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Abstract

A pattern growth of the injection fluid into viscoelastic materials was studied in two di
mensional system. Agar gels were used as model materials of viscoelastic materials. A
Hele-Shaw cell filled with the agar gel was used in the injection experiments. Air is used as
the an injection our experiments. With changing the agar concentration and the injection
pressure, systematic pattern formation experiments were carried out under a constant in-
jection pressure. Pattern growth during experiments was measured by CCD video camera.
Ihe pattern grows in the condition of outside of equilibrium. Viscous flow and elastic
cracking are control mechanisms in this pattern growth. Viscous fingering is a well known
phenomena: when a lower viscosity fluid is injected into Hele-Shaw cell filled with more
viscous fluid. The growth of viscous fingering is quasi static growth. In the case of elas-
tic solid, the pattern is controlled by fracturing. Hydrofracturing, e.g. crack eruption in
volcano, is one of the typical examples. In our system, a new type of pattern growth was
observed. This pattern was generated under two competitive mechanisms; cracking and
viscous flow. We coined this new pattern as a viscoelastic fingering. Morphological phase
diagram was obtained. At the lower injection pressure and lower agar concentration, vis-
cous fingering appear. When we used higher concentration ager gels, a single plane crack
growth is observed. At the middle of the range, viscoelastic fingering is appeared. Time
dependence of the lengths of the tips was also determined for typical six patterns. They
are proportional to ¢ in the case of viscoelastic fingering and single plane cracking, and to
t7 in the case of viscous fingering, where ¢ is time. Comparing the two patterns which are
same types and have grown under different injection pressure, the growth rate of the tips
are larger than those of smaller injection pressure.

['he viscoelastic properties of ager gels are also examined. We obtained the relative

strengths and relaxation curves for 0.1, 0.2, and 0.3 wt.% agar gels. According to the

results, we concluded the viscoelastic properties of agar gels as follows. By changing agar




concentration of the agar solution, the viscoelastic property of the agar gel changes from

=

one of \'i\':"ml}-’ f]l:i:iﬁ Lo one t)f- t'lf!HTir solids. At f}lt’ case (:[" :u‘.\'r'l' i‘lJ[]"l'H[I':i.!ii_!l] uf agar
solution ( lower than 0.1 weight percent). agar gels behave like viscous fluids. The higher
agar concentration, the more elastic property agar gels gain. Therefore, we can control

viscoelastic property of model materials by changing the agar concentration. Viscoelastic

fingering is a new class of pattern formation that includes characters both of viscous flow

and of crack propergation.
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Schematic representation of the Hele-Shaw cell.
Saffman-Taylor finger.

Viscous fingering in the radial Hele-Shaw cell.
The three modes of loading.

Photoelastic photograph of an elliptic tube.

[Mustration of the agar solutions.
Concentration dependence of viscosity of agar solutions.
Schematic sketch of experiments.

[llustration of the fracturing experiment.

Load vs. displacement curve of 0.1, 0.2, and 0.3 wt.% agar.

Time dependence of the load in the relaxation experiments. .

Schematic sketch of experimental setup.

Schematic sketch of pressure generating system.
I'ime Dependence of Pressure

Wiring diagram of pressure sensor and amplifier.
Fluctuation of the amplifier.

Frequency dependence of amplifier.

Calibration curves of the pressure monitoring system.

Flow chart for sample preparation.

Video Control System
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[-xample of viscous fingering.

Example of single plane cracking.

Example of viscoelastic fingerine.

Schematic sketch of the growth sequence of viscous fingering.

Schematic sketch of the growth sequence of single plane cracking.
Schematic sketch of the growth sequence of viscoelastic fingering.
Morphological phase diagram of the experiments .

Time dependence of the length of the growing tip of viscous fingering (1).

Time dependence of the length of the erowine tip of viscous fingering (2).
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Time dependence of the length of the growing tip of single plane cracking (1).
Time dependence of the length of the growing tip of single plane cracking (2).
T'ime dependence of the length of the growing tip of viscoelastic fingering (1).
Time dependence of the length of the growing tip of viscoelastic fingering (2).

T'ime dependence of the length of the growing tip of viscoelastic fingering (3).

Time dependence of the length of the growing tip of viscoelastic fingering (4).

Time dependence of injection rate in the case of viscous fingering.
T'ime dependence of injection rate in the case of single plane cracking.

Time dependence of injection rate in the case of viscoelastic fingering.

Basic elements of viscoelastic materials.

Simple models of viscoelastic materials.

Relaxation curve of the Maxwell fluid.
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2.2 Viscous fingering
2.2.1 Viscous fingering O#E
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2.3  Hydrofracturing
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2.3.2  Hydrofracturing
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Viscous fingering | Hydrofracturing
¢ 5 -]

a—

me“““l\\wmnmm Elastic solid

Displacement Large Small

of the interface

Curvature of tips | Small Large

Growth of tips tz |

Table 2-1. Comparison between viscous fingering and hydrofracturing.
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Figure 2-1. Schematic representation of a Hele-Shaw cell (after. Vicsek [6]).
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Figure 2-2. Saffman-Taylor finger (after, Feder [8] ). Unstable, finger-like patterns are
observed if the less viscous fluid is injected into the more viscous fluid from the upper end.

