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ABSTRACT

The wettability of fluids on a surface is observed and quantify by the contact angle. The contact
angle directly affects the capillary in a porous media and plays an important role in plenty regions
which involve the multiphase transporting in a porous media. Traditionally, the contact angle is
static in application, however, the dynamic contact angle is observed and wildly studied in the
@ literatures. The literatures applied empirical formulas to depict the evolution of contact angel with
the capillary number. Here we collected several empirical formulas and compared with the
experiments from literature. We showed two experiments and 1-D models of the water infiltration
through sand columns in the literatures. The results showed that the models incorporating the

dynamic effect performed better.
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cosd, +1 1+ Ca
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30 4
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RIF# AT A KA < £ Li et al. (2013)F &
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It S-shape B {r/K i SR AE{EL - 28 BRI IRAEAT 1
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11 FFAMEH a=60 ~ n=1.72 g E#FH %l Hoffman
(1975)yE &R} - HE Cafiy) > @ D[EFREL(32)HH
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3.1 ENRREMES

TEEEMEE S BABERRUE - (K& 2 R U4 —
RN A HER M R EZ BB s E(F—& K
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Log(Ca + & /,60)

12 BNAEBALRARE Hoffman (1975)EMEN - FBET 0] /60 EHHA—KRME - Ca<0.01 - I Hoffman
BAtRTUSM - (31 EEMBMKTARE - T = (cos(6,)—cos(6,))/(cos(6,)+1)



(a) 50
45 \
= .
g
:
o 40
°
g —_—
— = PD-D-1
=%} = PD-D-2 IS
35 F— pppa
MD-D-1
= MD-D-2
All static PD and MD
30 " "

035 045 055 065 0.75 085 0095
Sw,eff

EREIRKBNARE R -
2010)

= 13

BIRERR TN ABEHKA S ERS - EETE
AR L — ° Loetal. (2017) JEANERHHEK L5 > 5830
BEAnE K2 138 > HEREOR/K SR B AR I0E B
ZENREIROKHISR ot BEE SRR R(R - /F#
MEe R 2 B R I E ARG RN AR ZEH

BIREATE S N ERBLEET) 22 E s R
FIREMEE T Haines Jump - BIZEHFZIBE 1172 50 e 1 FLEH
MR HESREAHBE T IERRERTER -

3.2 EEENBMEIFEM KD Bz —#1R
=

Delker et al. (1996)FI|f] Washburn J5F2=(fH /)
L BTt HE N DAE 7KEE Ho E(T(IE AR B
el Washburn JFH2 X HAF &S & Ho S - Hit
VORI BEEN 7 By P=pg(H,,-h) > IR SRR T R
S

A (36)
dt  p(htH,)

k, RZ 5% P =pg (Heg-h) © < y = (h+Ho)/(HotHeg) °

w(y) = Vo » 1, =(HotHe |7/(ogh,) * AR5 e f9E—
Ref B4l B Washburn J772 57 fig
T=Tp=—y—In(1=p) (i (37)

o==Yyo—In(1-y,) - FEILETVET » (FETEEAE
B EFHRSTE RS h=H, » FEHKQo)F F LI P
HUR > Fr DAFLETIE )] Pr=pg(H,, —H,) - HEE{ENFH 4
S h BT € h(t) 0 155

h(t)=H, —(H, ~h)[1+ 4(1-1)]"" (38.1)

(a)EZE (primary, PD)E1E (main, MD)HEK{EIR (b) = (main, MW)REXTEIR -

RETIEER 155668 - 518 |
RERE 109 F 03 AEHAR
(b) 35

E)

<

z

G

=]

£

S

o’

15 All .s-tat-ic MW
035 045 055 065 075 085 095

Sw,eff

(Sakaki et al.,

h(t)=H_ - (H-h) [1+A4(t-1)] 7P

101 4
H.=17+lcm
B=7.1£1.2
=
) A=32(3)x10°
g t/t, =7.86,t, =80.7s
J h, =6.389
AN
T-7,= -y - In( [1-y )
100 T T 1
102 10° 10? 10*

1.'-‘!'0

[E 14 Delker et al. (1996) 7 1+E4H A E5EE Washburn
equation(=0(37)) E1FLET XU FE(X (38)) 2 IEHX S - £
4 EFH R B EIRIR AR B L ST SN AR AU B

AR E 14 EHTAEE Delker et al. (1996)—(HEERE
1% ~ Washburn J7R2((UG37) BFLETUE(38)) 2 15
BRI R -

