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Enhancement of heat convection by an oscillating heat surfacein a vertical
channe
Student : Chien-Ping Huang Advisor : Wu-Shung Fu

Department of Mechanical Engineering

National Chiao Tung University

ABSTRACT

The study investigates the heat transfer enhancement by a oscillation motion of heat
surface in a vertical channel flow. In the numerical simulation analysis, a Galerkin finite
element method (FEM) with arbitrary Langrangian-Eulerian coordinate (ALE) is adopted to
solve the flow and thermal fields for moving boundary problem. Firstly, the mechanism of
heat transfer enhancement by oscillation heat surface is discussed in natural convection scene.
For different oscillation amplitude and Rayleigh number, the frequency that the heat transfer
rate of oscillation heat surface is higher than non-oscillation condition is found and called
critical oscillation frequency. The limitation ephancement of similar physical model is still
researched by this study in mixéd and forced convection scenes for different amplitude and
Grashof number.

Generally, that a heat surface subject to'.a oscillation motion is advantageous to
convective heat transfer is a well-known tuition. However, based upon the results indicated
above the heat transfer rates with certain combinations of the oscillation amplitude and
Rayleigh number or Grashof number are possibly smaller than that of the stationary condition.
Then the critical oscillation frequency could be regarded as a criterion of whether the heat
transfer rate of the heat surface subject to a oscillation motion being larger than that of the
stationary state or not . Finally, the so called critical oscillation frequency can be expressed as
a function of oscillation amplitude and Grashof number in all the natural, mixed, and forced

convection scenes.
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1.1 A Rpgrs ik (1]

Mutural mir Foroed air

convection convection  beat exchanger

FAC plus

Liguid-cooled (inchoding
waler-coodead cvporstion., boiling)

(NAC) (FAC) (WCHE) DHrect Inaivect Heal pipe
Construction.  Componenst (IC NMAC plas  WOHE inseried  Composest —  Component —+  Componenl <+
=+ main cic.) plus fin  famblower  imin air-Bow liquid-tmemer-  cobd plate heated anta =+
et forw) =+ circuil- pRssEgE shon plus HE cooled afes —
—+ frame
Coolent Air Air Adr, wmier Inert insulator  Waler, gic. ‘Waicr, methanal,
Tiegaid WP,
F.C., ste.
Coolant mover  (Bowyency) Fan'blower  Fan'blower, Pamp Pump Vapor pressure,
pusm capilurity
Coolant velocity — 0.2 md's 05~ 0ms — — - —
Conling Senall Maddle ~  Middle — lage Very large Large Large
capebility large
Equipment Large Maddic Middle Small Small Small
vohime
Apoustic noise Moo Maddie: Middle Small Semall Small (heat-sink
large Ligquict-cohed
Reliability of  Larpe Miiddie Middle Small Sanall Lamge
coaling
Economy Large Middle ~  Middle Small ~ middle Small ~ middle Small af prescat
large

Remarks (caps- Capability in- —
bilities, efc.)  creases by

chimney
effect

Capability de-  For example, He- Capability de-

pendi o0 HE
capacily

g8 used to de-  pends on HE
CTCRSC CODMMGCL  capmGly
itheer. resisl.
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Single-Phas: Single- Phase Pl Force-Conveciion
Matural Coreection Foroed Bailing Boiling
L T Cofdensalion  Macd Thandfer
Pl ve Technbques
[ exiormal poser mquined)

Trewted surfsces - - 145 17 1] —t

ﬂwﬂm T 41E &2 &5 [::] rl

Exiended surface % 41h T3 .t | 1T EL]

Displaced enhancement devices = kL 4 17 3 15

Swirl Flow devices —t Hadl —_ 2] 1”7 mn

Coiled tobes 't 142 bt ] 9

Swerface tension devices - - 1 —_ —t

Additives for liguide L] 12 L7 == [

Additives for geaes =% il —_ —_ i 1]
Active Technbgues

fennemal power reqeired)

Mevhancs] sl I 1] Uk T 3 I3

Berface vibraliomn iz £ 1] 11} 2z & il

Flasd sibralion W 127 15 5 1 1

Electsic o magnelic hckds 50 53 n 10 i 12

Resection of suction i 5 7 I & 2

1 impe=gement — I 1 I — 2

Compousd wechnigues 2 50 4 4 4 2
= Ml applaahie.

