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HRHME T BRI T IZ B 1T DMHEDEBN 2 TR D I hb T - T, MiHE L DBUEDEE IR
BEETHD, RERDL, BEOERIIZOT A MY (=R &/EHE) NEERS
TA—E—THY [1], /=L DBIEOHRENRE S ERD L, HEKP oMM
DIEBESLBEENE LT VNS TH D,

S bIZ, WEFICET ML FIHRAT 2 B0, BHEOBRES RIS
T, WMHEL DB 2 BET DLENR DD, WHEOBEL I/ NS WHEITIE, B
IRBAHEZ VWD Z SR Y, MR TOMMEE RS AL T 5, oEE, %
DiFHE L 1 ZIER CHLEEZF T AWMEOF L LBRTHIZ LV, —F, KESERK
TWGAITIE, RERARBEZ RO, VOB EEZEIITERLIARY, -6
HET Db DM IR > THRENBOBHLBET L LB TERY, T2 T, &
B EE D ORHME & S0 BUE Z AWV CBE D BRI 2 1 IEBAL L2 Y, SHicmuvk
BOROBEITIE, EWCEUBITEELHE T DHE & o8l 2588 U Tl 8k
EEIFRNH—L LD 2T, FL—P—¢ LTREALRBELZDOBRMNL, #
D b L—Y—ifHE 2 TR 5,

TT AT I BRI T B e DI B RO E S TR D B R S A T
RENTEY, B8 LTS ESERMENBINEE LTEZONS, L)
L, UEDXSRBEIP LML SBEEZREL LS LTH8E, BERT R
M, BREEZEE L CERIERT2HMEETRMHOFNLBE, S5
LT, HLEEBEITRIMHES IZIEF COBEEZEET 20 W~ARETH S,

Z T, ABFETHE, FROBMICH S ML/ D 7-0Iz, EBRICHERT 2
EEDTFHENOHR Lz, TOEDARETIE, AL THOZ#HHEIZOWT,
Z DRRIER L OTHEIEICOWTHERT 5 & L b, BEESEREDBEERIZ OV
THRRB,
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—J5, MRHEL BRI D OEENE, SEED VA n O — it L R
BRIZHDEEBEZOND, Lo T, SO LA U—Rikams Z L%, Filk
PRI DHAMEDERN LT T 55 X TEETH 5,

WHETRIL T T A F v 7 ICBW THRHED S BEEII B 2 TR TH 5, Z OFIEITH
PRSI Z TR 2 b AT A EERE TH D, 7T AF v 7 OIS
BIRNIZRWWT, BERHICAE T 2SR EO LA o O—iciER$ 5 L&
2o, ZOMEORREZMEAT L0, KEERED LV o O—gE L LTy
AT 2 BHE T ABRESCHMEHE 2 R TEERIE 122 E 0w Al
FEPBZHEIS N TV D, TORR, BEEREKII=a— R8RS
FIEMME &R T & 03 b AN Shuis [85],

HHESBIRARIZ OV T, HEERAEOEA LR TCENNS, MEOMEH B
EBHED T AR NEREES R EEBL IV T, CAMBFESAIESh T
[56-61], ZDFER, —a— bUiREESBIE L Lo BiES A TH- T, K
PERAE L FRIC =2 — U TR D EANRESE LR L, E285 -G
NENET D Z L HHA LM ST [56],

LL, EEOREMIICAVWLAZESRNIZR N5 8/ NECaT Rk
T BIRNTIE, WERLTORAMER T TR BEERLRE LEFNE TH 5,
LD XD RRNFIIR T DEHRBNBRB LA T 2720120, B AR
I TIE RT3 THLEWVIEEHRDH Y, MEFELBRT A EBARDLLTY
% [86],

— IR RREEEIL, WMEMEDH DR LD Rftkicd LT, MERNEEE
RIDENVEETHD Z DR, BIEIXHEVITON IR o1, ITESE
TRAEYTA VRV A A= F —Z RO ERRPLHHRE ST 5 [87-97),
L2 L, SHESBIREOBEREIX, Ry T4 VB LA A —F—ORIEESRE DR
BOT-OIZEBRIZRETHZ LEHARETH S,

AETIE, A THERT IBESBIRE L B TREO LA U—RiEE2H 5
DT BT, BHESBIRE & SBEEOE ABTRER L OE—ERS I E 2 MM
W LA A—F—2ANT, SEOBEBEOHENELZ AT VRIL A A —F—
ZHOWTENETNRIE LT,
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BHEDBORTIX, BHERONZHTEE2EE L GRERE 2 Z>OERICHET
HZENTED, Zhbl, K2.1(a) DL ICHHENMOMHEE THT &L
WEHICEETE 2R, K2.1(b) DL 5 IZHHHENTOAE HIZ[EER T X 5 IR5E,
£ [EER LT HIMOMGE L THT2IRECZBEORETH S, ZhbD=FfED
REEEZENENGE - BHE - BEEHRL, T A—F—nl3 DEIZ L » TR
% 98],

nl? <1 (F&)
1<nl®< % (A ) (2.1)
%<nﬁ ()

I TLITHHMEOES, niXBMEED - O EOAS, DI OERTH 5,
KRR TIHRESBIEE E x5 LT 5, MEOERESE o IIKRATEREIND,

¢ = nD*L (2.2)

