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F1E F @&

1.1 HEOEBS

BE, B FHENITERMEE L REHOST THEAIN TS, 2L, (k2%
BREMOFEI L b2V, Hx OWBIEE b o - FRMOBERINEIT b THY, BT
MEOBERBIETETEE- TV 5.

MO TR 2 #ER L TERRD% 1L, &2 FHRBMI (polymer processing) 12 & -
THRESND. B FREMITE, —RICES FHEHIRFEE O T CRENREEIC X h,
WEANE TN, BBEZT CRRIBRA~LRBSNG. B THENIREITT, TAB
HEHDVITN L EMBADEEEREZZT S, LT, 208 XOREORE%EIL
WEOHEICKEREBERITT. LiedoT, MRAOHEOR L7 1t 2 DHELO
TeDITiE, BOFREDREDA D= A LMD LNBEEL RS,

E&AEDEDFIRIEIE, FE=a— btk & AR 2 b SR BMERIE TH S, ks
AR ORENZEENT = 2 — P U FIRICH AR TERER LD L0, FEEARINS
FURROWE SN BN 5 W0, $MARAEORBIZEENL, WHiko L 4o o—KiELris)
SIFICE > TRESRARD. LERST, BWHRBBELEORRODIIL, KRk
ORBEDOBABEENS. FETIE, BOTHRBMNTROBRHELST 0t 2 O
BB RO LN TEY, HEEREOREEHOBMNS LV BHEIZR>TWS. B THE
RIS BRI &5 BRI ECRIEEICOWT, 53 WMo HNL
580 THREO BT 5 EERRZITOVTIE, #121F Brydson® % White® o%E
RO TWS.

TR 72 & ORI TR Tik, RO EFN SRR & 72 5.
B2 1E, BTIBHERIE OSHHBTEOW A, Ly MR OIS ST L CRER IR L7 b
DIZBEZNT T, @BNIIHET 2. Z0%, BE, &H, Bk oz 22K T, K
BRMSTED. QEALTHT 5 E TOME, ENLHED R M ES 4 L 5.
E70, BE, BBCET 570w ALK b BRI R TEN D,
EHCRDAMC TS B EARKETTHI L BB LR, LzdsT, EEERKNEICH
T DR OB, WEORECHBERIET L FETE B,



51T, BYFREMI CREEOBIRSCHERENSET S &5 ik (B 23/l
BT RIRHE 2 L) RO LIELIEERN D729, 20X 5 RIWNBITIS T 2 KRR
EORENSEE XS - EREBELRS. LI, B/NNEH-CHEARRNL T, TABTRN &
MERNNBAET S DI, HWREREORBZEEIEM RO LRY, Z0 &) 2B
RFIBICE T BT O IEE BB+ @A S h Ty,

L2~ T, BHERTNFICET 2 HBEREDOHFREFTRND A I =X LOMAIX, T
¥MICHBEERMETHD L L HIC, Fma— PURENFICE > THHEKENRET
b5,

1.2 $EEMEREDEE R KB

FEBME R IR R PRSI R & VW o R TERE R T T5. £ 0D, R
HAEDOHEERRBFEIEFEIEHTH Y, =o— MRk L OREIZBEEIOENDPHEIZ
B WO, gikok 9z, HEEREOIEEF T TENZRISHE THEERM
BTHY, =a— MRENFIICHREKEOCHETHS.

ﬁﬁ%?ﬁ#ﬁ%ﬁn&sz5~b7y7ﬁn%ﬁbtﬁ,%%ﬁﬁ%@%%ﬁ%@
EHOMFT 21T o712, RAE— b7 v THRNTREERRIDOA—/"—Ya— ooty
HMURAE OB EENEHNS. £, FHEEREORFMIOBRTIE, #RE
ORERXEABMIRB S L LI RFEAB LIELERN S0, @ TREMLE OREE
Db, AF— T v TRNCEIT 2 HREREOHEERRBFELFHD Z LIRS
B,

TIT, INETITOLNTOIRBEREDOFEEFEHICE T HHRICONT, R
B— b7 v TRAUCET S b O &P, BBRIORS. REEMEREOIEEF BB
BT AR TR S L < TN TV AL, MEEREDO LA o O—BE 25T 5720
DREIELRNOFN (rheometric flow) THDH. T DX D RFFFETIE, T & L THEMEALT
Fe—iRERND X 5 REMARENERR L LTS, #ELTWHHRECRICEA
WiE T, MEEREMATLYT5R4— T v 7 HRAPIREN, REHEILEDIE
FTHEFBRER, REBIFANDNTVE. TNLOFNEMTTHILITE-T, BAR
KEOREBE-CBREAR L OREDO LA V—REERO D LN TES. T, Z
D X 5 B RNE BT B EEERAOIEEE RO EBRERIE, BRFERORR
DD BEREND.

BAFREMTIZB N TALND &5 BRENES 2 1256, BN O OIEE H s
BENCEKRYE D 5. HICHE/NEROIERRE, H2VIEEN b 2lAE0E LD LfitE
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2D & EORMBEREOREIEB /L EBNEL 2D, 2D XD RIREF DR
TE AR & MRENASHELE O SN EBERENBIZ /2> TS,

R/ R BEPCTLRERE\Z 33 1T D RS R DTV, BRIEHO ¥4 A DTt 045
NOFENR E & ORIEMENEL, THFE TIZEL DMENLRENTVWS. LML, B
NZEH-TH DITHART, FFEERNCET 2RI 220,

AL — Ty TR T AT L TiE, EBRTIE, BEENORES FRIED R & —
KT THRAUCE T B TRESCE S OB LR ITORIE ©), BE (1) LEBE A/
T G ICBIT BB FKBRORZ — b T v FHRAOFERER EMTbh T 5. JEE
HMNOBMEHBIHEAMPRE VDT, BEFHEIC L 3 IEEF RN ORI E R
NIZET D HDIZHARTHE VIThbRL TV, B, BERRNEEHRLE LI bDiX
DI, KRR D R Z — b T v TN OEEHEIC X AHE TR, AEARTh )00
REATERB TN ©0) 0 & 5 RBEMARRNICOWT, BIFBIThh T3, B, B
RENBCETAHELITORE Xk, FlxiE, A%ARKIEIEKER 2 1217
HAR—RNT v THENOMFERERH .

ZFOMOIEEFHIVZET AH5E L LTI, AEEM/ N 0905 mpe i/
pepg 1607, ek (18) 2B\ T, BhBFRERNICESBTIBICA LN B HRED
FERIREENC B4 2 AF%EC, BAORE 190 ([CB4 AHF5R L Thh T 5.

1.3 WROBMERIER

ABFFED BENE, HEIERE O E R RB LB ORERT LT, TORAN =X LER
RBEZETHD. BHTREMIIZE O TH S MK ORNRR 2 BIET 5 72010
iE, EABTRNLHRERNSRET S L5 2EMARNBE 2 ZEX 2 0ERDD. AHFET
X, 0 &) REMERTNBICHT 5 BRI O E RBEEO A H = X AR
Bl DERENTE L LT, /N, SIERRE, A/ INAERREBIZIIT A ¥ —
N7 o TR DA 1T 5.

AHRIIL 9 EO OB NS, AEUBROERIIKROL >R bDTHS. H2ET
FERME T R DO WEEMIAT DBERIC OV TIER D, TR, REBERR O Foh O SAEARHTIC
BNTC, BICEEREE I TERFBERICONT, ZORBEORELBEL AL
NTOIERFBROBM 2 P ed 5. 2L, AR CHERFERICERLE, v
) TEFLOBEBIZONTRARS. &0, KEFTOLOOERFBERL R, $3 &
TIREEFHE R — AT ONTHRRS . FFETIRERERES AV CREHE 21T 7.
Z DT, ERROBBLOFES, B Lo TELNAABERRELTT. S5,
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RH— N7 v THNDETFT MEDFIEIZ DN TRAS. 8 4 ECHEMATKNEICRIT D4
MR DIEEF IREV LB OREMNT 21T 5. ABR T, BEMEARIRN, —ffRR
N, HTERBBENDORZ — T v TN OBKEHE 21T, Zhb ORI, KELL
AT 5 BHERTRNIGICI T DRI A OB OMT OBIZHLBEITT D, B 5 BEh
B 7T BT, BHRTENIGICET MR OHEFE RN OBEMT 21T 5. EDIR
I, BN, RIEKEN, SH/NARERRAIZOWTEER TS, 5 8 ETIL, Mk
Fitk: LTESFABEERAVTIToRAY — N7 v THRNOERBEREZ R L, BUEFE
R OHBEITY. BB, EIET, ThbDOREEREELL LICAFEOKHREZRAS.



28 B W

2.1 MEEURAEORBAEN EERAERX

FERPEFAVICIR D9, RIS N O, #EiEoX (BROGEFR), &
BHEX EBROREL) , =XAF—RX (=X VX —D®REFAD) 72 L ORFR &Mk
771230 (constitutive equation) 7572 2 S ENE, WURMILE L BEREHFOL &
TR Z LIz L »TiThi b,

R TRIIIME DL, MENC & 2 8MENRERE NEEROBRE TSRS 3T
5. HEMEREEZES0HES 2 — P URBOEROMITICE N T, R 2EREZIC
ROPHBRTIL, EDXD RBRABXEFEHTANIEERMETHS.

BIEDOEL Z5, EHEOTAMERER L OB EEE OERICh > T, HEEERED H
LWOLEBZERRMICERIATE 5 L) ZBRFRRUIBBIN TRV, LERST,
SEPEFUR OFEMRNT 21T 5 BRIZIZ, AT O BRNDIS UGS 2R B2 BIRT 5. £
DIERRITIERDS, THRLRD2MNEXTRT 2 L FRSNARFETRTE B0 E D by,
BHBVIEY I 2 L— Y3 COBOFE D R R E S TRRAORROERE L 25,
LIchioC, TRETZRESN TO D RBMMEREOHBR SRR OFEEMD Z EHEE
LB,

AEITIE, Foa— boREOERFERORBOBRLBAIIFEREIN T IER
FERORKH CDE@) [z o THBEITR~B.

2.1.1 —f{t=a— k&

WoHT oI N o i, FHES p BT B EFNUNDRS 8 CHTT, o = —pl+7
DEHICETD., Z0LE, T IHMRERAT VYN ERINS. =a— b RIEOER S
BRL, =z— bromERIT, EEREREOHEAICIE, 7 I3RRO LI IcRENS.

T = 217D (21)

TIT, n 3RS, D = 1(Vo+ Vol) iIZO$AHET YV (rate of strain tensor)
ThD. KRB EOESFHREIT, =a— b OMEAICLER S =a— hUfiihT
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Hd.