FMod comidderad if s ey
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%= % ALE 2 2 @& F 123587 5 5550

Arbitrary Lagrangian-Eulerian (ALE)&_% & % p (Lagrangian)¥? £ 3 (Eulerian)
B liirpmd ManBdR kA i SRR A B R R TP Al auEART Al
R ) o A &ML mil ! ALE 2 i@ 6 B35 ~ F 50 - REBERIE BT 2

A

2.1 Pty AR

W4 BB RPN 0 21" 4 *TL A2 (finite difference method) # § *T5
%% (finite element method) #4738 %8 > it WEH P4 Y A3 560 - S8
¥ 9 p (Lagrangian) & & % % > ¥ — % £ > (Eulerian) & & % v o H ¢ » Jx* 49 p
(Lagrangian) & 4% % se973- 8 2 i3 AR HFHE e B9 AL B SRR RE Y F
Bl RaAey H R gy o Bl eidllag R A B 60 ¥ b AR £ 2 (Eulerian)
Btk ekt B ingd R MBLRES B E FIT A Y TR §REF T
LRI SRS Sl °ﬁﬁﬁﬁi¢%ﬁﬁﬁﬁﬁ§ﬁiwwﬁh S g4k AL D
(Lagrangian) & 4% % s> (e §_§ f& @ K dhadlas i 352 ¢ ¥3 8B T P B R B
A EL D I3 EE RE R arfE o TP AIHTALE 07 2 BT e AT -

F KA

22 TR

%@ * ALE (Arbitrary Lagrangian-Eulerian) ;232 # & @ F3gchmig? > 5 =

FAA R T A OB R b A RAE AT AT 0 AT R R 2-1 24 §[11,16] ¢

\\\?{r

l. z B % &% (spatial domain > 2 )
RERITABDTERE > FP AE > 27 2 HTAEE 5% B L - 44 B
AR T R 0 P ABE S B RER A TR TSR X fE A
+(Eulerian) & & & st o

2. F = &% (material domain > 2, )

KA AT AR - RGN

m’ﬁt
-ﬁ
fuse
3
=3
£t}
X
Eis
a
F_L
g
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A
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PEP e EBETL AL H B K fwﬁé-; F % p (Lagrangian) & #& % %% o
FAFAF ARz MBS R TR BiRgy, M BT
= P(z,,1)=0,(z,) (2-1)

+ 2 &% (referential domain > Q)

X

98]
o

ks

BB B ER PR Y o T RP EHE 0 ¥ 2 5 5F (Referential )

Bk ke A AR A tRBx, 0 PIH 2 T RS2 ARy, OB T

Vi :da(xi’t): At(xi) (2-2)

x, =¥(z,1)=%(z,) (2-3)
¥, =d" e, (2-4)
3R TR

’]‘E\Tiffgt,f F it ez 48 R 1R LB 2R E R ALEZ T a A4 G (N N 3 o 2 R
B E_E 0 A Wy ifAaeT ol

1. ;=48:% & (material velocity » u )

oy,
=0 2-5
al (2-5)
2. % g2hig & (mesh velocity » u )
. 0y,
u=—" 2-6
2. (2:6)
3. ¥ini B (convective velocity » ¢ )
. Ox,
C = —_ 2'7
. @)
X
cC=u-u (2-8)
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T 253 R R RS T R AT bR M 5[20]
1. %% (Referential) & $&-27 # ¥ % p (Lagrangian) i & 2_ i 3%

’}33}7%\2‘7"»:(4} FIF G0 E- Sl fF % R

A A o) 0-9)
ot|, o], ox, o],

FAL S RSy F A T E
L] A 0-10
ot|, ot|, ~ox, o],

7
u—ii+ P (2-11)

ox, Ot

Al
T i) (2-12)
ot 0y,

B EEF Q297 T B E A S AR
g :% + (u _ﬁ)i (2_13)
ot|, ot|, oy,

2. % 3 (Eulerian) & #%£2 4> #. % p (Lagrangian) i t&2_ & 3

I A FILV Ao E- Sl f TR &
LA /A ) ou14)
ot|, ot|, oy ot|,

N BRSz A TEd TR R RENT AR T EBE Ly &V ERE

9 % 4= (Eulerian) £ £ £ % p (Lagrangian) /&t fF 4 i 1550 4o

o Zg ' ”i (2-15)
ot|., ot B oy,
3. %% (Referential) & #&#7 £ 3> (Eulerian) fi: 1 2 # 4
AP T 3= ”}3%2‘7"»’(4} IV Froo iE - ‘3'3(](?'1/%&
o o Ly .
ot ’, ot ., 8xi ot .

