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Abstract. The combined effect of inclined electric fields and a transverse acoustic field on the Kelvin—Helmholtz instability of the interface of viscous
electrically conductive liquids is studied using the example of air—water and argon—iron systems. An inclined electric field, regardless of the effect
of sound vibrations, leads to the increased Kelvin—Helmholtz instability in the micrometer wavelength range. The most intense increase in the distur-
bances of the interface is observed at the angle of inclination of the electric field /3. This opens up new opportunities for the development of tech-
nologies for accelerated cooling of rolled products and surfacing materials by regulating the drop transfer of material. The combined effect of acoustic
and electric fields has an ambiguous effect on the Kelvin—Helmholtz instability. In the case of an air—water system, sound vibrations lead to suppres-
sion of the Kelvin—Helmholtz instability, while a tangential electric field with a strength of 3-10° V/m enhances this effect, and a normal field,
on the contrary, weakens it. For the argon—iron system, sound vibrations lead to the complete disappearance of the viscosity-conditioned maximum
and to a significant decrease in the growth rate of disturbances at the interface, which corresponds to the first maximum. Application of a horizontal
electric field with a strength of 3-107 V/m significantly weakens the effect of suppressing the Kelvin—-Helmholtz instability, while in a vertical field,
on the contrary, increases it. It was established that the restoration of the first hydrodynamic maximum in a normal electric field is possible with a ratio
of specific electrical conductivities ¢ greater than 0.012, regardless of the presence of a sound field. A change in the influence of the vertical electric
field from a stabilizing to a destabilizing one is possible with a ratio of ¢ from 0.015 or more.
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AnHomayus1. VI3y4eHo cOBMECTHOE BO3CHCTBHE HAKIIOHHBIX AIEKTPHUYECKUX MOJIEH U MOMEPEYHOTO aKyCTHYECKOTO MOJIS Ha HEyCTOIUMBOCTh Kerb-
BUHA—] €JIbMIoJIblia TPAHUIIBL pa3/iena BI3KUX JIEKTPONPOBOIHBIX JKHIKOCTEH Ha IpUMepe CHCTEM BO3LyX —BOja M aproH—xelne30. Hakionnoe
NEKTPUUECKOE T10JIE BHE 3aBUCHMOCTH OT BO3JCHCTBHUS 3BYKOBBIX KOJICOAHHI MPUBOAUT K yCHIICHHIO HeycTolunBocTH KenpBuHa—I enbmronbia
B MUKPOMETPOBOM JAHMAaIa3oHe JUIMH BOJH. Hanbosee MHTEHCUBHBIN POCT BO3MYILEHHUH IMOBEPXHOCTH paszielsia HaOIIoNaeTcs MpH yIiie HaKJIoHA
AIEKTPUUYECKOTO T0JIs 7/3. DTO OTKPHIBAET HOBBIC BOZMOMKHOCTH JUIs pa3pabOTKU TEXHOJOTHH YCKOPEHHOTO OXJIAKICHHUS MPOKAaTa U HAIUIaBKH
MaTepuasIoB IyTeM PEryJIMpOBaHHs KalleJIbHOro nepeHoca marepuana. CoOBMECTHOE BO3ICHCTBHE aKyCTHUECKHX U AJIEKTPUUECKHX MOJICH OKa3bl-
BacT HEOJHO3HAYHOE BIMSHHE HA HEYCTOWYMBOCTH KembBuHa—Ienbmrombua. B ciydae cucteMbl BO3IyX—Boja 3BYKOBBIC KOJNECOAHHs TPUBOIAT
K TIO/IaBJICHUIO HeycTounBocTH KenbBrHa—T eIbMIoMbIa, IPU 9TOM TAHICHIMAILHOE JIEKTPUYECKOE MOJIE HAPSHKEHHOCTHIO 3+10° B/M ycuu-

30 © S. A. Nevskii, L. P. Bashchenko, V. D. Sarychev, A. Yu. Granovskii, D. V. Shamsutdinova, 2025


https://doi.org/10.17073/0368-0797-2025-1-30-39
https://rscf.ru/project/22-79-10229/
https://doi.org/10.17073/0368-0797-2025-1-30-39
mailto:nevskiy.sergei%40yandex.ru?subject=
mailto:nevskiy.sergei%40yandex.ru?subject=