—%, FEma— PR LT INE TICEL OBRFBERABREENLTND. K
BRI R D=2 — b UREPTRTEL OBRLRBAROLRNT, (LFEEXOZTEHOD
V=T hEHBIZE > TRLEERINEHER, Foa—FHETH-TZ. £2IT,
Za— hUORHERIZEEL, BEREEZEREET Vv D OBERD & 572KT
BTZLWE ST, Fma— PUKERZRATIETAPREINT. ZOFREE—RIL
= a— b VifE (generalized Newtonian fluid) & FETH, RO X H 2ATREND.

T = 2n(Ip, I Ip,I1In)D (2.2)

2T, Ip, Ilp, IlIp i3FNFN D O% 1,2, 3 REETHD. HE n IWEFEMED
JEEE (20) 2ty D OFREBROBEE TH S Z ENEFEIND. FHEMBEREORE, Ip 120
ThHMb, ik Ilp, [IIp OB¥CRS. 12720, BTABFHIICIS N TX T =0
LB, FABRNOXENLTNSG T, [ OREX [Ip OB~ T/H
EWVWEEXT, IIp OHDOBEEK n(IIp) ZRAVEZ EBE.

— b= o— b U & B IREMEITIE, BABTEN A XENRTENBIZELT, b5
BEORDIAALNEL., FLT, BICRRAEHRFBRTISTRPBEMTH 572018,
HEAWIDRZRL T, 20720, EBROBES FREMD X 5 REHERTROWEIZ
BT 2 RENENT CiZ, BETHHEASL TV,

L L, —#fb==— b REDHEIZE, EEOROHLRZINRITDIENBIL, £
DEROEEGHRENE, BEOBBICERARASREIND. L-T, EREOESTF
BEORNIZENTHONABEOHREZFTRT B LB TER. &5, FHEOHME
Mg RERBTE RN, ZOZ &iF, MRERAPKERNRENS TIIRICHEL 2 5.

2.1.2 #HEEEETIL

MM A OBR I BROREY, ZOBRFMHKNCLER> TR TV &, BE—K
WA STV B IR ORERR RIS OV TR R B RS, SRR E 7 LDV Tl
NTBLERDD.

IR T VISR TO L O ORHIEEDOFEE 2RI T DI LN TELHI2Y,
MR D S B OB ON, ERA LOFAMIISRNWEEZXD. L, BE
MR T IR T B & 51T, WL O ORI BETT LOEBRICL RTINS
7e¥, ZIZTEOBEAMBEIZRATE L.

Maxwell [ZHEEMER D S22 RIS D72010, BWEEZRBE T30 L, MiEezRE
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spring dashpot

Fig.2.1: Mechanical model of the Maxwell model.

Ty vary MERBEDETKEEARONEET L (K 2.1) 2RELEL. Z0F
TVCBLIEAE T, OFThE e LTDE, 7L e OFRIIKATERINS.

ndr %
Ttrar - Ta (2.3)

ZIT, niEsa— b UWMEORMERE, B XYy /R Ths. X (23) 11 1 KEDOES
NTHDH, Thz 3RITEOET MI—ELL, T/Jw%fT%Tk

or

L7225, TZT, MNITERER, I HETHD. ZO Maxwell EFVITESE TET
TEHTE, RADELIITRSB.

Tay=/tgﬂmp(i§£)nwmﬂ (2.5)

Jeffreys £7 /Wi, K 2.2 IR T LI RAZETNMCESLETATHS. Maxwell £
TN ERERIZ 3 RIEDET ML LI b DIIKRRDO L > 1225,

D
T+ )\1% =2n (D + )\2%——) (2.6)

TIT, A BRI, o ILRIERER, g S TH B,
THEDIENIT b EBREMET T LSRR AN TV S, SIBRBIIED 12 %Bic o1

TSR VEDE) BB NF. 72, BIEBEET LIWHEEEOREL

WSROI, BRIEBLORITO LD ORRHBAL LIRS TH 5.

2.1.3 FEEHEEEETL

Za— bR =2 — b UREDET AT, MO FREOCREZ+2ICRE
5 Z L BHERRN DI, FREHREETABREBIND XS T RhoTE . IR

7
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E
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72

dashpot
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Fig.2.2: Mechanical model of the Jeffreys model.

R T L OEHIZELE LT, (a) Maxwell 7 AOILE, (b) Bk AER» O OHEH,
(c) BFRITESSHER) 0 3 2OFEICL > TIFbR TEE.

I T, REDORBEERAEOCHET CLERAIh TV aERFERIZONT, 20
BB HOWTHRIZRNS. MOBOERARENE LT, kXt Maxwell, Oldroyd-B,
White-Metzner (8), Giesekus (2930 Leonov (31)(32), Phan-Thien Tanner (33) (34), Larson
(33)(36) DLEF L, MHYBOBRFERL LT, Kaye-BKZ EF L BNE) 2H by Lif
e, BETNVOEBROBDOEMNIZET NIRRT A—FERL TS,

(1) Ext¥ Maxwell €74 (A, 10)
; |
T+ A T7=2nD (2.7

A BEFNEER, no: B o ABOKEE.
[ ] RS T B, B (KE) Fv YA T O LRIk TSRS
nas .

T
'Y?z%—tJrv-VT—vUT-T—T-w (2.8)

ZIT, vidEESRT MLTHD.

SR Lz Maxwell £70 (2.4) BYEEFBMHORBELH- SR\, 22T, WE
FBMORELZMIZT X 91, K (2.4) OREIMS % Exiiiis CEBEHMA 26 DR,
3t Maxwell (Upper Convected Maxwell; UCM) €5V Thb. UCM £ /LD

YRARTFT B ERRDO L HIZRB. 2T, BABRKERVT, koW Tiix & 5.

v _ 0Ty oT:;  Ovi,,  Ov;
Tij= ot toe oz, Omx Y Bmk

Tix



EHEABREE &85 1 IEBUS IEREUT, BABEEICL O —E/E Y, Zn?
oo, 2mo &70%. Fi, EFR—EMERAEEIMEEE ¢ = \/2 TERKL Y,
BEM T2,

UCM BT MIES TRTZ L HEEET, kXD L2k 5.

¢ '
t—t ) Rt YA Y
n 2.
T = / 32 exp ( X C™(t)dt (2.9)

X (2.9) 1%, Lodge D (39 L { T T3,

(2) Oldroyd-B &5 /v (A1, g, 7o)
A%
7+ F=2m(D + A2 D) (2.10)

Ar: RRFORSRE], Ao BIERER, no: ¥ r¥ AMPRSE.

Oldroyd-B €7 /MIZSEIZR LTz Jeffreys E7 /L (2.6) OIS %, WEEBMEOR
BERd B CRERAZLDOTH B, £, REBEARTES L —
K« AFY 7 =T )V (bead-spring model) ZEE L= FH»H DR (2.10) LFT
REBLZenTEs @),

Oldroyd-B 7 /% UCM EF /& RERIZ, EETAMHE & E 1 BESHEEK
I, TABEECEOT—EEE LY, TNFh g & oM — X)) TR D. EE—
B RASEE I REE ¢ = \/2 TEBRKERS.

Oldroyd-B &7 /WVid¥ AWK DR AR ERFIE 2R S 22085, 0 TRUVVERISF
EZ b, Vb3 Boger Hittk (40 Ot ORIERENT D= D2 S 5. Boger i
HITEID, Hma— PUHMHEOREB L HEOREL N LT, RBBRSOWREITH
TEOIZEREh TS,

(3) White-Metzner €7 /v ( A(IIp), n(IIp))
T+ A(IIp) #= 27(IIp)D (2.11)
A RRFORER, n: RHEE.
UCM 7 /NVORAWRERSE 1 IS I EREL, BANEEIZXOT—ETHo

7. LU, ZFROBSTFREDEE, RO ABEEKREEETTLORZ .
% Z T, White-Metzner €5 /LT UCM EF/VOEBFBER & kES D OBE%K L+

9



B LCEoT, CAMSHEREELRI AR, A & n OEEEL LTELDESF
IHBRBRBRINTNS.

UCM &5/, Oldroyd-B €5 /V, White-Metsner €7 /L%, WTNbIEREOXT
HBHH, T CELTEBREORIZRoTWD DI, ERIEET L EHEENS.

(4) Giesekus E7 /v (a, A, 1)
| A
THAY +aﬁr -7 =21D (2.12)

o EE, A BFAEERE, n: REE.

Giesekus EF NI, HFE2 R EEROBAHEORTRETS, E—X XY TE
FLERNESFRORT 7a—F N b EPNET NV THD. EROMAZELTED
PN % ZE XS, SFRORFECE>TH UCM EFA8EMNS @), Giesekus
EFNTE, B TORBIKTETIBHET VIV EEATEI LITK>THES
FAZEmY ARz, X (2.12) 1L UCM EFMC 717 2B 0IERBEEZ MR-
2oTND.

Giesekus 7 MIEBROBEL FREDO LA 0 U—RELZ KL RL, EFEORBIER
EOTRNOEEY I 2L —2a VBV TR KKFEASRTHWSETAVOOLEDT
HD. EWEEABHRE D shear-thinning HECH 1 BRISIENEAMEE L & I
WRKTHHLERBTE 5. F 1 ERIS/IZERBUL shear-thinning %2R, £ L
T, EE—EHERED stretch-thickening YEZR L, MEREOHEK L L HICHH
wmL, EFREETS.

(5) Leonov EF7 /L (A, n, 8)

T = 2n9sD + gC;l | (2.13)
v, 1 1 -1 1 -1
C+ox C, -C." — g(tr C, —trC,)—-1I;=0 (2.14)

A FRFNEERD, n: RSEE, st BE, nmo =ns/(1-s).
IITCERHMET 4 v H—OTHRT YA, TIRBT YL THS.

Leonov €7 /L%, =AM E RS ELRAGOE, TH2ERKIFICRE

10



BT 52 LiChoTHXHINTERGREATHS. X (2.13) 1 Leonov ET LD—HK
FAZBNT, BT v VBB W & LTHBBIRART o VBB W = n/(2X)(11-3)
DEATEDLIREL, EHICOTHEMRFA—F% 0 L LTEEHINZHDOT
HHG), ZZT, Lh=tr C;LiIZ C; OF 1 REBTHS. MOMHT O 12
XL, BN B REMS FRATRINDH, Leonov EFNMELT 4 VT —UOFH
T A FRATRIN TS, TORT Leonov ET MIHFEHTHY, %d
DESHOBE S RANTENE VR D.