Delker et al. (1996) 2 BEREUR T FLI% 7(4 Sz 2
2 Washburn JTRE APl 2 Pl 1% - IO E ?n“
SRRy - PR GAETEL LIS AR R R 41
WIS E I P S 2 BHERT] - RINE RS -
BRI - R —EHY BT
71 - fEE R FaU(38.1) RAFHUEE S RIFfEI(t/ Ty, >3)Z
FLBR/ME 2 B4l ETFE ¢ SRR/ R T HLETRL
JEXA R - FUQR6)FLEIIERT G Ca H/NRF Z BhREHE
flr st - ATELTEITE R B S R R 5 (38.1)
ZFHA




JOURNAL OF TAIWAN AGRICULTURAL ENGINEERING

VOL. 66, NO. 1, MARCH 2020

DOI - 10.29974/JTAE.202003_66(1).0004

A [E]f: Delker et al. (1996) EHz(# FIFLETRUEELS
R~ F4H B TH#52C - Hsu and Hilpert (201 1)5Eh7E
A ASEAES - EEHRIIAB A Green
Ampt equation (GA 5 (Green and Ampt, 1911) il
TN ABZREEEEE() FEREZ B aRE
P& E oy JitE =l

o, o
K dt

Hr A6 =0, -6, T EF)Z/KE  So FyI/KIH (suction

head) - Green Ampt equation {Ez% | /& B8 2 T BE(So)

8 - ATIREBREREf  T » HHBE 7

8 - Tabuchi (19715t} GA AR ACHIE_EAZ
ZATHAPE B - BLR B SEREIT V- /K AL RF A PR - Hsu
and Hilpert (2011) H i 1 S D08 2 BANER ST
ACIERS T FE A e Mcwz b s Y B A _E T B A N A2 HY
175 - BIER Z BABE A LIS R —PE E iy 72

s
A0 dl Y (hoe LAY L 40
K dl ot th Deffpgg(gﬁ,gl)a[J’dJ K
e RfLBRR g BL0, » o~ B RENRETEAER JIRHN 2 28

@D ZER) - B=0.3 1F Hsu and Hilpert (2011)E3 Hsu
et al. (2017)&5H BF-F=RIR - Hsu et al. 2017)EH/E
T T —RINEKEZ 3T ALEE I BsE (R -

& 16 Fﬁ?ﬂ“fh’* I GA HEAHNABVIREEER

SPiaL o R EIReSRES T Hilpert (2012) 7 #3w o
F{E( a)@ﬁ%%ﬂﬁ‘* KE O fEBUER - EHRARTYH

PAETRSEREZ T > HBRESEEY] - DiCarlo
(2006)15 7z "‘EP /&Eﬁfﬁﬁﬁﬁ%ﬁjﬁﬁj S 2= L

17> DUCHIRS ER - HE T2 FH AR AR MR -
3.5
3 —
2.5
7 27
E 15 e exp.dgta
= é)@ — Classical GA
1 — =Modified DA|
®
05 P
0 1 T I
0 20 40 60

1 [cm]

15 Hsu et al. (2017)EREEXLEE - BIEE GA &t
Fiatm N ABIITR

1200 .
piston flow O Experiment
1000 —| - - Hilpert’s model
800 —
film swelling flow
<z 600 - RN
I \‘|
400 " 0;
200 | - \\ :> _C:7 +
O == - -—
| I I I
0 0.04 0.08 0.12
0,[%]
16 Hsu et al. (2017)Z A E#ASKEH N ENEEME
FEER o PHEREEVRSKERRER

41 Delker et al. (1996){# i Washburn 525 L+
s > WU —48 BT R > H GA
Washburn J7 Eﬁ%lﬂf‘ﬁﬂ P& ODE o Rt BHE
7 H AT R i — 4 A2 AR - INE M t& /48
Wang et al. (2013) 7 BAEfifH - FEHEEE T HIRE
PR ~ ST ~ DURBHE SN B4 E AR
[fAES Washburn 72 GA 1 EEE FEFLIs /NI
IR E R -

Wang et al. (2013) Naver-Stokes FF2FH &% » EJE
BhRERHE R ~ BT - BLRAE A o (FE{EM Jiang
etal. (1979)%u”3’22r%§§ AF e BIZ(28) » B REEhRE R
A o WA A E R BHE (K Ro) » fERZEA