2.3 BEHRAEOER

ARRE T, MRS BIRIR R ST 2O TR EITS 2 LI1C X 0 kD
EBABET D, LA LKERICE ENAMEDTRCRTRLShiED TR, BE
RIZBWTITEFICZHOBHEREEIND 120, 1 K1 EOHH#EZEVICKR]TX
272 B, TNERERTHEOOFEE LT, BIFRREAELFRT S, Z0HE
T, HBET ChIMHE (ChEERBMLHT ) Lol DRITERE —5
S, HHERESEITRE ZRCBELT B, T 2T, BETASBE (ThE
R U— i L FR T B) RRIROEEIRMT A EICEY, P L—d T
HEABMEOES 2 AF S5, AP Tl OBES 278 L5 2 T s
LY R U— Y MEE TTARAE LTS, ZHICOWTIIE 3 BTt 5,
IR Y BRI & BT R AECERL L, LEETHRMLE b L—— i
DOEBEFRD 0L, AT ERAEICROBRERLETH S,

(1) BEAMHENEEZEHATHD Z &,
ERBHET S BIRATICZRICHOBMEI NI OEAFR TRITINIER 20,
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FIGURE 2.1: A fiber in a unit cell. (a) The fiber freely can rotate without interaction
between fibers. (b) The fiber can rotate only in a plane having a thickness of D.
(2) EAMBHEDEFRP DB L R CHZIUTIENZ &,
EAMAE BN REIC B S E T L &, SiRESBEEIZIEERLT
DT, BEABHED BITRDP B & R U Ui < 2 iz b e,
(3) EABIED LEAHSBAE L F UATHUSGEN T &,
BHEOEBIAT 2 EAORBERL L, EI B h CORMOIIGEE 11
FHEM ST, MHEOHREN GBI & F CrZ U< RIThiER 6 20,
(4) BEARPHEL P L—Y —ilEDT AT MUITIZERICLTH D Z &,
N =Y —BHE S E A & B BB &2 T 57D, WkkED 7T XA M
PIUEIER L ZAUTE S RTF IR S 720,
(5) EABHENSERBITZHE L TRV &,

3 ETHRADH LW AR EE Tl 2 FTHRIL S 572018, EARgHE D 8 BT
2R LTIRGR2, TIROES FHFHEIRRBICERICRIER SN D 2D
2, ZOEDBBEBEFEZHELTNDLEZLND,
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Stover b [63]1%, EFED (1) 226 (3) DRMHEEW T ®AFHMELE LT, Erm—
2 77T —h FrbFRr—1 (cellulose acetate propionate, M 1.21, EITE1.47,
LT CAP LEE#RT %) %, MMEOSBIEE LT U &Y v (glycerin) &RV =F
L 7U a—/ (polyethylene glycol) DIRETRK (LLE 1.21, EIFR1.47) %2 H
WAHFEEREE L, TNDDOMAELRICLY, BEREHEE SHELORERS X
CBEITEP—B LB BIREEZIES Z N TED, ZNHIIWVTRHAFLR
FTLEOVFENSEGRHWETH S, Lo L CAP IIARRITHEHE R OB Cld vz
DAL LTHRIZSNTEL T, Ml LTHATITITERT TR T2 0ERN
HD, TZTEMETIE, BFEOXF YT U —BIEH (XSRS RERT
HxrernrsJ7) ke LTRAL, CAP O#Z 5% Lz, N 9.95mm
DY F—PHT220°CITMELER L7z CAP (A —R M= 7 I BNV 8tk
Xet) 2, #LHLUEE 3mm/min TEE 0.5mm ORDF A (EH 5mm) 7
LRMLELE (B2228), £0%, BV EE CER60mm O/ 7 (E#RHE
E1200 r.pm.) IZBEM-7, TOLE, EROEM (5) M3 L oI, HiEDN
MAEMESNBRVWESCEEREZHLY, HEFTEZETLI2ZL0BRVWE S CEE LT,

RIZ, BEEMONT- CAP ORBHELZEBEICNT T2 LENDH D, TTHEIR
LN RBHEEZETOEEDORETED L 72DIZ, MFlE LTHAVWDE Frx s
JV B —R (hydroxyethyl cellulose, %A /%, QP 4400H, LLF HEC & B§#r
T2) O 10wtRKERIZ, RBEPBEIDMONTZEEONNLS T2EEZRFL, B H
Liedh e, ZThiz+oIcEgEseEie, 20%, K23 CnTIREICLES > TEHR
HMEZEMHEIZIN I L7, 9, (a, b) A FICBXE O HEC TE® b7z ikiED
RWHEZ A 7T OB RICEINE 2 AN D Z & TY— MRIZET, (¢) A (=
R, FGS95, E#H 95um, EFMLHERNESHR) o iz EFLo HEC KK % B L
T|RVATT 72, (d) BB EICIED 117 bz CAP ORMiME%:, =B ATEEEY
Tlmm ORSICHWTL, E#H L Lz, B oiviz CAP OEMKEIL, K THIEL T
HEC ZfR\W b &, +oicinf S, s LTl

PLEDFHIEIZ X 5 CAP OEMMEOBIEIE TII— BV E LN BETE R
Wiz, FACEEREZ 2ERVIRL, LEEO CAP @B L8, thth%
CAP#itt A, CAPH#HE B LIESZ LIZT 5, ENEND CAP DO EHEI LE
BExETTReEE®H (Nikon # Model 6C) TR L T 200 AR >EBPIE L 7-#EER, CAP
WRHE A DR 13 0.98mm (BEH#RZ0.11mm) , L/D =22 Th Y, CAP#iE BD
B33 1.0mm (EHERZ0.08mm) , L/D=23Th-o7z, TNTND CAP kD
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FIGURE 2.2: Schematic setup of fiber spinning system.

