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Jirayu Kongsomkaew 2009: Surface Wettability using Contact Angle Measurement of Mixed
Nonaqueous Phase Liquid Contamination. Master of Engineering (Environmental Engineering),
Major Field: Environmental Engineering, Department of Environmental Engineering. Thesis

Advisor: Assistant Professor Cheema Soralump, Ph.D. 110 pages.

This research was conducted to study the wettability of solid surface from the digital image. The
change in wettability was measured by visualizing and measuring contact angle with Adobe Photoshop CS2
(trial version) program. The contamination in subsurface is NAPL (nonaqueous phase liquid). In the field,
NAPL contamination could be in the form of mixture between light NAPL (LNAPL) and dense NAPL
(DNAPL).In this research, toluene represented LNAPL and trichloroethylene (TCE) represented DNAPL. The
silicon wafer and quartz wafer were used as the solid surface and represented soil surface. Because of, Silicon
is the element that meets the most in the earth crust. The study consisted of 3 parts; TCE and toluene
dissolution, the surface wettability when NAPL adhere to the surface surrounded by solute NAPL only and
surrounded by mixed NAPL and the surface wettability when the surface has contaminated with NAPL and

the surface has no contamination surrounded by air.

The cosolvention of TCE and Toluene in the water compare with only TCE dissolution and only
Toluene dissolution was insignificant different. The cosolvent and pure NAPL dissolution were dissolved
until the concentration into water reach to the solubility in 1 hour. The contact angle of TCE and Toluene on
silicon or quartz surface surrounded by liquid. In case, one NAPL contamination on silicon or quartz surface,
at the beginning the contact angle of TCE NAPL and toluene NAPL were considered strongly water-wet with
contact angle less than 65 degrees. And the case, mixed NAPL contamination on silicon or quartz surface, the
contact angle of TCE NAPL and Toluene NAPL were considered intermediate wet with contact angle 65 to
105 degrees, when experiments proceeded it was found that NAPL could make the surface properties of solid
surface change to strongly oil-wet and after 756 hours, it leveled off. And quartz was water wetting solid more
than silicon. Hence, the images were taken until the contact angle leveled off. Mass of NAPL was decreased
and small. Because there was mass transferred in the experimental system. That NAPL could make the
concentration and contact angle change. The contact angle of water on silicon and quartz surface has no
contamination surrounded by air. Contact angles were measured during 155.4 to 168.1 degrees. The surface of
silicon and quartz was hydrophilic. And the contact angle of water on silicon and quartz surface has
contaminated with NAPL. Contact angles were measured during 107.0 to 115.6 degrees.The surface of silicon
and quartz was hydrophobic and silicon was water wetting solid more than quartz. The result was found that
NAPL could make the surface properties of solid surface change. So the wetting characteristics could change

when the saturated soil had NAPL adhere the surface.

Student’s signature Thesis Advisor’s signature
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5 _?(NKING VAPORS ToP OF

—Z_ CAPILLARY FRINGE

3~ WATER TABLE

DNAPL LAYERS

LOWER
PERMEABIUTY
STRATA

WATER-FILLED
PORE SPACE

v Y
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31: Mercer and Cohen, 1990
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M319N 1 Anuaselumsazaien (mg/L) ¥®3 chlorinated solvent compounds ﬁqmﬁﬂu

U

2383925°C
Broholm and Feenstra Horvath Mackay and Shiu

¥iavea1sUsznou (1995) (1982) (1981)

(23-24°C) (25°C) (25°C)
Chloroform 8700 7920 7295
Carbon Tetrachloride 780 793 1000
1,1,1-Trichloroethane 1250 1495 720
Trichloroethylene 1400 1100 1050

131: Pankow and Cherry, 1995
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3 A a3 ..
3) ANUANNIDENILIAY (salinity)

4) #15Nazaly (dissolved organic matter)
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WATER WATER

SOLID
DNAPL

SOLID LNAPL

4 v @ { a < 2 oy
MWN 7 YuFuAaUes NAPL Uunuiveaudsdidonsoudieni

v o o o Jduo @ a\ ~ . 2 £ )
YuduRaduusnuaNuauMlaais (capillary pressure, P, , N/m") Fuduaimmua

q

9 ]
anvaznsUwtlouves NAPL Tﬂﬂmmﬁumﬂaaﬁmmma%ma"léfﬁmumiﬁ 4) uag

awmsararss (5)

