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A STUDY OF THE ENTRAINMENT MODE AND
MECHANISM OF RISING BUBBLES ACROSS AN

IMMISCIBLE LIQUID-LIQUID INTERFACE

ABSTRACT

Considering the increasing demand for production efficiency in the
engineering practices of gas injection metal smelting, bubble flotation slurry,
and nano-emulsion preparation, a study on the entrainment mode and
mechanism of rising bubbles across an immiscible liquid-liquid interface has
obvious engineering practical significance and academic value. However,
there are few studies on the kinetic properties of bubbles crossing the liquid-
liquid interface under gas-liquid-liquid three-phase flow conditions,
especially on the kinetic properties of entrainment. In this paper, the three-
phase flow numerical model of Fluent commercial software is used to
systematically investigate the entrainment dynamics (mainly including
bubble rise velocity v, bubble drainage time Ts, bubble drainage height H,
and entrained area ratio V) of rising single and double bubbles across the
immiscible liquid-liquid interface under the parameters of Weber number We
(mainly characterizing the strength of the dynamics of the rising bubbles)
and Morton number Mo (mainly characterizing the strength of the magnitude
of the deformation of the bubbles as they move through the liquid). The large
parameter ranges of We and Mo are realized by changing the liquid properties
and the size of the bubbles. The main works in this paper are as follows.

Firstly, the entrainment dynamics of a rising single bubble across an
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immiscible liquid-liquid interface have been systematically investigated. It
can be found that when Mo i1s fixed and We is varied, and 70, v increases with
the increase of We; the deformation amplitude of the bubble decreases and
then increases with the increase of We; Ts does not change significantly with
the change of We; and Hy and V;, of bubbles keep increasing with the increase
of We. When We is fixed and Mo is varied, v in the light liquid above the
interface increases continuously with decreasing Mo; the magnitude of
bubble deformation decreases with increasing Mo; Ts increases with
increasing Mo, and Hs decreases with increasing Mo. At the initial stage of
the bubble crossing the interface, ¥, increases with decreasing Mo, and after
the bubble rises for a while, V), decreases gradually. The magnitude of the
decrease increases with decreasing Mo.

Secondly, based on a large number of numerical results, three typical
entrainment modes of a rising single bubble across the immiscible liquid-
liquid interface are summarized and generalized. The dependence patterns of
the above three typical modes on We-Mo are established in the parameter
ranges of We = 0-100 and Mo = 10"'-108, and the We-Mo ranges where the
typical entrainment modes are located are delineated in detail. In addition, a
theoretical model of a rising single bubble impinging on an immiscible
liquid-liquid interface is established, and the reference information such as
bubble rising velocity, film pressure between the bubble and the liquid-liquid
interface, and film thickness are derived by the Matlab programming
solution.

Finally, the entrainment dynamics of rising double bubbles across an
immiscible liquid-liquid interface have been systematically investigated. It

can be found that when Mo is fixed and We is varied, v of the upper bubble

v
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increases with the increase of We, and v of the lower bubble shows the same
trend; the deformation amplitude of the upper bubble decreases with the
increase of We, which of the lower bubble decreases firstly and then increases
with the increase of We; Ts and Hs of the upper bubble do not change
significantly with the change of We; and V), of the two bubbles increases with
the increase of We. When We is fixed and Mo is varied, v of both bubbles in
the light liquid above the interface increases with decreasing Mo; the
deformation amplitude of both bubbles increases with decreasing Mo; 7's and
H of the upper bubble increase with increasing Mo; and ¥, of both bubbles
decreases with increasing Mo. In addition, three typical entrainment modes
of rising double bubbles across the immiscible liquid-liquid interface are
summarized and generalized. The dependence patterns of the above three
typical modes on We-Mo are established in the parameter ranges of We = 0-
100 and Mo = 10"1-10"®, and the We-Mo ranges where the typical entrainment

modes are located are delineated in detail.