Fiber sheet  Polymeric paper

/
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FIGURE 2.3: Flow chart of short fiber processing.
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BHERSMER 24 17T, TNHORNS, MHEIXELE LE-ESSH 2T
LT LBbond, BIE~FES5ETITCAP#HME A Z A, £6E T CAP i B
AW,

WIZEEEE LTZ U EY v (glycerin, FRAZER TE/ASHE) R =T L
7Y a— (PEG #400, 4017 & 400, BAMERRSHE) R (%
NEI65.1wt% & 34.9wt%, HLE 1.21) AWz, BITRIX, 7v~YEHE R
ST & T8 DR-A1L) ZAWTHEIL, |BE T147 ThHotr, HDEEEOLE &R
TRIZCAPHHMEL R L TH 5,

WHESR LR BB O BIRTRR T30 1T DM DEBY 20t 5 & LT AFFE TIE, MkiED
TBETHLTITAF vy JBBPEFFHRETHDLZ NS, BYTFRETIZRT
DHBHEDEB DTS EE TH 5, BmOFIMIT—MRICIE= = — b ok & R
BEHTDH, EZTEAMRETIE, TOETAFMGBLE LT, EROZ IR R =
FL 7 a—LOREHREICE DICES T 2R LU Z5E S o8t LTRVWE,
EAFELT, BEETHRYIBOBES LRV 727 U7 2 K (polyacrylamide, ¥
Y578 91000 75, =L TERR SR Sanfloc AH-70P, LAf% PAA &HEFR
%) RV, LEOSBIECESE L TES T E Uiz, PAAIZKIC LN LA
Wiz, EEROZVEY U ER)ZF LT a— VOREHKICRE K% 2wt% T
B&L, £OWMAFIZPAA % 18 p.p.m., 35 p.p.m., 100 p.p.m., 200 p.p.m. 7=\F %
NENGERE LT ABEOES TREZARE Lz, WAIE, BEZH35° IEH 2
5, MW TO - D & 24 REHEIR L, PAA 2 +0ICBRR ST,

LA ED CAP fiHE & Sy BUE & 2 AW, BHEDBIRE (nLd =5 ~ 35, fE Ok
DRLI~T%) &/, UL, BRMMEE SEIE L OBRITRA—BLTWE720,
CDEFETITBHELFIRILTHZ LR TERY, ZZTCThL—P—ilifts LT, LLE
EBPTRH CAPMHEIE S, D OB EETHHROFHA = U k#E (vilylon,
7 7 VHRASHE, VF1203-2, tLE 1.26, EBITE 1.53) ZlERESBEEICHOE
720 (nL3 = 0.2 £721% 0.5, WHEOEES2RIT0.016% % 7213 0.04%) HIML7-, &
e =o U2 e b L——ORHBEIZ DWW TIIE S ETH L BB, &
DE =1 ABHE200 RIZHOEHTHBFEHR CEILERZHBILEFEER, X 1.0mm
(F#RFZ£0.14mm) , L/D=35Th ¥V, CAPHMOE X L L/DIZ¥\, K2.5I
v BHEOBMER S E R T

Jeffery [1] 12 X AUl 0 EEEE) D ERICH T 2E SOHTH B 7 22
7 blir, =L/D LBRLTWD, MERRICET 2 ERTH e = (r2 - 1)/(r2 +1)
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FIGURE 2.4: Distribution of lengths of CAP fibers.
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FIGURE 2.5: Distribution of lengths of vinylon fiber.

DI, B2.61RT & IT, R THV T CAP HHEDHE AL e = 0.99588 TH
D, C=n U HHEOS G e =0.99837 TH Y, TDET0.25% LRV, Lo T,
TOE = ARHEL P L — P —& LT CAP O EZRHZRELTCNDB L LTI,
BB, ZOC=0 UHHEICIIREREM & U COKBEOFHEIR S 5 UbBAF ST
WLDT, ERIZHT->TIE, KTHRELELE+HIREBESEZ L OERA W,
DI, V= DR ERROS B FEICOMIETRE (nl? =02 F
7130.5) BRERESBORIEE LCAB L, BIERES B L O-BO - bz
Nz,

2.4 HERAEOLAOO—HE
2.4.1 BAMEELERICHE

AIETIE, REHREOEEEAWHRE & B ERENZEEZRE U, BIEICIiIEER
BoOM#EMARE LA I=F A —F— (ARVAr U—#R 448 NRM-2000S-
NF) ZE/H Lz, SESBOREO LA e O—it 2 HEART L 43 =3 X — & —
TRIET 256, MEOKRRI Y REBITHBHESEELRVE I ITEB LAY LE
BB, TOIOHHEITIITID REFOE & CAP MHMEOERTH S 45um £V b
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FIGURE 2.6: Dependence of the fiber parameter on an aspect ratio of a fiber.