P =Py -P, )
20,y cos
PC :( NW ) (5)
r
P, = A7MWAU NAPL
Y

P, = ANuAUIN
r = Safvesreeineiiiieg uag NAPL Apaunsnai1u (1uas)
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cﬂTlNﬁ 8 NITLUNTNAIVDI NAPL TEHINUAAULAZ U

fn: Chomsurin, 2003
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d‘ [ dy QsJ‘ Q' o Y g’ = =
1NMNN 8 uaasanbueNsUuouvos NAPL Tudusudifiei U NAPL G
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U) YIS INFOIINAY (7A1) aBNTDUAIYUT (FN1)
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Y < . 1 (K <
younadny Tuanavedwewianieved Inady 9 vounardIuNINIZBAINIZBgR VBT
' @ < 3 Y a a
159999A5¥ NI TUIANAVOIVBUNAINUYBIAL  (adhesive force)  VUBYAUANNYBIAIN
duid 81 adhesive force WINNIWITIAIGATLHIOYNIAVBIVDANAIAIUNY (cohesive force)
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ﬂl@ﬂlﬁﬂ]ﬂﬂ%ﬂ58il”lfl@]fl@i’]ﬂuag‘i/]ﬂﬁlﬂjﬁﬁﬂﬂﬁl gn AN cohesive force WINNIT UBDILHAD

[
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TaomsuruoavouradInenanasannsan lannyududa  (contact angle, 6)

wettability 11148190119 181510 (Xu ez al., 2006)

v v
1) @enim3e strongly water-wet, 6 < 65° A40INN 9

2) AonHanmse intermediate wet, 65° < 0< 105°

v v
3) iTJon1iaiunIe strongly oil-wet, & < 105° #4a1NA 10

W

H o o { a < Ad J
MW 9 yuduAauod NAPL Uuiuavewdaiiily strongly water-wet dousoudaeti
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H o o { a < Ad J
MW 10 yudUAAY0I NAPL UuNuAvewdaiiilu strongly oil-wet dousoudioti

Fennes savesyududAaauaaslunIni 11 iensareveuaINoguUHITZ U
. v o a 4 A ' A A a
1UIUBY (horizontal) YNdUATITINAYU IUTEUIDNBYTZHIN 3 e WariNlSnsves
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@n Aan i 11 b) S ldyududadisniesas nasonivanlsmasveaunarlunoady

[
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a

HOALAY AIATNN 11 ¢)

a) b) C)

MNN 11 FANOIFAVD I TN
fn: Bikerman, 1970

9INUIV0UDI Bikerman (1970) yuduian lasumsimulsiasvesnea Gani

. Yo o J A a A d? o Y

advancing contact angles LLﬁz%ﬂ%ﬁi}l)ﬁﬂHm 0, eolSmasveunaunnay M linea
9 v
Younaiunszeileen Tagtnavziiainmsnszunn manszann ldidunegun
J A Y a a A oy Y ! a 3 o o
szuTendN 3 e Audesunamanlasu Tagdudr 1 Tuszrdeiivesvesndsiueinis i
a a <3 § A ' < T . .

THIRAu01HAINTZWeONUUAIVOWTT FUNA0E 1959152921580 11 maximum advancing

R a ~ ' . Yo o 4
angle uamgmuwammiaﬂﬂimmmawaﬂ 138071 receding contact angles Glcmtyaﬂym Ox



[ F4 E4
Mooz UAs o na Tuiud uazyududaninaluilizond1 minimum receding

contact angle aanaasluning 12

MU 12 MoAUDUNAINDIININTZUTLRBYY o
fn: Bikerman, 1970
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IEUY yuduie
ﬂﬁ@@lcﬁ'—l‘i’%dodecane 0° advancing U0 receding
ud ’3-1{1-mercury 41° receding
1y ﬂ”l—i%—benzene 0° receding

far —‘Li‘”l -benzene 135° receding
1a ﬁ-li’”l-benzyl alcohol 122° receding
1 ﬁ—‘lj‘%ethylene dibromide 145° receding

131 Bikerman, 1970
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v Y
M3197 3 WANITNAROIYNTUATYOI DNAPL DUNUAIA T AN

A [
younad ey ludu IR 3 o
oL . WUE? AN YNFAA ()
IHBIAYINU
tetrachloroethene Ao APL 23-48
tetrachloroethene Ao 9101H 153-168
A = = K
tetrachloroethene N319 ottawa Nazidea laudaneny  1h 33-45
F4
tetrachloroethene Lockport dolomite iR 16-21
tetrachloroethene Lockport dolomite 21N# 171
1,2,4- trichlorobenzene AUt APL 23-38
1,2,4- trichlorobenzene AU ten 9101H 153