BERITERE
1 df, g ey dc .. Geosh.
Q2 dr(gdt @ OC)j (dr] &g O R(Ly0)
............................................................................. (41)

FRRNERE =L/ L, » MRITEEFM t=tt, » R(L,2)
Tl E R RN Z=2/L, » z BAIERABE
& o RE4ESER

Ly= 2L (42.1)
PgRy

t ;627 e (42.2)
P ER;
L, pgR:

Vy =20 2 PERO e (42.3)
lo 8n

ﬁ. k%;& ¢ Cy 53
o1 ke B
4=y I CRILGENE oo 43.1)



Capillary Rise (cm)

Time (ms)

-------- Washburn'eq.
———-iE
B8 AT A i
oo e
)| i
596um ]
. (a)
0 100 200 300

17 E# LA EE(E25)(Landau and Lifshitz, 1959)E4(Wang et al., 2013)#E

(@)
08 f

06 [

0.4 R, = 100pm
0,=0°
0.2

10

0.8 T t':- """""""""""
06 [ ¢
04 5 : R, = 600pum

02 F

10

washburn eq. ==== {g§%

BETIZNGE | 55665 - H15
MERE 109 F 03 BHIK
4 .
"""" Washburn eq.
--o- i ]
& M
23 I8 A1 A s T
L ,J‘-'" o
2 -
2 ot i T
> ,a’“
s o o
i 72 7o 0©
8 1 J" o] ©
A 133um
o
(b)
0 1 1
0 100 200 300
Time (ms)
1
(b)
0.8 R, = 100pm 1
0, = 50°
0.6 1
o
0.4 1
02 f T
0 1 1 ' 1
0 2 4 6 8 10
T
()
d R, = 600pum
0.8 0, = 50°
06 ""\"-—sOQ-ﬂ--u-hﬂ--------------_
oy Rs L
l' b
04
02 f] !
0 . .
0 2 4 6 8 10
T
TEPE+ %) RE 4 A8 A

18 IEZERE(EZEME (sinusoidal capillary) 2 E4l_EF 155 (Wang et al., 2013)

1 dR(LyZ)

dz
LzZ) dz

. 8= Log
&= ROl " :

L _R(Lg) pme 1

dZ —
¢ o R(Ly?)

dz

........ (43.2)

HINVEFE R 2 BHE

 BEEHRE R B E

1 AR B E B R TR

Edt dr

p
xtanh [Q(Cao %} J
T

dt

1 i[g%j + ds +{=cos0,-(cosb,-1)




EAR2E Q TREELRZE

2
Q= | 138?7 e (45)
P g R,

A (44) T RIS BN RERE R A 1S FE R4 Washburn 525

1 d(de), de
de,(chj+CdT+C COSO; oo, (46)

D RHSENEIH Q — o > {5EIXEEEY Washbur 572
o+

H

CZ—H; ZCOSO; e 47)

17(2) v] R BB RE R A T P S A
& -t iErE > PSS ENT B ARG BIRRRE
flEFPHBRE TSR - ARV NVERE T Q BOK - EMEAE
FHR NA L (46) BT 2 (47) 2 fi ] 17(b)) » RZ
EREMAR=RTEAE RN - B R EFELIE
SZLKEEEAL (sinusoidal capillary) - [l 18 fEor T EEHY
B4l EHMREEREER - REVNVEREANE T EIRRSUER
B B B0 T EhRERE N NI A RE UK
TRMGIRE R BRERE - FMEERERS

M EFFE T S B <) R B R
B2 HHEE(S =1) B SR AN FEE S
R Z ne P E - BRI A T e P

Sl

FEFE L A SRAINHARE /K > B o LAl S i 8)
REH N BB R B HAT EZEAVEE L — -
BB 8 LB SR [ = AH P A S AR 1T H AT
BB RE Rl F RV EL R R A e RE i o BIRRREE A
Ry SRR B R bR B - ARl B B R B Y
2 A W P AT ML LR % - ¥48 R Ca oc sinh(u)
Ca oc 03 ~ cosf, o tanh(Ca) LKz cos 6, -cos8, = aCa® -
ASL[ERHE R A B A TURE IR (% - BhREREME A ke
AR EEHREEZSER TR - HEEEA
o B HCE NIRRT 7] LU S B s 2 P
Hsu et al. (2017), Delker et al. (1996) {7 & 5B fE X 28~
TREREER RS B2 R ~ BUR R B R (B A
T2 ORI ) BN R RR E R BTSRRI T By - Wang et
al. (2013) FEATIEABERFLIR ML - BIRRUEE
AR B T2 P E -

ZE Rk

1. ABDELWAHED, M. A. B., WIELHORSKI, Y., BIZET,
L. & BR¢ARD, J. 2012. Bubble Shape and Transport
During LCM Processes: Experimental Modeling in a T-
Junction Tube. arXiv preprint arXiv.