REZ2100pum Db O (H#EOFEE 46.4mm, HSELREA 2°) 2RV, &5, H
PEEIROE Y R EE (BT 2.9mm) [THHEO LR WHEEZ < AEFTFEALTH
PEFIRIBIZ IRV HENTEE L2V E DI L, DR E Y ZBhIE LT-, HIEEEIT
27°CTh 5, WEL=FMEIT, MEEEER2VABE (VY vV ERYFL Y
7Y a—VOREERE LOESFIRE) , TNb 208 U= 8
& (nL?®=30,35) LiBHAELIBIE (nld=05) THD,

2.7~ 29 CHIERRERT, ETH271Z, FV RV ERI=F L IY
a— /L DRAEIR, BIOThE S L U BT A OB A Wks E 2R,
ZORNG, ZVRIVERIZF LT Y a— LORAEIR & W7/ Bk i
X, HESATANEEIERE LRV a— MU TRIHRETH D 2 &, ke
BRI, AWREE S ds~! DU G A BB B ORIIIC 2T L A BT B A
T3 % shear-thinning A TH B Z & N0 Db, BEORERIL, HEITESAME
B TITBHEDOETES R E & BITHEAR L [60,63], Bt AMHEBEfREL Cra o8k o ks
BEZIT DV THREHE D (RF8 50 BOBHEDOTLIRITIRTFE L2 < 725 [57,60] &\ 5 HESR D
ERMRERCEREZRLTEZ ENRDLND,

nL? = 0.2 OMHERESBEREIZ OV, FREY LD EES RO K X
nl? =05B=a— o ERTIEND, =a— UM EZRT BB LN
ThHd, ¥FTMEORENMELRTEIBRICHEL, BHERBESBRETH-
THEBOHERFELT THY, BETERDI -T2,
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FIGURE 2.7: Shear viscosities of fiber suspensions and suspending fluid.

X 2.8 \IZ 3 BIEDTE 2 F MDD EFHFAWRE L FE—IERIENZEETT, ZORM
b, AFFETHWZEL FRETIE, EETANKEL, Bo7T2RNLLA2VRE
ERLE DI, BABEBIEFELR D =a— hUEEZE L TWAZ ERbh 5,
EEERIGCEE, 35 ppm U EORSFIRIETRIERRETH S0, 10 Pas
DA—F—ThHV, TLO~NAPNEN,

X 2.91Z 200 p.p.m. DELFHAEICHEZBE (nL3 = 30) IZoBS ¥ ilifERE
EEDFREDOEAWRE L E—ERSHEERT, BIPICE, KLV S
2, PAAZEERV=a— M REOSBEDOH G ORI OV THB#HR L, =
DD, B FIRAED OBHERESBIEIL, =2 — b UFREROMHERE S8
FAEDEE &L RRIZ, EABHERED 457! LUF CHAWHERE OIS LT A WSS
EEDME T3 5 shear-thinning A TH B Z L BN b, FI-HERESBEE T,
SEERE D FREN= 2 — b URENCLD L, ISR U AWk E s %
R ERb5,

2.4.2 BEHE

B TREO VA U—HEDO RN THRIITEIZERENRTWADR, FRIED
RMERETH D, HERIE, TABTKEERIS HZEZR & O¥ AW EEN J1%H
YDl R TH o728, TR TITFHEA T RAWENHRSS L BlE S h,
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FIGURE 2.8: Shear viscosities and first normal differences of polymer solutions.
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FIGURE 2.9: Shear viscosities and first normal differences of concentrated fibers
suspensions in the Newtonian fluid and the polymer solution.



29

EMEREEEETIZLBROLN TS [86], B FRUKDOMEHREEE DRIE
IHISIEREIL SN TV D720 [99], ZREEERZRE S T BN 2 MRS i 23
EINTWD, L»L, BKRD XS RFREMED & 2 KO MERERE O F BTy
FEHESL SN EIEE 22,

BEDL A, BRO—EERMEEDOHEIEEICIE, HERIPLZHAVLRTY
DAEUTA BV AA—F— B7-97| ORI & S ITHEHDEL WA MLy FHIL
FA—F—[100,101] AV DND, AL TA L RILE XA —F—|TEBRES Th
B ERRAMTNOEEEZZITIZ VWEWVWIFEIZH B D, MEREZIRELL =
Yhu—nAT BT ERELN, APV YyFRILFRA—F -3 RIEEE SN THB 0,
COEBIZIDAEFEENVELETDICHELINTND EIEE X0,

ZZCAMFETIE, BEOAE Y FA VBV F A —F — 2 AN T—illERSED
PIEZIT T, MMELSBREOMEREL, $ESEEhaZ tickvgmd sz
LB TVDEN [21], AV T4 VETIIEBOEE L, B2 ESACTREOM
EHEZRETAZLRE LY, 22T, 22 TRBEZSERVESFRIED R
OHEERELZRE L, TORRER2LICEPAABREICH LTRT, AL 54
VRIVAA—Z—TIX, MEEELEL 2 br—ATAZ L3 ELVLOT, i
REEIIZIE-EEICBW T 7,

Za— bUREORS, HEEEIITANKBEDIFZTHY, HMEEEICKES
T—ETdHD [102, AFRATHWEZZT VB VERIZF LY a—LDRE
BRI, 27T £V ONDLICERTAWHENN 0.3 Pas THDHZ b, =
DORAEDOEFEMEREIEFEABED 3ETHDHK0.9 Pas ThDH, BT
KOS, 21000, PAADEREREMNT HIZ LN > CHEMENENT 5 =
EBDDD, FABEEICK T HBEMEOKTHD b— b HlE, 18 p.p.m. @
PAAJRMKETA5THY, Zhid==2— btk ISERILCTH S, £7235 p.p.m. T
15, 100 p.p.m. T 222, 200 p.p.m. T1090 TH Y, PAA DEE L L HiICAMIZKE
2o T3,

2.5 &

ARETIE, EBRIHER U7CHMHEDERITE & M B E O VA n o —tEico
WTRANTe, £, AR TH L < BEFE L 7 7iE THRMEZ FIR LT 2 72 DIC LB,
BREFTZH LR2VES FHRMELR L, ZOMMEAWT, BITERE LEEHHE
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TABLE 2.1: Elongational viscosities of polymer solutions.