KEY WORDS: liquid-liquid interface, rising bubble, Weber number,

Morton number, liquid entrainment, typical entrainment modes
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- (ZﬁRj (1-18)

Hrp, Tpig i A5dr; LI GENEsH K, THRHY, MR KH e —
BRI TR BEAT I AT o L SIS B a5 IO, RIRERAR R A
FEAF A, K IERLE R A 2 R A SIS, REMTEEKT 80
2RI

Poulain S5 HE b B . SRR $5 R AR rh 2 S AN B S5 VAR IR
WAL ZHL TR AE R R T AR I 2 R IRAFAE G e BB AT TR T %
W% & 2R S M B 2 MG SR S 2 3JEi, Sl TN E Ak
B SR AR KR, JEHEAT TR R b R R 32 MR X ST
UR IR R HEAT B ) ke, A3 T A5 KRS R ST GER A, BE
JRERIRE R A, BASFEUENBER.

FEXF T TIXRAR B iy T BRI, SKEAE SFEEOTE ISR AL B B I8
iy, W R AR, B BRI LR . N T RZ AT &
GUIERER TR I8 8 5 iy T AR s A SR H KRB 2R R T 2 [
AR EAE BEAT 1 S8 it e, I KEHIK P, BF8) 7KL 8 (1D
ORISR R 2 2 d SR, TR A, SR 2R N A
SRR B8 B (2) AN ER S B ATE R REBER R (3) A9
T 6 MIARIKER, (4 SAFRE R AEFAFEAT T BN . 25
Bk, EWANEZ AE BT RIS SO A AR BT T BO R BT
TC, R RAT B GBI R A T FIRE IS 1A IR TR
122 EASBFIR-BA BN NFRE

BT AL AR T 1 _ETHE 3 DL BT S =0 AR AR H
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PR T BN FE A AU AR, A8 B0 2 - T TR R AR B0 ) R D7 T
WA o i H, 7 TR 70 R R T R SR SRR T Y B BB R T
220, B TEBOAAIR. IR, 1963 4, Szekely i %<
Bk 2 A AR R AR, S T T RS ERR S N SRR AR
R Z AL AL B R [ RIER . Greene ZSHOVE N, T —ANERABIR, WIDHS
LR SZ (17 75 SR 5K AT AR S, 000 A9 27 o S A A AR A L T T 7 1 B/
Ly, RixXN:

Ve 3.90, 2 (1-19)
g (pT _pg)

X, o IR AWK TT; g TREIINTEEL; pr Al pg 70 J3I 36 THUET LA 1) 3 AT <A
fK1% % . Hashimoto A1 KawanoP*B a7 | —NMEH] 2 (R B, AT H <
IR ABNIE RN A7 B BODR 5T & A g g DU A 7 SRASADL T S
K JEE RIS 1) 43 31 B AU 2% R RLYR /g FoR, Bk IR IR S&T %, HEFHE
BNAH 2 STCEN ] ¢ 1RO R

d?z* - (2+h*—z*)(h*+z*) 2 dz* f
2 T4 3 BT
dt (1+h*) B dt" 1+(f +1)h

1— 1-7 _ﬁd_z*
1+h y dt’
A, fNEREEAE 1-3 ZEIMHEIE T h e CENEE; o p My NIGEN

(1-20)

@i (1-21)
B
5 1
ﬂzm (1-22)
Hg
5 1
’ - pe(R'9)? (1-23)
n

X, pp TR RFWMIAE L RIGTIEFAE: up Mg 70 5148 TUZ B AR 2 A
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RIRGRE . 38— D IC RN SHOL AR ERN R, R RN S UL
TR SRR AAT R o BB O BRI HLJE BER 50, U3 S

%%%%%%%%%ﬁﬁﬁ:

fd : dz'
o —2dz(2 2')(h 42 )b - dz (120

dt” 2h" +7"