APL: aqueous phase liquids (water containing dissolved chemicals)
131: Mercer and Cohen, 1990 é}”lwiﬂi]”lﬂ Arthur D. Little, Inc, 1981
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2) CMOS (complementary metal oxide semiconductor) ldmaTuTag@edriunms
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9.4 ISO (international organization for standardization)
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A s ' d A P & A g '
A5UNT3ZMeds (VOCs) iHuasdsznoudunidissnnvilanszmetlu'le 1dde

=

a @ a J
Nganniuazanuaulnd Twanalszneudieezasuvssmsveu (C) uag lalasiou (H)

q U

[~ 4 @ % 4 [ 4 ] [ a
Wuesdlsznounan Feoniisgowiluenlsznousiudie wu eongu (0) lulasau

) Woavlosa (P) uazdalos (S) ianudu'le (vapor pressure) g4 il sziodin Taoiali

= o A 4 < J 9 !
umaimaqam Iasveuuesndsznautiosnii 12 azaow

[ a a . a a a
Hydrocarbons tenean Al uaisyilaue 15suudn (aromatic) azasyiauoaunan
. . a [ Y =\ = =t Y
(aliphatic) Tagasue Isunan iuwinlaseadruniineumiu 2ufedvsonats o 29 1aun
v I 1 3’ 1
benzene, phenol, pentalene §31a1T aliphatic (JunIn Inssasrunii Tsenmsedu 1aun
methyl, propane, ethylene W2n I3 192Uz gnMIALINN NN TR ea i1 Te
a S I o a 4 @ J
Vlas@eundatuarsnin hydrocarbons Waruiua1saunidveslulasau samlesuay
a = 9/09/‘ ) [ ] ) 9 3’ o < 9
ponFon § Idneglvesuna vourad tazvewds 1w unayedn Wiiuse auzaey 1Wudu
g v a o A . 4 A ady @
ueNNUMI 1Tl UAa Ny (pesticides) FuTluasdunddunsizn a3
91170 chlorinated hydrocarbon 1&un DDT, 2.,4,-D organophosphates, carbamates AUFDITEN

E4

mslsznniiddnyausmmiz@lne 1 aaosu (C) sxaoudununlalasou (H) sraou lu
Y

a A v o = = ' = ' dy 3’
T UNTYIUY TﬂEJ‘VI’Jllﬂ"ll$11ﬂﬂ@iuu”mﬂ’ﬂﬁuﬂ@%@mﬂujmaQa AT ATUAINITOAS YU

Y 9 A 1 g’ I ¥ 1 9 oy &Y % ) a =4
"lﬂuatmmﬁ]uﬂmw"luazmammaﬂ"lﬂ Lmazmﬂulﬂﬂ“luumu lllelI‘Iﬂ! HagaNINIacgaUNTe

A 1 4 =\ = A 1 Y] Y A A
DU ) I TU Vlﬁiﬂiﬂﬁﬂﬂu UAgATUANNLTDYTUIN ﬂ'e)"lamawm”lmmmaummm‘wum

U



24
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10.1) DNAPL (dense nonaqueous phase liquid)
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10.2) LNAPL (light nonaqueous phase liquids)
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135190 5 Toluene

Usziau S1eazoen

3 o 2

YaITYNOU methylbenzene; toluol; phenylmethane;
methacide
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9
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09’ %
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v I ] a ] A

AUANIA Wuveunal lilid Aalvlde inauadie
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g}d'g 9 v o a .
M3 lsnHaNg Y 1$duariazarelunsnan amphetamine,

cocaine, methaqualone, mecloqualone,

phencyclidine, psilocin
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uuadaaziuIuey ntuiran lduiinsdszutana TaeldT15insy Mathlab v.7 1o
ANFa1lsua
9 1 . [ 1 . R Aa o Y Aa 9 A 9
Nakamura ef al. (2005) @3191HY Si0, MuuAU TiO, dadanu'l3 A1 2 Aufe A
. . ! | C?" 4 ! $ . va I
Si0, AUVU 1A TiO, Aua Hudsukong (double layer) 4 Si0, Hamauiaiiy

[

hydrophilic tHP991NANNADYTVBINGN Si-OH Tur091190YN1IAY04 Si0, Tasliyuduidves

g’ o . I 4 . I o 1 . 1A .