Concentration of PAA | Elongational rate | Elongational viscosity | Trouton
(p.p.m.) (1/s) (Pa.s) ratio
18 17.9 1.34 4.5
35 16.8 4.63 15
100 13.7 66.7 222
200 4.07 327 1090

E B SH T ERELS BRI L ER LT,

WAHEOSBETHA 7 VY VRV =F LT ) a—VORAERIZ=2—F
VHtEZER L, TOWEEZSBEE UTHHERZREIC (nL? =30 7211 35) #ik
S TR E AR, W AWTEE D 4(1/s) LLF T shear-thinning 1 % 77977
BTHDZ LBbhoTe, WHESBIREICBWT, BMENEE2ETE —ERGH
ZiT, BEORAMELUTTHY, B TER1oT, BHEFESBIRE (nL? =02
E72130.5) TiX, LR CEABREREEZRL, B EOREEBII o7, &
HIZ, BOTitiEz o8BS U iERESBIREOTABRERMEL, =a—1
VB E GBI E LIEBELIZEAERILTH B I ERbhoTz,

—F, VRV ERIZF LY a— LORABRICEDSFETM LS4
FIAEDEE, TANMSEREICIIR S FOREBIRN Mo, BEBEIZON
TIE, 18 p.p.m @ PAA fifkl, ==— b UM LIZIER CELZR LD, vk
D HREDRKE 22 PAAFRAETIE, PAADBENKEL RBIZONTHERENK
E<RRY, DT 35 ppm ODPAARETH-oTHMEMENSBEA L, £/ 35
p.p.m. LA LD PAA i TE-ERICHENAEL, BHEAEEOLIHETHD 2
ENRbnoTz,
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3.1 #s

HHERLEE BRI BT 2 DB M EZ R T 2BE, Z2OFEREZLN
%o, B, MEONBICKIT 2BHEOEFREZHINETHD, ZDHE, &
i P OBHMEDEL AR R & "R DS FHIMERZ Y - wRHRR EDOME & 038R < B
THI LN, MEOHRBRERLLIZENTE D,

RSmPICRIT DR R OBETIRIL, EEERELHEESE LIS TbNR5,
EHESRERBEOERZBRT A HIET, HREKRE (OM) - EERE FHEME
(SEM) - ¥ 7 b X #ZBHEE (CMR) - BEKBEME (SAM) - BIMRSLIE [103] 72
ERbD, —F, MERSRISEOMBELBET 5 FET, KEEE L9 X
METE (WAXD) - BERBRGIRBIERERDH D, OMIZEBROBEICE LTV
B, MEIOBERERREFETILERD D720, BEMAMITEEICR NS, SEM
IRHUNMERABEN SR 0T, REOREHOITE S 2, CMRIZBBTH S5,
ABOEA LR THEILESNIERLIEONT, ELRBBMED L5 I XKRESE
BT DMEHIIIE 2 22V, SAM IIRE 2B LB R OMERIZ 72 b o FEEAS
DEFEL H, WAXD IZ, H@REBHESHMNZR Y 0 2 — B TH S, VT
NOFEICH—R—ERHY, ThTh BECHHEICE L THEVLD T RS,

DX D RFIETEIE & OBRKEEL M 2 A 28I E <, mRIE ML O 1AM
B L ME LIHT DB MREBOEENFALN TS, LL, TOFET
AR DBCR Z IR W EEFIZ DT > TE BB DFMICHND Z IR TH D, £
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Reflected / refracted
beam

Circular linder

FIGURE 3.1: Reflection and refraction of light beam. A circular cylinder is inclined
with respect to the incident beam at an angle of ¢. Coordinate system is fixed in
the space.

Incident beam

Refracted beam Incident beam

Reflected beam

év Observer

FIGURE 3.2: Reflection and refraction of laser beam in the circular cross section
perpendicular to the cylinder axis.
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FIGURE 3.3: Dependences of (a) the reflection angle and (b) the refraction one on
6o.
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= == (Front view)

FIGURE 3.4: Schematic illustration of experimental setup for visualization of fiber
using planar light source.
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Planar light Planar light
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(a) Visualized fibers in the configuration (b) Visualized fibers in the configuration
A B

FIGURE 3.5: Visualized results of fibers immersed in the suspending fluid.
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FIGURE 3.6: Orientation angle distribution of fibers illuminated by a planar light.
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(a) ¢ = +45 (b) ¢ = +12
deg deg

(c) (=0deg (d ¢ = -12
deg

FIGURE 3.7: Fibers observed between crossed polarizers. Fiber F'is not visible when
the fiber axis is oriented at the angle of 0° in the polarizing/analyzing direction.
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FIGURE 3.8: Dependence of relative intensity of transmitted light through a fiber
on an orientation angle ¢.
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Fiber suspension
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Analyzer “

FIGURE 3.9: Schematic illustration of experimental apparatus for visualization of
fibers with birefringence through a transmitted light source.
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(b) Semidilute suspension at a volume
fraction of 0.4% (nL?® = 5).
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(¢) Semidilute suspension at a volume
fraction of 1.2% (nL3 = 15).

