ST e i

R

TRVETRAMLE EP e ]

A Study of Nonlinear and Stochastic Behavior in Plasma Torch

34 ¥ 0 972001INERO19

REAFEPHOED) M2l F TPadi g
SR ER RN T T

AT S B LR D EER SRR

BT 5 1 (03) 5712121 ext. 54363

E-mail address : ldc@cn.nctu.edu.tw

JF2L pH P EIAR 97T & 12 F 23 p



= ‘]L;L,mg;#;\;ﬁﬁﬁk ER A SRR RBZFHRT Lo 68
wos H T RER S Sl A BRI TR AT 75

N 14_\
/4

W =k
ok ~
&
LM
35 e
o ga
P
w4
FY4
pes Y A
beiGRN >
Y
S s
. A
: >3
. Tl
: =~
o ©
N o



AP FEEE R § AT 0 Rt ;“?,fﬁ%"
Ml T REIL AT R L ke iR RS A v gk qp it
CFARTREE2WERATAIRAEGLEGS ] B
m’?ﬁkﬁi?@m@?ﬁﬁwﬁﬁ;a%%%ﬁ;,aeﬁm
BiFAEF P dlaned B2y Fm - BABEGFTET
T A F A AR R IE A ATA G ek g 2 R )
M A2 S Fla ARt T b gl E R g 18 > B
FRBEAR TSR G e g ps (i o A F /Y A2 I 2
PRSI AL £ 5LV EL A e RS 5 O
B A SRA IR R F FIRIHRA IR R A T Ao gt b

jK“%J—%IJ# T,;’,,Eé*%@,};ﬁé%iz‘:’ Pk L}f( VB BT L guE = E;E.J?ﬂ:i/ﬂ\

7 1 A= Fx E’-p;u ’Q*fr—l’:’\'a‘ °



Abstract

It is known that a DC power-driven plasma torch might exhibit
random behavior which might affect the performance of the torch. A
recent study shows that such a random behavior phenomenon might be a
deterministic type chaotic behavior. One of the major goals of this
project is to verify such a finding. In the project, we have cooperated
with the researchers from the Institute of Nuclear Energy to work on the
dynamical study of the well-type DC power plasma torch. First, an
analytical model was derived from theoretical point of view. It was
followed by the dynamical analysis of the derived system model via the
help from general nonlinear system theory. Numerical studies of the
plasma torch’s behavior were also carried on by using the code Matlab
and AUTO. Moreover, we have worked with the researchers from the
Institute of Nuclear Energy to build up a test-bed for well-type DC
power plasma torch for experimental study. A preliminary of sensor
measurement, data collection and numerical analysis of the experimental

data were also covered in the proposed tasks.
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» Form of dimensionless quantities

Dimensionless quantities | Form

Temperature T =5
Concentration gradient | S'=4

Spatial coordinates X'=x y=2 7'=2

Velocity components U=y5, V=5, W=
. —
Time U=
Magnetic field B'=%
0

# = ~ Nondimensional numbers
Rayleigh number R | R =
Absolute Raylleigh number | R | R = gt
Prandtl Number c o=1
Magnetic Prandtle number E=Te
Lewis number 1 1=t
Chandrasekhar number | Q | Q= Bl

He g xr=dr ~0=d0' ~ z=dz' -

% nondimensionalization Z_

s » governing equation F & & ¥ 11T H 4o T !

d (26)+ : %+\7-V\7:—LVp+vV2\7+gaT - gpsS +ij B

Po

22

Po



ov ou ow kK (ou ow
A L = s auv=2 T oy 5 B E T
(AL ot et 7 or 1 d’ (az' 6r’j 1
K
= n=d—2n

2 [
J.curl (@) = K—4 n
ot d* ot

(A2) V-VW = Bk o Bl curl(V-VV)=V-Vn
KZ 2
WV = d4v Vﬂ_—FF(W M)