The observed pattern changed from a to ¢ with time.




Figure 2-4. The three modes of loading ( after, Okamura [16]). a) Mode I. b) Mode II. ¢)

Mode I11.




Figure

5. Photoelastic photograph of an elliptic tube (after, Nishida
pressure is applied internal size of the tube.
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Concentration, wt.% | Load. g ] Displacement, mm |
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['able 3-1. Relative stre ngth of agar gels. Standard deviations (s.d) are also shown in the
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Figure 3-1. Illustration of the agar solutions. a ) Lower concentration. b) Higher concen-

\_\___.’"
=

tration. The high polymer of agar is shown as the curved lines. Lengths of the sizes of the
squares are a few hundred mum. Agar gels with the lower concentration ( lower than 0.1
wt.7% ) behave viscous fluid because there is no network of high polymers due to a rare of

polymer’s connection. Agar gels with the higher concentration ( higher than 0.3 wt.% )

behave elastic material because network of high polymer is developed.
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Figure 3-2. Concentration dependence of viscosity of agar solutions. The viscosity of 0.2
wt.7% agar solution cannot be measured because of its elastic property. The value of 0.0

wt.% is the viscosity of pure water.
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Figure 3-3. Schematic sketch of measurement of relative strength. The relative strength of

an agar solution is measured by inserting the glass bar.
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Tensile stress
c)

<& D

Fracturing

Figure 3-4. TIllustration of the fracturing experiment. a) Beginning of the experiment.

The glass bar contacts the surface of the agar gel. b) The tensile stress in the agar gel is
occurred by inserting the glass 1

bar. c) Fracturing is observed when the load is dropped.
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Figure 3-5. Load vs. displacement curve of 0.1, 0.2, and 0.3 wt.% agar gels. Peaks of each
curves show the relative strengths of agar gels at given concentrations. Fracturing ( single

plane cracking ) is occurred when the load is maximum.
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Figure 3-6. Time dependence of the load in the relaxation experiments. a) 0.2 wt.%. b)
0.3 wt.%. Open triangle: The glass bar is inserted by 3mm. Open square: The glass bar

is inserted by 2mm.




Chapter 4

Viscoelastic fingering
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HWaAZ Lzt - T, HIED Hele-Shaw &1 1T 27> viscous fingering %
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Y —% 1T & A7Z Hele-Shaw LIV EZEHEL 7. LIVIIAFICERE L7~ Figure 4-1 |[Z/R L7z
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2mm X 150 mm Thb. 77 )IVERDNUEIZ4 KDAR—F—%2BEX, FO L1567
JIVMBEERT, 77 )VIVEGET 7 )V IVROMEY —E (2mm) IZ L7z, AR—H—
DGt 45° ([TY>THY, 727 VNVELHOMEES, ) HXh/-ElETL L1277,
UL o TAR—H—DNUEDPEET ADT, ZROFEAL > THEALBE - TH%
ToThH, AX—H—DBETLI L3RV, 72 VMEODBRIC, EEE 2.8 mm DR%
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Figure 4-1 (Z/R L7z & 912, FEEREEEX, AE3Imm (MES5mm) DE=—)bFa—
7T, ENBEVATAEH#EEELTWE, Fa—T70O@PIC, ZROMNZHIBET L0
Iy 2 2WNAHTz. Ty 22T, ENREVATAILBVTIRESEZER
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T&5. 72, BKEZFIHLT
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INEWZ LSBT 5B, Figure 4-2 1Z, ENBEEBORERKEZRT
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4.4 EHAIZR
4.4.1 FAEHDEsE
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?%é_mﬂ%;?nvxiﬁw.%ﬂ%>*~,ﬁﬁﬁwﬁ HVREIEE, AD 2 N—4
%Lf,:ygl—yﬁﬁwﬁna_mﬂfy%—uﬁ,f—ymak%thfm)m
ER DI HRINEET S b 5 > X5 2 —+ (Z/OVEF, P3000S-101G) % fHus7-. 7
ﬁy%~u,MﬂuR%LTM%Mﬁ%ﬁ¢%.ﬁﬁ%@%&ﬁ&%b@%:tf,mﬂ
B EEE LT3 x5 4 EHEE L7z, Zon%oEBRE L Fig. 4-4 |I7RF. +
yﬁuwbzﬁyz@,%lmuﬁ%étjﬂwﬁﬁﬂmu.mﬂﬁﬁu S o]
f%3|MLﬁMLt.:ni,uhnamﬁﬁﬁm;ﬂf,zkfl—ﬁﬁ?ﬁywﬁ%
ELTEDZA. AD T3 0 5 10 V DEEZE 0 25 4095 DEFE L THHF
a,:mﬁ%&?ﬂt%ﬁ?—?%,ﬁ%@%ﬁmMMUﬁ&ﬁﬁ.%ﬁwﬁfﬁumﬂ
HICERRL, 7744z Mﬁ?é?ﬁfﬁA%W%Lt.:@fﬂﬁﬁA@,%ﬁﬁﬁm
£oT, YTV YT V= EH VT VIR ABIENTED. Ny — RO ERT
i1, nmgﬁnmmzﬁﬁmﬁyfuyﬁu~b%mwt.Eﬂ@ﬂﬁ%&@_ﬂgmm
THho7-.