FIGURE 3.10: Visualization of transparent vinylon fibers in suspensions under
crossed nicols at various concentrations.
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(b)

FIGURE 3.11: Visualization of fibers in concentrated suspension of CAP fibers at
volume fraction of 7% containing (a) black-colored vinylon fibers at volume fraction
of 0.04% through a transmitted light, and (b) transparent vinylon fibers at volume
fraction of 0.04% between crossed polarizers rotating at 570 r.p.m..
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FIGURE 4.1: Schematic illustration of experimental setup.
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FIGURE 4.2: Connection tube between the reservoir and the straight channel. Di-
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FIGURE 4.3: Visualized fibers in the dilute suspension at nL? = 0.5.
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FIGURE 4.4: Fiber distributions at 12 < z/H < 17.
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FIGURE 4.5: Flip over of a single fiber having a length of L near the side wall.
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FIGURE 4.6: Fibers in a small region in the flow channel and definition of fiber
orientation angle.
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FIGURE 4.7: Experimental result of fiber orientation distribution functions, orien-

tation ellipses and approximate distribution functions recovered from second-order
(solid line) and fourth-order (dashed line) tensors.
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FIGURE 4.8: Visualized fibers in the concentrated suspension at nL? = 35.
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FIGURE 4.9: Schematic illustration of the straight channel, and the small region
(2mm x 4mm) for calculation of fiber orientation.



62

Centerline
L I [l I 1 ‘ 1 l 1 I 1 I 1
x/H 12 13 14 15 16 17

(a) Dilute fiber suspension at nL® = 0.2.
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(b) Concentrated fiber suspension at nL® = 35.

FIGURE 4.10: Fiber orientation ellipses at various fiber concentrations.
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FIGURE 4.11: Distributions of fiber orientation order parameters in the direction of
channel width.
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FIGURE 4.12: Preferred angles in the dilute fiber suspension at various y/H at
nl? = 0.2.
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Orientation order parameter §

FIGURE 4.13: Orientation order parameters in the dilute fiber suspension at various
y/H at nL?® =0.2.
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FIGURE 4.14: Preferred angles in the concentrated fiber suspension at various y/H
at nL? = 35.
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FIGURE 4.15: Orientation order parameters in the concentrated fiber suspension at
various y/H at nL® = 35.
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FIGURE 4.16: Fiber concentration distributions in the direction of channel width.
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FIGURE 5.1: Elongational flow through an expansion.
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FIGURE 5.2: Schamtic description of an expansion channel.
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TABLE 5.1: Test fluids.

Concentration of PAA
[p-p-m]
0 18 35 100 200
nl?=05|{0 O O O O
5
15
30
35

ORONONO,

0 p.p-m.: Newtonian fluid
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FIGURE 5.3: Visualization system of streamlines in an expansion channel flow.
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FIGURE 5.4: Streamlines in the type t6 channel.
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FIGURE 5.6: Concentrated fiber suspension flow at nL® = 30 in a Newtonian fluid
through an expansuin channel with 2mm depth.

FIGURE 5.7: Schematic illustration of the expansion channel, and the small region
(Imm x 2.5mm) for calculation of fiber orientation.
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FIGURE 5.8: Distributions of orientation ellipses in fiber suspension flows at (a)
nL? = 0.5, (b) nL?® = 15 and (c) nL?® = 30 in Newtonian fluids, respectively.
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FIGURE 5.9: Distributions of preferred angle in fiber suspension flows at (a) nL3 =
0.5 and (b) nL? = 30 in Newtonian fluids, respectively.
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FIGURE 5.10: Distributions of orientation order parameter S in fiber suspension
flows at (a) nL® = 0.5 and (b) nL® = 30 in Newtonian fluids, respectively.
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TABLE 5.2: Orientation order parameter S at x/H = —0.15 in a Newtonian fluid.

nL®| 0.5 5 15 30 35
S 091 0.85 0.84 0.88 0.83
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FIGURE 5.11: Distributions of orientation order parameter S on the centerline in
fiber suspension flows in Newtonian fluids.
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FIGURE 5.12: Fiber concentration distribution in the y-direction at 1.25 < z/H < 3.
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FIGURE 5.13: Distributions of orientation ellipses in a dilute fiber suspension flows

at nL?® = 0.5 in (a) 35 p.p.m. PAA fluid, (b) 100 p.p.m. PAA fluid and (c) 200

p.p.m. PAA fluid, respectively.



88

ERBR S, FREOHFREIZBWCEREN OES - 828 35 p.p.m. D PAA
MAEDBEITHNTRENVI LD, BENILIZEERN LTV Z EBb05
iKZMpmnOH%AﬁWTﬁ,HMppmﬂH%AﬁW@%ﬁ@@ﬁﬂéEu@
FEIZRY, &< z/H > 20 THREKTIZy/H = 0.5 ({8 2 5EICEBET R & ohaOga &
TEoTLK ERDERREBIZ/Z>TWNS,

RRHERL A 2 KV BEMICRET S 5720, EEMAOTRNLFMELZ R L7 0MK 5.14
ThB, T T, =a— bk (R5.9()2%8) , 35 ppm PAA FEHE, 200
p.p.m. PAA FEEDZEIZONTHET 5, ==a— b Pt TIIE B CE A%
DFEELTIRBRIZIEDX, o/H ~ 2 £ TIEEREMAD 0° TIZIZIENE L TV 3,
35 p.p.m. ® PAA WA TIE, y/H =05 Tikz/H > 2 TABICHIAFAICERT 5
X228, PLBRETEs/H > 20 THETHEAA N 90° fHEICRTZA T
5, F£72, 200 p.p.m. O PAAFE TR y/HIZ»rhb b, z/H=31ZB\THE
FRBIOBEMAIIFIIRIZNTND Z EBbLND