10



£ 3 S f 2 £ > (Bulerian) & e S ficy & > > TF F

D W WOy o)
ot|, ot|, Ox at
=i+ 200 o1s)
ox; Ot |,
il
T =i (2-19)
Ot y ﬁyi

ez B TN heT

a9 _d

ﬁi (2-20)
ot|, o,

oy;

(Eulerian) A& & % 3L el 2 > o dok@ !
l. 3u=0p":
%+ F_% B (reference domain) ¥ 3+ 5 2 % 4 00 7 #5 0 2 PF ALE 35 it Jn Sl gy
% 3 (Eulerian) A& & % su4p e o
2. Fu=upF:
P %4 % 3 (reference domain) s #-i# B 22 i B B AP 0 ALE 45 it i
Hrenplgh P 22 3 42 p (Lagrangian) A & % suip fe o
3. ¥u#02f uzupF:
B % 7% 38 (reference domain)#y it Ji H-erpgl ¥ L ALE 2 o
AR FORERREY L gHd=0 cd=ud 002 duhEEET) 0 fRE
FAAR-FETEPN DT PGS > ot BE gt > 1% ALE 2 A
B R R AL E R 2 T
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K Al
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ax Oy
il o T
%+ @+ @——iﬁﬂ/ §2u+azu
o & & pax &’ &7
L e S A R
a “a s pa \a ot )t
iv & 7 AR5
or oI  or (aﬁ aTJ
—tu—+v—=a i
o & & a’ 4
kR AR
a& @& @& e’cylo%e
—+tu—+v—=D, s
a & & & "5

251 w41 $inatk B2 BE SR B

EH =
v

(2-21)

(2-22)

(2-23)

(2-24)

(2-25)

EHEEH E i F R RALY o S IR T RS R R S Rl R 1 2 1995

E21]F e 7T - RS > A RB L OEF S RN RERR O 40221 EHE

AN EER G AP AT

Ligh Sl i
2
LA ) L P L Y
a & p& &’
2
AN PR L () L )
a & &y Py &’
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o’u
(2-26)
)
O%v
(2-27)
2 J



2 2
I L T N e j (2:28)

ABRFEYFT A TR S B AT AT G

i Rl e

2 2
ﬁ+(U—U)@+(V—V)&:—£+L 5U+5_U (2-29)
or X & X Rel x° o

2 2
LA 77 iy 7 L i Rl (2-30)
or X oY X Rel &X° v’

B R AR
2 2

L w-0)E )X L [2C, ¢ (2-31)
or X & ReSc\ &x’ ov°

252 HAIHANRBHE L BFER R

E-HAS B0 T BT 5 ST O S R e B ok E ] o Bl AT g
[22-26] ~ 2 [27-30]12 2 £ [31-35] 6487 1 patdo 0o 45 0 4 5 f1% 4R850 X kg e oE
Areie e E 0 3 BT RS B E R g R chit o R R R R ARG { e
Bigrck > T Ap ke Rz RIFHIRE PR EPN §REG Ry 02 R
Flde » JR 60 (8 cofigfioo ke & o SF @ b RAL > A orgR® o0 ALE 2 42507 > TR 42
N R AN fow Eerif A o0 doit(2-21) ~ 2 (2-26)2 £ (2-27) 0 A kR S AR Pl

fo B AR F AT

2 2
%Jr(u—ﬁ)%Jr(v-\?)ﬂ:o{ﬁ r,e TJ (232)

Z—f+(U—U)§—)‘9(+(V-I?)

o0 1 820+620
0Y PrRe 6X° oY’

) (2-33)