4.4.2 ENEZZ2— X5 LORET(L

ME%L?—91?Lﬂ@%%&iLfﬁ%ﬁﬁLtﬁﬂm&%iTt,ﬁ%&ﬁ@&
ﬁmt.N?—y%mwﬁﬁ%ﬁﬁkau.mﬂ%ﬁyx%A®&WKWK;%Mmﬁﬁ
&$§<L&Hn£&%&m.%@tbuﬁﬁ%&kLTﬁ%w%@%Wﬂﬁuﬁﬁéw
%Lt.:@%m&ﬁnétmu,uﬁumﬁéﬁﬂ%:&—&x%hwﬁﬁﬁﬂw KR
%ﬁqt.ﬁ%W&A&W%KmﬁﬁM%ﬂﬂLutb,mb%mw%%%ﬁ%HMLt.
zwﬁWmﬁw&W%ﬂmLt.mﬂty%—wﬁbbx,4@@1M}®&m&ﬂ&ﬁb

-ﬁf%ﬂtﬁanFQTUvﬁimwt.3%33K3ﬁWWHMLtﬁXEFm¢ﬁ£:

38




R, BROHEARRZ 0 E Lz, 79780, BEIEROLALS 4 55 5 H©K
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4.4.3 [EHEZ42— X7 LORBEREIRIEM

IENE=8 — TV AT ADEBEICEME, 1kHz THaE. THRUTOL 1L TkD

/s H"./.J"ﬂ‘-’—' = e 1-5""4’5\07).}3-3”&& LJH Von, I+ :U‘L" S e @ J(&ﬁ —fumm[“]:ﬁ@[".l B

BRI Lo THRES. ETRRLEHIC, EHLVH—DEtEiR# 1 kHz TH o7,
Z T, HiRLBROBEEESFETHFHXz EE =204y P PSAL T, function
generator 25T HIEZBERZ V7Y MRS ANI L7z, AWEBEOHEERYZ —EICLT, AN
BELHNEEDL (gain) DEBRBEEKGFHELZRARL. ANBEEOEBEEEELE R

imgm”mQW%ngm+ﬁ:ﬁ¢.M;b,ﬁmwﬁwgmmilmh%tbm%my

\

AT LA, COREIL, IDEMDBLZF 1kHz THAEZ LD A -7,

4.4.4 ZTIT[IEEHDEED calibration

NG — Y DRBAEICBIT A, ZRDEAEN 2272012, BAELEHHEEOM
eI HEMRL KDz, ZROEAFENERENE=Y —V AT ADLELNZEE (0
25 10V) POHEIELZTIUT L2200 THE. COFEEITIT-DICLTIIRTH
ET, MR EXUEDORR LT R TR M2 ko7,

ENE 7= ENREV AT A F 2 —7 TEEE L2, By THDOKE & AOAE
wﬁgmﬁélmmm%ﬁf%Amot DD LETDFEZEITB L £ 0.01 kPa
ThH5bH). COKNECEI>TELBENZFE L. COENZ, KEEICKDEBES
RLETRKOOLNS, AV T ORSEEZR-EEOHNETERTEE L. EX4%2 2T 30
ROt ZITo7:. EBEEELENOT Oy b L-#55% Fig. 4-7 IS8T, HHlEEEDR
MIEOMRICH S Z EhDh oz, BAATREEZHVT, BBRHEMEZS-. HHE
Zz (12 bits, 0 <2 <409 ) JEN%R y 5 &, ZOHEMGIE,

y =0.977142 — 73.124, (4.1)




THAH. ZOMBOMBEREIL 1.000 TH B, KEEZHMELTTOLLEE (AT Dt
DTV ER) DIENDELDHL L, BRASETOLEE (AyT%5|Xx EiFTw
%) DENDEALDMES T, @ (EXF Y R) BEDLNLEDP o7 R (4.1) 2 ERD

FEDBNECH W,

CDERBICBTBENEDOELICOVWTEET R, Ay TOESILER L XOFEE
DERZ—HTTHo7:. ZOZLiF, ZROMEDT TRV LER2RLTVA, FhE
Y —ICHET ZEROBESTFITENZ L1, FEFICEIVICEET 5 2RO
TICENWZ EZERL TWA, JoTHEIE H—IcBITA% ZERDIES) % Hele-Shaw v
WDZERDIES EF 2 T LW,

4.4.5 EFFE=SR—EZT LA

RCHRONBRENY — V%, EFAE=S— VAT A EBAVTREL:. EF4 7

A7, EFFavbua—5—, FLT, N—VF+ VAV ¥2—%—T UEFFFE=4%—3
AT AxfERk L7z,

€74 % 27 (SONY, CCD-V200) %#EB3EED FHICREBLT, /39— ORMZAL
ZELER LTz, ETFAH AT, 383 MEDHBHE CCD 2HHL TS, ZR* ¥ EATS
AICET A A AT OGE 2L, HAZHIEL-5 L THELKRT L.