IZVESTIYA. FERROUS METALLURGY. 2025;68(1):30-39.
Nevskii S.A., Bashchenko L.P, and etc. Influence of inclined electric field on decay of a liquid jet during heat treatment and surfacing

BaeT JAHHBINA SQ(deKT, a HopMaIbHOE MoJIe, HA000POT, ocnadiseT ero. JJIsi CHCTEMBI aprOH—3KeJIe30 3ByKOBBIC KOJIeOaHUs MPUBOMAT K TTONHOMY
HCYE3HOBCHHIO BSI3KOCTHO-00YCIIOBICHHOIO MAaKCHMyMa M K 3HAYUTEIBHOMY CHIDKCHHIO CKOPOCTH POCTa BO3MYIICHHMIT IIOBEPXHOCTH pa3fiena,
KOTOpasi COOTBETCTBYET MEPBOMY MakCUMyMy. [IpUIIOKEHHE TOPH30HTAIBLHOTO HIEKTPHUECKOTO MOJIS HANPSHKEHHOCTHI0 3-107 B/M 3HaUMTENBHO
ocnabister ¢ dext mopasneHnst HeycroiunBoctn KenbBuHa—IenbMrosbia, a B BEPTHKAILHOM I0JI€ OH, HA000POT, YCHINBACTCS. YCTAHOBIICHO,
YTO BOCCTAHOBJICHUE NEPBOTO MMAPOANHAMHYCCKOrO0 MaKCHMyMa B HOPMAJIbHOM 3JIEKTPUYECKOM I10JI¢ BO3MOKHO IIPH COOTHOIICHHHU YICTBHBIX
9IEKTPHISCKHX IPOBOAUMOCTeH ¢ Gosee 0,012 BHE 3aBUCHMOCTH OT HAJIMYHS 3BYKOBOTO 10J1s. CMeHa 3HaKa BIAMSIHAS BEPTHKAIBHOTO IEKTPHYIeC-
KOTO T0JIsl CO CTaGMITM3NPYIOIIETo Ha IeCTaOMIH3UPYIOlIee BOBMOXKHO Ipy cooTHomtennu ¢ ot 0,015 u Goree.

Kaloyesvle c/108a: neKTpuyeckoe moie, akyCTHIECKoe Moje, TepMooOpaboTka, CHCTeMa BO3/LyX — BOJA, CHCTEMa aproH — JKENe30, HEYyCTOIYNBOCTh
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- INTRODUCTION

The Kelvin—Helmholtz instability occurs in various
research fields, ranging from terrestrial magnetohydro-
dynamics [1] and turbulent liquid mixing [2] to processes
such as coating deposition by electrical explosion [3]
and astrophysical phenomena like the solar wind [4].
This instability serves as a powerful trigger that disrupts
the stability of systems involving the mixing of two or
more liquids with different properties. Some of the most
notable applications of this instability include acous-
tic modes in air-consuming systems such as boilers, jet
engines, and gas turbines [5]. Another significant appli-
cation of this instability is the breakup of a liquid jet
into droplets in an electric field [6; 7]. This phenome-
non underlies the operation of precision devices that are
integral to various technological processes, such as elect-
ric arc welding and the production of ultrafine refractory
powders [6; 7]. In [8], the influence of an inclined elect-
ric field on the Kelvin—Helmholtz instability of two ideal
dielectric liquids was studied, revealing the conditions
under which the liquid transitions to a stable mode under
a horizontal electric field. It was also demonstrated that
the vertical component of the electric field exerts a desta-
bilizing effect. Another promising application of this
instability is the accelerated cooling of rolled products.
In [9], it was shown that by controlling the velocity
of the air—water system, it is possible to achieve the for-
mation of droplets in the nanometer range. Upon impac-
ting rolled products, these droplets induce a thermoelastic
wave, thereby increasing their impact toughness.