253 P REREHMNAIHEIZBEFIFE

iy

BB I EEEFA TR FHBBER Y A HAESN R B E 2

RALS AR R fER 0 D B R R A B E 0 A S HBRER T A
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MR EHS L RALRIA A IR o T ke 2 A AT ER AL R AT
A BREBPTRE AN x G e B E AN HRE S AN AR > 4o

(221)~ £ (22602 £ (232) ey (F4 2% ) 2 BHE AN AY BES EE o R

%(u_g)%(v-ﬁ)%:_é%w(Zj+§j]_g (2-34)

ﬁﬂﬁﬂiﬂﬁﬁﬁﬁﬁfﬂ1ﬂ\ﬂngm%K@*E*ﬁm RLIECE S ST x)
renajst g2 o A F e p RERORES T o FRREE g TR W
BHcRe ZATF)IX ST 0 ST KRa A B E A BGr i AT SHce @
IR BRI 0 T g e TR B Re 2 T 0 m LR E TR AR 250 0

REMEREHIT g FIX Sl * B R FIR LB R E N R AN Al

Feng P b Lmp o

254 bex S AFRHBHE L BHER PR

W[36]H-45 518 B R AL B R4 A SR AT LR GH F R P2 0 B 8
BhRF P AF s AT (RS Ea et HES AR R RS B R E
ke o deN(2-21) ~ 38(2-26) ~ F(2-34)2 N (2:32) e F RS IV A e B O(PTEH)
Hio g 2 A28 E il § 2 BN A e 4o

#E AR

&
(2-35)
1 op o’u 0’u) ve  &F
——— 4 Tt | u———=ilu
p Ox ox~ oy K JK
@+(u— ”)i(l}r(v_ ‘)i(lj
ot £ oyl\e
(2-36)
p Oy ox® oy’ K JK 8
ﬁ‘b';%_ﬂsﬁi:?\‘
2 2
L tu-iyEvv-s)Log | 0L, 0T (2-37)
0 oy Ox oy
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1.75

F:(m 1_5) (2-38)
&

K=——" (2-39)

a, =—: (2-40)

xod, RMEREE O k,=k!+k/ > B¢ k]G B OF & @ ¥ % B ( Stagnant
conductivity ) » k, i # 4c ik @ # % # (thermal dispersion conductivity) e
Ry HgFRE it ok o i d 2 RN g RIS RN RERAR S

RPN A4 A RPN A 0 A B A b L

B ALE 29 > 24 A EAPHBRERE T E R ST Fp B e fkaof i
FREGHERR R b FURBHE ST RE UG R RER - AT R
et Mg R g RpiE RA DEERE
I e A > $HERL 0
2. BEER Y RRIERENBBRER  TEBBER M EE o
3. LEATEREBEFERT > PRERTUGRE RA T UFLEREREE Y ER
g S T
XA PR LR R G AR R R ER SRS F G
TR EAT LAY B 2-2497 0 AdRPBIED 2 HApMa T A BIRHE
BORAP  SRERENTHE RS TR AR REFIRE A R
VA che i A SR b P A B cnfic B2 LB A2 [30]5A ¢ 4 1R

Kl

mafERd c B e P2 PRER CFEEREFEVFRS ARFEITLERER
RHORF Frfd E LER R RE R HP RS PR B PR AR 223 4
R0 A e (Ao 2-4 47 0 B fS HREL AR 25 5 o BA KA A RRUE
£33 60.05%0 T oV i L 5 B 5-0.0405%3 0.0232%2 FF 0 x R fh A 22
ERB2LAFNeEERSIGEYRZ2EL T BREEG HITOERF IR o d
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{ Eulerian Coordinate)

L .11
h T,
7,
— T
Material Domain Referential Domain
{Lagrangian Coordinate) (Referential Coordinate)
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3.1 %

)