ETFE=8 — VAT AOEELRFFMIE, BRLAEGEE 1 7L —ABTTI Y hO—)L
TEHILILHD. ETAIATIE1IBMTI0 7L —L20RE*THIDT, 7L —2DfH
Mmlﬂ“ﬂ[”%?zU@)T%%.E??ﬁf?K;OfEﬁLﬁﬂyh?%,EF#H
~ hH—7— (SONY, CVI-1000) THlfHI¥ 27292 IBM PC-AT 4 (MICROLANE.
80486DX-SC) ZfEHL7z. EFFA b 0— 70y 5 A LEENY AL T TS S5 A %6
B35 72812 Microsoft Windows 2 OS (T L7z, 2LT, =0 0S FTEiE+

AEFAa b a—7ul a8 L7, ¥FF+ a2 b a—51t RS232C BF% 4 -

THH, RS232C BHTANESNS VISCA EMETNE a7V FHERICE > THMET A =

EDRETH S, ARICBNTHERLA-EFF a2 ba—7us 5 At RS232C F—
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4.5 EE
4.5.1 EBROBE

Hele-Shaw LIS L - HRICERZEAL, 2R EEROEROKE R HE
Baito1=. 2 ﬂnHAH;-MwﬁﬁéﬁLf-ﬁ?%b,ﬁﬁﬁjyﬁn—wﬂﬁx—

9@@&0?%5.:@ﬁxu;of%&§n5.Kﬂtﬁﬁ@%ﬁ@&ﬁﬁﬁé,tf

TEZY -V AT ARHWT CHRRIE L7z, MBS, ZROBEAEN%, EHE=S—3 AT

LW TEEgR L 7= Ek&mwé;tf.%LDF4T®H9—>%&ﬁﬂ%§ﬂ%t

4.5.2 ZEBROFIE

;mg@*ﬁiurtﬁgTWfﬁﬂf XEDFIEE—FEILTBl o bii 25
DEBNEZEZZ 2 L CEETH S, | Coic , RERZAT ) IMEML LRI, Fhe=4—
92%AKMM&&ALE.1Tm_tiﬁt,mﬂ%:5 VAT ADEIIBEET B
I TICB L Z 3 MM E L 72DTHB. RIT Hele-Shaw + VAT | I8 X NsxrHic
CVONVEEHHEE L 72, 2 L CEER S8 /-, CITRERDVEBL L L, EROBR -
TOBRTHHEE LIS L ﬁ:&&ui.ﬁkmﬁﬁ DFMNSEE L O THTIEMICA
NS, RELVIVITH LAALZHRT, ZA_—H— EHwD 4 DODRBITEN:, ZDEE. 2
R—H — DT _U»ﬁ%@%ﬁu%h?émixuf.ﬂﬁx?yuwm%xd—

Y —D EIcEWT-, :wt§,77tthbﬁﬂwmu?ﬁwf LRWE ) ITHESES L7

.2)
LLEDFIEORER, EX%F8i L7 Hele-Shaw IV A55e% T 2. XK % STAEICEL L 7=k
RBIZTa72012, &w&x%ﬂ%ﬁLt.x%W%%ﬁﬁﬁ?,% 7 Hvm D ) X\ %
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WWﬁ!:MﬂTa;ﬁummLt_mﬁf =V ATADT OS5 Ak s 15T,

7 7 -'7)?;}5\“;”' "i’ {;}I‘ffﬁ L ?!;L. CFa=2 Zuz et ] E* i V7 ?‘?J”J ’ ;{_ f{l?; W JL
zR AL,

/f»%ﬂb&J@éWH%:i%ff%ﬁﬂﬁ.@ﬁ&ﬂk 7 7)) AR D8 % 1R

LTHEAZRT Eﬁ.:wxﬁ&%ﬁw%%m,%mw%%%Lt.

