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Abstract — Dynamic contact angles have investigated by numerous researchers for understanding interfacial behavior
at moving contact lines However, due to limitation of visualization techniques, previous experiments for dynamic
contact angles have conducted limitedly in hydrophilic capillary tubes based on visible ray. Recently, there is continuous
need for research on dynamic contact angles in hydrophobic capillary tubes on various research and industrial fields.
Therefore, in this study, we measure the dynamic contact angles of water-glycerol mixture slug in hydrophobic microtubes
using synchrotron X-ray imaging. Based on the visualized data, we verified the previous experimental correlations for

dynamic contact angles.
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Table 1. Water-glycerol mixture properties

Glycerol weight Density p Surface tension 6 Viscosity p
percent [%] [kg/m’] [mN/s] [mPa.s]
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Fig. 1. Schematics of the experimental apparatus.
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Fig. 2. Comparison between images via (a) light ray and (b) synchrotron X-ray.
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Fig. 3. Visualization of static advancing contact angle via synchro-
tron X-ray imaging (WG90 w.t.% cases).
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Fig. 4. Visualization of dynamic advancing contact angle via syn-
chrotron X-ray imaging.
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Fig. 6. Static advancing contact angles according to glycerol weight
ratios. *Static advancing contact angles of distilled water and glyc-
erol in the figure were referred in previous research [17,18].
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Fig. 7. Dynamic advancing contact angles according to velocities.

] 05.,~122°[17], PFA oA Fa] A& 92 2] 77 4=

| 65,=103°[18] 9= i Fle w, 919} 22 AF dvhk= et
20w WRhAT 2504 oA ¥ B2 A £
254 A AE2E Fig, 79 2ok, 19elAl o) o] Sy
7V BE slelA w24 A3 5] SUkehs 2S¢
3 = olek B4 1% 7ol et AT % 4 ()5 & F4
8 29l (Hydrodynamic modelys 12 &S wl, £0] F7h= A5
A g W Aol A 2] mhEk Ab(viscous dissipation) 57 1S ©F
715, o= B HEIe] Z7h ololZIH19).

Hu L
Oy =05y = 9?111 [L_J 1)

o

)
N
I
N

a1
° -
pil

r
of
d

kel

o
e
-
3

Lo
12 2 o

0

N

=

X
I

'm

A7IM, u, o, u, L, L= 2V A3Ae, 39489, £S5, AAA
(macroscopic) 54 Z0], 1A (microscopic)5/d ZolE &Jv|dic},

53], & ATelMe S8AlE 57 S7FE el met S5 S
7t & T4 A3 JEF7 7V, 5 Fig. 79149 7187171 5
7Fle A S 2 YENSTE Table 1914 8 o] E-2E|HlE £8&
o] A% 2 NE FHH7F ST vt U, e o] st
£ u)shu A E A Wit olef st B0 QlE) &
o] STt WhE HFA A vk SR SEAlE S
of w2 /3715 Wsle] P whon o7 3l T4 HEZ) 7]
7] HslE et A 0= fokEn

3-2. & Mz A

AT SRSl st A8 AT B A7AEC 9
3 FAEeH, #Ht 2 ()T B2 FAAFZ ) dist o] 84S
a7 gk A7 o] = UTH19]. AR o[ 3] T4
AE52E o] B2lolA W it AFATE QR she dlE 7
a1 glom, o] 2 QlE| o] o7 Sl Bkl AlgHoR
Gg5)= sHAlE 7 AL Qi o9} ) A E Aol o3 &
A A7 JFE S5 s AR o] AEA 07 i
21T}, Hoffmane- 2] BA1#H(D=1.955 mm)elA tiekst 1A FA12
o]g-3to] 0~180°7H4] B> W9<] B2 X HF2E S738Iele

w o] & Hlg o 2 B A 47 (Capillary number, Ca=pu/c) 2} 7 2]



A XA BAE o188 2 plol AR T o) B2

Ax A5 7E o2 AR E = WERIAKshift factor)= 54 %1
Z+s A5 4= Sl T4 (Hoffman’s curve)E AFSHATH3].
Jiang et al> Hoffman¥} Rose and Heins®] A3 d|o|E{[1]E v}
© 2 Hoffman TR} 2421 MBI} glo] A1 42} 44
AR AEFANo R T4 AN JFE ST 7 9= A 9 22
22218 7k TH8). ©1%-oll i= Bracke et al. Seebergh et al. &
o] ZMAEAl 71HEe] ZRA 8 7RIS o] 83 T4 AY HolHE vk

Off

o
1= [}
O F Jiang et al. A ¥ 2 A ATE IF T3 E 3k
[9,10].