W o HE RN RFLAFAFETERART G ML B P ENRFRR
(enclosure ) 14 4% » Fu fr Shieh [37,38] 4 4t % F IR B ¥ F e B {cdrdo ¥ p R ¥
B e RS 0 TGP i & 2N USER R RAE S 2 b R e it o [shida v
Kimoto [39]» % 7 % FHRHE ¥ LE kb p RPN T F 2 PR RFEFH e
£ i % o Forbes % [40]RIF17" B %= 2 X 4FH S FRE Y JRd 8 p AP
Boom hB I I RE S E B ST U 4 S0% B S o gk s d SN RldR S
Aralde i A B X B BRI ahp R E R HI T T T AR }}?c“‘ F TR e
Ichioka % [41]% # ehig * CFD HiFk i3 s Bird Fl4i? § Bird Fl4o7]|#rild=aun
PIRd R4 > H frig = ZEVURTEEUE: - -, s A4 M) S ‘)FB“ F g 27| o Baxi v
Ramachandran [42]4] % 3 S ™ 2 K 245486 FlHLH p RE @B § § Fik
200 PF OB EHE D KRR B A o R F T S S 3T 200 B dRBCETH D
@ F e A Ry AP EORPES AT ML GRS AT hp Rt d - B g
i# & o Krishnan ¥ Rao [43]41% i 2 R34k & 45 118 B B A LR % o)
£ F ARG & 780-840cpm FF R AE R @on kR PAEM I > R g S8
F R A pE o PIA DR S € 5 HE 3 4o o Ivanova 2 Kozlov [44]77 &4k T 42 25
=¥ ¥ % F 2 B (Grashof numbers) Hf L i¥— % » 7 1 o Fu & Tong [31,34]0] &4+ ¢
0 PR FlHL s FIE RS R BT - I DH R RGN R DR F Ik P i
B 4v o
AFL A RBBEE? LA - BIREDFREG LD FEIRNPE FIL R
ﬁawﬁﬁiééﬁi%éfaﬁiﬁﬁéﬁiwﬁ”’ﬂwg%ﬁ—%&ﬁﬁwfﬁ
FRER o § BEe hAP > BRSPS FAd s 2 EREDIRF
RPN R i R SRR S ot B AR S R R
SRS SR < DR Rie - AR (WTRE ) e 5 0 @A R ARl KA
LIEE AR AT Y E T o @ F A 2R eEREE I BR3P E H gk
FooMT I FERRIREF IR T EE T 2 R A FA B F L B TR kG i B

;%fg@ 2.5 W i A E A -
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32 =
REE TR b AN o] 341 A 0 AR A - B A BE w e mds Hi o
HY REEFEG FR: OV RS CREGEEE AT IR G B ALY

Boor - fRE e g R FES The aE Hif ¥ 501 3RS G o Haea Rk

BOELEEBKE A G RBIERESTHTL Teo FIHR&BLAPE (50) B E G #40
AE LA - kI KRR RARRAF S DRIGE o4 S FES LT

P RE T P R E RSO R A R e g R A
F]p ¥ 00 ALE 2 2§ cnde it o

4=

3.3 Mfr= A E R E

RET G AIE LT SRR A 1 R o

1. m3kh - bl nin o

2. ARG AV Bigz A AR o

3. AR BT O FARS G S ke

4. M REG B P L& & i 2 (no-slip condition) °

PO, Too To s B4 R0 LR R T Sl % ALE S5 A2 ff

Lde T o

X:i’Y l T:L 4 Ra.a/KZ U_ u v

, U= , V ,
P 2 Iy , VRa -afl, VRa -afl,

U: = p L :—C,
fil, T-T, v gB(T,-T.),’
c , T =—, Gr = 3 .
\/Ra-a/éz Th_TL 1%
T -T).
Ra = Gr-pr = LT =T) (3-1)
av

2905 fi#E R (meshvelocity) > £, f, #» 5 % B & &b 1g R EIREA S -

i R Y
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T oY X ARal\ X oYy
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@(U U)ae Vﬁ_l af ﬂf
or 5}(55(\/_@(0”1/

A EFXBEERRPEARU, G382 e T AT

u.=0U, cos(27chr)
HY g Fl=tihb s drfg AU, RF ud TOER

U, =2xF.L,

H ':g RGOk 7 éj?\%%fg: il % F7 he i 12 ('ﬁ]w
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(3-3)

(3-4)

(3-5)

(3-6)

(3-7)

(3-8)

(3-9)