2. ASSOULINE, S., RUSSO, D., SILBER, A. & OR, D.
2015. Balancing water scarcity and quality for sustainable
irrigated agriculture. Water Resources Research, 51,
3419-3436.

3. BEREZNIAK, A., BEN-GAL, A., MISHAEL, Y. &
NACHSHON, U. 2018. Manipulation of Soil Texture to
Remove Salts from a Drip-Irrigated Root Zone. Vadose
Zone Journal, 17.

4. BHATTACHARYA, S., HIGGINS, M. J. & STOKES, J.
P. 1989. Harmonic generation and scaling behavior in
sliding-charge-density-wave conductors. Physical Review
Letters, 63, 1503-1506.

5.BICO, J. & QU¢R¢, D. 2001. Falling slugs. Journal of
colloid and interface science, 243,262-264.

6. BIKERMAN, J. 1950. Sliding of drops from surfaces of
different roughnesses. Journal of Colloid Science, 5, 349-
359.

7. BIRD, R. B., STEWART, W. E. & LIGHTFOOT, E. N.
1960. Transport phenomena, New York, John Wiley &
Sons.

8. BLAKE, T. D. 2006. The physics of moving wetting lines.
Journal of colloid interface science, 299, 1-13.

9.BLAKE, T. D. & HAYNES, J. M. 1969. Kinetics of

Journal of Colloid and
Interface Science, 30, 421-423.

10. BONN, D., EGGERS, J., INDEKEU, J., MEUNIER, J. &
ROLLEY, E. 2009. Wetting and spreading. Reviews of
modern physics, 81, 739.

11. BRACKE, M., DE VOEGHT, F. & JOOS, P. 1989. The

kinetics of wetting: the dynamic contact angle. Trends in

liquidliquid  displacement.

Colloid and Interface Science IIl. Springer.

12. BROCHARD-WYART, F. & DE GENNES, P. G. 1992.
Dynamics of partial wetting. Advances in Colloid and
Interface Science, 39, 1-11.

13. CHEBBI, R. 2003. Deformation of advancing gas—liquid
interfaces in capillary tubes. Journal of colloid and
interface science, 265, 166-173.

14. CHEBBI, R. 2007. Dynamics of liquid penetration into



15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

capillary tubes. Journal of colloid and interface science,
315, 255-260.

CHERRY, B. W. & HOLMES, C. M. 1969. Kinetics of
wetting of surfaces by polymers. Journal of Colloid and
Interface Science, 29, 174-176.

COX, R. 1986. The dynamics of the spreading of liquids
on a solid surface. Part 1. Viscous flow. Journal of Fluid
Mechanics, 168, 169-194.

COX, R. G. 2006. The dynamics of the spreading of
liquids on a solid surface. Part 1. Viscous flow. Journal of
Fluid Mechanics, 168, 169-194.

DELKER, T., PENGRA, D. B. & WONG, P.-Z. 1996.
Interface pinning and the dynamics of capillary rise in
porous media. Physical review letters, 76, 2902.
DICARLO, D. A. 2006. Quantitative network model
predictions of saturation behind infiltration fronts and
comparison with experiments. Water resources research,
42.

DOS SANTOS, L. O., WOLF, F. G. & PHILIPPL, P. C.
2005. Dynamics of interface displacement in capillary
flow. Journal of statistical physics, 121, 197-207.
DUSSAN V, E. B. & CHOW, R. T.-P. 1983. On the ability
of drops or bubbles to stick to non-horizontal surfaces of
solids. Journal of Fluid Mechanics, 137, 1-29.
EBNESAJJAD, S. 2011. 3 - Surface Tension and Its
Measurement. In: EBNESAJJAD, S. (ed.) Handbook of
Adhesives and Surface Preparation. Oxford: William
Andrew Publishing.

ENJournal of Colloid and Interface Science, 65, 509-516.
ERAL, H. & OH, J. 2013. Contact angle hysteresis: a
review of fundamentals and applications. Colloid and
polymer science, 291, 247-260.