R EIRPIANTTREIRAL R, PIAS BT A8 3h AN R 5 52 B I 8] A2 AL Y B
#. Natsui SPUERADGH R 7UA /152 (SPH) BRI ETHIRAE AR A PIR
PR G (R AT N REAT AT T, R RAs B EDRL AR A, e SR AR 1)z Bl gk
ITHESEE, EAFE A NEATEA B, 6 B A 22 b S SR S Rt
(AT

FESRIGWEFEIT I, Greene SFSMUTH LA FY JUAN AN R AL R AE I Al A
TRARWAAJZ 22 18] 1) 5 b3 BT SR MR Z ARy LR BEAT 1T, 4R
KW, e R 2 B RS2 MR 5 1R 1 0 B T2 A T 1 e I v =5 D /)
FHTH 5K T8 et IS AR D, AERE 2R Aty BT R I 8] = AR 52 s R 2R
PREURG BERARIN, ey & B 10, (B T0UZ VAR RG BE 1 A2 A o) ety & ) 52
HABIE . Reiter M1 Schwerdtfeger!® s F veidk £5 572 5Ot 18 1 -V 57 T I A
FERISEAT TR, R T 2R RIALE, RIS TIE R R
SHRCEE . SR AR WO AR . MO R S AR, B8 T RERIA S
TN TR B AR B BE R B R N T I, IR R U T - & 1
Yo R R 4518 o Singh SEP1E I S U5 500 BN S M-S T A LA
BEAT THWESC, B AR TIAE PRI A6 T 1 A AN TR VAR 22 18] 1) B PR3 2R 1
SR PLR PR AL SRR, 8T SR T R E AR T R AT S g 3R
FREEERY, SRR R L /N T A3 T S 5K R ARG J5E Y B
EI, SRR T E R A 5 . Dietrich 254 F Sl SRARHLFTRL - B
M (PIV) R GE - 7 T f =RIEIE AT 70T 9T, se i 1 A AN (R
R FE I E N TR A . 5 AR WY, I IO R/ IN A TR YRR FA R B0 A
G AR B TR) L AGEIRSE L e K LR -V T A B P A AR R
IS o
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O E AR T S 5 I -V T T I R AT AL, Manga A1 Stonel®!
A7 FH 00 AR A3 VSR A IR R A 3R S R -9 T PR o R 0T R
JEE LU 0 0 Ao 5 o Y AN 5 T AR T [ 5 e AR 50 AT A0 0 A AT T T R
Bonhomme 550503 ot H B AU 1 77 R0 T T o A BUAS VR VUM FE R 4 i 1EIR

K SR I BB 1%, ST RN B B R 2 1] (R R L 43 )

A — MRS EE L. TR B MR, ERZHIEN T,
IETT LA I g i AR, I B fE— @ i A LA LG HEARYEELA 1
B, XU R ISR, R MR AR 2 T] 10 R R R 2 DL K
RIMGK AT T A WA i . Singh A1 Bart™ 7 HUE AL, 752250 BRAS IR 28 5
FPA TR AR AR ST IR AT TR FE, R SR (R AT T S8k 4 #T,
WA T LI O B I BT £ B v B 45 5 00 BAR AR BRI KOG &, 4R
DR B I [R) A DR B e FE 2 R T R C R o Bo SRR HITHE AR 71 51 58
Pk T HE B R AR AR R (CFD-DPTM-VOF), Xf BSR4 4+
NEAGE) . R E AR AT S AR AT TR, 7 ELAE IR S SR 45 A Yy
BB, LIS RERN, SRS, WA WIRFEH LR, Fiw i
Wi 2, URL AT AR T 2 B R

i L R AR, H A N AT AR A R SR BT RO IR AE SR
YR ST Ak 1 Bl g 2 W 7 THL RSO B, R TSR = AR AR e
T AR VE - T T B FEAR b, SIS AR — SE R PR s B -
AR Z i IR IR RSB OIS B A, T BIR N8 &40
TAEARXS B =, B2 0T b0 5 I - A 2R A I B R I G R
MRS, IF HAR G R (A R AR A BB . BRIE, AR SCHUJT R AR
AN B IS B I AN RV R - T I R S Bl ) R DA SRS I R
VERE TS TAE . W0 P — 8 R B R R b 0 5 i A AR - S T Bl ) 2
REPE AN I R R, 0 R TC R N S WAk ey S RS 2 R
KAMHLELN