(3-10)
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AR BCE > Y B £ F 'T~ % 2 (Galerkin finite element method)e #73 ~ %
L NGB RS F o TR & R SoBic(penalty function) i S ARV R4 AR
1% f5 55 £ & % ;% 2 (backward different implicit method) fw 32 BF B fiz & 38 >
Newton-Raphson & i\ jE &J® 2L 1438 o 5 ‘Fgfz’:?;‘, AR AT R &G 2
(frontal method) » fie & Gauss Jordan i}’ 4 ;2 & B #7ff » 2 > RfRGE ¢ it A2 2 T
2R et AR BT S e A AT o X BB B R AR B4R 3-2

éi.émv‘b%%zr“r :

Lo RBATF et i ied ~ fHfed &0 GER R E gt S E R
fﬁk o

2. ‘}\ *E ‘_Jr# ’ﬁfﬁﬁ?ﬁ)ibf’w)iii—’ IF?., *thp% Z:’V-kr,p_,.p‘l‘ o

3. ERREBORERER > TREAGFEEERFEG REF -
4. F#7Z engBic(Jacobian 4B ~ Ak Sl %) o
5. FRfamiz o fele i AR B E TE - ek B EE R S LT A

<107 (3-12)

AP pEFUVEO
6. LA - BPEMETEHTRAS - AFEBFER ST RN R D

(Reszdual—g—g—i-g—)t) MR AE R EEARY BPLBLTE TR

7. EAEHIS6IETNF DR FIIER -

35 BE &%

AETHEY I ER LT F B PV LS Pr=071 L & g%} S8 3
Tl Ra~ Jrtg Lo 2 REHFF, » A2 7Y DS filic@dod 3-1 917 o
B R IRDm kI & #ic (local Nusselt number) T & 4cT @

Nu, =20 (3-13)
X
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BB RP G 1T 12 & #ic (average Nusselt number) #_& 40T

1 pLs+L,
Nu = L—ZL3 Nu,dY (3-14)

B RIS G b — ) 2 pFT 35S & #ic (time-averaged Nusselt number ) #_& 40

E:if”zvudr (3-15)
Tp 0

B or, R A RS - BHP PR T EI/F, o

BT AR G R el Rl R0 B IR G BRIV RIS L A
AEEEF L =818 L, =21 FELZLRTARAW=2 -FEREsERL, =] B RkF5E !
TETEEEG LRGP EFERER LS 058 5 EFRERSERE Ufo VL

©F {IcRa=10° 2 JRATHT g b m AB2IDG A At B e e 7 e Rl
% B dcA B 3840 ~ 6848 ~ 10640 - 180000 7 B B & ¢ o« T 7 X fhz UV rd A4
* 4o 3-3 47 o 1P FL R SR 0 MFE TR 3840 BAE 2 E g X ApF
FhHEAr <26 > &F {IkRa=10"3% B 5 FIHL =012 36 k&4 5
F, =500 i # 7= (7, =1/F, =1/500=2.0x10" )» & %12 A =2.0x10" (N, =10 )
1.0x10* ( N, =20)~0.5x10* (N, =40) 2 025x10" (N, =80 ) = &7 o chps ¥
H A LRI BB 34 4TT o AN - EERTERY Ar=05x107 5 R b X
P R FHEAPERHREL T - oA § FE T {HRa BEBIFR LePd oA ok
RoANAPIREE LA RELT O HH KN, (RE- FH R HES
Bo) THEY A0 HPHEDORFFHES )T E 40T

1
N,xF  40xF,

AT =
(3-16)

352 F R G HInFH BRI BE
R Fayked o FICERMPORERBE YR F FERLE100CH N 2 - 4
[Coffeax 52 FIp 2 G PP  HEBhFflERN L

10° 3 10° e P - & g2 p 5§58 s A 197 McAdams [45]r2 2
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Churchill §= Chu [46]2.#2 5 » # 87 257 7 chlic i A 15 5% % 1L 4o B 3-5 %77 » @ 27§
BAHE G LMLFENRFIETAED DR R P FEON LD BRS¢ dRE RN e
VA Kaadrd Rl EG £E EG P A BEATR R FERT R ER TR
B T dok 32 H1om o