GAO, L. & MCCARTHY, T. J. 2006. Contact angle
hysteresis explained. Langmuir, 22, 6234-6237.
GEISTLINGER, H., ATAEI-DADAVI, 1. & VOGEL, H.-
J. 2016. Impact of surface roughness on capillary trapping
using 2D-micromodel visualization experiments. Transport
in Porous Media, 112, 207-227.

GOODWIN, R. & HOMSY, G. 1991. Viscous flow down
a slope in the vicinity of a contact line. Physics of Fluids
A: Fluid Dynamics, 3, 515-528.

GREEN, W. H. & AMPT, G. A. 1911. Studies on soil
phyics, 1. The flow of air and water through soils. 7he
Journal of Agricultural Science, 4, 1-24.

HE, G. & HADJICONSTANTINOU, N. G. 2003. A

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40

41

42.

.KISTLER, S. F.

molecular view of Tanner's law: molecular dynamics
simulations of droplet spreading. Journal of Fluid
Mechanics, 497, 123-132.

HILPERT, M. 2012. Velocity-dependent capillary pressure
in theory for variably-saturated liquid infiltration into
porous media. Geophysical Research Letters, 39.
HILPERT, M. & BEN-DAVID, A. 2009. Infiltration of
liquid droplets into porous media: Effects of dynamic
contact angle and contact angle hysteresis. International
Journal of Multiphase Flow, 35, 205-218.

HOFFMAN, R. L. 1975. A study of the advancing
interface. I. Interface shape in liquid—gas systems.
Journal of colloid and interface science, 50, 228-241.
HOFFMAN, R. L. 1983. A study of the advancing
interface: II. Theoretical prediction of the dynamic contact
angle in liquid-gas systems. Journal of Colloid and
Interface Science, 94, 470-486.

HSU, S.-Y. & HILPERT, M. 2011. Incorporation of
dynamic capillary pressure into the Green—Ampt model
for infiltration. Vadose Zone Journal, 10, 642-653.

HSU, S.-Y., HUANG, V., PARK, S. W. & HILPERT, M.
2017. Water infiltration into prewetted porous media:
Dynamic capillary pressure and Green-Ampt modeling.
Advances in water resources, 106, 60-67.

HSU, S., GLANTZ, R. & HILPERT, M. 2011. Pore-scale
Analysis of the effects of Contact Angle Hysteresis on Blob
Mobilization in a Pore Doublet.

JIANG, T.-S., SOO-GUN, O. H. & SLATTERY, J. C.
1979. Correlation for dynamic contact angle. Journal of
Colloid and Interface Science, 69, 74-77.

JURIN, J. 1718. An account of some experiments shown
before the Royal Society; with an enquiry into the cause
of some of the ascent and suspension of water in capillary
tubes. Philosophical Transactions of the Royal Society of
London, 30, 739-747.

KAVEHPOUR, H. P. 2003. 4n interferometric study of
spreading liquid films. Massachusetts Institute of
Technology.

KELLER, A., BROJE, V. & SETTY, K. 2007. Effect of
advancing velocity and fluid viscosity on the dynamic
contact angle of petroleum hydrocarbons. Journal of
Petroleum Science Engineering, 58,201-206.

1993. Hydrodynamics of wetting.
Wettability, 6, 311-430.

KREVOR, S., BLUNT, M. J, BENSON, S. M,



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

PENTLAND, C. H.,, REYNOLDS, C., AL-MENHALL A.
& NIU, B. 2015. Capillary trapping for geologic carbon
dioxide storage—From pore scale physics to field scale
implications. International Journal of Greenhouse Gas
Control, 40,221-237.

LANDAU, L. & LIFSHITZ, E. 1959. Fluid Mechanics,
Pergamon, Oxford.

LI, X, FAN, X., ASKOUNIS, A., WU, K., SEFIANE, K.
& KOUTSOS, V. 2013. An experimental study on
dynamic pore wettability. Chemical Engineering Science,
104, 988-997.

LO, W.-C., YANG, C.-C., HSU, S.-Y., CHEN, C.-H,,
YEH, C.-L. & HILPERT, M. 2017. The dynamic response
of the water retention curve in unsaturated soils during
drainage to acoustic excitations. Water Resources Research,
53, 712-725.

MACDOUGALL, G. & OCKRENT, C. 1942. Surface
energy relations in liquid/solid systems I. The adhesion of
liquids to solids and a new method of determining the
surface tension of liquids. Proceedings of the Royal
Society of London. Series A. Mathematical and Physical
Sciences, 180, 151-173.

