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Fig. 2. Physical domain configuration
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Table 1. Physical properties of the fluid phases used in the assessment
of solution independence of grid size
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Table 2. Physical properties of the fluid phases employed in the study
of small deformations of drop
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Fig. 19. Effects of electrical polarity of drop on electric field lines for
@ =23 kV, K =1.1x10° and £=1.93
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Fig. 18. Equipotentials in computational domain for @ =23 kV,
K =1.1x10° and & =1.93
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Fig. 21. Temporal distribution of electric charge density
S L I e Ploj Mgy VY SIS

rn of Stream lines within and around drop
olisd ,.Ia.a % J&!a,aJw‘glg,eb,h&d&l:YYN

e (Gloj



(Ko e by E
N Sossll o o Fg
N b G235 55 o Fy,
Cm?st Sl J
Sm' why S colin K
gaw 2 dgee 5by n

g yr 2908 2lg by n

N m?Ls P

m’s! (0]

m o ylad gleds R,

m s sy oy u

S SesIL Gt gloj

S ¢ omblize Jloj dasuiie t
g pMe

Nm? (oo i cops y

CVIm! Jlw 23,8 o €
CVIim!' M 23,58 coys g
e (2ISg
m o (glisdl K

Pas ( Seolud anjoSuny 4

M pnbliie g i3 p,

kgm?  J&s p

m? (S sl S P,

ViSosdl dosly @
ETZS

Te T g

29 8y 1l Cowgy

5 0pkd JS5 i ol gl ULyl Juo bl 2 joks g s
Gello 0,18 IS 05 (a2 lgie ) (padld (S ysl plae S
IYF] 055 o sl 3 5 sl

() - )

YA

S 35 4 1

Sae 85 o8 S S 53 Blao o) S s (silutnd
ool 413,515 dalllan 3y90 Sl (imghy )3 oS Canl (29090 (So Sl
b 3 Sl S Gang g e 348 3509 1 pskaie cnb
GBS 3y s s 3 S odlizal pidcy) Shse e
(St 08 S a5 s (o Byl Jlow 5 o) o
o 5oy (S pSI ol o (B) (o 2SI Jpusly 5l 2503
(6) B Jlow 2 0 (2 3801 (2,38 i 5 (K ) SI Jlow &
K g D Gl Bl aS o lis (giloand gls .c8)5 )18 )y )90
& e o Moign Gl o)l b b > o ] (oS L JISe
& Gl b aS cal b s ol 33,5 e oplad SS e Ll
sl = ialS (g9 jlojlad (yd)b 53 o Wl (Sl L S
el = halS s 3l s 0B S i o @ 4 4 A8 o sy
Db o )13)55

P s S S glaaly 5wy p cpl 5o o sdalie S5 gody
2SS slasl oS oo 4 & 39500 bapo o)k Sl )b 5 S5
a5 wmd o Lt ol AT e D93y 4 )] ) ceudad sloul g o,lad prdaws
S S (sl o35 Cubye & S ) 338 S g K2
&S CusBge 03 (Sgw 5l g At il 0)8 a3 (ke g Cuo
PSS b Cund &, g K polae BB &y pie 5 oo (S5 xSl gl )Ly
L;is)—«sﬂ dLm)l) ‘ €r<Kr )J.)Lo,o dl)l LY ‘U"’L“’l u)‘ » .JJ)I.) (-;iaaw
oyl Co Chow e (SO S gl )l g opled Cunly Chow > Cute
Cuto (S Sl Gla)l pexs Cusbge £ K s pd g AS o gend
o o)kd (Sepm g (F900 SARS (53)5 Cax g ol bral ke
il b blo ) 5 atals oSl (S 5S oie o g 3985 o yosSno
S sl Sole ol (Ggely bome g 0 (S SUl olgs 5 (Sl
575 3 5 S 355 43 i S SI  ge sie
ks LA 5k ald oyl J)IJ olyod 4y |y olad sl
| (54l 45.39.»»@ o,lad 1> (£3g4uiie )’Lolf L;.\Mfwy» L_;;)&Jl
ot e sols ol J ks, (b gblo g ojhad Sl ca g5 5
Lo i 058 5l g5 9 0953 53 Sl ol 65 S 555
s Sl opkad 31 53 Sl ol ] s JB iz lawl oS
D9 g0 By pan bl Ly undg 4 o (g B 0B (putin IS5
Ole gdiej oyl 900 0 (B slah S sarwy b pl
o S5 & 85 ilo ol loals,S ol 311, ol b
g o by g Ui g o )5