AR L A FOR T R EIE R R ) T G RIS BRSOk T
BB EG T sl T BEFERLTRSFEG niFd w0 8 & Fl=in
MaF Y TERACT

0¥, _o¥

U:_’ - —_—
oY oX (3-17)

Bl 3-6 %77 i g fl#Ra=10"-FEc3GL =01 -F 86 &EHFF =500
- BREFHIMEZFRGERFLCET - B 3-6(a) 5 % - - IrHEH a4y
AR (AR LESFFYPNEIRR) RAFIER L =002 2 PEFFEG 2D IR
B B2 @RS Lo - FR OB RE R RS 0 RITR R G T S R
Mo E R TGN D BR de LAt W SR T Lo AR e R 4 R e
+oB3-6(b) FEm KBTI B L RO EOLEFEG SELRETER SR
BT EG OEBENRCRED FREG ww F 32k ¥ ehA5N o e A ERIT R U R
RS T RIS B0 o B3:6(C) 0 BB G X w I W IRE R B g
S e - R ERE R LR R E 3-6() R G 0 A 6B R
B sl ko ARIMMEBAT > RRIIFEG o B 3-6(d) BEHHFIRT RS
bR MR EG T AERE  AEREFE S BB R B 3-6(b)
FEMEFT AR B TR REI S ER o L AT R PR S
P2 E 3-6(bytp £ oo T2bd EEG thigm Ed T2 ﬁ?ﬂﬁ#&i BOE G R H0 o R
3-6(e)"rm P 2 BB 3-6(a) T2 B Ee EApR A F L - REBEFHABL IR L T

Hynsens #A558 B 2| 3-6(a)fa e o X R
FTEBGFEG DFRBEN > A TEPFPN SERR RS > X 36N LT SR

B
AT T HPERAFHEN X > X2 EEFF R e A § X R R

ML Fgit3g > Hod 589 4

LEPEY K SR SERI R S A
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B53EFIFF 2 F A B2 PIB

BI3-7#7% 5% 3 fl#Ra=10"2 F B o =tFL =01 T30 2 BNuUERFF ¢ h
FURH o d MRERORTEPRE 0 ERTDE R HRE EF L OTH R F L
TPEREEF AR Bl 2 R o FRBPFE =50pF 0 XA EF T h
T R AR AT (B e &IRH A 0 stationary state) hie F #ic® ] o e
Ly REFF, =200 > F0e e P 2 g0 AURET & hint o 7
ﬁ@ﬂ?u@m’éﬁmmﬁﬁ%’iﬁ&gﬁgtﬁéﬁm%%%a’wﬁ%’ga
Boe 2ER R Ts R g PN R B E

s A f8cRa=10"F 3R o =15 L, =017 > pFT o % B Nu SEPs 7 ensg
B2l 4o @) 3-8 477 o o BT L S iF ¥PF IR FREFIFF L 200 pF > BT 50
B Nuchilicit e X AR T T ok Rk o e L REOF S F, $0 100 pF 0 pE
Tioe gl [ R FPR LR A ART O FURET fE 0~ § F, =50/ %
A ARSI E h  H DL g B AT ) Y AR T R T 10k Rk o

B 3-9 #r7 5 % F1#Ra <1042 B B o gty Lo=0.1pF > P¥T 305 % B Nu SEPE T £
s e A o fiE - AR 4R S B Rl Tk Ra B bepF o BRI 0L R8Ny T 6
BEZ B Ao o (2 & JPAT CLRRP A TR AR B e F TR i T (stationary state) 0§ F I
BcRaMi~pF> T R# Nus €52 4 ($F B 35977 ) Fladrd FE o i@
B2 e B RS e R o T BIR G RS RAETEE B IR HF R o 5
b ) 3-8 frit o FJRBSAE S FOR 4P PET 3050 3 B Nu SEREARE T g B e 0 1
$ 0 dc )] o ek e F, =500 7 7 >0.005 pF > 3 Eﬁii’aé%ﬂzﬁ»’j&“%éﬂﬁi:
F, =1000 pF & %% o