Leonov €7 /Vi%, E#HEAMHE D shear-thinning P, TAMEEOHEKIZL S
B 1 ERSNEOHK, EE i EE O stretch-thickening 72 K42 R4 Z &
MBTED. ¥z, Leonov E7/ME 2 KD ABTNE BT, a=0.5 DHED
Giesekus E7 /& —ET D, KETFT VORI ONTIE 2.2 HiTHELIEBRS.

(6) Phan-Thien Tanner (PTT) €7/ (€, A, o, €)

g+ AT AX (D 7+ 7 D) =2n,D (2.15)
= ex {gtr ‘T}
9 P 10
~ 1+ -{?—A—tr T (2.16)
No
E H/E_’ﬁy )\: %‘%*Dﬁﬁiﬁ’ no: f‘jﬁ}\/lﬁ*ﬁgs g: ﬁ&-

PTT €7 VIEE S FIRIEOK B 255 (network theory) IZE- IR FBRNTHD.
YamamotoD(42)(43) DiEE 57V TiX, 9FDORMM-Z hV (end-to-end vector),
R, DHERFEEBERONMBRIBRNICE EN 50 FHOER L HHRERTEED, R
DREE R OBETHD. Z0720IC, EHERFERPE CR Tk
0, BMRLENBOKEHE~OBAS K TH /. Phan-Thien & Tanner (33)(4)
i, BERBEREN R? TiIR<, RP OFH < R?> OBKTHL LRI L
ko T, FALKEBOET VEEEIH L.

PTT EF/WVIIEHE T ABHEE D shear-thinning 0, FAWHEE & & HITHEMT 2
B 1IERISHZEEZRBTE 5. F 1 ERISZEREIL shear-thinning %2779,
(2.16), DD g AW L &, EE—EHRAEEIMRFEEDOHARE & HITKEL
B0 BKIEE & ~7t%, WAERERY. - OBEMEHERY =F Ly (LDPE) %
BEERY =F L (HDPE) O X 5 REBEOE - FRUR DM RAEERME L KL< —&

11



+5% @), g 2 LT (2.16); PTEOBEET BV EHE, RBVEMCR B0, HiE
HETIIR (2.16); OELXBEDOND Z EBE.

(7) Larson €7V (&, A, G)

T+HAT +%D (T + GI) = 2AGD (2.17)

£ B, X BREE, G: BRoMR

Larson £ /L%, de Gennes )0 BBRLZLVITFA v a VEBHZRBSE
Doi-Edwards B34 (46) LB L7271V Th 5. Larson DGO 13, wighosyF
SHOBWIZRT LT partially extending convection & WIS EFEATHZ LIZL T
TOETNEE N, RTRA—F ¢ ZHTHOBERERT. € B 3/5 DLEIZ
Doi-Edwards €7 VDl L 720, 0 D& &2 UCM ET7 LV E—FKT 5.

Larson €7 /W%, fOIHEBIREMEET N L FRIZ, EHEAMHSE D shear-thinning
PR, BRAMEEDOHKIZE R IE 1 RIS HZEDHEK R L OREOHR S FRE
DFABFEEZRBITHI LN TED. £z, B 1 RIS HZEREIT shear-thinning
HZRY. PTT £7 NV ERRRIC, EF—BIHRIE g IHERHEE ¢ DKL LD
WRELRY, KEZ L o72%, BBREEFLTIE, ¢ DKL & HIT ng 13/
IRB.

(8) Kaye-BKZ €7 /v

r= / {811 ) - g—iC(t’)} d (2.18)
ZIT, BB UL, L t—t OBETHB. I, L 7 4 v H—OFTHT Y
NOE 1, 82 FERTHS. ¢ RENTHIELBEORL 2R,
UBUE-t,I1,L)=mt—tVI,L) DL, BEEOTHROBEKICIETE
BERETDHE, X (218) RKOL SRS,

T_/ m(t — ¢ {g}/lc (”‘g—ZC( )}dt’ 219)

T T, m XFREE L IR B

U D5xHIE»T, $ix D Kaye-BKZ BIOBH FEAPBRENTVS. flxid
UTFORTEENS Papanastasiou b @0 BRELEEFLEELLAVSGRT
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WBETLVDOEDTHS.

r_/‘ m(t — t"\h(I1, L)C™ (') dt (2.20)
a
(@=3)+ 8L+ (1~ P2

T, o BIERTHD.

Kaye-BKZ €7 /VIT@EA FRKO L Ao U—®KEE2 I {Eibk+5. LarL, Eoym
DRI RIS B ORI TR T, EHERRNIG OB E~ D@ 238
L<, BEAROBEGERNE AV EEEE O IO R O FRRE vzt ol
te_ThRRw, IEEIFELSHEOBE S BERICE LEHEFELREIN, 1Ry
NDFRNT ORAEE 2 SICHA SN CRFBFEREB TS WX, Luo b 48) .
Kaye-BKZ B ORI OFER ORI Tanner O L b a— (49) |z3E Lo,

h(l, Iz) = (2.21)

T I TiE, HE—OfRREEZ b OB RRAE R LR, EROR S FIRE TIIEmeE
FICRAiZ b2 bDOBE. L3> T, EROMEORMELTLRT 572012, BHEED
B Z b O~ FE— FET VIR SN B BRABER EN L Z LBZ 0.

2.1.4 FOih
EERROBHEAER

AR DR G BRRTV TN L FRRICXITE DO TH o7, L2 L, BHFERENLIC
BT DM OB 2 A8E LB A, ESRMNOMBT 2175 BENELTL 5. @F
R —REERADEOFE 00 |22\ T, HKIEREOHELEMERZ > 7 ks
AWT, BROEEIZEIT DEICER LU TTATDhS. &7 MBI OV TENL D
NORBEPREINTEY, #xiE, Williams-Landel-Ferry (WLF) 2 0D 22 223k < A
WHRNTWD
BE-FHEERSDOEOFBIZL - T, BxOESFRED L4 o o— /it DR EKTF
MERBATHILHTED., LML, TORBIZRRIBEIRBTIREDO VAT D—4F
HOBFRETRTEHOTHS. L3>, BE-—BEELRSGDLEOEREREL, Hnto
REEIRIZE I 2 IBERRIC X > TE L RN OBLIZBE L T L EHRE2 5 2 720, i
5% B VA FRIGFIEC X > T, FERRORBIEREOBR T RX EHET 5
RAEBRENTNS (),
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FFHHFEHNT TO—F

TEOHEBOMEDOR LI L b2y, DTRIUBREZFICESNVT, ET VST OE
g% 7 7 U LB /1% (Brownian dynamics) X4 FE)/I1FE (molecular dynamics) & A
WTHEEHET DS LICk-> T, BRFBEREAVTICHERITE Y L T23RA b2 &N
592> TE T

Bl 21E, Kroger 6 02 13, HREARBEMLZET 5 IR /% (Finitely Extensible
Nonlinear Elastic Spring) Ti##& L7z FENE &~ LEF LV ERAWT, FFEHLFEH
EHRICL Y, BOTFREOEETABFENOHEERITo TS, Z0X ) RFHETIE, &
TOBRPHEE L LA VL OBREFARDIZENTEDZ LWIRRRHD. L2
B8, HEAMPKEFEICKE VD, TR E TIREME AR —ilBERh R &
HARHRNBIZETAIMENIZEAE ThoTz. L L, BE, Z0XIRFEZAVTE
HEZR RN R B RERRAT CI0Y $4Tbn s Xk 9 IcRo T 2.

2.2 LA/ ITETIL

AR TIIHRFRRLE LTV 7EFA2EERT S, AHTIILAE 7EF LD
EHIERE L IOV THEIZR~S.

Leonov %, & 2B OMBIEREOBMEIC X 2057 o 1%, %72 B HEIE (free recov-
ery) 09 2 b OITLADOTEHEENC > TGEBTE B LRELZ. ZDLE, o FKADL
QITEZLBND.

ow _ _ MV . :
o= 2—5TC 8I2 —+C, + isotropic term (2.22)

TIT, WIEEBHERT VY AT, [ =tr CY I = tr C, OB THS. CJlITHM
T 4 H—OFTHT L INITHS.
WENRERZILTHNE, T4 H—O0FTHT I C iz LT, ROERIBEK

D 3.
v [
0=C'=Cc'-D.-c!'-C!.D (2.23)

ZIT, D BOTHEET YN, [ - ] (b BT G [ ] iX Jauman 2 THB.

Leonov I3BOABRITOTHAEEDHTFEIS Dy, - THELDEEZL., ZDLEE,

201 HiTIE, BRFERXOLAHEDRT I, EFNEBREOLRMELEEBRT LD, L%, Leonov
EFNMICELTIE, VA 7EFALERLTS.

%mmvm axr BD62) v, v v— OFH7 LYk C TRUTORS, —MIRRESTH
C ' ZHEATS. KBLTYH, 7/(/7:f~()~ﬁ’(77k7‘//11/75:0 TRT. 7=7EL, #dT3L51C, By
FKTRTHEAITIT, EROBEOLDIZ, C! OF ij BO% C; PXHKBL.
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BT HDOEMIZTOTHEEDOEMER S D, =D — Dy KXo TREI NS, FEHMER
EDOBHEITIT, ROFAPRY IO LRET S.

0 = C;l -D.-C;'-C;!-D,
= C;'-(D-D,)-C;'-C;' - (D-D,) (2.24)

X (2.23), (2.24) L Y RADK Y 320,
v
0=C™'+D,-C;'+C;'-D, (2.25)

& 51T, Leonov 33\ (2.22) L DFKIZEY, Dy, L LTUTOLI BREEZEE L.

B\I/ _ ov

T \11(11,12) i#ﬂzfﬁme/“/w/c‘:ﬂ%fhé. LIBITF Y YA ThD. BHRS
EHEERORME, trD, =0, HORESH, & (2.26) HAKROL S 225,

ov ( ., I ov L
D, =2— o, (Ce -3 I) 2 — o (C 31) (2.27)
KIZ, Leonov I3 U IIFABMERT o v W, OB THS LREL, KEXDL S

I~ W, 2B\,

(I, I2) = ¥(W,) (2.28)
Wy = 2 (WL, 1) + Wk, 1)) (2.29)

Leonov i3 W & LT, W =yp(l; -3) ZRELEZGCD. 22T, u=n/(20), n iTkEE,
O IIEMEETHD. DL E, W, ik

W, = % (I + I, — 6) (2.30)

LB, EBIT, HEEERT VLT, U=W,/2u0) #5x5L, Uik TE
zZbhb.