The origin and development of the Kelvin—Helm-
holtz instability of two viscous liquids were inves-
tigated in [10; 11]. A key feature of these studies is
the use of the viscous potential approximation. This
approach assumes the absence of shear stress components
of the stress tensor at the interface, while the viscosity
of the liquid is taken into account only in the condition
of continuity of normal stresses at the interface [10].
In the general case, the situation is complicated by
the need to determine the velocity profile of the fluid, and

as shown in [11; 12], there is no analytical solution for
the stability of a flow with a complex velocity profile.
However, at high wavenumbers (short wavelengths), this
approximation is justified, as demonstrated in [13].

The interaction of the Kelvin—Helmholtz instabi-
lity with ultrasonic vibrations in the case of a problem
with planar geometry under the viscous potential flow
approximation was studied in [14; 15]. The interac-
tion of the Kelvin—Helmholtz instability with ultra-
sonic vibrations in a planar geometry under the viscous
potential approximation was studied in [14; 15]. It was
assumed that the effect of acoustic vibrations is equiva-
lent to an effective oscillating gravitational field. It was
found that acoustic influence shifts the maximum growth
rate toward higher wavenumbers [15], and a stability
region was identified between weak acoustic excitation
and parametric resonance.

The objective of this study was to investigate the com-
bined influence of an inclined electric field and a trans-
verse acoustic field on the stability of the planar surface
of an electrically conductive liquid using the example
of the iron—argon and air—water systems under the vis-
cous potential flow approximation. The simultancous
application of these two factors enables the creation
of micro- and nanodroplet flow patterns, which is crucial
for the development of new technologies in welding, sur-
facing, and accelerated cooling of rolled products.

[ PROBLEM STATEMENT

Consider the instability of the planar interface
between two viscous electrically conductive fluids.
The first fluid is characterized by density p,, kinematic
viscosity v, electrical conductivity o, and dielectric per-
mittivity €, (Fig. 1). It occupies the region (-0 < x < +o0
and —h, <z <0) and moves with a horizontal velocity U, .
The second fluid occupies the region (—oo < x < +oo0 and
0 <z<h,) and is characterized by density p,, kinematic
viscosity v,, electrical conductivity c,, and dielectric per-
mittivity €,. The horizontal velocity of the second fluid
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is U, . The variable & represents the deviation of the inter-
face from its equilibrium position (Fig. 1).

Theflow velocities ofthe firstand second fluids are much
lower than the speed of sound; therefore, they can be con-
sidered incompressible. The kinematics of the inter-
face motion is described by the function F(x,z, t)=

VF ~ —aex +€Z

ox

vector is defined as (where V is the gradient opera-
tor. In the linear approximation, the normal vector

_oE

the normal

=z—-&(x,¢). Thus 7=

n= e + ¢, takes the form. The system under consi-

deratlon is placed in an external transverse acoustic field
and an inclined electric field relative to the planar inter-
face of the fluid (Fig. 1). The electric field vector, taking
into account the disturbances of the interface, is given
by E=E,é —E,é —Vy (where y is the disturbance
of the electric potential, and £, and E_ are the normal and
tangential components of the unperturbed electric field,
respectively). The inclination angle of the electric field
(Fig. 1) relative to the unperturbed surface B is defined as

arctg| —2=
0x

The fundamental linearized equations of the vis-
cous potential flow model for relatively small distur-

bances, taking into account the electric field, according
to [10; 15], are given as:

AD, =0; —h <z<0;
AD, =0; 0<r<hy; )
Ay, =0; —h <z<0;

Ay, =0; 0<r<h,,

VA
h
2 E 0y
2 _—
U, E, E, g
0 X
/] —
Ul
—h |

Fig. 1. On formulation of the problem of origin and development
of the Kelvin—Helmholtz instability

Puc. 1. K nmoctaHOBKe 3371241 O BO3HUKHOBEHHH U Pa3BUTHH
Heycroitunoct KenbBuna—I'ensMmromnbia
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where @ is represents the velocity potential disturbance.