1.3 AXEZMRAR

ARSI FE S8 e BUE R N BB, e KRR RE R FE .
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SRR ERE FERCEIE 5 ST =AM LR BTS2 i A A -
T IHI 1R ) 13 2 R e B I AR AR AT R G M WTIF C . 1 56 40 Sl 2 ST 3
TR 0% 100 LA T T S A B SRR S R R BB Y . T S A
T L IOUEAE B A b, B SUR AR S, RIEA AR SIBR
PSRN IR B R SRR A SR, I L RS BT O 7
h S EALAT T B A R A, DU V2 I S B F R 48 7 VR 12 5 ) S 2R A6
o EULEEAL E, B FRSEATEENAN, WR L ENSES kI L
R B RIS R IRl B o b, S — AN O BT - S T
ISR, 5, W BT AR N RS E AT IR AT,
PR IR F I AAVE - A £ SRR SERNS . A SCHIRT FERUR — 7 T
A LR TR S A A 42 DA R SRR SR AR MR I E B 2%, R —
73 THIA] g TR S B v AR 22 000 A 3 0 oK LV A $R A B s S d% . A R
TS I

(1) B b TR 28 0 ASAR T -0 THT 1) 2 0 R v S s R e 98 . 1
SR G R L SR ARG FEE 50 1 ST S AR R . 7E T S0 B it
ATX PR E BB b, PART AR K B ) BT 5 i AR - T D)
A, BT RES-RE L. FHTK ) RGO L. RIS S HOR R
B T e AN VA - S TR R SE A . SRR RN S T T
AU B VTR HE KIS R HEZK SR S ey TR AR A BB 45 R
ST RN S HN B EFHES) R R AR I R AR . IR PR R AR A
ANAHVE -V T ) 4 B GRS R A 5K

(2) BENLEASIE F TG b AN R VA - T A A 2 O B N S U
KEUFEE LGSR A CHEIR AR . 37 AR T AR A S
- ST At B AU B AN R, AR R KIS . ARSCHER) 1Y
SACEL A b A 5 T AN AR - S T 1 e B N E A . B I B RE H
640 2 B0 3 SRR SRS T BN 5 B0 M 0% R R 6 BT A AT 9 R )
B, WA R S AR S B N R A Rk R . R ST BT
e VRV T PRV AR, RIS T T VRN J5 B s g A s AT SRR

(3) XU b T 28 S ASAR T - THT 1) ) 0 SR Ve B s R Ve 7S 1
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b B O Y EL SRR ey ) = AR B A Y, 7 [ o = o B R 2% AF
T, SRR R L 2RI TR IS SRR S A R R
RBGH KRR, SAARLENSH T N UL ETHER . IR,
HEZKIS T8) L HE7K v BE R ety T AR A AL AR AL A o A 85 H XU BT 2 i AN
V-0 ) SR ST A i e 5 T AN SRR &
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F28 [-R-BREMEREETTERE

B HHEINE SERHES . SEIRTTEM SR R TAE R ik &R, Rk
(A 78 32 B AR HE T S Sk 7 ik v, BEAE TSR ENLI) R R, 2
EIFEITE NGB A « BUE T 7 2 480 1 BUE ST AR T SR AR K SR iR
IR ) R 1 B2 O BRI 7 R, AR R AR ) S SRR R DR v SR AR ) o
(Computational Fluid Dynamics, CFD). #UE 115 52— 5N 5 iEA R,
ANEFE TR BB AR, T SR AR TSR, BA B3RS, TR
AKX BT RS AL, AT DA 8RB AU DR 2R TR SR o A ST R R L R A
Fluent X LT+ % 3 A AVE MR-V F T ) = AR a0 B HEAT BUE A, E el
@& AR ETRE (RETRE. siETR), SaREMILRFL, T
B 2% B 2 AR B HEAT B9 T AL