1
Y=546""3

K (2.31) 2K (2.27) ITRAT D &,

(I1 + I, —6) (2.31)

D, = 419 {C' — Co- é (tr it - tr C.) I} (2.32)

L%, LT, R (2.32) X (2.25) ITRAL, KAEBS.

c o — {C“l C;l-

5 (trct-trC) - 1} =0 (2.33)

L
3
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RERNDT YN 70X

ow ow
= 2msD+2(—C;! - —
T nosD + (3I106 6I2Ce)
- 2nosD+gCe"1 (2.34)

LD, ZITT, p XEnRAMEERET, nn=19/(1-5) TERINSD. si¥0& 1
DEIDEE & DEETHS.

I HIZ, Leonov iL 0 & 5 2%, KA TEHEZOLNS L) BREEBEROBEOOTHRT v
VA MEFEEE B DL EX L. T2 T O, HIZTNENEEOEMKE S HETHB. 8
X 0< B <1 OEHKT, HWERED stretch-thickening 14 & BIfE T 572012, O HEE{L
/X5 A—4& (strain hardening parameter) & FEIII 5.

6 = @PWs/n (2.35)
n= HeﬂWs/l‘ . (236)

ZoeE, R (2.33), (2.34) U ToRORIZRS.

1oL w1 oot _ L ot
Ce +%e Ce . Ce - —3' (tr Ce —tr Ce) -1;=0 (237)
T = znosDeﬂWs/ﬂ + gce—l (2.38)

INHORE-NANFE— RFOET MR LERIIRO L STk 5.

v1 1 wl 1 11 1
Cyl +gg-e /M {c,; Gyl -3 (tr G5t = tr Cy) -—I} =0 (2.39)
k
1 N n
T = 2nsDefWe/m 4 Z écgl (2.40)
k=1
detCpl=1 (2.41)

TITC, BEEIEE kT ROBTHEILETT. TLT, m=n/(201) THB. ¥
B AWTRSEE no IR TERIND.

N
=7 1nk (2.42)
k=1~ §

K (2.41) BHEHEREEZRTIATHS. £, ZHUBOXRPTR#ETY o H—0F
BT UINVDRRAF e “HERTH.
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Table 2.1: Material Functions of the Leonov Model

N
o 21
Steady shear viscosity, ng ns = 1gs + Z —
= 14+ X,
First normal stress difference, Ny Z i3 Xk
1 Ok Vit Xr X

Steady uniaxial elongational viscosity, ng | ng = 3ngs + Z 77; (A2 — Ax 1
k=1 "k

where X = /1 +4%202, M+ A3 — 660,02 — A\, —1=0

2 RAFERNEZEXTBE, tr Cpl—tr Cp =0 Thb 4. &HI2 =0 LB L, U
TOL) RERAGEANIFEOND.

T = 2m9sD + Z Uiohe (2.43)
k= 1
V—l Ry 1
det c,;l =1 ‘ (2.45)

A EOEMEFHE T, ZOREFEATS. 2B, BHLRAEELBLS & —EHEELR
BEMEIRKE 20, BEHENTX RS, § ORAEIE Upadhyay & (5566) |z k5
TN TS,
BT, LA ZETMIE > TRBENDHBIERED LA O—FE 2R, LA
J 7ETNOYWEBEEER 2.1 RT. RIS, ZThbSOWEBRRD Y S 75T, BEL
D RTEFEERNEEXD L, CLRKROLIIEY MY v 7 ARRTE .
Ceo Coy O ]

[c*]:[cmy Cyy 0
0 o0 1

TDEE, CRRROLIITRS.

Cyy —Cay 0
[Cl=]| =Coy Cosx 0
0 0  CoxCyy —C%,
U735 T, tr €71 = Caz+Cyy+1, tr C = Coo+Cyy+CuuCyy—C2, £725B. ZTT, FEMOEMLY,

det C™! = Cpu Cyy — Cﬁy-—l'C&wZ)?))ro tr C=Coo+Cyy+1 &723. LEERoT, r Cl—tr C=0
Th5.
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10%

T|s/r|0

107"k

Fig.2.3: Dimensionless shear viscosity, ns/7o, versus dimensionless shear rate, 6 for
various values of s.

RTVWEIICUTO LI ICE\RTLEEREA VD, E0IL, BEEZEFELOTVE I
YU TNVE— R (N=1) TEXD. IF k=1 134T 5.

s

n0=3+2(1—s)1+X (2.46)
M V2(X-1)

Wi~ VITX (247)
IE 35+ (= A7) (2.48)

IR ITCE B AVWTESEE ng/no, HEWRITE 1 RIS HZE N0/n, BERITTE R — bR
B np/mo %, TNENK 2.3,2.4,25 77, B2300, LA TETNAN, KR
RO MAEG /2 LA o U — T B shear-thinning ¥5iEC, TAMGEE § OEKRE LB
IZ Ny BRELRABRBETERTHI NGNS, £, K24 05, L) TETLOD
—#h{ R RS EE S stretch-thickening % 7/R9 2 & 235300 5.

B4y TR O Al (596N 69) 2 fih G060 pfgff~D LA/ 7EF A O
RSV, THETIREISHARLDNTEY, TORENREDLN TS, £,
FHHEEOY I 2 Lb—3a v CDE)63) R 9 ktad MNih OREs#T 649 csnTy,
ERFER L ORBHBER—ERHEIN TS, LER-T, b/ 7ETNVEEHER
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1072 10° 10?

¥

10

Fig.2.4: Dimensionless first normal stress difference, N;0/7, versus dimensionless shear
rate, 0.

7 T T T T T
6— -
5_ -
i~
W
=
4_ -
3 | 1 T 1 L. ]
107 10° 10

Fig.2.5: Dimensionless uniaxial elongational viscosity, 1g/n9, versus dimensionless elon-
gational strain rate, €6 for various values of s.
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TR ORI DOREIBH OMITIHERATIZ L IIRY THL LT 5. £/, v
F ) TEFIOEHOBEDOE 2 HRET LOREDBENTIZ DWW TIX, Leonov HHIZX 5
L a— (08 [z3 L,

2.3 HBEAEAX

- BERARERICYVFE— RO LA ) TET N ERWTOREEE TR O FE RN O BT 1R
RELUTITRT. AFRTIIHEEEFERBNEE 2S5, EHGENZL, EEEOK (2.49),
a——DOEB SRR (2.50), HFEX (2.51) ~ (2.54) bR 5.

V-v=90 _ (249)
Dv
=~ —V.(-pI = V :
P o V-(-pI+7)=0 (2.50)
N
T=2sD+ Y Ec;! (2.51)
ko1 Ok
Z 1 -1 -1
C; +@;§(C’“ Cil-T)=0 (2.52)
detC;l =1 (2.53)
X M

k=1
ZIT, v BREENRY MY, T BREESAT VYN, TIZET Y, CFt kB
KDT 4 v H—=OFTHT >IN, pidED, p ZREOEETHD. g, O, s iZVA /7
EFNDNRTGA—FT, TNENE k T— FOKE, Bk, 0 &£ 1 OFOEEZ L S
EETH5.
F 7= BN S AR % B F — FIZ L Tid quick adaptation 3L (66) 2358 A
T&B. Z0EE Gl ik

C;l=1+26,D (2.55)

EREINSD.
X (2.49) ~ (2.53) T WV MNEERTHRARTTDLUTOL I TS, ZEL, K
METIE 2 KafinzBZ 2 T\5.
ou Ov .
=0 (2.56)
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k=1"k

+ 2 (2.57)
p (% + gv +v?> Mo (g:; + giyg) kf:ln_: (3531/ 3;;/’%;)

+ Z_Z —0 (2.58)
agf”” + uagf” + vagfﬂc -2 (ngg—z + Cﬁy%)

+ ﬁ (ckr+ck?r-1)=0 (2.59)
8351’ + uagfy + vagfy - szg_j; - ngg_z

+ —2%; (ck.ch, +CECE) =0 (2.60)
Chy = L (2.61)

TITu, v BENEN o,y FMOEERD &, CE 13 Ct 0 ij BinEkgT.

£z, K (2.59), (2.60) KHAHT D Cf OREFRABTINTORY. Thid, CF,
IHREMORMEERTX (261) LVRDOLNDDIL, CF KEAL UL, BRIEXE
RS BERRNDETHS. Z0Z LIFKEHED 3 2 FOERICRS.

BAEFE OBROLIIL, HE u, v LES p EOTHT VY VORRS CE LB, L
DL, BITEST D BRI OTRROORD VI, ISHERNEEMERTh . RESS
TN DERFIIRNLERDENB.

ou X
Tzx = 27703% + Z Z_:C:lccm . (2.62)
k=1
ou Ov N k
_ Ou  Ov Mk 2.
Toy = N0S <8y + 83:) + k;l o Cry (2.63)
0 ok
Tyy = 2770$—a—y + kX: %ny (264)
=1
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38 BESHFERAF—L

3.1 Ef#KXDnEH

T A bR TR LT B2 (2.56) ~ (2.60) ZBERUL T 5. AL TIX
ZERNC BT A BELICEIRER LS, RRMICE T OMBILICARESECER L. K8
TiE, BEBEOEHERZHEIIRT.

3.1.1 ZEMI<EY 8L

HEREHER (2.56) ~ (2.60) ZHARERIEICE SO TEEICE L CHEBY LT 5. HE L
OFTHRITHONWTIE 2 WEBORE %, ENIZOWTIE 1 REEEL 21T, ZFhEh 6 SR
PO ZABERL 3 &4 PI-CO ZARESR (M 3.1) 2#ERAT5 67, _

2 ROWTEEEKZ 0, (a=1~6), 1 ROWNFEEEE U, (A=1, 2,3) TKT &, u, v,
p, CE BB EZAVTROL S IZET S (PHRBEKO KGR ISR A1 BR) .

u= .U, (3.1)
v =BV, (3.2)
p=T\Py (3.3)
CE = 94(CE)a ' (3.4)

22T, Ua, Vay Py (CE)o RERENMA LD u, v, p, Ck DIEEERT. AEORTIH,
BICERORVRY, RREHE BN TERET 5.

P-C° P2-C°

Fig.3.1: Triangular meshes with three nodes and six nodes.

22



AT =% AREREICE SO TERFBEXLHRLL, SERCETIABRERNE
BT % (RN ORBIZOWTIIfTER A2 2R). £7, @EfORX (2.56) &EEH
23X (2.57), (2.58) KHOWTHBRER 28,

i (2.56) ZBEBYLT D LT X 9Tk 3.