4.5.3 FHFEDEH

%%%W%M-u?atmu,ﬁﬁmﬁﬁwﬁm ST RTDEBRTRE —TRIF T 5
V. T2 FIEEF WCLTEELTEBA Ve, £X% 3k;faﬁ)¢§§¢%&»L§ﬁL
AT $Hfi;aawtwa,uF@;ﬁ&:tﬁE:%.Ek@@ﬂﬁ%ﬁﬁ?%a:,
%wuﬁLgAﬁ&?,ﬁ&%ﬁﬂ@tmu%kﬁ%ﬂm%@cLf%hfuiﬁ.ia

-

B HIAE X 2 & XK 13 SEWITHE LAGRTICE L LT CLE). ZOFR, iz LA
&%umﬁ}$y%7_7ﬁ@%§nfLiw,%Kﬁﬁﬁmﬁ%&w.:@;5&wm
@tbﬂ%,ﬁﬂﬁ@®$ﬁgﬁlH-thﬁ(’P”ﬁﬁﬁé%

EROVEBIE, LFOFMECHFo7- Figure 4-8 ICCDFFED 70 —F 4 — p 257 L7s
ﬁk%*k@%%ﬂﬁ%Lt.%k%k@ﬂﬁum,mﬁ@%%?ﬁwt???»ﬁ%f
KEEMV. Thb28—p—nh TREL, TIRETHELL 2 LD HJNE L THES
g S -7, %ﬁ%%&f%ﬁfﬁ%ﬁt&ofﬁﬁﬁﬁwK&oﬁ@%%%Lf,%%
%@b,iﬁﬁmmLf %Mﬁ<$ﬁmMLtﬁﬁ,Wﬁﬁ%ié%ﬁ,?7UWﬁﬁ

WSR2 LAAT.
4.6 FEE

4.6.1 BERL/ V42—

FoHPEA| TR L 5‘5”(70)/\9——/1{;;&;@%%‘: 1. DIy — S EREDT | AHFTE

DERICL >THEIN /vy —> i&, viscous fingering, single plane cracking, viscoelastic
= 5 g gle | 5




fingering @ 3 fi¥iZ 478+ 2 = - CASU]HETH A. Viscous fingering (3, chapter 2 THiHH
L7z, WtEAS iz A =X A BT WREINS =20 THh A, Shle plance cracking {3
fracturing ASXACH 72784 — o T, Chapter 2 THHEHL 7> hydrofrac turing HR D Z L T H

B Ty = Bl

A. Viscoelastic fingering (X ;[”]\DJ\,;;&* CHITCIZHER I N8 % — YR TH S, Z DEE;

%

;ﬁwana—ym%&mm.@’ﬁ?;au.magﬁﬁﬁ Z# e R-LTwa, 2

D7zHI, [[] - EERIAL: ICBVT Y, [—jhE EX LD/ — s AT Tt w,

LBL, BNy —2it, HIS, 3205 47D FRHDMS HHE L >TWBDT, 4
mxﬁ%ﬁéé.uﬁx:w3o@947®N?~>®£W%&(%?i ) RSO L

T3

4.6.2  Viscous fingering

RPERIC R 2 A LT & L ZITHNS viscous fingering 2 DEERRICBWT Y AE X
N7z, ERTHOSH T MR viscous fingering DB % Fig. 4-10 |27, IR L7
NG — Y DFEBRGEMIE, FERIEE 0.1 wt.%, HEAIET] 3 kPa T# 3. Chapter 3 Tfio7-
RRDBIEEBRH S D b1s LS| i<, RROBED 0.1 wt.% T2 2 ShiE, WEDSH L bh
PIZIENTH 5, TDZDOIT, FEREFEIE N L - X |2 viscous fingering "R 613 & &
BAEZICHBETE S, T4bL viscous fingering 25K, 5 %13 B DIE, FERDEVER MG A
RSB THEATE 2130/ 8 VIBa<TH 2.

MR THEI N, ERIZESNS viscous fingering DFFHICDOWTLLIFICEET. Vis
cous fingering (Z5EVmARE & A, Sk ( tip splitting) B L2255 RICH 7 B B
DIzDIZ, [Fl—DH A4 XD single plane cracking (&) |2~ 2 E, ZROFEAE ISR
DHTEV, TIPS, EROZEMHTHETH 2 L 1 IMRICL B, stk
Wz B D viscous fingering & DiEWL, Scispsay LS 22840552 > & THA.
AU chapter 3 TIT o 7-BBERS S 3 LDBB LT, 0.1 wt.% DIERB NS5 B

HPHAL L TOMEER-sTwEZ Lt 2.

RKIZ, viscous fingering DD — 2 0 % IC2oWTihR3, Figure 4-13 {2, T D




B D R r v F %74, Figure 4-13a D & 52, HEAZBESLT2 L4 2, HEOER
PET 5. MEOERI S 25 BEOKESETCHRET 2L, BRREZERT 2, #
DfF % Fig. 4-13b ISR L 7= REEKT 5 £, ROELGD A BRI E L Tw
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4.6.3  Single plane cracking

Single plane cracking 1%, 5|%ZX |12k 5 THKICEET 2/ — THha. Figure 4-11
S, SO — DML B % R KIBGML, FERDBED 0.2 wt. % , ZERDIEAN
HEJI% 1.5 kPa TH 3

