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Abstract—The effect of viscosity ratigi, defined as viscosity
of surrounding medium/viscosity of fluid jet) on abtlity of
axisymmetric (m=0) and asymmetric (m=1) modes oftysbation
on a liquid-liquid jet in presence of radial eléctfield (Ey), is
studied using linear stability analysis. The visigogatio is shown to
have a damping effect on both the modes of pertiarinaHowever
the effect was found more pronounced for the m=1ldenas
compared to m=1 mode. Investigating the effect ahlE, and)
simultaneously, an operating diagram is generatédch clearly
shows the regions of dominance of the two modesafesange of
electric field and viscosity ratio values.

Keywords—liquid-liquid ~ jet, axisymmetric
asymmetric perturbation, radial electric field

perturbation,

I. INTRODUCTION

ELECTRIFIED liquid jets or threads have been widely studie

There are few studies which have explicitly conside
viscosity of both jet and surrounding, however, itirtheir
discussion to particular values of viscosity rdf26]—[31] and
have not considered the effect of arbitrary vistyositio on
the different modes of perturbations.

In the present work, we consider a charged ligeidgsuing
into another immiscible liquid and subjected toiah@lectric
field. Relative motion between the two fluids is sidered
zero. We concentrate on the case of highne®brge
number (Oh; a dimensionless parameter repiiegerthe
ratio of viscous and interfacial tension fageand use
linear stability analysis to study the effeof viscosity
ratio on the axisymmetric and asymmetric instabitf a
viscous jet (a perfect conductor) submerged intraroviscous
Juid ( perfect dielectric) subjected to radialattee field. The

in fluid mechanics. However the same cannot be saftidh O limit which has been assumed in this waak be

about immersed liquid jets, where a jet of liqusdsubmerged
in another immiscible liquid of finite viscositynlsuch a

case, the viscosity ratio of the jet and the medfluid (A =

HUmedium/Hjety Plays an important role in determining the

stability of the system. Also, systems involvingnimrsed jets
when subjected to electric fields are now attractircreasing
attention. An important occurrence is the elecspdision of
a conducting liquid jet submerged in an immiscithielectric
liquid and subjected to electric field [1]-[3]. Atesdy
“cone- jet” can be realized for a range of systearameters,
which can undergo axisymmetric or asymmetric infiteds

[4]-[7]. The technique is now used to generate sioob
with narrow distributions of droplet sizes contatile in the
range from micrometers to tens of nanometers B, [

There is extensive literature available on bothegxpental
and theoretical investigation of liquid jet breakupith or
without the presence of electric field and severiew
articles have discussed the topic in ample de@H{11].
Although considerable work has been done on thecefbf
electric field on jet instabilities, the effect ofirsounding
medium has not been adequately addressed. Thestndihe
literature for a jet under radial electric field baeither
considered the inviscid jet limif(= ) [12]-[14] or looked
at a viscous jetA(= 0) in an inviscid medium [15]-[25].
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easily satisfied for highly viscous electrified jefSso it is
valid in the study of stability of neutrally buoyatiquid
bridges immersed in an outer bath of another imimisdiquid
in the presence of electric field [32]-[34]. Thipeyof flow is
also encountered in polymer phase separation, wicpil
droplets of one of the phases nucleate out and gmavare
stretched in extensional flows.
morphology under electric field would then dependrughe
stability of such threads [35]. The theory devebbpe the
current work, can thus be useful to study all thmve
interesting systems.

Il. FORMULATION OF THE PROBLEM

Consider an infinitely long cylindrical jetf gadius a of
an incompressible liquid with viscosity, immersed in an
immiscible fluid of viscosity gl The subscript i denotes inside
fluid jet whereas subscript e stands for outsideosmding
medium. The fluid jet is a charged conductor witbleltric
constant;, characterized by zero field inside, surface paent
ys and chargess whereas the outside medium is a perfect
dielectric with dielectric constand.. The jet is subjected to
radial electric field of strengthyE