(A3) v-VWV = B 0 R

<l

=

3 2

= curl(vV2\7)—K—v Vn —£4 KG-Vzn'zK—4G-V2n'
d* d d
1 - -
Aa4) LIxB
Po

(AS) gaT =ATgaT’

2 3
= curl (ATgoT") = ATga(-0,T") = <. AT9ed" v 5 1
d* KV K
2
——%Rp-a,r'

(A6) GBS > I (A5)¥ @
— curl (ASgRS’) = ASgRa, S =~ . 29T ¥ . Ks 5 o

2

:FR 10, T’

d (A1)-(A6)7 4

K2 a ! K2 2 . K2 ,
d_48Tt]' :F ,n)+—c Vn —FRls-ar,T

d4
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!

= o _ I'(y,n)+6V°n'—Rcd,T'+R,610,S’ —%G&Q@Z,B' (32)

ot’'
d (24)% : CLISWE LIV S
ot d
By T AT T
ot d*k ot
(Bz) W'£= W’.ﬁzmj (_a_wj:
d d d or
_ Tﬁ, ,_ _KAT
(B3) v-VT -VT'= :
CU=uP v rwE = Vzg(u’f+v’e+wi)—g
VT - ar aT aT
ox ay F3
:VT:AT oT +6T +8T :ATVT'
d {(ox" oy o7 d
SV-VT = KAT*' -VT'= KAT
(B4) varz=ﬁﬁj-
2 2 2
-_-V2T26I+5T2+8T2
oxXx" oy~ oz
2T 21 2T
:VZT:AI 6T2+6T2+6T2 :A'i'va,
d*\ox* oy*" o d
Fpt oo E(B1)-(B4)¥
sz'aT KAT T. 5 +m2T'v2T,
d® ot d
= or —=T(y,T)—0,y+V’T’ (33)

4 (25)5 » P ILT 8
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oS’
ot’

=I(y,S") -0,y +1V*S’ (34)

He ko =1k °

d (31)% : %:q)(B,V)—uOJOU +M,V°B

oB B, 0B
Cl) &= =—
(€D ot d’/x ot
(C2) ¢(B,v)=(B-V)v+u(Ej:B°f -V)v’+K—B°(Ej

r d d \r
(C3) u ZKB 0y’
B, u,J,R = p, O_ZBO
2

(C4) nszB_kSész,
#(C1)~(C4) ¥ F
KBZ()@B BK(B, - B(B) 268, ./, szz—, g
d> ot d dR d
BRxr=dr®&=x/n, » Rl

B, 4 2y

~ = 0(V,B)-2dR 10,y +EV’B (35)

BT IOAPRAIT AR EE R EL RS
Vo H ko #(32)-(35)E 5 T AR5

oLY =M,Y + N(Y) (36)
He L1222 B2RMEET >MEAT 540 R8T 282N
'k*—i%f ﬁ?:—j- N EIJ T ‘ﬁr} j’ﬁ If-—)- o ¥ I—L ’ i\. ]FB? ] ]f', E]J

REIES ' B
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' Vi 0 0 0
T 0O 1 0 O
Y= |>L= N(Y)
S 0 01 0
B 0 0 0 1
oV’ -R60, R.,c70,
-0 % 0
M, = f 2
-0, 0 1A%
“2dR79, 0 0

C'(y,M)
C(y,T)
C(y,S")
o(v',B')

—2R™"6£Q0,

0
0
Ev?

(37)

Hd b ] 585 A=(R,R,,Q,0,1,8) ° B~(36)2 M |L30

o B E iR T

o,LY =M,Y

(38)

YR A2 BRI AN 2 T (38)fR A, N Bk AT

Y = Ymn *AmneSt

HeY L 4B FHkedae g o &EF

(oM

sin(m.a.r)sin(n.m.z)
cos(m.a.r)sin(n.m.z)
cos(m.a.r)sin(n.m.z)
sin(m.a.r)cos(n.m.z)

(=1

mn

29 m=012,... frn=0,12,...