H33Us + HgV5 =0 (3.5)

Hig E/ U\ dzdy (3.6)
Vv

HY, = / 0,8, dzd 3.7

e (3.7)

T, [y-dzdy ZEFRANOWESERT. £z, REOCHEDLDIL, KETIHE, ¢ D2
BT RMSZE ¢, DL IIZEL.
X (2.57), (2.58) ZHEBUL T 2 LUTORER/S.

pMopUp +mosKapUs — g:l -Zf( NasCrap + NogCryp) + GerPr = F§ (3.8)
N
pMogVs + nosKagVs — kg Z—:(Ngﬁcgyﬂ + NY5Ck 5) + GY\ Py = FY (3.9)
Z T,
Mg = /V ,®pdzdy (3.10)
Kog = /V o s pdzdy + /V B0, g, dady (3.11)
NE,y = /V 8,85 o drdy (3.12)
NYy = / 8,8, dzdy (3.13)
o = /V Do) zdzdy (3.14)
FZ = nos ( /S @ag—gnmds-l— /S @a%nde) (3.15)
GY, = / B,V ydody (3.16)
FY = nos ( /S @ag—andS + /S @a%nde) (3.17)
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ThB. [ | EEEESEET. SOITEELT, KRA2E5.

pMopUs + mosKasUp + GoAPy = Q5 (3.18)
pMagVs + nosKogVs + GLy Py = O (3.19)
ZZ T,
=FZ + Z T (NZ5CE 5 + NY5CE ) (3.20)
%—W+Z%NW%N-(%Q (3.21)
ThB.

AEFICHOVCELNEHRERR (3.5), (3.18), (3.19) &, 2ERICOVTELAD
¥, 2FEROFRLL LTRALES.

M 0 O U K 0 G* U (%
0 M 0 V ;+| 0 K GY V p=<{ QY (3.22)
0 0 O P H® HY 0 P 0

(U} = {u1,us,...,un}T, {V} = {v1,v9,...,on}7T, {P} E.{pl,pz,...,pM}T X, £h
FNEERED u, v, p POEREIND T bLTHD. N, M Z2EH R E EHAOK
¥Thb. ZLT, M, K,G", GY, H°, HY, O°, OV i3 ZNENEERFIMR LIH
REHRORE~ LU v 7 R, Mag, Kag, G2y, G, HEg, Hg, OF, QL % 2BRICHL
TRLEDERE~ ) v I A THD.

BT, HERFERX (2.59), (2.60) OFRERALZEL. V7 —F U AREREZEH
T5E, R (2.59), (2.60) IRDOL DT D.

~k
Maﬂczm + :ﬂyuﬁ Cfa:'y +E gﬁ'yvﬂczfmql

aﬂ'nya:ﬂu’Y 2Eaﬁ'yc yB Uy
1

k

-+ "2'6'—k [Sa,@'yczzﬁczz,y + Saﬂ,YnyﬂCzw] Ra (323)

Maﬂé_fy + aﬂ,yu[;Cwy,Y + Eaﬂfyvﬁcwy'y

- Eaﬂvcmﬂ”v aﬂ'yc yBUy

1
* 26y, [Saﬂ 1CaapCayy + So‘ﬁ’YCZyﬂny“/] = (3.24)
ZZ T,

apy = /V ®0Pp Py zdxdy (3.25)
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EYy = / 8,85P., ,dzdy (3.26)

Sagy = / By, dudy (3.27)
1%
1
RE = oo /V odady (3.28)
Thb.

FERIIOVWTHELNEFREEX (3.23), (3.24) 22ERITHOVWTEREDLED &,
UToROEEZRODFEXEZES.

M 0 Ck_ E. E;|[Ct ) _[Rh

[0 MHC’; }+lE3 E4]{C’§ | Rk (3.29)
ZZT, Cﬁx = { zz 17 xa: 23 C:fz N}T C:,lc:y = {ny 1: zy 27 aC:Iccy N}T A H AR
Lo Ck, Ck O END R PATHS. FLT, R (3.29) FOBEK< MY v R
X, UTOXICEHRIND. T, E, Ey, E3, B4 3FhEh, SEHZLICHERL
THRERRORE~ b v 7 A, EZg up+ EYp vp — 2B%5 uy, —2EY 5 uy, —EZg v,
ESgup+Eyg vp—Eyg uy ZRERIZEL TR LADEEE~ MY v 7 X THS. ZL
T, R, RE i32nTh, FERT LR LIARERRD RE—(1/261)(Sas,Ck, gCk et
SaprCaysCayy)s —(1/20k) (SapyClopCly + Sapy CE sCE, ) #2BEHRICEHL TR LEDE

7= MVTHB.

3.1.2 BEEICBEd st

£, AREFX (3.22) 2FHICE L THEBILT 2. 22T, RORFEOMHEDOID
X (3.22) kD& HIcEL.

[MI{V}+[K){V} = {0} (3.30)
BFZ) tn + 0AL, (0< 60 <1) IZBIT2HV AV, (3.31) 25x5.
[M{V}nio+ [K{V}nso = {2 nso (3.31)

TIT, IWF n+ 0 1IBEA b, 4+ 0AL, KRBT AETHDZEERT. WE, {Vigge &
{(Vinse ZRO L 5 ITELTB.

(Vo = {(Vinar — {VIn) /Aty (3.32)
(Vi =(1-0){V}in +6{Vinn (3.33)
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InbER (3.31) IRAL, BETLERALES.

([M] + 0AL,[K)) {V}ns1 =
([M] = (1 = 0) Aty [K)) {V }n + Ata{0{Q}n11 + (1 - 6){0}n} (3.34)
{Qtnto=(1 - 0){Q2}n + 0{Q}n+1 (3.35)

=10t %x, BREME 0=1/20L%, JTv 7 —=ary ik §=00DL%, 5T
EEMRIECIRD. 72170, R (3.35) DBFAIIKIE, 0=0¢T5LELDRE~ ) v I R
BERIZRBT-DIZ, FEBEELZERTIZ LIETERY. AT TR 7 —=a
VYU EERWS., ZokE, K (3.35) 13,

(1v1+ 50 (Vs = (411 - SHIKT) (V3

+At {2} nq1 + {2}n)
2

(3.36)

L5,
wiz, BRFERICETAARERN (3.29) ZREICE L CHEBILT 5. RLOME
DI (3.29) RO K S IZEL.

[m}{CF} + [E]{C*} = {R¥} (3.37)

AT TIE, R A A 7 —AEESEE RV TR T 5. A1 T —REESS
BTk CF RO X DGRBS RS,
Ckyy - C

At
SIT, WE L EE o BEAT v BT AETHH L ETRT. ZhE, R (34) kiR
ALT,

Crs1= (3.38)

[M{C*}ns1 = AR} + ([m] — AYED{C*}n (3.39)

L%,
T RPN & R ARE L, R (3.36), (3.39) ZERMRT v TITOTHES
TRickY, FEEMEBL. THRIECEREIED S AN HKE TS
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3.2 ARA—FrF7YTHRhOBEHEDFIE

AR CIIEER RN E LT, B LT B2 MBI S €5 25— L7 v 7
NEBEXD. T LT, BNDOIERE 2T 2 FE ORI A ORI O M3 217
S72DIZ, UTEFRTEIICAZ— T v 7HENEET LT S, @E ORRETE DR
e RRDML, ADOBEREMOEZF ThS. (3) DAY AEREE KD S -HOT
FERMO RS — 17 v 7HNOHEH B, 44 HTRA5.

(1) DIERIEE L CHIERIER B2 5. LidioT, MIHIGMHLE LT, u=v=0, Ck, =
Ch =1,Ck =0%5%x%. |

(2) EREME LT, MEETICTY 2 Lo&ME, WEHACRELELEL S,

(3) MEEA Y ODEREME LT, HTERBORZ — +7 v 7iih 6 ol ¢t 217
BFE (u(y,1), v=0) LOFTH (Ch(y,t)) DEEEHMAT v 7 THE LANE 5
z%.

(4) 3 (3.39) ZNT, At HOVTHBERDB.

(5) X (3.36) ZMENT, At BOBEES - EHHERD 3.

(6) FrEDPHAE COHEMMKTTBET, (3) 15 (5) 2&VET.
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Fig.4.1: Simple shear flow.
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Fig.4.2: Growth of Cp; — Cy, after the onset of shearing at various non-dimensional

shear rate, 6.

Fig.4.3: Growth of Cy, after the onset of shearing at various non-dimensional shear rate,

04.
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Fig.4.4: Comparison of the growth of Cy; — Cyy with that of Cyy.
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Fig.4.5: Growth of Cy; — Cyy after the onset of stretching at various non-dimensional

elongational strain rates, 6¢.
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Fig.4.6: Growth of (Czz — Cyy)/(6€) after the onset of stretching at various non-

dimensional elongational strain rates, 6¢.
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Fig.4.7: Growth of Cyz; — Cyy at various values of 3 for a non-dimensional elongational
strain rate of f¢=1.
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Fig.4.8: Growth of non-dimensionalized uniaxial elongational viscosity at various values
of B for a non-dimensional elongational strain rate of §é=1.
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Fig.4.9: The Poiseulle flow.
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Fig.4.10: (a) and (b).
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Fig.4.10: Development of the velocity profile following start-up flow in a parallel channel
for three values of 0: (a) 6=0.1s, (b) 0=1s, (c) 6=10s.
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Fig.4.11: Change in the center line velocity with time at #=0.1s, 1 s and 10 s.
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Fig.4.12: (a) and (b).
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Fig.4.12: Development of the velocity profile following start-up flow in a parallel channel
for three values of U: (a) U=1 mm/s, (b) U=5 mm/s, (c¢) U=10 mm/s.
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Fig.4.13: Change in the center line velocity with time for three values of U.
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Fig.5.1: Definition of the characteristic length, I and H, and the characteristic velocity,
U.
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EEL, MEBLZXHL THWS. De i38ME/NRIERBN OB TOLERTS.

(5.9)
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Table 5.1: Parameters of the Leonov Model

k| s[-] Mk [Pa-s] | O [s]
119.0x1072 {544 x103 | 0.80
2 1.50 x 103 | 0.027

Y 1/s

Fig.5.2: Shear viscosity, 75, and the first normal stress difference, N7, versus shear rate,
7. Solid line: prediction of the Leonov model. Dashed line: experimental Data.
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1072 107" 10° 10’

Fig.5.3: Growth of uniaxial elongational viscosity, ng, at various elongational strain
rates, €.
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35 35
non-slip wall p=0
—~ » Ou/dx =0
L > u=uly,?
: - v =0 o 3.5 30{}/830:0
—» 1k k u=v=0
G = Cij(y7 t) \i z
symmetric condition O 9u/dy=08Ck, )y =0

v=C£y=0

Fig.5.4: Schematic diagram of a 4 to 1 abrupt contraction channel and boundary condi-
tions.