A. Governing Equations

The governing equations of motion for the systemgiven
by

0 =0 @)
o, - - ao =
Yo ¥+vj v, |=-0p; + 4,07, + pyE; 2

Phase separation &
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where j is set as i for the inner fluid and e far tutside fluid. write the boundary conditions as
E is the electric field; v is the velocity field the pressurgy;

is the free charge density apds the fluid density in the bulk. n[qv (r,8,z,t)-v, (r,8,zt))=0 (9)
The tilde represents dimensional quantities. ° _
In the absence of any free charge pe= 0, the potential 1 LV (7.8,Z,t)=V, (r,8,2,t))= 0 (10)
() is described by t, Qv (r,60,z,t)-v,(r,8,zt))=0 (11)
o~
= F(6,t
g =0 ®) nEVi(r,e,z,t)—M=0 (12)
andE=-0Og ot
€ —_—
The above governing equations are non-dimensictiliz nEdri(r,H,z,t)+ I (r.6.zt) I, F6z1) (13)

using the following scaling: the distance is scabgda, the —r°(r g,z,t))h+H @,t)=0
time by pay, the velocities are scaled b, and the stresses  ° R
and the pressure byla, wherey represents the interfacial & 7, (r,8,z,t)+77(r,0,z,t)-7,( 6,2 1)

surface tension between the jet and the surrourftliidy The ~18(r,8,z,t)) =0 (14)
0 1 1 )

scaling for potential and electric field arg,ya/ (&.&) and t,Or.(r,0,z,t)+ Tie r,6.2t)-1,¢.6.2t) "

V1 (ag.&,) respectively, ~78(r,8,z,t))Ih=0

whereg, is the permittivity of free space. where,n, is the unit normal and; andt» are the mutually

orthogonal unit tangent vectors respectively.
Using the above scaling, we get,

Ov; =0 4 C. Linear Sability Analysis (LSA)
1 ov. In LSA a typical variabld is expressed as,
| —=+v, My, |=-0p, +c,0%, (5) ypica’ vani A
(Oh)*\ ot f=f +0f (16)
20 =0 where fm is the base state (steady state value) #inds
@ = ®) the perturbation variabl®é being a small parameter. The

analysiss conducted t@ ().
where Oh;  (Ohnesorge number)= 4 /(pay)”* and

¢ =g /y or 1 for the inner jet or outer medium The perturbed quantitf  is

respectively. The viscosity ratioe/plj is represented by. . o

In the present work, we specifically look at theseaof f=f ( jdsj dkj dm € ) St,
very high Oh, Stokes flow conditions, which as dissd
in the introduction are common in many industriebgesses and m are the non-dimensional axial and
and biological systems. These conditions are gdigbr flow azimuthal wavenumbers and s is the dimensionless
systems with highly viscous fluid jet and/or forryesmall growth rate.
diameter cylindrical jets.

The perturbed shape of the interface is given by
Equation 5 is thus reduced to,

F(8,t) =1+ oD glermis (17)
2
@_Dpj +CiD Vi ™ where 1 is the non-dimensional cylinder radius &hds a
constant.

B. Boundary Conditions

The electrostatic boundary condition at the inteefaf 1Ne curvature at the perturbed interface is given b

the conductor jet and the dielectric surroundingiigen by 5 2+ Afermoye

constant potentigy=g , where the non-dimensional surfaceH =1-0D(1-m"-k°) € (18)
where the mean curvature of the cylinder is given 1b
- Similarly all the other quantities, such as thespteep,
@A=@ =Y. =@/(«/}7§/ 80) (8) velocity componentgvr,vg,vz) and the potentiaj for both
inside and outside fluid are decomposed into a Ipaseand
The hydrodynamic boundary conditions are the coiityin a perturbation part. These quantities when substitiback

of velocity and the force balance at the interfatle. use the into the governing equations provide eigen functior the
definitions of the unit normal and the unit tangemd the different perturbations variables.

interface and the velocity vector % vee, + vog + v,€; to The complete Eigen functions for the potential directly

potential is given by
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obtained by using potential boundary conditions,
@=y,
D
=y, .-E,Inr+J E
(0e 405 0 Km(k)
The boundary conditions are applied at the unknimter-

(19)

K, (kr) ® ™= (20

face F(0,t) and the value of a typical variable f is obtained

from the unperturbed interface as
of, .
— (kz+mB)+st
f(r:1+D) - fu:l)"'(? oD e
r=1

Substituting the eigen functions in the boundanyditions,
one can assemble all the equations in arbmébrm as
MX=0 where matrix M would be a function of s, k, R
and, and X would be a column matrix made up ofttad
constants. The matrix equation MX8& has a non-trivial
solution only when the Det[M] = 0. Solving the eehinant
of M and equating it to zero gives the dispersietation,
azimuthal wavenumbers along with other
parameters.The dispersion relation is fairly long an

, Materials and Biomolecular Sciences
2415-6620
No:6, 2012

asymmetric m =
observed [39]-[41], the asymmetric mode was found«
stable (-ve growth rate) for all values of k, atazelectric field.
For m = 1 mode, the growth rate expression fot &ja non-
viscous medium)(— 0) is,

(ky(-2K* +k(5+k?)c— 21+ k? 2+ Xc?)