FF o H40)F ~(39) 0 R

!

v vy’ sin(m-a-r)sin(n-x-z)e"

T"| | T, cos(m-a-r)sin(n-m-z)e*
' . t
S S, cos(m-a-r)sin(n-m-z)e’
' . t
B B, sin(m-a-r)cos(n-m-z)e’

B8 F ~(38)e LN o R
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(40)

(41)



v’ V: 0 0 0) vy sin(m-a-r)sin(n-m-z)e"
oL T _5 0 1 0 0| T/, cos(m-a-r)sin(n-n-z)e"
1Sl 10 0 1 0fS! cos(m-a-r)sin(n-m-z)e*
B’ 0 0 0 1)\B/ sin(m-a-r)cos(n-m-z)e*
vy VZsin(m-a-r)cos(n-m-z)e*
5 T' cos(m-a-r)sin(n-m-z)e"
'S/ cos(m-a-r)sin(n-m-z)e"
B’ sin(m-a-r)cos(n-m-z)e*
(-m*a’* —n’n*)y’ sin(m-a-r)cos(n-m-z)e"
_a T' cos(m-a-r)sin(n-m-z)e"
t S/ cos(m-a-r)sin(n-m-z)e*
B’ sin(m-a-r)cos(n-mn-z)e"
-m’a*-n’z> 0 0 0)|(sin(m-a-r)cos(n-m-2)) (Y,
_5 0 1 0 0 [|cos(m-a-rysin(n-n-z) | | T, ot
S 0 0 1 0|]||cos(m-a-r)sin(n-n-2)| | S,
0 0 0 1)|\sin(m-a-r)cos(n-n-z)) \ B,
=0,L,,Y
(4D F » (3Rt 0
M.Y
oV'  —-Ro0, Rotw, -2R'6EQD, | !, sin(m-a-r)sin(n-m-z)e"
| -0, V? 0 0 T! cos(m-a-r)sin(n-m-z)e"
-0, 0 v*? 0 S/ cos(m-a-r)sin(n-w-z)e*
—-2dR™0, 0 0 EV? B/ sin(m-a-r)cos(n-m-z)e"
o(m’a’ +n’n’)? maR c —maR,ct 2nnR'6EQ
~ -ma —(m*a’+n’n?) 0 0
-ma 0 —t(m’a’ +n’n?) 0
—~2dR'nn 0 0 —&(m*a’® +n’n’)
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sin(m-a-r)sin(n-n-2)\| (v,
cos(m-a-r)sin(n-w-z) || | T,

* o fest
cos(m-a-r)sin(n-m-2) S
sin(m-a-r)cos(n-m-2) B
= (M mn * AmneSt )Ymn
H e
oq; macR, —-mactR, 2ntEcQR™
—ma -q; 0 0
M, = Ol 2 (42)
—ma 0 —10,, 0
—2nmdR™ 0 0 —£q2,
~0m 0 0 0
0 1 0 0
Lo = (43)
0 01 0
0 0 0 1
q;, =m’a*+n’rn’ (44)
¥HRG T e > NP U E D s 2N
det(M_ —L_s)=0 (45)
#A(42)Fe(43)F ~ (45) > Rl
oq. +sq;, macR, —mactR, 2nn&cQR™
-m —q: - 0
det[ a A =3 0 1=0
—ma 0 —192 —S 0
—2nndR ™! 0 0 —&0,, =S

=q.s'+(I+c+1+8)q. s’ +[(c+T1+E+oT+0E+1E)q, —m*a’oR,
+m’a’ctR, —4n’’EcdQR1s” + {(o1 + 6& + toE + 1E)q],

+[-(m*a’cR))(€ + 1) + m*a’ctR (1+&) —4n°n’EcQdR (1 + 1)]qz, IS
+otéql + m*a’cEt(—-R +R))q —4n’n’EctdQR™ql =0

F) L o 3N T (8 P A A2 g0
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s*+T11,8° +11,8° + 1,5 +I1, =0