When deriving the first and second equations of sys-
tem (1), the terms associated with the electric field were
neglected, which is valid for electrically conductive
liquids [16 — 18], in the absence of a volumetric charge.
Therefore, the electric field component will only be con-
sidered in the boundary conditions at the liquid—gas
interface. At the boundaries 4, and h,, we impose con-
ditions ensuring the absence of disturbances in the flow
velocity and the electric field:

z=—h: @zo; %zo;

0z ox 2)
sehy: P2 M2

Oz ox

The boundary conditions for the disturbances
of the flow potential of the liquid at the interface, taking
into account the electric field, are given by:

oo _ %, 000, 0 0

&z o ‘ez &z o ‘oz

R
—P + 291\’1 21
Oz

z=0:

b

1 2 2

R T R O
o0, 1 5o s
o2 Pe + Egzgo(Ezn _EZ’C) =7

P2 —2p,V, @a

where U, is the velocity of the i-th fluid; p; =—p;x

(8(1)
ot
fluid; p_; is the disturbance of the pressure of the acoustic
field; i =1, 2 is the fluid index; v is the surface tension;

E, and E,_ are the normal and tangential components
of the field, respectively.

+U,; 8_} is the pressure disturbance in the i-th
X

The boundary conditions for the electric field at
the interface are defined as [19]:

ii-E, =ii-Ey; o, (7i-E) =0, (ii-E,). (4)

Substituting the above values of the normal vector

and the electric field into equation (4) and subsequently
linearizing, taking into account that at the interface

of two conductors o,E,, =0c,E,, ,and E, =E, , leads
to the following:
E,. % o€ 0w _ - % o, 5\1/2
ox Ox o ox

)

o)l By — % +— W =0,| By, % +— (3\1!2
ox Oz ox Oz

The solution to equations (1) will be sought in
the form:
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@, (x, z, 1) = A cosh [k (z + hy)|exp(wr + ikx);

O, (x,z,t)=A cosh[k z—h, ]exp ot + tkx);

Wy, (x, z,t) = A;sinh [k z+h ]exp (of + ikx); (6)
W, (x, z,t) = A,sinh [k (z=hy) ]exp ot + ikx);

&(x, 1)

Substituting the third, fourth, and fifth equations of (6)
into equation (5) leads to the following system of equa-
tions for the constants 4, and 4,:

= exp (ot + ikx).

Aysinh(khy) + A,sinh(kh,) = (E,y. — Eyo. )&
A6, cosh(kh) — 4,6, cosh(kh,) = (7
= iéO(GZEZOx - GIEIOX)'

The solution to system (7) after transformation takes
the form:

4 == {[i(GIElox N G2E20x) + (GZEIOZ - GZEZOz) x
x coth(kh,) [ | x
x{sinh (ki) [coth(kly) 5, +coth(kh,)o, ||
A =- {[i(GIE]()x - 62E20x) + (GIEZOZ — GIEIOZ) x

x coth (k) |&, }><

)

x {sinh (khy) [coth (khy ), + coth(khy) o, ]|

Then, the disturbances of the electric potential will
take the following form:

W, (x,2,1) {[’ 01E g, =02 Eq, )+
+(0,E . — 0, E,,.) coth(kh,)] sinh [k(z + iy)]/
/{sinh(kh;) [coth (kfy )&, + coth(kh,) o, ;

&, exp(wt + ikx);
0 )

W, (x,z,1) {[z 6,Ey, —0,Ey, )+
+(0,Ey. —6,E,,.) coth(khy)| sinh [k (z — h,)]/
/{sinh(kh, ) [coth (ki) o, + coth(kh,) o, |;

&, exp(ot —ikx).