e Cow b
o> pS &b ¢



SerSIL s ool lp k) D980 4325 9 008 6y luLL e
by o lais cot a8 3505 i |y (s WS Jaos Wlg o 0 lad a5
{OF] S (o s9pm pj dlaly 5l 9 2900 a3l

q=87(sy)" RY ()

o) 53 ol MADEXY - CVIM! b plyy o M (23,35 ¢, &
01 (6Ll Jld 0y WS jee by do jlohad (S Sl L 3T Ll

ot i 45 38 05 6 01 i b oot S0 i e 5
Ablee o jl g ond ylxil Jlea b g 398 00 Sliladn ) W5

Xbe
[1] A. Castellanos, Electrohydrodynamics, Springer, 1998.

[2]J.B. Fenn, M Mann, C.K. Meng, S.F. Wong, C.M.
Whitehouse, Electrospray  ionization for mass
spectrometry of large biomolecules, Science, 246(4926)
(1989) 64-71.

[3] N. Chetwani, C.A. Cassou, D.B. Go, H.C. Chang, High-
frequency AC electrospray ionization source for mass
spectrometry of biomolecules, Journal of the American
Society for Mass Spectrometry,21(11) (2010) 1852-1856.

[4] S. Banerjee, S. Mazumdar, Electrospray ionization mass
spectrometry: a technique to access the information
beyond the molecular weight of the analyte, International
Jjournal of analytical chemistry, 2012(1) (2012) 1-40.

[5] A.J. Rulison, R.C. Flagan, Electrospray atomization of
electrolytic solutions, Journal of colloid and interface
science, 167(1) (1994) 135-145.

[6]J. Yu, Y. Qiu, X. Zha, M. Yu, J. Yu, J. Rafique, J. Yin,
Production of aligned helical polymer nanofibers by
electrospinning, FEuropean Polymer Journal, 44(9)
(2008) 2838-2844.

[7] A. Frenot, 1.S. Chronakis, Polymer nanofibers assembled
by electrospinning, Current opinion in colloid & interface
science, 8(1) (2003) 64-75.

[S]H. Fong, I. Chun, D.H. Reneker, Beaded nanofibers
formed during electrospinning, Polymer, 40(16) (1999)
4585-4592.

[91D. Angmo, T.T. Larsen-Olsen, M. Jorgensen, R.R.
Sendergaard, F.C. Krebs, Roll-to-Roll Inkjet Printing and
Photonic Sintering of Electrodes for ITO Free Polymer
Solar Cell Modules and Facile Product Integration,
Advanced Energy Materials, 3(2) (2013) 172-175.

[10] M.K. Bologa, F.P. Grosu, 1.V. Kozhevnikov, A.A.
Polikarpov, O.I. Mardarskii, Characteristics of an

electrohydrodynamic pump, Surface Engineering and
Applied Electrochemistry, 50(5) (2014) 414-418.

Stisly p 905 9 Silge dliel )3 0pkad slajlad iy b ga oS

Sy D>+l V-l IS 5 (V=] JS5) it Sy 5] e
polie g (SO Sl lae slasel g3 (SaniS L oylad g Sed ISUE s
st 3308 Bt )3 S L ofab ¥ S s gosimshis D=

ol (S5 58Il oo
m - & A . T
et e
>
b
—>
b
D>0 D<0

Fig. a-1. Oblate and prolate deformations of a drop located in an
electric field.