Fig.5.5: Finite element mesh for the 4 to 1 abrupt contraction channel.
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Fig.5.6: (a)—(d) Velocity vectors of viscoelastic flow at We=13. (e) Velocity vectors of
Newtonian flow of Ten;=20 mm/s at steady state.
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Fig.5.7: Velocity vectors of viscoelastic flow at We=0.66, 6.6 and 13 at t=1 s.
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u mm/s

u mm/s

(b) We=6.6

Fig.5.8: (a) and (b).
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100

u mm/s

50

(c) We=13

Fig.5.8: Velocity, u, along the center line: (a) We=0.66, (b) We=6.6, (¢) We=13.

T T T T T

t=5s

[ Ugnt=20 mm/s
100

Ugn=10 mm/s

u mm/s

Ugni=1 mm/s

1 1 l ] ]

-20 0 20

Fig.5.9: Comparison of velocity , u, along the center line for viscoelastic flow with that
for Newtonian flow at ¢=>5s. Solid line: viscoelastic fluid. Dashed line: Newtonian fluid.
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(b) We=6.6

Fig.5.10: (a) and (b).
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ou/ ox 1/s

(c) We=13

Fig.5.10: Velocity gradient, Ou/dz, along the center line: (a) We=0.66, (b) We=6.6,
(c) We=13.
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Fig.5.11: Comparison of velocity gradient, Ju/dz, along the center line for viscoelastic
flow with that for Newtonian flow at =5 s. Solid line: viscoelastic fluid. Dashed line:

Newtonian fluid.
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0 5.0E4 1.0E5 Pa

(d) t=5s

Fig.5.12: Change in distribution of |7;,| with time at We=13.
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1.0E4 Pa

(a) We=0.66

1.0E5 Pa

(b) We=6.6

(c) We=13

Fig.5.13: Distribution of |7y| at t=5s: (a) We=0.66, (b) We=6.6, (c) We=13.

60



-1.0E4 5.0E4 2.0E5 Pa

(d) t=5s

Fig.5.14: Change in distribution of 7, — 7, with time at We=13.
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-1.0E4 5.0E4 2.0E5 Pa

(c) We=13

Fig.5.15: Distribution of 74y — 7y at t=>5s: (a) We=0.66, (b) We=6.6, (c) We=13.
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(b) We=6.6

Fig.5.16: (a) and (b).
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[x10%]

T — Ty Pa

(c) We=13

Fig.5.16: Change in distribution of normal stress difference, 7,5 — 7y, along the center

line with time: (a) We=0.66, (b) We=6.6, (c) We=13.
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Fig.5.17: (a) and (b).

66



[x 107

T T T v T T T T T T T
10 -
X=0
X=—3.5mm -
©
D; x=3.5mm
f” =—7mm
5 X=7mm
] = We=13 4
| 1 1 | L 1 1
0 2 4
ts
(c) We=13

Fig.5.17: Change in normal stress difference, 755 — 7y, with time at various points on
the center line: (a) We=0.66, (b) We=6.6, (c) We=13.
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Fig.5.18: Distribution of stress power, we, of the first mode at We=13.
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Fig.5.19: (a) and (b).
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(c) We=13

Fig.5.19: Stress power, we, of the first mode along the center line: (a) We=0.66, (b)
We=6.6, (c) We=13.
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v =
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— i .z
symmetric condition QO Ou /0y = 8C£x /Oy =0
v= ny =0

Fig.6.1: Schematic diagram of a 1 to 4 abrupt expansion channel and boundary condi-
tions.
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Fig.6.2: Finite element mesh for the 1 to 4 abrupt expansion channel.
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Newtonian flow of Tent
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Fig.6.4: (a) and (b).
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wall B
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14 3.5 0
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Fig.6.4: Change in vortex size with time: (a) We=6.6, (b) We=9.9, (c) We=13. Closed
circles indicate the detachment (a, b, ¢) and the re-attachment points (A, B, C).
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100

u mm/s

50

(c) We=13

Fig.6.5: Velocity , u, along the center line: (a) We=6.6, (b) We=9.9, (c) We=13.

T T T T T

ommnes t=5s

100} viscoelastic

u mm/s

50

Fig.6.6: Comparison of velocity , u, along the center line for viscoelastic low with that
for Newtonian flow at ¢=>5 s. Solid line: viscoelastic fluid. Dashed line: Newtonian fluid.
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Fig.6.7: (a) and (b).
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ou/ox 1/s

(c) We=13

Fig.6.7: Velocity gradient, 0u/0z, along the center line: (a) We=6.6, (b) We=9.9, (c)
We=13.
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Fig.6.8: Comparison of velocity gradient, du/0z, along the center line for viscoelastic
flow with that for Newtonian flow at =5 s. Solid line: viscoelastic fluid. Dashed line:

Newtonian fluid.
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0 2.5E4 5.0E4 Pa

(a) t=0.1s

(b) t=0.5s

(c)t=1s

(d) t=5s

Fig.6.9: Change in distribution of |7,| with time at We=13.

83



0 2.5E4 5.0E4 Pa

(a) We=6.6

(b) We=9.9

(c) We=13

Fig.6.10: Distribution of |744| at t=5 s: (a) We=0.66, (b) We=6.6, (c) We=13.
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-5.0E4 2.5E4 1.0E5 Pa

(a) t=0.1s

(c) t=1s

(d) t=5s

Fig.6.11: Change in distribution of 7,; — 7, with time at We=13.
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1.0E5 Pa

(a) We=6.6

(b)vV;=99

(c) We=13

Fig.6.12: Distribution of 7,5 — 7y at t=5s: (a) We=0.66, (b) We=6.6, (c) We=13.
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-0.5 0.25 1.0 MPa/s

(a) t=0.1s

(d) t=5s

Fig.6.13: Change in distribution of stress power, we, of the first mode with time
We=13.
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(b) We=9.9

Fig.6.14: (a) and (b).
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MPa/s

We

(c) We=13

Fig.6.14: Stress power, we, of the first mode along the line of y=3H/4 (= 2.625 mm):
(a) We=6.6, (b) We=9.9, (c) We=13.
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35 L/2 | L)2 35
non-slip wall u=v=0 p=0
—~ - Oufdz =0
-~ u=u(y,t
— v =0 35 I dCE 9z =0
F— k _.
L (= Cikj(y’ t) -

symmetric condition O du/dy = 8Ck /8y = 0
v= Cﬁy =0

Fig.7.1: Schematic diagram of a 4 to 1 to 4 abrupt contraction-expansion channel and
boundary conditions.
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(b) channel B

(c) channel C

Fig.7.2: Finite element mesh for 4 to 1 to 4 abrupt contraction-expansion channels: (a)
Channel A, L=3.5 mm. (b) Channel B, L=10.5 mm. (c) Channel C, L=21 mm.
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Fig.7.4: Velocity vectors of viscoelastic flow at t=5 s: (a) We=0.66, (b) We=3.3, (c)
We=6.6.
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Fig.7.5: (a) and (b).
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u mm/s

(c) We=6.6

Fig.7.5: Velocity, u, along the center line: (a) We=0.66, (b) We=3.3, (c) We=6.6.
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Fig.7.6: Comparison of velocity , u, along the center line for viscoelastic flow with that
for Newtonian flow at t=5s. Solid line: viscoelastic fluid. Dashed line: Newtonian fluid.
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Fig.7.7: (a) and (b).
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ou/ax 1/s

(c) We=6.6

Fig.7.7: Velocity gradient, du/0z, along the center line: (a) We=0.66, (b) We=3.3, (c)
We=6.6.
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Fig.7.8: Comparison of velocity gradient, du/0z, along the center line for viscoelastic
flow with that for Newtonian flow at t=5 s. Solid line: viscoelastic fluid. Dashed line:

Newtonian fluid.
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Fig.7.9: Change in distribution of |7z,| with time at We=6.6.
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Fig.7.10: Distribution of |7,y| at t=5s: (a) We=0.66, (b) We=3.3, (¢) We=6.6.
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Fig.7.11: Change in distribution of 7, — 7, with time at We=6.6.
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Fig.7.12: Distribution of 745 — 7yy at t=5s: (a) We=0.66, (b) We=3.3, (c) We=6.6.
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(b) We=6.6

Fig.7.13: (a) and (b).
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(c) We=13

Fig.7.13: Normal stress difference, 7, - Tyy, along the center line: (a) We=0.66, (b)
We=3.3, (c) We=6.6.
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Fig.7.14: Velocity vectors of viscoelastic flow at We=3.3 at t=5 s: (a) channel A,
De=3.3, (b) channel B, De=1.1, (c) channel C, De=0.55.
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Fig.7.15: (a) and (b).
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(c) channel C

Fig.7.15: Velocity, u, along the center line at We=3.3: (a) channel A, De=3.3, (b)
channel B, De=1.1, (c¢) channel C, De=0.55.
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Fig.7.16: (a) and (b).
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ou/ax 1/s

(c) channel C

Fig.7.16: Velocity gradient, du/dz, along the center line at We=3.3: (a) channel A,
De=3.3, (b) channel B, De=1.1, (c) channel C, De=0.55.
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(d) t=5s

Fig.7.17: Change in distribution of 7;; — 7y, with time for the channel A at We=3.3.
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Fig.7.18: Change in distribution of 7,5 — 7y, with time for the channel B at We=3.3.
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(d) t=5s

Fig.7.19: Change in distribution of 7,5 — 7y with time for the channel C at We=3.3.
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(b) channel B

Fig.7.20: (a) and (b).
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(c) channel C

Fig.7.20: Normal stress difference, 7;; —7yy, along the center line at We=3.3: (a) channel
A, De=3.3, (b) channel B, De=1.1, (c) channel C, De=0.55.
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Fig.7.21: Distribution of stress power, we, of the first mode in the channel A at We=3.3.
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(a) t=0.1s

(b) t=0.5s

(c) t=1s
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Fig.7.23: Distribution of stress power, we, of the first mode in the channel B at We=3.3.
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(a) channel A

(b) channel B

Fig.7.24: (a) and (b).

121



0.05

MPa/s
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-0.05

T

(c) channel C

Fig.7.24: Stress power, we, of the first mode along the center line at We=3.3: (a) channel
A, De=3.3, (b) channel B, De=1.1, (c) channel C, De=0.55.
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5. Wi B, C OBFEICIE, RY v MBS OPRAMAEIC we DEE 0 OFFEERBTFET S
2, W A OBEICIFEOL I BRERKIEAON RV, ZLT, WTHOREOHRAIZD
PERE DAY D2 T we BRI, JEREFAD OEE T we. BE/hER5.