2.1 IEHIAE

£ CFD 1, sl At il ke, Fl R £ 22 i ~r iH e AR A
HIR A, IEHITRE T

(1) RS ETE

SR SR R R TR TP R —, M TR ER ARSI+ &
e, AIRIEN: ERHIRE E, ZRRE TR RAR IR AR A L,
TR ERRAIN, KRR TFIEN . RIEX—w L, BT

0
~(p)+¥(pv)=0 @)
Zn:aipivi
ﬁ¢,v%ﬁ%¥ﬁﬁﬁ,ﬁﬁﬁ%:V=Hp s ai~ pin Vi TAFERE @B

UMM B AP p R BI %, RIERA: p=D ap, -
i=1
n T B EL .
(2) FEFEITE
Z SRR R TR ) R R R RS R SRt R —, BB T RN
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R T BRI FAE . XA TRELER ER AR e (55T iR
DA D fERAA TR BN . BAATT IR T -

a(’Du)+V~( uﬁ)=—£+ 0Ty  O%n  OF

p 2 4 F
ot oXx  OX OX OX
0 0 0 0
(’OV)+V-(pV\7)=—a—P+ Dy 0wy sz+FV (2-2)
ot oy oOX OX OX

oP oOr 5TW or
+ + + +F,
07 oX OX OX

A, PHRWIARIETT: us vo w2 AldE xo py 2 ZADTTTAEE DR 1o e
T SR AR P AR AR OT IR T ERIRYERN ) « K728 Fus Fos Fu 205
TREE xv yo z = ERRR I 70 &

(3) fRERFIEIRE

PR, RERSFIE R TR TP RE R W g ft i . B HANIRAT
XA TR 1 AvEAR IS WU AR AR AR A FRE B AL Z T ()T T S AR . A
RITREUNR
0

0 0
E(PE) +6_Xi(ui (PE+p)) = o

oT
(Ket &_Zhj"]j' +uj(Tij)eff)+Sh (2-3)
i

Rt pIVUIKIIEE: p S9TIRIUE ;T ISTRAEOT RIS ko $578 MU
SREL ke =Dk k). A LG R kIR SR )
SHLA I8 HOR (1) 30T RS 3 A IO R RLRE IR AL, S 36k T4
BU . RSSO A R R, E SRR A P AR CELEE A BRI BI AR,
Rk A

E-h-P YU (2-4)
p 2
o, PSRRI E SN
h=> m;h, (2-5)

2.2 ZHRER

FERAE AR A, AL R HEER SR, W & REE 2
AR Chn R WA BRE R £ A — Sk A I I ARTE . BEE T SR 705
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WA A R, H ETIESEA ) 22 05 ik 2 e I i, AT AR NP RS SR g 5
e WRhz-Fr s B H 7 3 AR Rz -Wchy 7 v o Ferr Wchz -hr i B H 7 20 im A4 X
ESA B AP Horp, EGHIE T I R, B O N Ak T
FR T RRL T POLAR . XA Z EAE S R R R A . BURLE) 7
AR R ORISR 20 R FH T35 BRI 2% A 2 B SO o B AN BRI S A4
15%. M0 AERRBL- KR 5 92 R AN /] AR AR A IE SR B BEAT AL EE, DO H A AR —
FRRI o (AR R LA AR AR, P BLSIN T HIARRR X — M. HAT 2 AR
P FT b H B AR L A A Y R 22 I AR A R B R R IR T s
Fluent BUF A A =R+ 5 R 2 AR JRE (Mixture) BEAL. Jifk