= (24)
2(-2C +K2(9+ K2 — 1KCo— € Ark+ &2°)

where ¢ ={(k)/ly (k).

2) With Radial Electric Field

The expressions of growth rate for axisyminetand
asymmetric perturbations on a viscous condgctiet, in
an immiscible viscous dielectric surroundingbjsated to
radial electric fields are derived. For the limginase o —
0, a low k analysis was performed for both m = @ an= 1
mode. The expressions obtained are,

operating

complicatedand hence is not shown here. The different

elements of the matrix "X’ are provided in the Applé.

Ill.  RESULTS ANDDISCUSSION

A. Validation

To validate our problem formulation and solutioogedure,
we first compare our results with relevant expmssithat have
been previously reported in the literature for #ieealues of

viscosity ratios\.

1) Without Electric Field

Firstly, results of the modekithout the presence of any

electric field are presented. Provide below are
expressions of growth rate for axisymmetnc € 0) mode
for the special case of viscosity rafio= 0,1 and co.” These
three viscosity ratios correspond to a ngRcous vacuum
surrounding, similar viscosity fluids and rn-viscous jet
respectively.

PR e 17 2 o
e Rl
(0

Hew [L-K2]/2 2 -
i Kl
00

= s oG o kK ) @9

Equations (21), (22) and (23) agree with that defiv

previously under same conditions by Rayleigh [J8notika
[37] and Stone and Brenner [38] respectively. Simito
axisymmetric mode,

ds~=[y-¢&.E2] m= 0 (25)
s~3;:2[1+geE§R|n(k)], m=1 (26)

Equations (25) and (26) agree with the expressitmmed
by Saville [16] under similar conditions. Radiaéetric field is
known to have a dual effect on axisymmetric pestidms,
stabilizing the long waves while destabilizing 8tert ones.

-e-E=0
—a—E=1
-v-E=1.5
~4E=2 |
~<4-E=2.25

the

s (growth rate)
o
N

o

I I
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Fig. 1 Effect of radial electric field on w10 mode at=0.5
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Fig. 2 Effect of radial electric field on m1 mode ai=0.5

shown to become more unstable with increasing Iréidid for

the growth rate expression fbe t all wavelengths. The results obtained in the priesenk agree

with previous investigations as shown in figuresnd 2.

1 mode was derived. As previously

On the other hand, asymmetric perturbations hawen be
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Fig. 3 Effect of A on m= 0 mode atEq = 3

With the scaling used in the present work, for thdial
electric field orientation the normal and tangenedtctric

stresses do not depend upon the dielectric constanf
B =eels

B. Effect of Viscosity Ratio in Presence of Radial
Electric Field

The effect of viscosity ratid. on liquid-liquid jetswhen
subjected to radial electric field is now discussEue analysis
is restricted to m= 0 and m= 1 mode of perturbation.

Figures 3 and 4 show the growth rate vs wavenuploés
at differentA for m = 0 and m= 1 mode respectively
whereas fig. 5 shows the variation of maximum growate

(sw) with A at Ep = 3. Figures 3 and 4 suggest stabilization

of both axisymmetric and asymmetric instability Iwit
increase ink. The maximum growth rate,,dor both m = 0
and m = 1 mode decreases wit(Fig. 5).

1.2
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Fig. 5 Effect ofr ons, for m= 0 and m= 1 mode aEy = 3
5 L L L L

JURPTTLL b

E
3
&
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A

Fig. 6 Operating diagram showing domains of pre-damce of n¥
0 and m= 1 modes for radial electric field

10°

Fig. 6 shows that the m = 1 mode can only be zedlin
the lowerA limit. Also, at A values where m = 1 mode
dominates, a minimum threshold electric potentialstnbe
provided to overcome the axisymmetric m = GdmdNith
increasing A this threshold electric field also increases,
however, this rule is only valid up to a certaitical A above
which the m = 0 mode is always dominant.