To derive the disturbances of the flow potential, we
substitute the first, second, and fifth equations of sys-
tem (6) into the kinematic boundary conditions (3).
As a result, we obtain:

o+ikU, "
ksinh(khy)
xcosh [k (z+ k)| €, exp(or + ikx);

o+ikU, "
ksinh(kh, )
xcosh [k(z - hz)]é0 exp (ot + ikx).

q)l(xazat) =

(10)
D, (x,z,t) =—

The contribution of the acoustic field to the pressure is
determined in the same way as in [14; 15]: p.=p,g ﬂﬁo
xexp(wt + ikx) (where 8p=8~ QU cos(£) is the effec-
tive acceleration; Q and U are the frequency and ampli-
tude of the acoustic ex01tat10n Substituting (9) and (10)
into the dynamic boundary condition (3) and perform-
ing subsequent transformations, taking into account that
atz=0: o, =0,k , E, leads to the follow-

. 1£012 = O2F 02> = By
ing dispersion equation:

a,® +2(a, +ib)) o+ a, +ib, = 0;
a, = p, coth(kh,) + p, coth(kh,);
a, = p,v,k* coth(kh,) + p,v,k* coth(kh,);
b, = p,U,k coth(kh) + p,U,k coth(kh,);
a, ==k*[ pU} coth(kiy) + p,U? coth(kh, ) |+
+vk* + (p, —P2) gk +

ree k> (o) _Gz)Ezzo,r B
0% | coth(khy ) o, + coth(kh, ) o,

o5 (o, — o,) coth(kh, ) coth(kh, ) E5,
o} [coth(kh )5, + coth(kh,) o, |

(1D
(o, — ©,) coth (k) coth(kh, ) E3,,

+e,8.k> -
coth(k# )o, + coth(kh,)o,

_ (51 - 62)E220x .
coth(kh ), + coth(kh,)o, |

b, = {alsokzcz(cl —o,) [coth(kh,) + coth(kh, )] x
x Ezoszoz} / {61 [coth(kh) o, + coth(kh,)o, ]} +
+ {8280/(2(0'1 —0,) [coth(kh) + coth(kh,) | x
X Esg, B, |/ {coth(khy) o, + coth(khy ) o, | +
+ 2k°[pv,U, coth (k) + p,v,U, coth(kh,)].
To analyze equation (11) while considering the influ-

ence of weak acoustic fields, we adopt the approach used
in [14; 15]. According to this method:

d’f L df .
a()?+2(a1 +lb1)E+ (a, +ib,) f =0;
a, =c—C, cos(Q1); C,. =(p,—p,)Q%kU,;

c=—k* |:p1U12 coth(k# ) + p2U22 COth(khz)J * Yk} "

(51 - Gz) E220x

coth(kh ), + coth(khy)o,)

+(py —pa) gk +e,80k” l:

12
o5 (o, — o, ) coth(kh) coth(kh, ) E3,, . (12)
o} [coth(khy)o, + coth(kh,)o, |
ek’ (o, — ©,) coth(k#y ) coth (kh, ) E5,., B
coth(kh)o, + coth(kh,) o,

(61 - 62)E220x }

- coth (k%) o, + coth(kh, ) o,
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where [ is a time-dependent function and repre-
sents the sum of a “slow” disturbance component
A,(0) = fiexp(w?), and a “fast” disturbance component,
A,(1) = f,cos(Qf), which corresponds to acoustic vibra-
tions. Here Q is the frequency of the acoustic influ-
ence [14; 15]. Substituting this sum into equation (7) and
discarding the cosine and sine terms, considering that
f,=-C, A /(a, Q% [14], we obtain:

2
Caéz =0. (13)

a0 +2(a, +ib)o+c+ib, to
0

The solution of equation (7) takes the form:

a, +ib,
o =———+
a
2 C?
a, +ib) —a,| c+—%—+1ib
J(l I oy
+ ;
o (14)
a, +1ib,
0, =— -
ay
2 C?
a, +ib) —a,| c+—%—+ib
Jlany e o
aO '

The second root of equation (8) has no physical sig-
nificance and is therefore not considered. The growth rate
of disturbances at the liquid interface is determined as
o = Re(m,). Consequently, we obtain:

C2
az—ﬂ+L{2(af+bf—ao)— a |

a, 2a, o’

1/2

2
C2
+2 [af+bf—a0c—25) + (2ah —bya,)* | . (15)

2

The data for calculations using equation (9) are pre-
sented in the Table.