&F1 (Volume of Fluid, VOF) #&AILL KRk (Eulerian) A,

2.2.1 FREI HESRERE

FERLAS B H FiR H, Jish & MRS FEARORL T BT R ) A BERAB BR ATl 1Y
REWRE, RGN0 (GHIERL. FRECED SR EER.
FHZAE R R] DI BRI 23y AP I I B R I SE AT TR B, ) DAL
2RI e 2 B O 17

(1) AER 1175 72

AL B AR AR 2R RTRLAE I 030 Dy R BEAT AR 2y, T DA B AR
TR PR AT SRR, AR5 R0 T -

du 9,(p, —P)
d—tp:FD(v—vp)++p+ F (2-6)

A, R (v-v)) SRR AR B T, RIEFA:

F, - 18u CyR,

ppd§ 24

Ao, vIBTUVIAMHIIERE; v Fa ORI BT s pFa IR ARAH I B s wdB VLA PIRGFE 5
pp TERRLIH S s dy TRMURLI EAT; Re FRAHXS TR 4L, Ri&N:

(2-7)

_ pdp‘up—u‘
y7]

Re (2-8)

Cpfaf 1 24, RIEAN:
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a, a
C.—a +2 -
o =8t oL+t 2-9)

R HE RSN, EXra,a,,a . Cp AT I M iR
ix e X

CD=%%G+QR@5+é%%E (2-10)
e

b, = exp(2.3288 — 6.4581+2.44864%) @-11)
b, =0.0964 + 0.5565¢ (2-12)
b, = exp(4.905—13.8944¢ +18.4222¢° —10.25994°) 2-13)
b, = exp(L.4681+12.2584¢ — 20.73224° +15.88554°) (2-14)

i, giRIIR R, K&
I=q (2-15)

X, s 38 SRR B R BRI (R IR S T RURL I SEPRR T AR .

(2) PR ]

PRUTRER A BTN E Ty P ARSI N SR SRR, EE
B UKL ] R A I SR . RIEFN:

1pd
F:___ u—u -
=5 polt( ») (2-16)

£ p> p, KAELLR, BEINR RISt ECKI. 5—DIIns & 7)
xR R 50N, Rk -

F = [ﬁJu u 2-17)

2.2.2 VOF &I

VOF A & g — P e 5T IR B G N AR AR AT B B2 ) v, m] LA 5%
— PP 2 A IR AR 2 ] ) S BT B B . b vE A, SRR A SL H [
—EhmE, iSSP ETE RS R TR, X S A BT S B AR
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HFATIE R

RN EHITE, ProaMmiaR s 8mon 1, IR B o, £oR5 q
MR FT S HRFREG Moy =00, 55 g MIFEIZPIAR e AErE; Me,=1
I, P BT RS g i 2 0<a, <Lif, WS THEES g A
HoAt 22 AR

(1) AR BT

R 22 1) 57 THT (1 16 B8 A 30 5 SR A £ A B2 A IR AR 0 B RER SE R, 3Rk
EAWSR

Oa,
?+V-V0{q=0 (2'18)

S i 2 A (AT LR R ) 2 B p AR P, 3 R
p=pe+Q1-a)p, (2-19)

p=a,p,+ (-, (2-20)
AP, FRE A 2 4 BIFE R WA 2 G0 1 B R A
(2) HEITE
VOF J7 i 03 i 7 R BN e T35 FE BB BE o8 B 26 AL IO AR S0 B, #0830
%(pV)+V-(p\7\7)=—Vp+V-[,u(V\7+V\7T)]+pQ+IE (2-21)
e, pRRTARARIIBEBE, B VA R
(3) ey
5 VOF ikt ish B —Re, AR T AR —4la ke, %
AN
2 (PE)+ V- (V(PE+ P) = V- (ky VT) (2-22)