i sio, iugudosn uaz Tio, iudus slumsniends (photo-catalytic) Ui 11AIVDI SiO,
va of { a A g’ ' e 1w oy %

veiinuantiaduiuiINyou1i1ee198 (very good hydrophilicity) tanasainventimiuasuu

a . Yy a . ~ A A oy 9 o ya

WIVUB S10, 1A WIUBN Si10, ?ﬂiﬂiﬂlﬂaElullﬂﬂ'lﬂW'Jﬂ“]ff]‘qulﬂ l!ﬁ%ﬁ'lﬂJ'lﬁﬂﬂ'lGlﬂW'JsUﬂ\‘]

. [ I . v A 5 . [~ .
Si0, nauN Uil hydrophilic TagaAuAI8MIINIBLES UV G3d0ail TiO, 1Tu photo-catalytic

Amirfazli ef al. (1998) JayuFUATA8ITNMIMOAUDUNAWDY sandwich (sandwich

drop method) LLAAIAININT 14
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Vacuum chamber

Heater / Drop
Surfaces
Windnwj . i
\ . Window
AN <UF =
1= H }I (] ——
. -
Light ~N . |4 Microscope and
source  Diffuser i Videocamera Computer

Motor

_g_ § WA‘ To Vacuum pump

Sandwiching mechanism

MW 14 MM INaaediayuduiafi835nseavounaMUD sandwich

31: Amirfazli ez al., 1998
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Mercer (1990) finymumunenuvesmadnwaudin1ila (immiscible fluid) Tu
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Lee (2004) finyIMsazaesauiuues NAPL luiin Tagld thermodynamic model

o a o a { 1 @ g’ o
AANIUNHANTINMIUINAVDI NAPL 2 Filanazarsduiulushluaanzauga duom
activity coefficient A1835M3 UNIFAC (universal quasichemical functional group activity
. o @ a { o VA 1 v 1
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v9q NAPL lwih efuiedanganssumsudaenddlumsazassiuiy Wa1se191nms
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1. 1504 gas chromatography (GC) U84 Shimadzu i: U GC-14B 7119 flame ionization

k4
o 4

detector (FID) AnAInBaNY SUS packed column (GC-8A) 3 mm ID x 2 m Unisole F-200 30/60

e

[

2 ao d
TagAgurgiail
. = A q 9 < % @

Injector 140 oasnaaiFoa 1o 1% TCE uag Toluene naeiilulold Tagauysal

Column 110 o3susaided 1o 1% TCE 1ag Toluene 1113 1ag column 111 TCE

= 1 v J dg’
118 Toluene mamagiu%auummu

= A q 9 9 4 19 ¥
Detector 150 03fuasaiFo 1o 11 TCE uag Toluene g Indi Tnoauysoinas 1uld
a 1 { 09.: [ 2]
TCE ag Toluene {iAN3AILMLUN detector LazA10A51M3 liavouna luTasau 30
Aa aa 1 = d! o Y d‘ =) =
uaaansneuIN ¥99:11119 TCE uag Toluene 8OAMINNANIZIA 1.5 W 1aE 2.1 W
o w o a P a a A a 4
(retention time) MUAIAY KNI IATIZHNNIAINIAINTTUAWIARON AULIAINTTUAAAS

PR HATAANT

3w ] A o a o o Y A a
2. Qﬂﬂiiﬂlﬂﬂﬁ]@ﬂ”l\ilwa?ﬂﬂiﬂ”lm TCE t1ag Toluene ﬁ?ﬁiﬂi‘]ﬁﬂﬂlﬂi@ﬂ GC ¥UA
1934 SPME v84 SUPELCO 1/52n81a38 solid phase micro-extraction holder tia¢ SPME fiber

assembly 100 um polydimethylsiloxane coating
3. yaudla (vial) wieurnasdtla uazinasudleuHy PTFE Y119 40 mL 494
. A & o A~ a ¢ Y 9
Cole-Palmer instruments 19N Ud108 1981 3azaeMaTon 1Ans1evranududyu TCE uaz

Toluene 11431 (mg/L)

4. 1WuAA gas tight syringe U9 Hamilton q'u 1750 TLL 500 uL SYR REV M
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5. FEARINYNTUNE (contact angle cell) ﬂWaﬂﬂWﬁ’]ﬁﬂﬂﬂgﬂiaﬂ gﬂﬂiﬂﬁmﬁﬁm

VWA 5X13X5 IFUANAT ALAAI U INA 16

1 e " a4
= UAUTAND ] m—

J s =t -

MW 16 s ayududaihalenaradneza3an n1eluuisya1sazato Toluene

[3

¥ v

Ayudulaved TCE DuHUGane Y
A 1 an d' Y d! (% dl
AauautinvewHuFanouN 19 1UNINA0ITUAAIAINIT1N 6