- RESEARCH RESULTS AND DISCUSSION

Air-water system

In Fig. 2, a, the dependencies of the growth rate
of disturbances at the air—water interface on the wave-
number in the absence of an acoustic field under
the influence of electric fields are shown. The velocity
difference between the horizontal layers was 15 m/s. This
function has only one maximum, regardless of the pre-
sence of an electric field (curves / —3). A tangential
electric field (B =0) with a strength of approximately
3-10°V/m stabilizes the Kelvin—Helmholtz instabi-
lity, which is expressed in a decrease in o, and a shift
of the maximum mode &, toward lower values (curve 2).
A normal electric field (B =m/2) of the same strength,
on the contrary, enhances this instability (curve 3), which
is consistent with widely accepted concepts [8; 19].
At inclination angles of the electric field vector  n/6,
n/4, /3 (Fig. 2, b), an increase in k  is observed from
59,170 m™" (A, =106.19 pm) at B =n/6 to 119,709 m™!
(A, = 52.48 um) at B = n/3. The analysis of neutral curves
(Fig. 2, ¢) showed that the presence of a vertical compo-
nent of the electric field significantly narrows the range
of relative velocity differences between the fluids, within
which capillary forces and the tangential electric field
suppress the Kelvin—Helmholtz instability. It should be
noted that a similar effect was observed in [8] for the case
of inviscid dielectric liquids.

Let us consider the combined influence of weak acous-
tic and inclined electric fields on the Kelvin—Helmholtz
instability. Fig. 3, a shows the dependencies of the dis-
turbance growth rate at an amplitude value of the acoustic
oscillation velocity U, = 5 m/s. These dependencies indi-
cate that acoustic vibrations suppress the Kelvin—Helm-

Characteristics of the materials and parameters of external influence

XapakTepuCTHKU MaTepHaJIOB U NapaMeTPbl BHEIIHEro Bo3AeiicTBUS

o Characteristic values
Characteristic .

Water Air Iron Argon
Density, kg/m? 997 1.1308 6700 0.2434
Viscosity, p, Pa-s 8.94-10* 1.7798-107 4.4-1073 8.07-107°
Surface tension, 6, N/m 0.059
Specific electrical conductivity, S/m 0.01 0.001 7.52-10° 10°
Dielectric permittivity 81 1 4640 1
Velocity of the first fluid, U,, m/s 1 - 1 —
Velocity of the second fluid, U,, m/s - 16 - 101
Thickness of the first fluid, 4, m 1073 1073 1073 1073
Thickness of the second fluid, /,, m 3-1073 3-10°73 3-10°73 3-1073
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Fig. 2. Dependences of growth rate of perturbations of the air—water interface (a, b)
and neutral curves (c¢) under the influence of electric fields (notation here and in Fig. 3):
a: 1 —without field action; 2 —at E,| = 3-10° V/m and E,.,=0V/m;3—atk, =0V/mandE, =3 10° V/m;
b: I — 3 —angle of inclination of the electric field /6, n/4, and 7/3, respectively;
c: 1 — 4 —angle of inclination of the electric field n/6, n/4, and n/3, respectively
Puc. 2. 3aBUCUMOCTH CKOPOCTH POCTa BO3MYIIECHHI TOBEPXHOCTH pasziena Bo3ayX — Boaa (a, b)
U HeHTpalibHble KPUBBIE (¢) IPH BO3AEHCTBUY AIIEKTPHUYECKUX Ton1ei (0003HaUeHus 31eCh U Ha puc. 3):
a: I — 6e3 Bo3aeiicTeus nons; 2 —npu B, = 3-10°B/mu E,.=0B/™M;3-npuE,, =0B/mMuE, =3 10° B/m;
b: I — 3 — yron HaKJIOHA 3JIEKTPUYECKOro Nouis 1/6, /4 ¥ /3 COOTBETCTBEHHO;
c¢: 1 — 4 — yron HakIIOHa 3neKTpryeckoro moist 0, /6, /4 u m/3 COOTBETCTBEHHO
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Fig. 3. Dependences of the growth rate of disturbances of the air—water interface (a, b)
and neutral curves (c¢) under the combined action of electric fields and acoustic vibrations with a velocity amplitude of 5 m/s