MOULINET, S., GUTHMANN, C. & ROLLEY, E. 2004.
Dissipation in the dynamics of a moving contact line:
effect of the substrate disorder. The European Physical
Journal B-Condensed Matter and Complex Systems, 37,
127-136.

NARAYAN, O. & FISHER, D. S. 1993. Threshold critical
dynamics of driven interfaces in random media. Physical
Review B, 48, 7030-7042.

NATTERMANN, T., STEPANOW, S., TANG, L.-H. &
LESCHHORN, H. 1992. Dynamics of interface depinning
in a disordered medium. Journal de Physique II, 2, 1483-
1488.

PENTLAND, C. H., EL-MAGHRABY, R., IGLAUER, S.
& BLUNT, M. J. 2011. Measurements of the capillary
trapping of super-critical carbon dioxide in Berea
sandstone. Geophysical Research Letters, 38.

R. JARRETT, A. & D. FRITTON, D. 1978. Effect of
Entrapped Soil Air on Infiltration. Transactions of the
ASAE, 21, 901-0906.

SAKAKI, T., O'CARROLL, D. M. & ILLANGASEKARE,
T. H. 2010. Direct quantification of dynamic effects in
capillary pressure for drainage—wetting cycles. Vadose
Zone Journal, 9, 424-437.

53.

54.

55.

56.

57.

58.

59.

60

61.

62.

63.

64.

65.

66.

SEEBERGH, J. E. & BERG, J. C. 1992. Dynamic wetting
in the low capillary number regime. Chemical Engineering
Science, 47, 4455-4464.

SHI, Z., ZHANG, Y., LIU, M., HANAOR, D. A. & GAN,
Y. 2018. Dynamic contact angle hysteresis in liquid
bridges. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 555, 365-371.

SMITH, W. & CRANE, M. D. 1930. The Jamin effect in
cylindrical tubes. Journal of the American Chemical
Society, 52, 1345-1349.

STAUFFER, F. Time dependence of the relations between
capillary pressure, water content and conductivity during
drainage of porous media. IAHR symposium on scale
effects in porous media, Thessaloniki, Greece, 1978. 3-35.
TABUCHI, T. 1971. Infiltration and capillarity in the
particle packing. (In Japanese.). Records Land Reclam.
Res., 19, 1-121.

TANNER, L. 1979. The spreading of silicone oil drops on
horizontal surfaces. Journal of Physics D: Applied
Physics, 12, 1473.

TOPP, G., KLUTE, A. & PETERS, D. 1967. Comparison
of Water Content-Pressure Head Data Obtained by
Equilibrium, Steady-State, and Unsteady-State Methods
1. Soil Science Society of America Journal, 31,312-314.

. VAN GENUCHTEN, M. T. 1980. A closed-form equation

for predicting the hydraulic conductivity of unsaturated
soils 1. Soil science society of America journal, 44, 892-
898.

VIJAYA, S. K. K. & BABURAJ, A. 2010. Shape and
motion of drops in the inertial regime.

VOINOV, O. V. 1976. Hydrodynamics of wetting. Fluid
Dynamics, 11, 714-721.

WALLACH, R., MARGOLIS, M. & GRABER, E. R.
2013. The role of contact angle on unstable flow formation
during infiltration and drainage in wettable porous media.
Water Resources Research, 49, 6508-6521.

WANG, Q., GRABER, E. R. & WALLACH, R. 2013.
Synergistic effects of geometry, inertia, and dynamic
contact angle on wetting and dewetting of capillaries of
varying cross sections. Journal of colloid interface
science, 396, 270-277.

WASHBURN, E. W. 1921. The Dynamics of Capillary
Flow. Physical Review, 17,273-283.

WATSON, K. K. 1966. An instantaneous profile method

for determining the hydraulic conductivity of unsaturated



porous materials. Water Resources Research, 2, 709-715.
67.ZHAO, L. & CHENG, J. 2017. Analyzing the molecular
kinetics of water spreading on hydrophobic surfaces via
molecular dynamics simulation. Scientific reports, 7,
10880.
68. ZHUANG, L., HASSANIZADEH, S. M., QIN, C. Z. &
DE WAAL, A. 2017. Experimental investigation of

hysteretic dynamic capillarity effect in unsaturated flow.
Water resources research, 53, 9078-9088.

WisBH : KBl 108 %06 B 18 H
EZHE : KB 109502 507 H