A RN E AR A EE R TR E R R, Rk
kzakpk E,
Zakpk
k=1

A, n fBAREG A =3 sk fE A

19
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(4) KK /1

AR, Rk AEARE EENR, C R KRR 2T
Z IR 5] 7, B R RN B SR TR . Brackbill 28101 HY 1 4L
Ik 7188 (Continuum Surface Force Model), ZAEMASE AT ) Fy Xf R H
SKATIIAE FHEAT S0 o B 2R 1T 5K g D 18 e W B HLAE SO T A g 1 e 5
T VEARTT 1], R T 5K T TR AL R R 1 ik O :

F, ZO'”

<] 7(pg+pl)

pVF; +F,picVF

(2-24)

b, oGSt A, T LV RT B S s i R B U RN, R
W

= 2| U VIAl- (v i
K——(V-n)—|ﬁ|{|ﬁ| Vi - (v n)} (2-25)

ke, A= |:| N=VE .

W ST R SRR AR, B4 Kk, =k, VR, =VR Kk RERX
ATy

s 1 2-26
L +0) (2-26)

2.2.3 Mixture {28

Mixture A% 52 — iy A T AL B 2 AR TS IO AL, 3@ X & ARz
Zf) 38 EAN [ BRBEAT 18 FSORH A N P PR 28 20 22 AU AT 44U, 5 VOF AR A 1 X 31
T A Z RTINS ARG, KRBT IRS
HMRES RS, I HAEH A RS, So VRS A DA R R B sl

IS I 22 1) B 1
(1) EEMTTHE
Mixture #57 fRIE L 7 FERIE Y-

£ (pu)+V(p,0,) =0 (227)
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Hep, p RS M, RiAN:
Pn =00 T 0y Py
Vo IR A AR R BT, RIERA:

= alplvl +agpgvg
Vo= ;
m

(2 zhETE

(2-28)

(2-29)

Mixture #47 [1) 5l &5 R 2 a0 Fra A K sh &7 REdEAT R AN 201, Kk

K-
g(pmvm) +V- (pmvmvm) = —Vp +V (,le (V\_im +V\7mT ))

+pn0 + F+V- (Z A PV Vo k)
k=1
Hrb, n 8% F IR W RIS HBREE, RIEAN:
zum = Zak:uk
k=1

Vg AR HARIMDRT S, k=g, RiEA N

—

Vdr,k :Vg _Vm
(3) BEEIE
Mixture #Y { §e & 7 FE R 1K N

0 - Lo
a (e pcE) +V'Z(akvk (0B +P)=V-(kyVT)
kL

k=1

Ho, Ky fA BT R, RIERN:

Ket :zak(kk +k)
Hrr, ke A e 5 250, MR B s 2 E .
XF R R4, EIRIEA N :

2
Ek :hk_£+uL
P 2
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W FATT A, Bo=N, Hb adisE kg

(4) AR EOT TR

RS A LR AL, W LR AR B0 R, FIE RN

AR A CH AR HCHAIN (2-36)

2.2.4 BRHEHR

MR T VOF HAT Mixture B, WRRIMET SR BB E 2%, X DU
FAFHETE WO S (SN B, FEEE AR R AR — L3 7 R RLE S
MR TR S T AR EX T BRI - )
(A BRI G- AR AT LUER A TR RS 5 B
BT LARKF AT AT DU T 11 SEAR S A 2 I o B AR A AR, 3 TAE 441
S e B S HESETLUSE o b T R AR A — AR AT SO A3, T
DB R R A SR = IHE -5 N (1311 = el e SN e [LY € DA Bl D g ReS
R PR R R

2.3 EmEE

JEFE Rl NIRRT AT R Sh BB R . b i o A 2 JUAEE L
. R R AL B S BRI O, R AR TR 2 SR s # R
TR BRIZAL, BRI T 52bs TR AR N B MBI ME 5. B
ESEEEYI R A B, ARSI RN . SR AR 0 A A4 Fr gt AT
DNA /3, fEfIEERE BT 4EnS, B mkiE. R r R &Y s
ANEARRIEE S, ME TR AR B AR BRI, B  EA
EWHEERER . 5 PR, ASCKXT Fluent Wi R R BT B HART ]