Figure 4-14 (T single plane crac king DIERD Y — 2 L7 20N %74, FER DSy
FHTH ) VIR EUDI BN & o, ZEXRDIFEADBER BT BBEROITH 0%
bHb. EDIOIT, BWRIZBT 23k N DGAGNNT BRI HEAHEAE L% o, L2, Fig. 4-14a
umutiﬁu,@%ﬁt;OQM£@A%wSﬁﬁﬁéék%w%ﬁmﬂﬁ KhT5. £
C’B%F'f.ﬂﬁ-. Fig. 4-14a ISR L7 L)1, Bhridh L7245 o 7 O W 3 5553 D A ASEIR 12
RELTWE, o TR L2, Zhi chapter 2 T/RL 7= hydrofracturing T
%. Single plane cracking DL AR 2 Hh) X, ERICE-TRL 3, U, single
pmwwmmm@%ﬁﬁ%a,U&o@ﬁmmwﬁmm&&ﬁﬁ,H&—y%%&fﬁ
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4.6.4 Viscoelastic fingering

Viscoelastic fingering 12, 4D EBRTIL COTRREN:, HLws L TD, 34 —
Db, TDINY — ~ &, single plane c racking & viscous fingering DWHE % S5bwi-TH
N, SOEI=DDI F— &0 Y TERER R L TW5, IR viscoelastic fingering
DING =% Fig. £12 ITRT. TONRY -3, RRDURBES 0.2 wt.%, ZZEDMEATE
115 3.0 kPa TH 3

Viscoelastic fingering DZREM 7 K11 L FIRT 3 ETH 3, a) ZRAED IR D ER D
m%ﬁk£<m&wmn$ﬁ@ﬁﬁﬁﬁ%w,2%%%&&&?%6.‘ﬁ% BN TH
(&= SRl B BUWSKRERITS. a) %% single plane cracking & &{bl LB cHh2 DIz L
T, b), ¢) %, viscous fingering (Sl L 7=t ¢% 2. D7z, viscoelastic fingering
(%, viscous fingering {Z% single plane cracking (T J& & 7 WRETH (K | 2 FAGH LY
AT DG~ fiThr 22 bns

Viscoelastic fingering DB D #IHAEE PEDRHLIE, ZZRATEALTHL ING =it Liop g
BT 12 5 CHERT “E2HK étaéifa,ﬁ+@#@é:tﬁ@é:tﬁ%ﬁaha
CDME L single plane cracking DIFAIT B & & nN:-b0ThH3, Viscoelastic fingering @
SEIC b, BROBERER ZERDIEAIFS &, B RRF D B EIZBD SN o 7 [@]—
Hpﬁﬁ—&ﬂ?}~?%mwfﬁ,i%ﬁ R%B
Figure 4-15 T viscoelastic fingering 0)}&}_{@%@)&[,4‘?_’4?“31* COE % D & C e,

viscoelastic fingering DEEED > — FX L RNCDNAT BT 3. Viscoelastic f-fllg(?‘l’ing DL

RiZ, MR EVERE D/ 5 — 2 \ single plane cracking ) 2584F 3. =08 e ok




Z Fig. 4-15a (7R 9. Viscoelastic fingering D b AAICEBIT B /54 — A3 single plane
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REEIR 7 — iz B ERLHR O 0% Fep DLIZDIZOMEDERITEEcH 2
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EBRLTWEAL » Viscous fingering 7>5 single plane cracking NE B L Tw ¢
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-5 t
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Viscous fingering

Viscous fingering DI DR it BFEOFAE L b 128tz = & THERRL /=, AAfF7E %

r 1 ™ EFIL 7 .| ¥ . B, A it T 10 P
Paterson [12] D7D L > 7 %, BRDLBW viscous fingering DG4, #Hk0 ) R

B
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1) TEEINE, Zox, SEIEE X N7 viscous fingering J);"L:’rru@'yfl.%‘f)ic?i;. |

s gt 1 Y EEZbLA, Figure 4-17 , 4-18 |2, E FE SONCE ’Q){["rruﬁr)kj'ﬂ}g)t\,u.@”{t
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78y b LI2bDEFES. Figure 417 DRBFIIE, "BROBEDS 0.1 wt. % | 2AD
AR 1.5 kPa TH 3, Figure 4-18 DEREMIZ, R DBEEH 0.1 wt.% , ZERDIE
AEAS 3.0 kPa TH 3. it Fig. 4-10 IR L7288 — Y iz nwT ot B Canbd. Fh
TUDHIZ a IC normal scale plot , b (T log scale plot %77 L72. Normal scal e plot 7»
LD 5 L ITEERT Fi iy, RERIDREB & & B ICR R ST L = & VR TE 72,

HIZE S N7 HARAS; (2.1 ) THEER LS~ 3R & 72 5T ADP% log scale plot 7*

S

ORERL7C. KmOBERIZZ ¢ ORETH - EVDR oIz, EBOF— 5 i1zonT
log & & o TR/MN k% VT t e BERDDE 0.5 + 0.1 BHICFRTHF— )
o7, ZOMOMBRKIL 0.94 BT 7,