B 5.15 IZMEDELAE O ¢ FRE L ERT, FORMEICEWNT, =2— bk
&k, ®5.10(0) IZRT LI, 15<z/H <2 TEMAER—HBO05 (7% AE
M) ISEVEB/IMER L ofeb &, TRIENDIZONTERL, z/H~2 XY Tt
TO0.6 225 0.7fHEICET 5, —F, PAARRBETIE, Wﬂedw8%@wf WO
PAA BECTHAIEKET@BRE, 2/H < 0.5 CEMAEIZ—B0.5IEVE/MESR & -
e, BBICER L TBKXESR L5, D%, 35 p.p.m. O PAARKTIE, M
EIXETL, BERITEVRT V&4 MREBIZESL<, 2RISR LT, 200 p.p.m. D PAA
FARTIE, BERENERICPoLK D LETT S,

ST D b TREAICEE LN P ClE I iEmh S R m T 5 2 &
P> TND [44,54,55), REBRBER LY, BIEKEHEREE, ERICREZELR
BICEDE CTOEBIIIESTREICLIVREZENDD LHAITX 3,

ZOEXIIZ, BHTREIC LY ABIAHERSE OPHEMICHEERENNEL D
JRERE LT, oo mRRERSE L BIENEE OB VBB 5D, AFET
HEELTVWAMNBE CTCOMEEE IS s ' BELRELOND, FHALEAY Y
FTA VRV FRA—Z —DREL, ZOMRRERERTOMEMEITRE CE Rk
3, PAADBEICL > THEMEICKRERENRDHDZLBR 21 DOLHAITE 5,
WTNDSEEIC BN TS, EABKEIZIIRE RER RN &, HEREIZITR
ERENRDHDHZL, SLEARKECERNEEBEFAICBESNLHENRLE R - T
WHZLEBRAEDEDE, MAEOHEMERENBILKIBE R OMHE DR MIZK



89

o yH=0 e yH=05
A y/H=0.38 o yH=0.88

180 -
- 35ppm PAA fluid: nL*<0.5

©
o

C00 O
BoooOOwwoooooo ooooooo 000000000 I
o 00000 ]
L o O ]

L oo D%Imm:mﬂrmn:n:ww.. 2
3 . oo 1
000. :XX!BQZZZXAM a2 ‘szxzxAAAAAA“ A
| sanna "

Preferred angle o deg
b
o (=]

-180 ' :
0

1 2 3
x/H
(a) 35 p.p.m. PAA fluid
o yH=0 e YH=05
a ywH=0.38 o y/H=0.88

180

Preferred angle o deg

E200ppm PAA fluid: nL’=0.5
-180 : :

0 1 2 3
xH

(b) 200 p.p.m. PAA fluid

FIGURE 5.14: Distributions of preferred angle in dilute fiber suspension flows at
nL?® = 0.5 in (a) 35 p.p.m. PAA fluid and (b) 200 p.p.m. PAA fluid, respectively.



90

EREBERELTNDEEZLND, BHEITHMERNBZIC X o THEF MICEH
L&D ET5 1185, MRMEPKEWVEFEHEICE M I BRRELRD I EMD,
HHED TR L BEFMICEM LT R5EE1LN05,

—75, BAMFETER LIRS FHREICS, K2.8»bbnd Lk HiZ, 35 p.pm. UL
EOB/BRED PAA FREIZENT, /IEWRRLEENEENEOLND, £IZ TA
FEREESZ O LBHTICRBWT, BAMICL 28— ERGNIZE L BEICESL
RICHEFHEL, SHECEH 2R 5, KW, THMESRET, 81/
BETHY, BHTERED/NES7235 ppm O PAARGBOEE, 21 006bh35
X, MEMENK4~5 Pas|BETHDDT, MEISIIX30 ~ 40 [Pa] IBE
EREBELDND, T, FLERLETEEAB R LENTH DN, ZOMEDE AN
HWEZBERTHLI0[I/s|BELAELA L, ZOLEOE—ERGHEIZ, K28 X
DONPBDEIIZ, 5 [PaBETHD, HIZEER 100 p.p.m. D PAA FHE TR, fi
FIZ71Z 500 [Pa] BB, HE—EHIGNZEITLL0 [Pas|BEELERBLOND, Lo
T, BIEKEHTIRERISAZIHMER DL b0 /IEL, BERIDIE S 25
HED BRIz L TEERKE W,

b, LT WE DI, FR EORRE D ¢ i mZE L 2 & FiIc o\ T
ALIZOBRK 516 THD, ZORNPDL, RILKMERMOBERM (z/H = -0/15)
IZBWTIE, PAA MEOEEE L PAA OBEICHIPDLLTIFLALRLTHS
EWDND, =a— b UREOHAY, TOEREOTKNGFEOEIZONT, T
I 541 EHTH LB, PAARKDOEFEAE, AMKHEINCBVLTIZIERT
BRHUETHZH100LT, PAARERKEWER, RIERETHREDO ¢/H ~ 1
FHETECIERMEOHBKENRKE N ENG, MEMENEBEICEEL TV
EEZBND, T2, TRICHENBIZLIZN-T, PAABEIZ L - TERAMREIZ K
ERENEL, PAABREPREVWHVPERNE LR REZHEREL QD Z &b
%o FHEE (z/H > 1) TEEFIVE—FEFTNATH Y, BEFKLETIZRY, 20
IV TIE, 100 p.p.m. L EDRE D PAA MAEDOHE, LiKFoRmANE
IEEDFEERENTE EFHER TMICTEAL TN D, Tk, FOBTIED X 5 I0#E
EARO/NSRER CHHENEERL L 5 & LT, SEBEEOMEEE D DIZE
DEANHEBENDZ =D THDHEELOND, BYTEENEL/NE 72 35p.pm. O
PAA JitfE T3, SIEREER ICHRMESTEN & BESFAICER Lizdb e, o/H > 1.2
DTFHRBCEMENBBMIET LT E W) =a— b Uik REOBEmEZRL
T3,