¢

cos@, ,—cosf )
=——84 DA — tanh(4.96Ca""" 0
)

cost ,+1

2 AFoM = W2 AFAIEe o) FxE 1 s 54 AF
A&7 AE 432121 Jiang et al. 3332 Fig. 89 720] =2 Al
7H(~1,000 fps) B F7F 80 %5(~1.1 pm/pixel)S 2H= HARE XA
G 7IHko 7 AFA plo]l A E T UlelA] 24 B4 A7 A

ol N
ol
=
N
N
ol\
N
)
oot
<
k)
o
2
09:,!
re
—Ll
N
N
N
=
k3
rot
>

ARl FAREZE SHSPAT FEAE FFo] B 80
00% FuI ] B-Fel NS ERE AP A5 B} BU F
#5152t S4o] eht 71e] A9 Aol 1 AF-0) A3lvo]
B2 2 el 55 20w Webaih, shu JrlE o 2 B Fae] g

50% 309 E-FeAlE w4 14

O

ke
g
L=
T
o
o

Els
R 27 520 Eht Fig. 89} o] 7129 A7 o] 1
A7) AREOIE 2 o 5A) ot AT Wrkelr). 919} e
AoE vigo 7 da ATA e B4 A 457 A48
B4 A4 Elo] AR O AHFs R o waE 2
S el o] B4 AR W57 A% A AL 9l A%
Aol 7Meh A A7k R S0 gaEn
1 T T T //"
/
/
/
//
08 F // i
/
/
06 F / i
s /
/
/
04 + / -
/
//
/
O )
02 O DD g/d Jiang et al
i O 0O WG50w.t.%) ]
O //A’ O WG80w.t.%
_ A WGOw.1.%
—jr’f’f’.’././..l/. . Ll R | R
1E-4 0.001 0.01 0.1 1

Capillary number [-]

Fig. 8. Verification of the experimental correlation (Jiang et al. [8])
for dynamic contact angles.

S B3 2o A JHISE B BAEEY du 4% 149
1.4 E

oo Lo A= =& A1 7H(~1,000 fps) B F-7F el 5 (~1.1 pm/
pixel)& ZHE WAME XA RS o] 48to] g vlo|2E #
(D=796 um) Ul E-=2ME EFE NA &u1°] 44 /54 dx
HAE57E SH890 0 v 22 Ay EE3ISiT

EZYME SR SIS FE7F STl ulek g4 [zl

2 ) £ EEE &9 54 #xl
HEZLE 571 S71ekel et Sotskd, SeME $98417E 57
shof| we} 52 AE57E W AX ol % S nE A
A 2A v 2AF el 711 Ao g gekEe)

A57) A a2 b ez SAE &

=
EariE TR A AEEE E

[e)
54 27 157} Sl ARA 207 ek, o

3 RN
oM 25 ErolAe] B4 M52 A e Aol Ao

o] =1 20218hd = FA U S H /ALY A
ote] AFHAFYL o] =72 2021 d % FH-20] APz Fhar
ATAEe] Ads wol 7] 2 ATAF] Y Y THNRF-
2019R1F1A1062140). EHARE7 <571 (PLS-II 9D beamline)ol}A 2]
A | B9 2Ek st ] A e-g worEU

References

1. Rose, W. and Heins, R. W., “Moving Interfaces and Contact Angle
Rate-dependency; J. Colloid Sci., 17(1), 39-48(1962).

2. Hansen, R. J. and Toong, T. Y., “Dynamic Contact Angle and Its
Relationship to Forces of Hydrodynamic Origin}’ J. Colloid Inter-
face Sci., 37(1), 196-207(1971).

3. Hoffman, R. L., “A Study of the Advancing Interface. I. Inter-
Face Shape in Liquid—gas Systems) J. Colloid Interface Sci.,
50(2), 228-241(1975).

4. Hoffman, R. L., “A Study of the Advancing Interface: II. Theo-
retical Prediction of the Dynamic Contact Angle in Liquid-gas
Systems;’ J. Colloid Interface Sci., 94(2), 470-486(1983).

5. Kenji, K., Wakimoto, T., Yamamoto, Y. and Ito, T., “Dynamic Wet-
ting Behavior of a Triple-phase Contact Line in Several Exper-
imental Systems]’ Exp. Therm. Fluid Sci., 60, 354-360(2015).