IV. CONCLUSION

The current study presents the linear stabilitylysisi on a
fluid jet immersed in another immiscible fluid andjgeted to
radial electric field. The analysis reducestlie previously
reported results for axisymmetric perturbatioms ithe

Fig. 4 Effect ofk on m=1 mode at§ = 3 appropnat_e limits of the viscosity rqtlo and exdsrio |ncIu_de

o . . L asymmetric perturbations along with the effettchanging

Thug Itis seen that electric field and viscosityiordave viscosity ratio and applied electric field. Whileeteffects of

opposing actions on the growth rates of th® modes goqpic field on fluid jets are already known, itfiaind that
of instabilities. Radial electric field on onéian

. X ) . . even the viscosity ratio of the fluids was critigathportant in
destabilizes whereas viscosity ratio on thbeotstabilizes deciding the most dominant mode of perturbation

these perturbations.

Additionally, the extent with which both these paeters (m=0) and asymmetric (m=1) modes of

Increasing: has a tendency to damp both axisymmetric
instabdi

act is different for the two modes. Thus it is vanportant to however the effect is more pronounced for m = 1 ened
study the effect of electric field and viscosity isat compared to m = 0 mode. Thus Xagoes up, the threshold

simultaneously. To this end, an

showing domains of predominance of the twodeso for
any given value of E O aridis presented in fig. 6.

operating gadien electric field required to express m = 1 mode aisesr An
operating diagram to predict the pre-dominant mateany
given value of electric field and viscosity ratiopsesented.

This diagram can be of great help in correctly oty the

operating conditions required to express any desirgtability
for a particular application.
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APPENDIX
ELEMENTS OF THE MATRIXM

1
Mi11 :g(ffum(k) + 2L (k) + Io4m (k)
MI12 =1_14,,(k),
MI13 =114 (k),
1
Ml =2 (—K_24m (k) = 2Km (k) = Ka1m (K)),
MI5 = — K_y o (K),

M16 = — K14m(k),
M17 =0,

M2 =72 (F) — Lasm (),
M22 =il 4 (K),

M22 = — il (k),

M24 = i~ K2 (8) + Ko (),
M25 = — iK_14m(k),

M26 =iK1 4 (K),

M27 =0,

M3 =2 (a0 () + 20 (K) + Tan ()
M32 =1_14m(K),

M33 =11 4 (K)

M34 =0,

M35 =0,

M36 =0,

M37 = —s

1
M41 :g(kf—sﬂu(k/) + 20 op (k) + 3kI_14m (k) — 41, (k)

+ 3kI4m (k) + 2124 m (k) + klz1m(k))

M42 =k(I-24m (k) + Im (k)),

M43 =k(I (k) + Io4m(K)),
1

M4 = S AEK s (F) = 2K (8) + KK 1 (k) + 4 ()
+ 3kK14m (k) — 2Koym (k) + kK3 qm(k)

M45 =kA(K a4 m (k) + Ko (k)),

M46 =EX(K _o4m (k) + Kum (K)),

M47 = — Eo® k K_14m (k) — 2(Eg + (=1 + k> + m?) 7) Ko (k)
+ Eg k Kit4m (k)2 K (k)

1
MS1 = i(kI—34m (k) + 2mI—z4m (k) + kI 14m (k) +dm In (k)
— kI (k) + 2mIapm (k) — kI3 m (k)
1
M52 :5i(k1,2+m(k) +2(=1+m)I_14m (k) + kln(k))

1
MS3 = — (kI () = 21+ m) g () + k2 (k)

1
Ei)x(k K_g3ym(k) —2mK_oqm(k) + kK_14m(k) +4m K,, (k)
—kKi4m (k) —2m Kojpm (k) — k Kspm(k))

M54 =

1
MSS == iA(k K—aom (k) = 2(=14m) K1 () + k Ky (K))

1
MS6 = — SiA(k Ko (k) + 21+ m) Ky (k) + k Koo (K))
M57 =0,

Mé1 :ﬁ(kl,pﬂn (k) + 2L (K)) + kI14m (k),
M62 =il,, (k)

M63 =il,, (k),

Mé64 :i(i(kK,Hm(k) 2K (k) + kK14 (K))
M65 =ik, (k),

M66 =iF, (K),

M67 =0

1
M7L= = i(k(=2+ )24 (k) = 4T 1m (k) = 4k T (k)
+ 2kA L (k) — AT1 4o (k) — 2kTo g m (k) + kXT2qm (K))
1
M72 = — k(=3 + 20 L1 m (k) = T (F)

1
M73 =2k (It (k) + (3 = 2) T1n (k)

M74 = — éi)\(k K _opm(k) — 4K 14 (k) + 2k K (k)
— 4 K1ym (k) + k Koym(k)
1
M75 = — 5ik>\(K—1+m(k) + Ki4m(k)),
M6 = — A 1 (F) + K1 ()
M77 =0
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