91

—e— yH=0 —e— y/H=05
—=a— y/H=0.38 —8a— y/H=0.88

CO 1 T T

g 35ppm PAA fluid: nL’=0.5

g 09}

8

[s ¥

5 0.8}

Sl

(@]

£ 07¢

5|

5 06}

i

o

0.5
0 1 2 3
x/H

(a) 35 p.p.m. PAA fluid
—e— y/H=0 —e— yH=0.5
—a— y/H=0.38 —&— y/H=0.88

v .

% 200ppm PAA fluid: nL*=0.5

£ 09f

5

[«9

5 0.8}

ot

Q

g o7

s

3 06f

T

S .

0.5 - -
0 1 2 3

x/H

(b) 200 p.p.m. PAA fluid

FIGURE 5.15: Distributions of orientation order parameter S in dilute fiber suspen-
sion flows at nL® = 0.5 in a (a) 35 p.p.m. PAA fluid and a (b) 200 p.p.m. PAA
fluid, respectively.
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FIGURE 5.16: Distributions of orientation order parameter S on the centerline.
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FIGURE 5.17: Fiber concentration distributions in the y-direction at various con-
centrations of PAA at 1.25 < z/H < 3.
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FIGURE 5.18: Distributions of orientation ellipses in concentrated fiber suspension
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FIGURE 5.19: Distributions of preferred angles in the z-direction at nL? = 30 in
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TABLE 5.3: Orientation order parameter S at x/H = —0.15 in a 200 p.p.m. PAA
fluid.

nL3 | 0.5 (PAA fluid) 30 (Newtonian fluid) 30 (PAA fluid)
S 0.85 0.88 0.84




95
Za— hURETIE /H = 258 TH DD L, PAAFGBZSEEEL T3 BRE
SEWEAE T e/H = 25 e, =a2a— Mo REDBA LT THRIZHY,
FEMADIELN /NI NEWV I BB H D, 200 p.p.m. D PAA Filkz it & 4%
HESBRAETIE, z/H = 3fHETHOEREAABICEN2V, F542HTAE L
T, BOTFIRETIE, FESBIRETICEBWT, BEORAANEEL, TRk
RWTH EIRRIC BT 2 EEAAZZTOEEHERTIERARD 5, BESBETE
ZBWTH, HESBMAEDEE EFCEBT, TiREcoERRNADEIIEN
TWbEEZLNLD,

5202, HORE (y/H=0) BT 28HOBENE ORI T RAEE RS,
ZORMNS, RESBREDOEE, PAAWREKDIZI B z/H = 0.8 FHEOBREL K
ENVEWVIEWNIDH DN, BREND T ¥ MRE~DE(LICITHEks L 5 KX
REBWIR OV,

WHOREST ®HTREZSBE L T 2RESEWREPICE T 2@ HEORE S
MERNTEREZR 5217 T, WBOEDIZ, =a— MoRIEESHBIEE T8
EBIRARTICRIT DRESR S BRR TS,

ZOM»D, RESBREDORESMIL, SBECIOTIZERICTHSZ &0
b, MHEOBHERORIZL > TRESH, WO TFOEER RN LRbMN5,

5.5 #E

AETIE, BHERE OB D 2V ITHEHER 5 Bt (A0 N O 2L KR %@
& L7 d & OMHEDE M S IRELSMZRE Liz, SEEIE=a— MRIEEESF
WETH 5, '

EFTHBES =2 — b oD L &, HESBOE L BESBREOHE IOV
TR L7, TORR, EEhmAIL, RESBORE CIIFEIBIREL ITERY, F
DRAHE TR FMICERE L oz, EREMENOREEOREORIIZEN S
DT ENohot, BMHEDORER, FHESBIMETIIHRULENOEBERIZAITTYD
RN ER L, BRI TRXEEZ bol, JIUIBERMICEIT 2O 7 U v
F—=N—IZEDbDEEZOND, BESEIRECTIIHLEH OBEEIZ T CEE
DHEFCWD Lz, THISB#OBEICL D bDEELXONS, U LEOBRSLIT, )
HRTHBOBEROEBIZLZLOEEZLND,



96

y/H= o nL’=0.5 in 200ppm PAA fluid
09} a nL’=30 in 200ppm PAA fluid
s+ nL’=30 in Newtonian fluid

Orientation order parameter S

FIGURE 5.20: Distribution of orientation order parameters S in the z-direction at
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FIGURE 5.21: Fiber concentration distributions in the y-direction at 1.25 < z/H <
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FIGURE 6.2: Streamlines in a concentrated suspension flow past a circular cylinder.
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FIGURE 6.5: Distribution of orientation ellipses.
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FIGURE 6.6: Change in preferred angles in the z-direction at various values of y/H
in dilute fiber suspension at nL? = 0.2.
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FIGURE 6.8: Change in orientation order parameters in the z-direction at various
values of y/H in dilute fiber suspension at nL?® = 0.2 and concentrated one at
nL3 = 35.
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mitted white light at nL® = 35.
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