Lip e iR d g R L (=0.1) T 4c% 3 fldk Ra # 4 5110° (4c@) 3-10 #77% ) > B4R
FAF K F % S AZHE 3000 M T R PET 0k Nu 4 R E R AT T 30 ik
Nu' iz h#ad BFfl#Ra=10"2 Ra=10"3 RIRFHAEFEF L35 5 o 54+ it
FABA AT R E T UF R F T I EARF P HIRET
Nu ¢4+ > ZERBFALREL THeFHMNET{ 3R TE Fadrddg 5 F o

2 B4 b7 e F fl#Ra=10°~ Ra=10" ~ Ra=10°T # § & RELAYRG AT F F, 4 4]
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3543k tp R HHE B2 PR

B 3-11475% 5% & {1#cRa=10"2 JRig L =02pF2 T 15 Z B Nu g T ¢ s it
) o PR BOIRR L %0 020 £ & GAp RS F FT 0 3RS B R
BREBERE T EDSPFEHEH S RO RO F DR R R L
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XA F IR T B o m - REMF(F =70 )yt Bl 3-8 77 chir o a K (F, =200 )
&) o

¥ % fldcRa # 4 7] 10% 22 10° pho g i e 45 ) 3-13 2 R 3-14 ¢ § iF B

- AETOe R AN H R LT RGP, ARG REE T s e n @
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Bl 3-15 5% B8 % 3=tg L3t 5] 04 7% 0 4 & 118 Ra=10"2 T 35% % # Nu P
Bz en it (77 0 LB f ddk i B idrd MR K- tpi 4 > @ T30 F o
P EEF B R G riREr A { Sl Bl R

iR SEF R GAR L B 4 0 hoB] 3-160 § F {18 Ra =10 > R4 5 F, 7 &
£3060 T R PFT 00 2N~ ) BAEE TR G T dlkiE > 4 [ P A Y E 3-8 #F
T2 % RIEFHFF =200 o FF e A F fl#kcRa=10" 4010’ 7 ¥ 3 BA4cRB) 3-17 &2
Bl 3-18 “75% » B 5[ A w4 F =300 900 > &7 4p $ > B 3-13 2 B 3-14 #1571 2. 3

FAR B4 5 F,= 600 £ 1500 -

355 fft Jr e AF I 21 g sk o 3

SRR FREAG R IRF BTG ABEF LR B LGE
CHE T T OIER A R ARG S F BIRFL 2 A1 BABEF AR E G MK
TRk B GRS e a0 A0 EawT Y 27 g fldkcRa BRI LT 3RF L
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%43 2R EHA A B BRRIKREEFF, 4 (L, =01)

Gr 10° 10’ 10 10° 10* 10°
F,, 20 20 20 20 30 60
Nu,i [ Nu,, 99.1% 99.1% 98.9% 97.0% 90.5% 98.2%
F, 30 30 30 30 40 70
Nutg2 [ Nu, 112.4% | 112.4%- 4123% | 109.3% | 101.2% | 101.7%
F, 20.64 20.66 20.82 22.44 38.84 65.25
Log(F.,) 1.3147 1.3151 1.3185 1.3510 1.5893 1.8146
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L4d B EBE LB RRIESFEF, A (L =02)

Gr 10° 10’ 10 10° 10* 10°
F,, 8 8 8 9 10 30
Nu,i [ Nu,, 98.2% 98.2% 98.0% | 100.0% | 90.0% 98.2%
F,, 9 9 9 10 20 40
Nutg2 [ Nu, 102.8% | «102.7% - 4025% | 1042% | 119.0% | 106.3%
F, 8.39 8.40 8.45 9.01 13.45 32.27
Log(F.,) 0.9239 [ 10.9241 0.9270 | 0.9546 1.1288 1.5088
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%45 2R R4 A B2 R RERESF FE (L .=04)

Gr 10° 10’ 10 10° 10* 10°
r,, 3 3 3 3 5 10
Nu,i [ Nu,, 95.9% 95.9% 95.7% 93.8% 97.0% 88.5%
F, 4 4 4 4 6 15
Nutg2 [ Nu, 106.5% | +106.5% |- 1062% | 103.5% | 104.0% | 100.9%
F, 3.39 3.39 341 3.64 5.43 14.64
Log(F.,) 0.5298 [+ 10.5301 05330 | 0.5612 | 0.7349 1.1655
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