M319M 6 AuAVTARNIZVHUTANOU

Usziau 518azZ198A
Wafer lot no. QS16201
Grade Test wafer

Cz growth method

Orientation (crystal) 100
Type/Dopant p/Boron
Thickness (micron) 625425
TTV (micron) <10
Wrap (micron) <50
Surface finish Mech-Chem Polished
Backside finish Bright etched

Carbon content <0.5 ppm
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1 Aaa a 1 J a
6. UNUFAADU VYUIA 2.5X2.5 PUALNAT LASUNUAIDAY YUIA 2.2X2.2 IFUAINAT

1 Aaa A o Y Yo 4 = ad a J
uruganeuminnlslumsnaaesldsvnnguimalulad lulnsoiannsodingd

d! S va o d'
FIUAUTUUAAINITINN 6

Y [
HHUAIPATHNUTENATIANADA B110 MENZEL-GLASER, article number

BB 022022A1 YU1A 2.2 X 2.2 I5UAIUAT

7. NAANa (KONICA MINOLTA, DYNAX 7D, AF MACRO 50 mm 1:2.8 (32) D)

‘19}9) an o A9

#nd09A110010 KONICA MINOLTA Iagidenldauduilas DYNAX 7D N4

Y d’dyd 1 A A Y o3|
EJ”I’JTWﬂE‘T 50 mm LLaxmuﬁuumm"hmu,mmamumgimmuﬂu 1:2.8

8. ﬂauﬁ:}ma{uaﬂﬂmﬂm Adobe Photoshop CS2 (trial version)
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IEMsnaaeedIuil 1 msianimsazaleiilves NAPL

'
A A

A15ouN3eNn 190 TCE 1Wufumuve DNAPL 1182 Toluene U@ MMUY03 LNAPL
IATINAITAZABNIATTIUYOI NAPL Tagian NAPL U5u1as 50 mL Tuvianaaeduina 1,000

a

Y 1 Y Y ' v
mL 1559111080 950 mL wenlszanm 5 wiii uazasne ANgumvgi 25°C Uszanm 24 2 Tug
U [ Y Y
msazagdndIn ldazianududummsuaianuainisalumsazaieriives NAPL 17y Tag
[ Y
# TCE fianueninsalumsazaisrinmiiy 1,100 mg/L (Pankow and Cherry, 1995) 341
' Y Y v
A1522MEdNAIVEY TCE TANUINYY 1,100 mg/L Mntiuiiwauduiinau IagdSuniny
I
[WuTUn 1,100 151U 550, 275, 140, 70 1Az 35 mg/L 1ag Toluene HANVaNTalumMsazay
v '
WAy 421 mg/L (LaGrega et al., 2001) 34 laa13aza1edudIved Toluene HANNANTY 421
c?/‘ o % oy o [ 3
mg/L nauhuwauiviihnauIasdSuanududuann 421 du 210, 110, 50, 25 wag 13
& dagy
mg/L tazrinunlans i IasanTans i (peak area) U098150221001955 11U TCE a2 Toluene
A Y Y Ao Y I 1 =\ ) a A J Y
Aanudndundmua Taelddy SPME guluensazate 5 wii wazihlifadmazvidae
11509 GC 9218 peak area voauaazANMTNTY 11 11/a519n519A7 peak area BRI UAIANY
Yy 9
WY

a

a L4 g’ {
ANTIZHMIz81109 TCE Heda15:8e7 1150 Toluene 1iBAd51H8Y NQmnQil
Y 1
25°C Taei@38u TCE %30 Toluene 151105 0.2 mL laluviaussyiinauilsnag 40 mL uag
a { v o a 4 4 1
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2

a1 (#1119) Miun1dns vl (peak area)

1 511,845.2

2 544,041.2




auN1s y=0.0008x +22.436

o oA
AIDYNN 1

UNUA y =0.0008(511,845.2) +22.436

y =431.9 mg/L

A9e19 UM IAIUIN

1. MIawIoNasazaly TCE Tumanaaoimsdayuduna

TCE (C,HCI,)

Pankow (1995) Molecular weight (MW) = 131.5 g/mol

Density =1.46 g/cm3
Solubility =1,100 mg/L
% purity =99.5%
31N
NV, =N,V,
N = % purity x 10 x density
? MW

_99.5x10x1.46 g/cm’
131.5 g/mol

2

N, =11,047.15mol/ L

unua N, luaums NV, =N,V,
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_ 1,100mg/Lx1,000mL
2 11,407.15mol/L