JE AR B 32 1 5 R R GE O

op O

L2 (pu)=0 i

o ox (ou;) (2-37)
Qi+ (puu)y=—P Ty g i F 2:38
&Pi ax.pii x| ox PUY; i (2-38)
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a(gtE)+V-|:(pE+ p)u, =V (KVT)+S (2-39)
X, wRRARRIRE R R, EfRaiENREMBIRER) SRR, Fiis HAb AR
SHRHABRIMI I 7 8N 5K E, RiILATN:

ou, Ou; )| 2 au
Ty =| U 67+8_x ——H— 0 (2-40)

N w1y 3 FE A T R R o B, 8 iR e e S, TR

@lﬂ]]%%ﬁm% (ﬁﬂ%i:]’, I)_]\U(Sijzl, 71[3:)'_\]”61']':0)0

2.4 KEINE

AT Y Fluent A TIHE - EAMR A BB R EAT e, Ak
XTI =TSR R B R R . 2 AR T DA KR R AR AT T
Bid . ASCIER T R RARARLSE & VOF BRI &4 TOLEAT 5
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EI3F EARFRFLINEAER-RAE

H R A AT BT 5 - A 7T LS e B A e 2, S
RSk IR R AR IR M o BERHB-TAR & b BT R RAA S it 7 2 5
Wt FeiE BlECR, 1 HIRA R E &0t TR B =, skzx+ Bl s
-V 2 BB I AR R I SRR AR A B 4 o AR TSR T e AR RO A
A AT T A _ETH R 5 I AR - T (10 30 77 SR P S SRt R
WA, RTINS E (EZARE AR R Rk L&
AIEEAR) Y B O BTG 5 AN AR - T G T R R AR R
AT 7 BEW T, NASRTTENSEBEEAT TR s IR LR Serfs it
17 TIRZ, SRR ety 1) St AR . A 3 o Sl ST A X PR A8 7= R A e
AR T E NS BHIRBR 2R -

3.1 BRIBHERENES

3.11 BSETEHEEXESH

K 3-1(a) /R 7 FH TR0 e b AR U . el A R R A
BT AT SR A 1) B O AR T A T BRI T RE 2GR T B AR ) R IR,
BT EARTE AL, B S EL LR EER . N T ik S RS
WBN IR, TR KA 12R>45R (ST X I, A5 30 A A FR
B, NS F TR, A TN SRR AT RO HE R 1AL,
ER R RE NI O, OASARER R . NI A E R AE,
A1 AR B, TR AR P ERAA A Fhr 1 AR, A
RN My, B FRARFTAEIX I8N0, 12R]>40, 20R]; FFBAH T s 2 5
W, B EERREEE R p, Flp,, BB FTE X 3]0, 12R]q420R, 40R]: =< H
TR 3 AR, BEAKEE Nps Mg, 2SS HEX SN0, 12R]>40R, 45R]; g
NE IR . SORWIMGAL B S-S TI I EE B 15R, AR R,
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LAY TRER AR 22 A 15

EAmH
12R
&
g
=
= B
il R
o =
gl =4
R 2
=
ti!
P3, U3, 03

T BE IR

[ 3-1 (a)iF SRR ()BT 4 RO 1]
AN BRI T R S SR AR AT SIMPLE 3 SRR & I5 R 1, %
3 Rl L1 < s WP £ I e Y A SO s P VA UICER PR & A NP = 7 9 S E D=t Rt
24 VOF ZAHIAE AL 13k Tl S8l 1 =R AT 72
3.1.2 FHEXI5r R Fo K 1B IE
KDL 1ICEM S LTI R AT A58, 25 8 A (R TR 23 B I (1] AR
IS5 -V ST 2 VAR LR P R S 2 P o 3k B SR P 45 ) A PR DO e A 8
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