BT, y=2.625 mm OB ED w, ODHAAEEZD. WEWHD t=0.1s Ti%, WTh
DWBEDHET S, AU v MO EHRME THRAITHERSME LTS, £LT, K
DBRRIET D &, RTINSO OFHE T we BREL 2D, JERMOAY OE
BT we <0 ERDEIRGH~EENTD. 2, FORLEOSHIZBNTHARD
NEBETHD. £, PORETEIREIIHEELEROLEZT, TAMEREZ 27220
DIZF LT, y=2.625 mm O L TIE, MEKIIHRREBIINZ T, ¥ABER L% 57
DIZ, AV » BT we BIEE 0 TE L RDIERIIFE LRV, 2L T, WThoORE
T BRERICBVT S, BB ED we DEICHARTHESMENR KX 25, R v b E
DRWIEE C OBEITIE, AU v M TEES LISHBBRN TGN I RET D7
WIZ, AUy MBIC we BIEE—EIC 2o TV DS IEET 5.

TZC, FWBITHT AR AR D, M/ BRI we ORME TS &L, y=0,
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MPa/s

We

(b) channel B

Fig.7.25: (a) and (b).

123



MPa/s

We

(c) channel C

Fig.7.25: Stress power, we, of the first mode along the line of y=3H/4 (= 2.625 mm) at
We=3.3: (a) channel A, De=3.3, (b) channel B, De=1.1, (c¢) channel C, De=0.55.

2.625 mm LW OSMHOBEIT b ERBOHE/BRICHE REVZL LN, XY v
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FHEDIE D BIERFBA Y OO THRAAT, &V EL< OBENTRAF—DORBMB Tt TV
5. ZhE, RV vy MRIZBITAICHOBMBRBICEAKRLTNS. R v MEREW F
RNIE De B/NEWV)I1EE, WEPEREFICTIVAT ETIZRA Y v MRIZEB T 2 IS O
fastEze. Lirl, RV y MEIEWGEIZE, ISNOEMBHEVEZ RV Bz, #
BBV Y MBOHRICET 272012, 2 v MEBRWERIZHEART, EKHAY OO
THATE Y Z OBERNTINAVXF—ERKT2HLENEL DS, LEBST, we DER/D
BN 25,

74 # B

AR TIEIARAY v MBEH T 5 AT FERBIC I T DRFEFRAE DR & — 7 v 7D
BEHE 2T, 22T, VAW TEERMISELHEL XY v M REELS
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B EEIToT.

BEHBEOKE RN D, WEIBSBEZIZRY v MO LM & TRIACHFRSE R
THDHH, BHEE & SICHEMBRBNIB~E B L WL BRBIEREN. ZoEMI
DAV TEPRE NG OBERZIRNS L VR BN &4 THERE N, =
DEHRRY » MO EFM & THRAICTH DD IEMFMEIX, XY v b LRI OR /NG
NTRITERIZE > TELDEIR, AV vy METRERITIER S L Ficikith~
EBLTEITED. LizdoT, BHENRNKE S RBIEEIENHENFEEIRDZ LD
EEZLND. ETo, RV y FEBEWVWRETIIAY v METEEBNIRET S -0,
FenFHaOEEARIIZIE 0 & RDIERBELFEL, IWHOBMRAENLLNDS. 2L
T, AUy MRICEBT IS OBIMBRLIITRMOFTHICKRE S HELRIEL, XU vk
BOENREIZY, 2 U v S THRAIOBRLOIES D BZRESBENS. ST —2 O
FEATIZ &L D, HEREBAD DEZICBY M0N0 ICL > T, LHAITEZ b
TR X —BREBRENLTNDZ LR ghotz. LER-T, XY v hESEWERKROS
IR Y » FERICIR T IS A OBMBD RN =D, FERETE D £ OBMERT XL
X —OERZATI HEDNEL, TORR, IRKHAY NEEIZBT AHNOIEN Y 8L
BEIZHND.
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El8E AMIPMRBIZBTHAENLFKABABRDA
B— k7 THRNDEER

8.1 # &

AT, FEEMERGE TH D ES F/RBIROEE 8/ MNIBIZBIT DR Z— T v 7l
NOEBERAZFRT. 22T, V—¥— Ny 75 —§#i (Laser Doppler Velocimetry;
LDV) ERWVWEREOBBE(LOBELIT 7. 2L T, BRFRRICVA ) 7ET AR
AW SEHEORKR L ERFER L OB E1T ).

LT OBH NRTE S FRIENTIC R i & OBREENEL, $hf foa—
R IR AT S BBREVWESNEN D 12012, ZHE TICRIBEERIC X D eisk
DEE, EHBEOREE, LDV #AWZRENER EOHEL OFIEICL > T, %< OB
FERREINTNS 09, 213, LDV & AV 7ERE S NIRRT 2R A DR
NOFEEBEC L DHFZE @@ v, =a— hFEOTHN TIEA DR VHEMEA
D OBEZICBT BFHEDOA—/ N~ 2 — MEROFER EORRRTNZEBBHE SN T
W5, LA L, MANEHEORNITEMETH Y, FNDRA D =X LD T+ I3#E
HENTWRWEHEL, ERBIOEEMTOmMEN D ORRLMANLEENTND.

AETIE, FUDICERERR L OFHE, ERICAVWRENRED VA o O—KEICD
WCHEAB, ZLT, LDV AW ERE ORERRER L, MBIEREO S5/
BT AHEBHEBCOVTERTSH. S0, REHREO LA U—REE b LIZRE
LT ARG A—F A LI BEHEORRET L, RBRERE OLBELTD.

8.2 EBREHLLURBRAGX

X U IC EBRERE OB IZ OV TIRNS. K 8112, A¥— T vy RN EEHT L
HOER L B OB EZRY. LT, K 8.2 ICHEMEMDOWEILIK & a2 =Y. it -
NEEIC z @z sV, IO > yEBL R #ix 2. 2L T, EEROTLIZ, il
B OB EFENBAY O E2ET yz Vil & ORAIZES.

M 8.1 RTS8 PE—F—FAY—FRaritn—AROE—F— (FV =z FL
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Fig.8.1: Schematic diagram of the flow system: (1) reservoir tank, (2) test section, (3)
motor, (4) piston and cylinder, (5) tank, (6) collecting tank.

‘ (H—h)/2
H ’
‘
Ly, Ly: 240 mm = .
H: 16 mm h: 4 mm

W: 60 mm

Fig.8.2: Geometry of the test section.
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h ‘ e f

= T 1 =

Fig.8.3: Schematic diagram of the LDV system: (a) LDV (KANOMAX system 8851),
(b) probe (KANOMAX model 1884, {=160 mm), (c) corner-cube retroreflector (TSI
model 9240), (d) fiber cable, (e) signal processor boad (KANOMAX model 8007), (f)
computer (Gateway2000 G6-333C), (g) monitor, (h) test section.

%&—#— » model 4LB202-SAL) T, (fBOAL—Far ba—La=y M TEEDOHE
BREETH D, E—F BT o FETBEHTEX b (K81 4) 2/
LIZEST, —EMEOHBEZRAESES., R FACITESE 34 mm OF T A REEE
EHERAL.

FORBIEI, M/ 4: 1 OEBESR/INER THD. WEFIKE TR, X 8.2 1R
LBV THD. o 2 RIEEEZHERT D708, y HROWHREE (THM T 4 mm)
LT 2 FAOHERES 60 mm R E-TWWa. £LT, F/MEOAY Orb B
R L OTFHRAZ, WTIND 240 mm OFATHEMEF L TWS. T, AR/
AV OO LEFRAICEMMICRET S DOMERME LTHORRESTHS. £LT, T
RAOHE S+ 2EIBNHY, KEEERT72D0avrTor7 527 (K81
(6)) & DEEFEASHEDOHIILRERNEWOFNICEEELEX 2. $£, WEAE
LDV 2R3 570, L—F—HE2FZHTD X, WBTEHADOT 7 Y AL L.

8.3 I LDV % AW iERE D7 ORER OB 2§, FElEICIE 1 K’
5t He-Ne L—%— Ry 75 —¥i@E (AAXD /vy 7 R« AT A 8851) ZEM LKL
LDV VA7 Atk He-Ne L—¥—##zEHE (1 10 mW), 73 b=V F 751 ¥ — (photo
multiplier), HIHEE, HERLOERIND. FUEEBIIEAD R T L TIIERITHEL
RThH DM, +oRBEOBELNBELXRERT 2720, a—F—Fa2—7 - TV Xs (K

UREBROWMEAEICIE, DISA (3 DANTEC) %0 He-Ne 1 kit LDV VA7 L bHA L. RV RTF
A, HFRE T2 —/b (DISA 55X), B 7 ¥ — (DISA 55N10), ALK T v U — (DISA 55N20),
L—¥F—FiEEE (NEC GLG535C) LR EiLs.

128



Table 8.1: Parameters of the Leonov model for a 1.0 wt% aqueous solution of polyacry-
lamide.

k| sl-] |me[Pa-s]| 6s]
1[3.0x1073] 3.0x10 | 3.0 x 10°
2 1.0x 10 | 7.5 x 107!

8.3 (0)) ZMMT DI LICL > THIFHAELR THIEZTTo72. LDV VX7 ARNEICH S
& e NFTIA Y=o DOHIMESIE, EELERE (BAD /<7 X +model 8007)
ZBELTaryva—FIZWViAEh, T—XABEINhS.

VT, ERFELMHRICRRS. TXTORBITRBRAETRZ SN, FEIIE R
BICHD. ZU7ICEZLNERBREEECR TR LT 212k Y, #ELTN3
AR ZEBHMICKB S 5. 28, FTBHETA—EHEICELLBICER bt EmdT 5
£, BE=F—L R NCDMBBFEINL TS, £LT, TR MYV a ol
RICBIT SRHEDRHZE{LE LDV 2 AV CHEIT 5. 1 BOFENKT TS L, VHF—
Ny (K81 (D) oFLVREEEZ S 7 (K81 5B) KT S, F£i-,
— RIS FHRAIB TR 2 b D7 DI, BIEOERBEOEHBEOEEN 2N L 51T,
HERBEZ T3 HITDLENDD. RERTIIN 5 DOBBHEZRIT7-.

8.3 =¥k

AR TIL, RERAE LTRY 77 Y7 2 K (polyacrylamide, =¥k -SANFLOC
AHT0P; LL'F, PAA LEEFET D) @ 1.0 wt% KK EHERA LZ. X 8.4 12, PAA K&
ROEFE MR ng L8 1 EBISHZE Ny OBERBRLE LA/ 7EF ML 5 FHIE
2Ry WET —FIXM$EMAKRR VA A —4% (AR LA o o—#8E - NRM-2000S-NF) %
HOTHELZLDTHS. TAHDREMRE LY, PAA K¥EHEA shear-thinning Ktk
EHMRME ZE T OMBERETH D Z LN a0nD. £, PAA KEIKRO—Eh#HEX
B3 stretch-thickening % F 325 Z &b TS BNE8) UL, &EoYF@iROMH
RREOREFEXZTHIIN TR Y, e OBARS FHENCBIT 2R EERIE O 2
BRESH, TEhHOT—2BRFAINTNS 69 DIzx LT, BYFKREROMERE
DREFIEE, BEDOLZS, +HITIIBILEN TS LIZEXLT, LER-T, BHT
IKER OB ERE &2 EBAICTHMET 5 DIXRETH .