V, =0.000757mL

(% 09/’ 9 = I (A 1 3} a
Wiy aounson TCE 1N151193119n071 0.000757 mL T11i1f51195 1,000 mL
2. MINITBUEITZA18 Toluene TUNINAADIIAYNTUR

Toluene (C_H,)

LaGrega (2001) Molecular weight MW) = 92.14 g/mol

Density =0.87 g/cm3
Solubility =421 mg/L
% purity =99.5%
31N
NV, =N,V,
N = % purity x 10 x density
? MW

- 99.5x10x0.87 g/cm’
? 92.14 g /mol

N, =9,395mol/L

unual N, luaums NV, = N,V,



V2 — NIVI
NZ
_ 421mg/Lx1,000mL
? 9,395 mol/L

V, =0.000486/mL

Y
[

U foun3 8 Toluene 1WHUTIATL1AA 0.000486 mL 1115115116915 1,000 mL
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v E4
MWK Y1 An1saza1e1i1ves TCE

na1 ($1Tu9) fuilgnsmTasinTansl At TCE Tt (mg/L)

0 0 0

1 98,794.4 1,096.0
2 97,055.3 1,076.6
3 109,725.8 1,218.5
4 98,486.6 1,092.6
5 105,394.8 1,170.0
6 106,519.1 1,182.6
7 98,575.5 1,093.6
8 101,750.7 1.129.1
9 99,770.5 1,107.0
10 91,656.6 1,016.1
11 121,026.9 1,345.0
12 95,991.0 1,064.6
13 100,636.1 1,116.7
14 91,507.6 1,014.4
15 102,233.8 1,134.6
16 95,330.2 1,057.2
17 111,367.2 1,236.9
18 99,236.7 1,101.0
19 100,545.8 1,115.7
20 95,726.9 1,061.7
21 96,211.3 1,067.1
22 95,472.7 1,058.8
23 97,493.7 1,081.5

24 94,399.8 1,046.8
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v E4
MWK V2 A1N1582a18131999 Toluene

na1 ($1Tu9) AuldnsmTasu Tans A Toluene 11
(mg/L)
0 0 0
1 517,522.3 436.5
2 548,541.5 461.3
3 424,414.2 362.0
4 653,515.7 5452
5 634,277.2 529.9
6 472,255.4 400.2
7 561,082.1 471.3
8 555,968.2 467.2
9 497,854.1 420.7
10 481,458.7 407.6
11 203,823.9 185.5
12 851,796.7 703.9
13 559,047.6 469.7
14 408,015.2 348.8
15 425,462.4 362.8
16 582,308.5 488.3
17 613,002.6 512.8
18 525,917.0 4432
19 251,271.1 2235
20 724,825.2 602.3
21 315,226.4 274.6
22 474,210.8 401.8
23 635,406.4 530.8

24 458,544.9 389.3
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v E4
MIWHINT U3 AIN1582a19111909 TCE Wardl Toluene

191 TCE Toluene

J [l YV

@) wuinldnswl  anwdudu (mg)  wvildnsl anududu (mgL)

0 0 0 0 0

1 98,280.8 1,090.3 528,360.0 445.1
2 101,699.8 1,128.6 469,020.2 397.7
3 99,045.9 1,098.9 699,062.9 581.7
4 93,751.1 1,039.6 567,696.8 476.6
5 99,107.8 1,099.5 429,299.9 365.9
6 108,656.9 1,206.5 479,792.1 406.3
7 98,307.1 1,090.6 391,443.8 335.6
8 106,782.6 1,185.5 521,143.9 4394
9 137,764.6 1,532.5 366,924.7 316.0
10 99,328.4 1,102.0 493,345.2 417.1
11 103,824.7 1,152.4 761,362.1 631.5
12 98,678.7 1,094.7 496,026.2 419.3
13 94,369.7 1,046.5 514,979.5 434.4
14 105,028.4 1,165.9 681,340.0 567.5
15 91,989.0 1,019.8 513,537.9 4333
16 98,547.0 1,093.3 411,738.8 351.8
17 89,429.7 991.2 455,818.9 387.1
18 104,892.6 1,164.3 532,065.9 448.1
19 93,277.8 1,034.2 400,396.2 342.8
20 95,837.6 1,062.9 749,975.3 622.4
21 94,760.0 1,050.9 547,269.7 460.3
22 117,102.1 1,301.1 453,531.0 385.3
23 92,733.2 1,028.2 399,035.4 341.7

