals numerically. In Chapter 3
these integrals are transformed into integrals of monotone functions using the
convolution theorem for product of two Fourier cosine transforms. The obtained results
can be used to estimate the effect of roughness of the surface on the MHD flow in
strong magnetic fields.

Chapter 4 is devoted to the practical investigation of EUROFER corrosion in the
Pb17Li flow where we describe the results of the three recently planned experimental
sessions which have been successfully completed. Results gained in these investigations
demonstrated essential influence of magnetic field on the corrosion processes both in
the intensity of corrosion and its character. Besides, new results concerning the profile
of corrosion are obtained [56]. The process of investigation of EUROFER corroded
samples showed that magnetic field sufficiently influence on corrosion: visual
observation of test samples removed from the test section after experiments showed
sufficient distinction of corrosion processes between samples located in the zone outside
magnetic field (B = 0) and those located in zone with magnetic field (B = 1.7 T). Search
of new energy sources draws the increasing attention to the use of reactors for this
purpose. EUROATOM program scientists are designing how fusion reactors might
properly operate using D-T plasma fusion concept. The plans are to built JET power
plant following by ITER in the process of DEMO, and reaching PROTO at the later
stage. PROTO will be the power plant that all nations around the world are waiting for
as being the plant that will be purely generating a fully controlled power of energy that
will be directly connected to electricity networks. Besides, it is one of the very few
options potentially acceptable from the environmental safety (totally free from CO,
emissions) and economic points of view. The results obtained in the thesis can be used
to assess the effect of corrosion in a magnetic field.
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Chapter 5 is devoted to the stability analysis of shallow water flows in a
weakly non-linear regime. Calculations presented in [22] showed that the values of the
Landau’s constants differ by a factor of 3 for two different velocity profiles with linear
stability characteristics that differ by not more than 20%. In other words, the Landau’s
constant in [22] was found to be quite sensitive to the shape of the base flow profile. In
our work the bottom friction is modeled by a nonlinear Chezy formula [66]. The
analysis of data from Table 2 and Table 3 shows that for shallow wake flows of the
form (55) the changes in the linear stability characteristics resulted in even smaller
changes in the coefficients of the CGLE. The coefficients of the CGLE do not change
much in the interval —0.8 < R <-0.3. This interval of the R values corresponds to
convectively unstable regime [44]. As a result, it is plausible to conclude that the
complex Ginzburg-Landau equation can be used for the analysis of shallow wake flows
in a weakly nonlinear regime.
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