(1905 99) (SS9 () (Sadpig GWISS pud 1Y - JSS
oS S s Sy 4 0,3
3 o5 2980 95 oo > @Bly s0ykd Kby 5l Jelos

IVF] Wl cumd &y i (sl

R, ¢ E_*
D:waz 1+Kr2_25r+§(1<r_gr)ﬂ (¥ - )
16y(2+K,) 5 1+ 4,

S e SAB B ¢ S o 1 LS 0)laB 4l glads R, oS

55 o ol L g S0 S ity OMSI AD  E =AD/L iy 55 L)

196, K oyl grzes sl (aw (A8 o pS 7y g (3955

Jbw sl ] blite (olss & (amaS 58) )5 (So38 Lol o
S oo iy 0j ©yg0 4y g 039 (Alwgey JB) e

K. &, U,
K, =—i g =S, =l .
' KEX ' gex /I ltlex (Y‘ LQJI)

Loy Mg Sl (23,85 & why (Soysll colis K oS

S9olm Jbw g 0jhad @ o)Ll CoS 5 X g I Sy pugin g i

Fol g Job o el (oSl plase jshs saslai live 5>
V¥ 25800 Ol 325 )90 4 (e Claizes ol 5 g 0)lad

E _=-E cos6

in,r

2+K

r

E,, =-E, cos€{1+2gli;lgrl)li—‘;} i
Olaize ) slagly o (elas Glaise sadge 4y o)lil 0 g7 aS

Olgse yols Juboo 5l oslatwl b aS” b > )les o gym) 515yl lad
ot 5 Cyge 4 ) Sl i 56 s 0dad S e
S SR IT 35 PR P 35 I P ROPIE B

YAY



[24] G. Taylor, Studies in electrohydrodynamics. 1. The
circulation produced in a drop by electrical field,
Proceedings of the Royal Society of London, Series
A, Mathematical, Physical and Engineering Sciences,
291(1425) (1966) 159-166.

[25] C.T.R. Wilson, G.I. Taylor, The bursting of soap-bubbles
in a uniform electric field, in: Mathematical proceedings
of the Cambridge, philosophical society, 22(5) (1925)
728-730.

[26] J.R. Melcher, G.I. Taylor, Electrohydrodynamics: a
review of the role of interfacial shear stresses, Annual
Review of Fluid Mechanics, 1(1) (1969) 111-146.

[27] J.R. Melcher, Continuum electromechanics. Cambridge,
MIT press, 1981.

[28] D.A. Saville, Electrohydrodynamics: the Taylor-
Melcher leaky dielectric model, Annual review of fluid
mechanics, 29(1) (1997) 27-64.

[29] O.A. Basaran, L.E. Scriven, Axisymmetric shapes and
stability of charged drops in an external electric field,
Physics of Fluids A: Fluid Dynamics, 1(5) (1989) 799-
809.

[30] T.C. Scott, O.A. Basaran, C.H. Byers, Characteristics
of electric-field-induced oscillations of translating liquid

droplets, Industrial & engineering chemistry research,
29(5) (1990) 901-909.

[311J.Q. Feng, T.C. Scott, A computational analysis of
electrohydrodynamics of a leaky dielectric drop in an
electric field, Journal of Fluid Mechanics, 311(1) (1996)
289-326.

[32] A. Fernandez, G. Tryggvason, J. Che, S.L. Ceccio,
The effects of electrostatic forces on the distribution of
drops in a channel flow: Two-dimensional oblate drops,
Physics of Fluids, 17(9) (2005) 093302-14.

[33] G. Supeene, C.R. Koch, S. Bhattacharjee, Deformation
of a droplet in an electric field: Nonlinear transient
response in perfect and leaky dielectric media, Journal
of colloid and interface science, 318(2) (2008) 463-476.