24 93,746.6 1,039.5 582,315.9 488.3




v E4
MS1WUINT V4 WaNINAAIUAUATIZNI19 TCE NMuKuFanou dousoudlo

102

na ("f;ﬂﬁN) uufﬁuﬂ"ﬁ (0) cos 0 capillary pressure
0 63.9 0.440 0.880
1 65.8 0.410 0.819
2 68.6 0.366 0.730
3 64.7 0.427 0.854
4 69.4 0.352 0.705
6 69.6 0.349 0.694
8 66.4 0.401 0.801
10 68.3 0.370 0.740
12 65.9 0.409 0.816
14 66.5 0.398 0.796
16 67.1 0.389 0.777
24 66.9 0.393 0.785
48 72.3 0.304 0.608
72 77.8 0.212 0.423
120 84.4 0.098 0.197
144 96.3 -0.109 -0.128
168 107.3 -0.297 -0.594
216 116.5 -0.446 -0.892
240 125.3 -0.577 -1.153
288 143.7 -0.806 -1.610
384 156.6 -0.918 -1.836
456 157.6 -0.924 -1.849




v Y
MTHUINN U5 HANITNAADIYNANATIYHIN TCE VULAUAIDAS doNTOUAIBI

103

na ("’f;lﬂuﬂ) u‘m‘f”uﬁa (0) cos 0 capillary pressure
0 47.6 0.675 1.347
1 45.5 0.701 1.401
2 45.3 0.703 1.405
3 44.0 0.719 1.435
4 45.8 0.697 1.394
6 45.8 0.697 1.393
8 45.6 0.699 1.398
10 46.2 0.692 1.382
12 46.1 0.693 1.385
14 45.0 0.707 1.365
24 48.8 0.659 1.318
48 48.2 0.666 1.332
72 50.7 0.633 1.266
120 62.2 0.467 0.934
144 66.3 0.402 0.805
168 70.2 0.339 0.678
216 86.3 0.065 0.130
240 96.5 -0.113 -0.225
288 109.2 -0.329 -0.656
336 132.1 -0.670 -1.339
384 157.3 -0.922 -1.845
408 161.2 -0.946 -1.892
456 162.0 -0.951 -1.902




MSHUINT U6 WANTNAADIYUTUATTZNI19 TCE DULAUTANOU ADNTOUAY

71592018 Toluene

104

na ("’f;lﬂﬂm) guéf”wﬁa (0) cos 0 capillary pressure
0 69.7 0.347 0.694
1 70.0 0.342 0.684
2 70.9 0.328 0.655
4 71.7 0.314 0.628
6 72.7 0.298 0.596
8 71.4 0.318 0.636
10 69.2 0.355 0.709
11 70.8 0.329 0.656
12 72.2 0.306 0.610
13 71.2 0.323 0.646
14 72.1 0.308 0.615
15 71.2 0.323 0.644
16 71.6 0.315 0.630
26 73.5 0.284 0.566
50 75.9 0.243 0.486
122 98.2 -0.143 -0.284
194 113.8 -0.404 -0.805
314 130.9 -0.655 -1.309
386 137.1 -0.732 -1.463
482 146.8 -0.837 -1.672
506 149.2 -0.859 -1.715
554 153.7 -0.896 -1.790
578 155.3 -0.908 -1.816
626 158.2 -0.928 -1.855
650 159.2 -0.935 -1.867




MTEUINN V7 HANTNAADIYNANATIYNI1 TCE VULAUAIDAS dOUTOUAIY

71592018 Toluene
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na ("’f;lﬂuﬂ) u‘m‘f”uﬁa (0) cos 0 capillary pressure
0 66.1 0.405 0.810
1 66.2 0.404 0.808
2 65.3 0417 0.835
4 67.0 0.391 0.781
5 65.7 0411 0.822
8 66.5 0.398 0.796
10 66.1 0.405 0.809
12 67.3 0.386 0.773
14 66.9 0.392 0.784
16 66.1 0.405 0.809
26 66.3 0.402 0.805
50 66.0 0.407 0.813
122 71.4 0.318 0.637
194 99.8 -0.170 -0.340
314 121.0 -0.515 -1.029
386 124.8 -0.570 -1.138
482 136.6 -0.727 -1.433
554 143.1 -0.800 -1.595
578 145.2 -0.821 -1.639
626 149.9 -0.865 -1.729
650 150.3 -0.869 -1.736
674 150.7 -0.872 -1.742
698 150.5 -0.871 -1.739
722 150.7 -0.872 -1.742