1, =[q°, + m*a*(R, —R,) —4n’n’dQR *]c&1q?,
=(ot+0E+1E+1E0)q°, +[TR,(1+ &) - R (§+1)Im*a’c
+1R, (14 &) —4n’n’EcQdR > (1+ 1)
I, =(c+1t+{+ot+cE+1E)q"
+[(tR, —R,)m*a’* —4n’n*£dQR*Joq,
=(l+o+1+E&)0,,
BXs=iof oiF > P ~E46)7 2 EFD
o' —io'Tl, — o1, +ioll, +I1, =0
T o K (AT)F BB DT & efE
(i) I, =04rm=0
(i) o’ =I1,/T,4=I1; - T1,I1,I1, +T1,[1; =0 » # ¥ I1,>0

FEEEH NI % ¥ 1 aosp % X polycritical surface enif 2 &

I, =11, =TI, =0
#-iE £ (48) % ~ (46)R] 7 12 i8] I critical % 38 ;%
P.(s)=s’+c,s* +¢S+¢C,
Hv
R i e

ploycritical surface 73if * B 5 ¢, =c,=c, =0° F|}* » Fn=m

R - qQ°(c+1t+E) . R _ QT (l+o+8)
°© als(t-DE-1D) * ac(t-1)E-1)
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(46)

(47)

(48)

(49)

(50)
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_q°(I+o+1)E’

%= co(&—1)(E-1)

D)

4 critical 2% 2 TR B F RN HE As=0% 5 kA
M 0*A,, =0H2 P ¢& 7w B ¥ Hice2 wg od 3 A critical
Zom FF > det(M.)=0 o F]pt ¥ 12 {8 3] null space 2. £ &
a a 2dn |
T
¢{1 - T 5 } (52)
q g q°ER
Hépehz BroERvd 1T 03 £4F
Mcy=Lco v Mcx=Loy (53)

B {87 B PSP ds fE 2 ARV (38) o Fpt o o BEHIRIESLT

Tk SLF 0 A A 2 04 1 — F_generalized critical space » ¥ -
P &_stable modes o A P F Y B AT g 23 40
Y =[AD+ By +COYI*A,, +S(r,z,t) (54)
I

A ¢ 5§ 455 stable modes: & FEO=[¢ v yx] & null

space A K ® A=[A(t) B(t) C(t)] ° #£(52)F=(53)+ 1 17 3

3
M.D, => Q,L.O, (55)
i=l
He
010
Q=0 0 1 (56)
000
Flgb o A 0 5
A=0A (57)

d 25T A 5§ ok Sttecritical 26 F 2 #7500 AP dET
de e A R K St critical F B AT PE B 7 L B .

3
TEPELL A T b 4RiT critical & & M HCES @, =[0, v, %]
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L ocritical £ G I AR B LE RS AN G
A=K,A 5 Y =[AD, +BOW, +C(t)yy, 1*A, +S, ° I &6

HinILd o AP 2 E D

0 1 0
K=l 0 0 1 (58)
-C —C -G

# > 33T polycritical en#fdgr g > F258 A=K, A¥ 1218 3] 12

Tz g A
Bl=l 0 0 1 |B (59)

$(59) T 15 7 18

A+c,A+cA+c,A=0 (60)
Foob o AT kB Y B k2 AN B(60)FF L 5 2
R IR A2 o R 2EARMP(60)F T L

A+c,A+cA+c,A=g(A) (61)
H¥ g(A) & T 2RI o o 295(32)-(35)F F 3

9(=A)=-9(A) (62)
F62)F +v 0 i daty it b I Bl ASUIE O(AY) o F 7
g(A) ¥ ik ¥ perturbation I % o+ 5 & sk (A, B, C)z2 &
Bws o

g(A) =t A’ +t,A’B+t,AB* +1,B° +t.A’C +t, ABC +t,B’C

+t,AC’* +t,BC* +1,C’ (63)