BEAEOBICERTB LA ) TEFADNRT A —F X, LA ) TEFALOEESE M
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Fig.8.4: Shear viscosity, 7g, and the first normal stress difference, Ny, of the 1.0 wt%
aquaeous solution of polyacrylamide (SANFLOC AHT70P) versus shear rate, ¥, at 20 °C.
Line: prediction of the Leonov model. Circle: . Square: Nj.

HE n, LB LIERICHEN &, R84 DRET —F X749 T 47 3¥DHTEITE»
TRELE FS8.1). =L, ng & Ny OFiFOF—#IZBLT, EFLVOFRIEL E
BERASERE T AvT AV 7 EEDEERETHDID, Ny BAHEORMETITE
BLAR THEVETANEERBOT —4 L0 b, HHAMERERDOT — & 2EEL T
TAVT 4T E{ToT.

8.4 HEBRHERBIUEE

AT, B Q % (a) 1.0 cm3/s, (b) 5.0 cm®/s, (c) 10 cm3/s @ 3 FWEIZZ b
SETERETo7. =L & FHRNKKICHT 3 E9REE, LhEN (a) 4.2 mm/s,
(b) 21 mm/s, (c) 42 mm/s &725%. Fiz, HBOEDIC=a— b HiETHL7 VY
v (R5FE 1.3 Pass, 20 °C) @ Q=9.9 cm3/s ® & X OEBRFBER LT, WERIEILRE O
MHMEEHERDO L, y> 0 OFERIZ OV TOLITo 7.

MERNOPRIE D L BNDZP R LD v OFFEE(LEEZS. K 8.5 ~8.7 17,
PAA AEROHOR EOERICBT DIRNAFMFLE v ORFEIGE 27T, SbiZ, X 8.8
WY COERRBERERT. 2T, WEBEARORZIE t=0 & L.
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Fig.8.5: Change in velocity, u, with time at several points on the center line at Q=1.0
cm®/s: (a) 2 < 5 mm, (b) -5 mm <z < 5 mm, (c) z > 5 mm.
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(b) -5 mm <z < 5 mm
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0 2 4 6
t s

(c) > 5 mm

Fig.8.6: Change in velocity, u, with time at several points on the center line at Q=5.0
cm?®/s: (a) x < 5 mm, (b) -5 mm <z < 5 mm, (c) z > 5 mm.
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(c) z > 5 mm

Fig.8.7: Change in velocity, u, with time at several points on the center line at Q=10
cm?/s: (a) z < 5 mm, (b) -5 mm < z < 5 mm, (¢) £ > 5 mm.
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Fig.8.8: Change in velocity, u, with time at several points on the center line: glycerin,
Q=10 cm?/s.

PAA /KEROGEITIE, WEITREIBAR, SEICHERLZ%IE, —BEFHELY LK
ERMEZ LRI/ ELRY, EBEICETS. Tbb, MENA—/—T a—E
BDRHHIND. TED/NEZ (a) DBFA (K 8.5) IZITHEBIBECHRFEDEEZRL,
(b), (c) PHFE (K 8.6, K 8.7) ITHAD EFWHEDA—/N—V a— MIBFE IR, —
7, m=a—bRETHL )Y COBEITE, TOL BREFEREDOA - a—
MIZONT, WEBAMAE T CICEFEICEL TV 5.

WiZ, FLBRED u OHAEF~S. K 8.9 12 PAA KBFHDBED v OF LR E5SF
ZaRT. b, HEROEDIZK 8.10 12, 7Vt Y COEEREBIZEITS u OFLHKE
DAEFT. IR LIZE TV Y v OBHAITIE, t=4s TRFENLEZEERNLTHS.
PAA KBROBFETIE, WTFNOKMZB O TS, /NSO U g c 2
WCR&EL 25, LT, #/MNEAY ODOEZIZ, o THRMELY bRENRKE D4 —
W=V a— MEERAZOND. M/NRO_ERAITIE, BOEWTREED bR/~ Tt
EBRIIAT T2 0T, Hi/INEA D OABE TIRRHLMHEOFEN K& 25, H/MEAY O
DTFWICH DD A== a— MERIE, FOHOEEOKRE VEESH D, FETE
REDOFEE LR DOEESH TH D, EoRBEEDMERESOEERB2END
RETHDEBEXHND.

X 8.10 65 &L 91T, =a— b UREOHEICIIEHEEREDGGIZH LN DA —
N a— MEESTFEIE LRV, REBREMGCIE, THAIOLFREEIE & i Tau i L
oA IV AENT 0.080 /S W=z, BHEORBIIRL, Ebll=a— bURifkog
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(c) Q=10 cm?/s

Fig.8.9: Distribution of velocity, u, along the center line: (a) @=1.0 cm?/s, (b) Q=5.0
cm?/s, (c) Q=10 cm?/s.
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Fig.8.10: Distribution of velocity, u, along the center line: glycerin, Q=9.9 cm?/s.

B ERBROTEBHEL LR, LEB-oT, #/NBOAY DER CHEENMBIH
B LERNOEESAIZ/RD.

F, HNEAY OOA L EFRICBWT, FESHEAT 2 EANCBEFEISAFETD.
Cable & (00D {3l FrafE/ MR OEHEIT, FEIH (divergent flow) B3¥ET D &,
FNRERNCEERSBENS Z L 2R L, ZORREFAOERICE S EH®ELTWS.
Lo L, KREBROEMG TIIEROEEBIIHE I KEERWE ), ZITHLNHE/D
HEATOBED, RBEHENEBRACAI=2XLILE LD THDLEIEFEARW. £LT, Z
D& D BB ERARN S FEEICOWTIX, HEDE Z AR I TVR.

€ 8.11 ~ 8.13 iZ, Hi/MBIHEDOERERICE T HMEORENE 2T, T XTOR
AL 2=0 285 zy FE (FOHE) NORTHE. TEOEW (a) OFRHETIE, HEY
BT3B BNV, (b), (¢) PBAIE, HEERREDF— \—a— MNIRBHR D
N5, EITHEMGE, SWMICEAKL, BRKEL &> TRIESPHICEFE~LETS.
FULERAE (=0, 2 mm) OFBERE &0 bABRREEOHRPRANTVD. y=6
mm DRI IEA— /= o — MIA LRV,

t=—-15mm OF—F &HhbE, BEI+SRETLIENTHO y OMNBOFED IE
IER UEISE STV Z e 39h5b. LEEN- T, MESMIEHLBOTFEDKE Wy
FNLESRED~EELTWS. = -5 mm OHRHELE(ITSH, BEmMIZITV y=6 mm
OEUANTIRABEORENLHND. y=6 mm TiX, MOMBEORERFR LITRRDHH
FEREZTYT. ZORTIE, [XUOMEITERNTHERT 55, £ORBHEIINE 2.

2AFER TRV PAA KISHROWTAWREL, K 8.4 IRt L 518, YAMBEREFEEZRY. Lzt
T, LA J VK Re #FET DIRIC, HBEL LTEOEEAVWAPBIBEL 2. RFFE U (THREO
THFE) LRERES H (THAIOLFHEEE) 2L > TRENDIRFJEAWEE U/H IZBT 5 ABTHE
#FWVT, Re #FET5 &, Q=10 cm®/s DO L &IZ, Re=0.20 &3, Z T, FAEEEIT 1000
kg/m® TH 5.
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0—T—TT T T 71

(c) z =5 mm

Fig.8.11: Change in velocity, u, with time at several points at @=1.0 cm3/s: (a) z = —15
mm, (b) z = —5 mm, (¢) z =5 mm.
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() z=5mm

Fig.8.12: Change in velocity, u, with time at several points at Q=>5.0 cm?®/s: (a) z = —15
mm, (b) z = —5 mm, (¢) z =5 mm.
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Fig.8.13: Change in velocity, u, with time at several points at Q=10 cm3/s: (a) z = —15
mm, (b) z = —5 mm, (¢) z =5 mm.
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Fig.8.14: Schematic diagram of a 4 to 1 abrupt contraction channel and the coordinate
system.

Fig.8.15: Finite element mesh for a 4 to 1 abrupt contraction channel.

Q=5.0 cm®/s DA (K 8.12 (b)) TiX, MEBMKERIIEDETH>7=b D, K
L EBIZADHEIZR>TWD. L OMBISEE, FHEE & HICMPRRET R LR
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il DRE R & FFIC AT 5. LAL, L L BICMBPREIEET D E, BE
RITIREEIRIZAY, ZO7DICHEMET T 2.

8.5 HEHBRLLIURBKRELOLE

TIZT, BEHEOKRERL, ERERLOUEBEITY. HELToREOMIRE
Ay vafyBlEEhEnE 8.14, [ 8.15 1T, SEOREHECTHERLEETNART A —
Z ORFFREBIC AT, REOHETHAT HETNAVRT A—F OBMEFHNRENZ & %
ZRLT, S/MEAY OMLEBOAY OBICHAE COERMS, %5 B CHEMALLME
FREOLD LY bR EoTWVS.

BUEFHEOLMEIL, EBRFBFOMRE Q 28 1.0 cm3/s O L EFOFMIALET. ERERR
BOBAITIE, BEHLEMAITHEABIZEE 2 RTEHENIZR>T0EE LTY, 2 FHEO
HMERANEFEET DO, SRHREOBE LITRRY, FULENOFEERE T ik
| FERRWIERE) 128 > TROEEHWHFITITR OV, 22 TE, ERF—F2 0900
WO FEZ A L, FOEEEEHEOBIZERTAIAY OEHFEE L. 20k
£, Q=1.0 cm3/s OFEITIX, AV DEHFHEIX 1.2 mm/s Tholz. ZDLE, UA
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Fig.8.16: Distribution of centerline velocity, u: comparison of the numerical predic-
tion with the experimental data. Circles: experimental data at @=1.0 cm®/s. Lines:
numerical predictions at Tent=1.2 mm/s.
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Fig.8.17: Distribution of velocity, u, near the contraction: comparison of the numerical

prediction with the experimental data. Circles: experimental data at @=1.0 cm3/s.
Lines: numerical predictions at Uent=1.2 mm/s.
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Fig.A.1: Definition of the area coordinate system
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