DDING -V HBTHE, Ehick-T tORKA R B 2k BOBP5S. FEAFESD
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LEFERLTWA,

< CT, Paterson [12] 29T o 7= EB & A% & Tz, ZRDEADRMA R 2 2 b2
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Single plane cracking

Single plane cracking DJEsg DR X 1255 CHBILTWwBZ & 2mR L7 Figure

H19, 420 48, RIS T 2 SO O R S 02k E 7oy b L72bDEIRT. Figure
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20D EERSEMEIL, KD, UREEDY 0.2 wt. % . 2t ERDFEAESID 1.5 kPa TH A, e\ 3E
EDFER, O EEEDNTI2 TBICLd t ICHBILLERETH2Z L05bhor-.

X (2.3) (L g, hydrofracturing DSEimDEIL, 1ZI2TEA SR (Z 605 5 Wit
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Vvt :;, .-..l\ L ﬁfri.ﬂrd—i—%

Viscoelastic fingering

Viscoelastic fingering DIeim DFEFIMLD 2 WD/ 5 — >V LIZRR Y, 272o0R%E 2
BOREBREF O EDDNG -V THLNE, DEDL single plane cracking & [A]REICHFA
KR%L&E?%%O?(fwﬁ&ﬁ%é.éﬁOto@&EMEé®%ﬁ&ﬁm&ﬁ?
S ATDORETDH S, FD7I-8 viscoelastic fingering D DELEIE, Dk S 2B %
S DD D o 125 & | R oI mICHOETX 5. DR R, viscoelastic
fingering DD ¥ — 2 L ADFHH TR 7=HEHSR Y LTV 2, Thbb, i
IR S ST FoliIC DV TR, SHEDBRIOEREREDT D2, BXOEER4E
5%, Figure 4-21 5 Fig. 4-24 |2, BERICHT B LBOMBOE X O AT 1T v &
L7zbD%7/RF. Figure 4-21 & & Fig. 4-22 [ER L85 — Y DRAe B B0 47 LT
2. Figure 421 BRIHEAHET %o OB ETH 5. M, Fig. 4-22 135EHE,
SO DIKETH 5. KEREIME, FERBEN 0.2 wt.% , ZEDEASESNH 3.0 kPa
TH%. Figure 4-23 L Fig. 4-24 BE—D/NY — 2 DFRA 2 EBOBGOE S 27754, &
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RSN o 72580, Fig. 4-24 ROIERR S -k icontor oy P THB.
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DING =BT BFEARDOEEICIZTERSH S, TOFBELLUTICRT. 7L -4

T, Wfss OHP Y— MICEERBGEEZ P L —ZA L7, BIO7 L —AZx L TE¥EL 7248

W% 2 mm x 2 mm D HHEH T box counting L72. Box counting L7=&R%, &K (B

LZ4/5) 2bEICLT, EBEOEMRICHB L. 7V—ABREAVT, 7L —4Z
FOFEARE LTRINTW T — 7 2R 18) 20 0FEAR (FEARE)

AT 16 1 o nd=+ 1 ) <+ ¥ ~, 7 1 + p= 1 = Pk \{.- oy L 33 ln =<+
4-IC.T‘);' A IJ&'J 0] fﬂw 'k::';l‘ok 'rJ /N l’? — & fu{i:'ﬁ. /f_"i%ljn— @k :’ﬁ.. H‘{_‘I”mHuJJ{EUr) - 'J (&)
: - " . \ f ‘ : . iy~ fa fae T\ A .
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cracking i& 4 7 L — A (2/15 #) HIZ box counting 241To72. UTFIZZFOFERZMRRE.

Viscous fingering

Figure 4-25 |2, viscous fingering IZH 5 Nz ZERDFEARDOREHZELEZRT. FEARIT

FFEI & & HITEML TW ALY, RIS —EILTETALIDEEZ NG, FEAEEIF—F

CHET AL L, FmOEIH 2 ICHBITE LI BEESDODNE I LT, & (2.1)

Single plane cracking

Figure 4-26 (T, single plane cracking (Z& 5N BRDOFEARBDRMELERT. FA
DAPIZ BV TR IEAREDOHIMA A bNzd L, EARFEIT—EICEETLLDL
#ZZ b1 A, Single plane cracking DA, D EFIZFEARICEHFA L TVWEDT, 1F

S B %D L L, TROBED—ETHD T LIEFHLE .