6. Kim, S. H., Wang, T. Zhang, L. and Jiang, Y., “Hydrodynamic Anal-
ysis of the Advancing Dynamic Contact Angle in Microtube)’ J.
Mech. Sci. Technol., 32(11), 5305-5314(2018).

7. Heshmati, M. and Piri, M., “Experimental Investigation of Dynamic
Contact Angle and Capillary Rise in Tubes with Circular and
Noncircular Cross Sections, Langmuir, 30(47), 14151-14162(2014).

8. Jiang, T. S., Soo-Gun, O. H. and Slattery, J. C., “Correlation for

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022



150

10.

11.

12.

13.

14.

15.

16.

17.

AL - 71

UOL.Z:}%]

Dynamic Contact Angle)’ J. Colloid Interface Sci., 69(1), 74-77
(1979).

. Bracke, M., De Voeght, F. and Joos, P., “The Kinetics of Wet-

ting: the Dynamic Contact Angle] Trends in Colloid Interface
Sci. 1M1, 79, 142-149(1989).

Seebergh, J. E. and Berg, J. C., “Dynamic Wetting in the Low
Capillary Number Regime] Chem. Eng. Sci., 47(17-18), 4455-
4464(1992).

Meuler, A. J. McKinley, G H. and Cohen, R. E., “Exploiting
Topographical Texture to Impart Icephobicity,” ACS nano, 4(12),
7048-7052(2010).

Sarti, G. C., Gostoli, C. and Matulli, S., “Low Energy Cost Desalina-
tion Processes Using Hydrophobic Membranes, Desalination,
56, 277-286(1985).

Figeys, D. and Pinto, D., “Lab-on-a-chip: a Revolution in Biologi-
cal and Medical Sciences.’ Anal. Chem., 72(9), 330A-335A(2000).
Kuiper, S. and Hendriks, B. H. W., “Variable-focus Liquid Lens
for Miniature Cameras,’ Appl. Phys. Lett., 85(7), 1128-1130(2004).
Lim, C. and Wang, C. Y., “Effects of Hydrophobic Polymer Con-
tent in GDL on Power Performance of a PEM Fuel Cell’ Electro-
chim. Acta, 49(24), 4149-4156(2004).

Sikalo, S., Tropea, C. and Gani¢, E. N., “Dynamic Wetting Angle of
a Spreading Droplet; Exp. Therm. Fluid Sci., 29(7), 795-802(2005).
Park, S. C., Kwak, H. J., Kim, M. H., Fezzaa, K., Lee, Y. W. and
Yu, D. L., “Pressure Drop with Moving Contact Lines and Dynamic
Contact Angles in a Hydrophobic Round Minichannel: Visualiza-

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022

%

N

coleiel - fEQ

o

tion via Synchrotron X-ray Imaging and Verification of Experi-
mental Correlations” Langmuir, 36(38), 11207-11214(2020).

18. Lee, S., Park, J.-S. and Lee, T. R., “The Wettability of Fluoropoly-
mer Surfaces: Influence of Surface Dipoles]’ Langmuir, 24(9),
4817-4826(2008).

19. Blake, T. D. and Shikhmurzaev, Y. D., “Dynamic Wetting by
Liquids of Different Viscosity, J. Colloid Interface Sci., 253(1),
196-202(2002).

Authors

Jin Gyu Jang: M. S. Candidate, Department of Mechanical Design
Engineering, Pukyong National University, Busan, 48517, Korea;
dhkdndb123@pukyong.ac.kr

Young Hyun Kim: M. S. Candidate, Department of Mechanical Design
Engineering, Pukyong National University, Busan, 48517, Korea;
yh_kim@pukyong.ac.kr

Kyoung Joon Kim: Professor, Department of Mechanical Design Engineer-
ing, Pukyong National University, Busan, 48517, Korea; kjkim@pknu.ac.kr
Junghoon Lee: Associate Professor, Department of Metallurgical Engineer-
ing, Pukyong National University, Busan, 48517, Korea; jleel@pknu.ac.kr
Yeon Won Lee: Professor, Department of Mechanical Design Engineering,
Pukyong National University, Busan, 48517, Korea; ywlee@pknu.ac.kr
Dong In Yu: Associate Professor, Department of Mechanical Design
Engineering, Pukyong National University, Busan, 48517, Korea;
diyu@pknu.ac.kr