HY t'si 2 ehd Bicfadice ¥ 5 tA 4 (63)4 dominant

term » BN W 0 #-2 pE 2L R MRS 475N 3T 00 4
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A+c,A+cA+rc A=t A (64)
S0 T R L (7 5 T o %00 1 el RI(64) 5

A+c,A+cA+c A=A (65)
LA AT L K s ot fodRIF A= 5

e=cC, » BI(65)¥ B &

F+QF+QF +QF =+F’ (66)
Ho
C C
Qozé » Ql:é ' Q, =1

PR EFTORELL G I 2R IR AR a0k B Sk
§=0*(+1+0+&)
8, =0%(q° —a’m’R, +a’m’R, —4dn’R’n’*Q)o1E
§, =—a’o(t+E)M’R, +a’ot(l+£)M’R, —4dn’RcE(1+1)n°Q
+(ot+cE+1E+01E)q°
8, =—0°(q° —a’R, +a’R, —4dn*R>n’Q)oté
5, =—a’oq’m’R, +a’otqm’R, —4dn’R*cEqn’Q
+(c+1+E+ot+oE+1E)q”
5, =—a’o(t+E)M’R, +a’ot(l+E)M’R, —4dn’R7cE(1+1)n°Q
+(ot+6E+TE+0TE)]°
8, =09°(q° —a’m’R, +a’m’R, —4dn’Rn’Q)ott

PR R0 T a0k S dodic

¢ o

P8

CI:SE—?—z
d o
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)0 5 T T LSS 5 A R T A 47 2 1 2L

HIR tE = 4238 (66) 11 & 453k e (7 5

~ﬁﬁ£9ﬁ?%*®iﬁﬁi@%%ﬁ
SRtz EEG AR VEL AR B FHA R
Bchi 2 RF o8 F § A KDas 2P #RT ﬂfz AILZ_ R IR
feh— R T L T2EranaeatgqWiT 2 o 2@ 0 A K. Das
PR A B A RV R IR T F S A SR R AR
13

o g A aw%ﬂﬁ?}‘ﬁiﬁﬁﬁﬁ%
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RIS
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@Mﬁﬁﬁﬁ&ﬂ%ﬁﬁ@&%&%“iﬁﬁ’ﬁﬂﬂﬁﬁ@
e T AP TR CEL L R T

Mo B v gt ad it oo

& A K Das 73 ¢ o ¥ EH#(60)2 Q% L5k sd
B Hu stk TQ=50% Q, =1 AEEA R A

FEAEARQ QAR TS ARSI HEAITQ,Q frQ,
B RO R Rk S R R % 2 2 ]

A E B BB A 1T AUTO Hi3t % seze & = e {1 %
LA LR A Bl e AP A 3 AT A I

s

Matlab 4% % &
FARZBEFTLE )EQ M FFLdERFL (1) gQ, & Q

R A ()T R QN QL LB L

VLT MR O FE RS AR A B .

AP HF P HEQ =50frQ, =10 #Q XL kg
Beo FIP &k =F ~» x,=Ffrx,=F » (66)¥ 11:x 8 = Kk ik 7
a5 50
X, =X,
X, = X, (67)

X, =—px, —50%, — X, — X
RO mp i AR Rl AAYEY 2 HRF T AN AT
e frEE it 2 48 T o limit cycle > i P & 7 3 4E w0 g
o BB R ELA T &

HB : Hopf bifurcation
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SB : Stationary bifurcation
PD : Period doubling
B1lsEin=w ilfi"\"{‘Ei/’a\& B> & =7 ks A= gho