v E4
MIWHINT V8 NaﬂTiﬂﬂﬁﬂﬂﬂgﬁJﬁlﬂJﬁﬁixﬁ’JN Toluene YUUNULSAADY g@ll'i@‘ﬂﬁljﬂﬁ”l
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na ("f;lﬂuﬂ) u‘m‘f”uﬁa (0) cos 0 capillary pressure
0 55.3 0.570 1.140
2 53.7 0.592 1.184
4 53.9 0.590 1.179
6 54.6 0.579 1.157
8 54.1 0.587 1.173
10 55.2 0.570 1.140
12 54.3 0.584 1.167
14 53.8 0.591 1.182
16 52.5 0.609 1.217
24 56.1 0.558 1.115
48 58.0 0.530 1.060
96 60.7 0.489 0.978
168 65.8 0.409 0.819
192 69.3 0.353 0.707
240 77.0 0.225 0.450
264 92.0 -0.034 -0.068
312 106.7 -0.288 -0.567
336 110.1 -0.343 -0.686
408 112.5 -0.382 -0.764
456 113.8 -0.404 -0.807
504 114.5 -0.414 -0.828
528 117.0 -0.454 -0.908
576 119.5 -0.492 -0.984
600 122.1 -0.531 -1.061
720 126.0 -0.588 -1.176




v E4
MTHUINN V9 HANITNAADIYNFNRTTLHI19 Toluene VULAUAIOAT ADNTOUR0Y
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na ("’f;lﬂﬁN) u‘m‘f”uﬁa (0) cos 0 capillary pressure
0 50.0 0.643 1.333
2 49.3 0.653 1.305
4 51.5 0.623 1.223
6 49.4 0.651 1.301
8 50.6 0.635 1.220
10 50.3 0.639 1.240
12 49.8 0.645 1.251
14 49.7 0.647 1.213
16 50.8 0.632 1.198
24 50.4 0.637 1.195
72 53.2 0.600 1.161
96 61.3 0.480 0.960
144 66.8 0.395 0.789
192 80.0 0.174 0.348
240 89.9 0.001 0.003
264 93.6 -0.063 -0.126
312 105.1 -0.261 -0.521
360 111.9 -0.374 -0.747
384 115.9 -0.436 -0.872
480 133.4 -0.687 -1.372
504 139.1 -0.756 -1.531
552 141.5 -0.782 -1.564
600 142.2 -0.790 -1.579
624 143.2 -0.801 -1.601




MSIHUINT V10 HANTNAADIYNTUAATZNIN Toluene VULNUFAADY FONTOUAIY

a1908018 TCE

108

na ("f;lﬂﬁN) u‘m‘f”uﬁa (0) cos 0 capillary pressure

0 116.3 -0.443 -0.885

1 113.9 -0.405 -0.809

2 114.8 -0.419 -0.837

3 115.9 -0.436 -0.872
21 115.6 -0.432 -0.863
45 114.7 -0.418 -0.835
69 116.4 -0.444 -0.888
165 115.8 -0.435 -0.871
213 124.0 -0.560 -1.119
237 125.6 -0.582 -1.164
333 133.5 -0.688 -1.376
357 134.2 -0.697 -1.394
381 134.6 -0.702 -1.404
405 135.3 -0.710 -1.421
429 136.8 -0.729 -1.458
501 139.1 -0.756 -1.512
549 141.1 -0.778 -1.556
573 144.2 -0.811 -1.621
597 146.4 -0.833 -1.666
693 151.5 -0.878 -1.757
717 152.0 -0.883 -1.765
741 153.1 -0.892 -1.783
765 153.5 -0.895 -1.790




MIHUINN V11 WAMINAREIYNAUATTZHIN Toluene UUUHUAIDAT ADNTOUAIY

a1908018 TCE

109

o

na ("’f;lﬂﬂm) yu wHe (0) cos 0 capillary pressure

0 71.9 0.311 0.622
3 70.5 0.333 0.666
5 70.7 0.331 0.661
7 70.1 0.341 0.682
9 71.3 0.321 0.642
15 71.3 0.321 0.641
23 81.3 0.152 0.304
47 81.7 0.144 0.288
71 84.5 0.096 0.191
95 91.1 -0.019 -0.038
119 94.1 -0.071 -0.143
143 101.4 -0.198 -0.396
167 103.6 -0.236 -0.471
191 105.3 -0.264 -0.529
263 107.3 -0.297 -0.593
311 117.3 -0.458 -0.916
359 119.9 -0.499 -0.997
383 123.7 -0.555 -1.109
407 125.4 -0.579 -1.158
431 130.7 -0.652 -1.304
455 132.8 -0.679 -1.358
479 133.9 -0.693 -1.387
503 135.5 -0.713 -1.426
527 136.2 -0.721 -1.443
551 136.3 -0.723 -1.447
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