[34] O. Ghazian, K. Adamiak, G.S.P. Castle, Numerical
simulation of electrically deformed droplets less
conductive than ambient fluid, Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 423(1)
(2013) 27-34.

[35]1J.M. Lopez-Herrera, S. Popinet, M.A. Herrada,
A charge-conservative approach for simulating
electrohydrodynamic two-phase flows using volume-of-
fluid, Journal of Computational Physics, 230(5) (2011)
1939-1955.

[36] H. Paknemat, A.R. Pishevar, P. Pournaderi, Numerical
simulation of drop deformations and breakup modes

YAY

[11] S.W. Welch, G. Biswas, Direct simulation of film
boiling including electrohydrodynamic forces, Physics
of Fluids, 19(1) (2007) 012106-11.

[12] O.V. Salata, Tools of nanotechnology: electrospray,
Current nanoscience, 1(1) (2005) 25-33.

[13] A.-T.S.A. Jaworek, A.T. Sobczyk, Electrospraying
route to nanotechnology: an overview, Journal of
Electrostatics, 66(3) (2008) 197-219.

[14] H. Yoon, J.H. Woo, Y.M. Ra, S.S. Yoon, H.Y. Kim, S.
Ahn, J.H. Yun, J. Gwak, K. Yoon, S.C. James, Electrostatic
spray deposition of copper—indium thin films, Aerosol
Science and Technology, 45(12) (2011)1448-1455.

[15] M.L. Sweet, D. Pestov, G.C. Tepper, J.T. McLeskey,
Electrospray aerosol deposition of water soluble polymer
thin films, Applied Surface Science, 289(1) (2014)150-
154.

[16] M. Mousavichoubeh, M. Shariaty-Niassar, M. Ghadiri,
The effect of interfacial tension on secondary drop
formation in electro-coalescence of water droplets in oil,
Chemical engineering science, 66(21) (2011) 5330-5337.

[17]J. Hua, LK. Lim, C.H. Wang, C.H., Numerical
simulation of deformation/motion of a drop suspended in
viscous liquids under influence of steady electric fields,
Physics of Fluids, 20(11) (2008) 113302-16.

[18] M.S. Shadloo, A. Rahmat, M. Yildiz, A smoothed particle
hydrodynamics study on the -electrohydrodynamic
deformation of a droplet suspended in a neutrally

buoyant Newtonian fluid, Computational Mechanics,
52(3) (2013) 693-707.

[19] C.T. O'Konski, H.C. Thacher Jr, The distortion of
aerosol droplets by an electric field, The Journal of
Physical Chemistry, 57(9) (1953) 955-958.

[20] C.T. O'Konski, F.E. Harris, Electric free energy and
the deformation of droplets in electrically conducting
systems, The Journal of Physical Chemistry, 61(9)
(1957) 1172-1174.

[21] R.S. Allan, S.G. Mason, Particle behaviour in shear and
electric fields. I. Deformation and burst of fluid drops,
Proceedings of the Royal Society of London, Series
A, Mathematical, Physical and Engineering Sciences,
267(1328) (1962) 45-61.

[22] C.G. Garton, Z. Krasucki, Bubbles in insulating liquids:
stability in an electric field, Proceedings of the Royal
Society of London, Series A, Mathematical, Physical and
Engineering Sciences, 280(1381) (1964) 211-226.

[23] G. Taylor, Disintegration of water drops in an electric
field, Proceedings of the Royal Society of London, Series
A, Mathematical, Physical and Engineering Sciences,
280(1382) (1964) 383-397.



VAY B VSV asxis OYRY Lo oF 0)lad D 093 «yusS ol il pusiio 4y 3

by a conservative level set model, Electrophoresis, 34(5)
(2013) 736-744.

[47] D. Kuzmin, M. Mbdller, S. Turek, Multidimensional
FEM-FCT arbitrary stepping,
International journal for numerical methods in fluids,
42(3) (2003) 265-295.