KR 1 ¥ g 7 jf; VB =0 ¢ % 2 pitchfork bifurcation ¥
BO<pu<SOPF % LR BHEfE T o § u>50 0 B ke E 7 fE T
R WSRO D E R ki id - BT EFERA R =
BT §EE o ¥ ¢b s A pn=-2511% u=>50 3% Hopf bifurcation °
T 4 5% % L2 Jacobian matrix shiFHcE € T b B o kAL g
MIFYETAFIRT2Z LT o BHF o Fuku>508#%
ol P 7 iEu=50pF > & Az T #rEkiE_unstable focus % =
stable focus» ¥ A& # — B limitcyclee % pjp > L EBiEu=0pF >
gokid — B4R onT grEhingt o R G Z B4R T frEh it
fo— 7 4 T T GrBk iyt 0 T 4 supercritical pitchfork

bifurcation o F]p#t o & SLeriff BB AT K SR BE 2 A7 45 B o
Bu<0¥ A hnE R BENITER 0k AL € AL 7 JE T T TR

slmg R AT o F Ut Ipn=-25" ssne¢w2 - B Hopf
bifurcation(" HB2 4~ HB3) ; iz =  HB ¢ »* & — %4 T
limit cycle fo— % 7 4& = ¢ limit cyclee § pi > I p=-108.823
fru=-108.777 p% > & T_c1 limit cycle #ui* B % = % $& T limit
cycle #Lf* > Jt 4R MR A or A AL EF A HH R Flt o L

WO & % 7 4 iu=-108.823 fr p=-108.777 ¢ % # period
doubling - € ] 1 ¥ 2 4rig » £ 4 HB2 7] PDI(s* HB3 #| PD2)

RS

2 limit cycle #LF" ' T e 4 82 A ) Slico kB B ik

Y

BRI aPRF T 5 0 FEE PDI & PD2 %iT2Z p & A~ 4niE o
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Bl e g4 - B2 3RT o § pdFFR o kg

FHPME R T N RFA R Rl A A2 (TR BB

GEZ KRBT A g FATA # AL VIR g e o R ]
FTOUOfEAR RS AR TR B enRl tr T ko A

CRUES LR TR A E A BT Sk AR RS of PR

L 2 1 1 | 1
-500 -400 -300 -200 -100 0
ru

Bl EaRPEVELLSRE (0 Vs x)

# = ~ Location of bifurcation points
(X] 9 X2 > X3 ) H
SB (0,0,0) 0
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HBI (0,0,0) 50
HB2 (5,0,0) 25
HB3 (-5,0,0) 25
PDI (13.15,43.9,330.8) -108.823
PD2 (0.25,49.52, 343.67) -108.777

A A AR B EBA R OBENIT A R Sl A B S5
PFR R AN R R g o B 2(a) 5 iE B

=30 A4 B 5 (X Xags X50) = (1,0,0) 5 Bl 2(b) 5 EH p=34c
A4 T 5 (X, Xy, Xy ) =(=1,0,0) o B] 3(a)(b)R| EiEB~p=-52
A7 B A B3 B (X, Xy Xy) = (4,0,0) T2 (X, X0, X ) = (—4,0,0) 5 [
4(a)(D) B AE B =52 A7 45 18 A B3 B (X, Xy Xy ) = (2,0,0) f
(X105 X505 X50) = (=2,0,0) © £ R 2 frB 3 2 FF R DR B E AP B 7
VUETRE 0<pu<50 % A4 dp (81 B 48 T GRER AT R 0 R Sk
Aa A AE T T rEbe sl m ik ALk R ABiTY 00 § b > B 3 E B
—25<pu<0 % A= 4B A YR T T LR 8T 2 4R 2 a0 limit
cycle 2. I eniE > HEHEBIAE T 4 T 3B 2 % Sk AR AR T e T T
x5l o P32 o Bl 4 ] A -25<u<0 e FlEP 0 2 iR

hT RBE Lt 2 B A b B R RIS A R F L g
B R 2 A e g AR T R g b B (S k Mk e ARIT

AT o F b AR AR B EAR > TE p g

3 3 4 Hopfbifurcation PFz_ {7 2 {4 F3d s Sz R (7 5 o
BT A AT S MR PR S 28
BT RVELRF Y 2 FH R
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