Viscoelastic fingering

Figure 4-27 IZ, viscoelastic fingering DZERDFEARDOFERE{L2RT. k& LTHE

ARFEISIEIMEMICH 5. FovmDIEIC X 2 28R EREOHEIGS, MEIRDONE, #
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Figure 4-1. Schematic diagram of experimental system. An rectangular Hele-Shaw cell (
250 mm x 250 mm) is placed under the CCD video camera/recorder that records a growing
pattern. A diffusion type semiconductor pressure sensor is used to measure the injection

air pressure. Time evolution of the pressure is recorded in a computer via 12 bits AD

converter.
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Figure 4-2. Schematic sketch of the pressure generating system. The air in the cup is

applied by excess pressure. The pressure is controlled by changing the depth of the cup.
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I'igure 4-3. The pressure of injecting air is plotted against time for typical three patterns.

a) Single plane cracking. b) Viscoelastic fingering. ¢) Viscous fingering. The detail of the
difference of the patterns is in Chapter 4.




Figure 4-4. Wiring diagram of pressure sensor and amplifier (after, Onodera

The resistances of common values are selected to be
racy of the order of 1 0.

and
Tagano [26]).

same with an accu-
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Figure 4-5. Fluctuation of the amplifier. The electric circuit reaches the stable condition

after three hours.
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Figure 4-7. Calibration curves of the pressure monitoring system. Small pressure range.
The regression curve ¥ = 0.97714.X — 73.124 is determined using the least square method.

[ts correlation coefficient is 1.000,




Weighing agar powder and
hot water.

;

Mixing them in a beaker.

;

Boiling the solution until 1t
becomes transparent.

Y

Cooling the solution at
room temperature.

;

Pouring into the Hele-Shaw cell.

;

Keep 1t rested for three hours.

Figure 4-8. Flow chart for sample preparation.
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Figure 4-9. Schematic diagram of video control system. The video player (SONY CVI-1000)
is controlled by IBM AT computer via. RS-232C. Even one frame of video image (1/30sec.)
is controllable by this system.
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Figure 4-10. Example of viscous fingering. The experiment is carried out under the con-

dition of 0.1 wt.% agar concentration and 2.0 kPa injection pressure. agar concen

tration
and
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Figure 4-11. Example of single plane cracking. The experiment is carried out under the

condition of 0.2 wt.% agar concentration and 1.5 kPa injection ressiire.
8 J
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Figure 4-12. Example of viscoelastic fingering. The experiment is carried out
condition of 0.2 wt.% ag

under the
ar concentration and 3.0 kPa injection pre
) J I

ssure.
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a) b)

Figure 4-13. Sche e sleats ; g _
= - Schematic sketch of the growth sequence of viscous fingering.
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Figure 4-14. Schematic sketch of the growth sequence of single plane cracking.
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Figure 4-15. Schematic sketch of the

growth sequence of viscoelastic fingering.
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Figure 4-16. Morphological phase diagram of the experiments. The control parameters of
the patterns are injection pressure and agar concentration. +. Viscous fingering: O, single

plane cracking: o, viscoelastic fingering: x, no pattern is observed.
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Figure 4-17. Time dependence of the length of the growing tip of viscous fingering (1). a)

Normal scale plot. b) Log scale plot.
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Figure 4-18. Time dependence of the length of the growing tip of viscous fingering (2). a)

Normal scale plot. b) Log scale plot.
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Figure 4-19. Time dependence of the length of the growing tip of single plane cracking (1).

a) Normal scale plot. b) Log scale plot.

The growth rate (velocity of crack tip) is constant.
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Figure 4-20. Time dependence of the length of the growing tip of single plane cracking (2)

a) Normal scale plot. b) Log scale plot. The growth rate (velocity of crack tip) is constant.
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Figure 4-21. Time dependence of the length of the growing tip of viscoelastic fingering (1).

a) Normal scale plot. b) Log scale plot.




a)
_f"‘} T T T T T T T
o
-2
60 F 1
-]
[
M 'k 1
]
! <o
2 40 + ¢ 1
< .
§ 130 .
20 F ° -
-3
<
10 F -
{} L 1 1 1 | L 1
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
Time, s
b)
100
(-]
<
-
9>
Q
-]
B °
;. °
Eﬁ 1
°
>
10 .
0.10 1.00
Time, s

Figure 4-22. Time dependence of the length of the growing tip of viscoelastic fingering (2).

a) Normal scale plot. b) Log scale plot.
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Figure 4-23. Time dependence of the length of the growing tip of viscoelastic fingering (3).

a) Normal scale plot. b) Log scale plot.

Time, s

1.00




70 T T T T T

d

60 °

40

S0 .

Length, mm

20 ° -

10 -

0 L 1 1 1 Il i

0.00 0.10 0.20 0.30 0.40 0.50 0.60
Time, s

b)

100 I:
[ ° ]
! ° j
>
<
g
5 10 F ’ -{
oG
::J: o
: . |
0.10 1.00
Time, s
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a) Normal scale plot. b) Log scale plot.
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Appendix A

Viscous fingering
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Figure B-1. Basic elements of viscoelastic materials. a) Dashpot (0 = D¢) represents the
viscous property. b) Spring (o = Ce) represents the elastic property.

=




IFigure B-2. Simple models of viscoelastic materials. a) The Maxwell fluid. One spring
and one dashpot are in the series. b) The Kelvin solid. One spring and one dashpot are

parallel.
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