[48] H. Rusche, Computational fluid dynamics of dispersed
two-phase flows at high phase fractions, Doctoral
dissertation, Imperial College London, 2003.

[49] S.M. Damian, N.M. Nigro, An extended mixture model
for the simultaneous treatment of small-scale and large-
scale interfaces, International Journal for Numerical
Methods in Fluids, 75(8) (2014) 547-574.

[50] S.S. Deshpande, L. Anumolu, M.F. Truyjillo, Evaluating
the performance of the two-phase flow solver interFoam,
Computational science & discovery, 5(1) (2012) 014016-
36.

[51]J. Klostermann, K. Schaake, R. Schwarze, Numerical
simulation of a single rising bubble by VOF with surface
compression, International Journal for Numerical
Methods in Fluids, 71(8) (2013) 960-982.

[52] F. Raees, D.R. Van der Heul, C. Vuik, Evaluation of
the interface-capturing algorithm of OpenFoam for
the simulation of incompressible immiscible two-phase
flow, Technical Report, Delft, the Netherlands: Delft
University of Technology, 2011.

schemes for time

[531V. Emad, Evaluating the Performance of Various
Convection Schemes on Free Surface Flows by Using
Interfoam  Solver, Doctoral
Mediterranean University, 2014.

dissertation, Eastern

[54] L. Rayleigh, On the equilibrium of liquid conducting
masses charged with electricity, The London, Edinburgh,
and Dublin Philosophical Magazine and Journal of
Science, 14(87) (1982) 184-186.

caused by direct current electric fields, Physics of Fluids,
24(10) (2012) 102101-26.

[37] Y. Lin, P. Skjetne, A. Carlson, A phase field model for
multiphase electro-hydrodynamic flow, International
Journal of Multiphase Flow, 45(1) (2012) 1-11.

[38] N.C. Lima, M.A. d’Avila, Numerical simulation
of electrohydrodynamic flows of Newtonian and
viscoelastic droplets, Journal of Non-Newtonian Fluid
Mechanics, 213(1) (2014) 1-14.

[39] L. He, X. Huang, X. Luo, H. Yan, Y. Li, D. Yang, Y.
Han, Numerical study on transient response of droplet
deformation in a steady electric field, Journal of
Electrostatics, 82 (1) (2016) 29-37.

[40] J.U. Brackbill, D.B. Kothe, C. Zemach, A continuum
method for modeling surface tension, Journal of
computational physics, 100(2) (1992) 335-354.

[41] C.W. Hirt, B.D. Nichols, Volume of fluid (VOF)
method for the dynamics of free boundaries, Journal of
computational physics, 39(1) (1981) 201-225.

[42]1Y.Y. Tsui, S.W. Lin, A VOF-Based Conservative
Interpolation Scheme for Interface Tracking (CISIT)
of Two-Fluid Flows, Numerical Heat Transfer, Part B:
Fundamentals, 63(4) (2013) 263-283.

[43] W. Aniszewski, T. Ménard, M. Marek, Volume of Fluid
(VOF) type advection methods in two-phase flow: a
comparative study, Computers & Fluids, 97(1) (2014)
52-73.

[44] E. Olsson, G. Kreiss, A conservative level set method
for two phase flow, Journal of computational physics,
210(1) (2005) 225-246.

[45] E. Olsson, G. Kreiss, S. Zahedi, A conservative level set
method for two phase flow 11, Journal of Computational
Physics, 225(1) (2007) 785-807.

[46] Y. Lin, Two-phase electro-hydrodynamic flow modeling

Please cite this article using:

H. Dastourani, M. R. Jahannama, A. Eslami Majd, Numerical Simulation of Drop Deformation and Breakup in an

Electric Field, Amirkabir J. Mech. Eng., 50(4) (2018) 767-784.
DOI: 10.22060/mej.2017.12267.5302

S ookl 5 ylie jl dlie cpl 4y glayl ol

YAL