Puc. 3. 3aBUCHMOCTH CKOPOCTH POCTa BO3MYILEHHI OBEPXHOCTH pasjieia BO3AyX —Boja (a, b)
U HeWTpasibHbIE KPUBBIE (¢) IPH COBMECTHOM BO3/ICHCTBUH JEKTPHIECKHUX MOJISH M aKyCTHIECKHX KOJIeOaHU ¢ aMITHTYIOH CKOPOCTH 5 M/C

holtz instability (curves / — 3), with the tangential electric
field amplifying this effect (curve 2), while the normal
electric field, on the contrary, weakens it. A weaken-
ing of the suppression effect is also observed at electric
field inclination angles B n/6, n/4, n/3 (Fig. 3, b), which
is confirmed by the analysis of neutral curves (Fig. 3, c).
Notably, similar suppression phenomena of the Kelvin—
Helmholtz instability were identified in [14]. However,
in that study, the application of acoustic fields resulted
in a rightward shift of £ , while the maximum growth
rate increased, indicating an enhancement of the Kel-
vin—Helmholtz instability. The discrepancy between
the results of [14] and the present study may be explained

, . C
by the fact that in [14], the ratio —* >

2a,Q
was taken with a negative sign, whereas in this study, it
was taken with a positive sign.

in equation (8)

Argon-iron system

Now, let us consider a different situation that arises in
surfacing or welding processes. In these processes, when
the electrode melts in an argon shielding gas environment,
a jet of liquid metal forms, which, under certain condi-
tions, breaks up into droplets [20]. The mode of mate-
rial transfer determines the quality of the formed coating,
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making the development of methods for controlling this
process an important task. In this system, the mutual flow
of gas and liquid gives rise to the Kelvin—Helmbholtz insta-
bility [20]. Fig. 4, a presents dispersion curves, showing
that they exhibit two maxima. According to [13], the first
maximum is hydrodynamic, while the second is viscosity-
induced (curve /). The application of a tangential elec-
tric field with a strength of 3-107 V/m leads to the near-
complete suppression of the hydrodynamic maximum
(curve 2), whereas in a normal electric field, this effect is
weaker (curve 3). As results of [19] show, the change in
the sign of the influence of the transverse electric field on
capillary instability is associated with the ratio of the spe-
cific electrical conductivities ¢ = 6,/c, and the dielectric

C

permittivities of the fluids € = ¢,/¢,. If € > o, the elect-
ric field has a stabilizing effect; otherwise, when (¢ < o)
the electric field has a destabilizing effect [19]. In the case
under consideration (see Table), for the argon—iron sys-
tem 6 ~ 0.00133, and & ~ 0.0002, which should indicate
a destabilizing effect of the normal field. However, this is
not observed (Fig. 4, a). This discrepancy with capillary
instability can be explained by the fact that, in this case,
the relative velocity of the flowing layers becomes signi-
ficant, altering the condition for the occurrence of Kelvin—
Helmholtz instability maxima [21]. A further increase in
the specific electrical conductivity ratio ¢ beyond 0.012
leads to the restoration of the hydrodynamic maximum
and the complete suppression of the viscosity-induced

500
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Fig. 4. Dependences of the growth rate of disturbances of the argon—iron interface (a — ¢)
and neutral curves (d) under the combined action of electric fields (notation here and in Fig. 5):
a: 1 —without field action; 2 —at E,; =3-10" V/m and E, =0 V/m; 3 —at E,; =0 B/M V/m and E, = 3-107 V/m;
b: 1 — 3 —angle of inclination of the electric field 7/6, 7/4, and 7/3, respectively;

c:atc>0.012: / — without field action; 2 —at £, = 3- 10’ V/m and 6 = 0.013, E

0, =0 V/m; 3—atk, =3 107 V/m and 6 = 0.015, E,,, =0 V/m;

d: 1 — 4 — angle of inclination of the electric field 0, /6, n/4 and 7/3, respectively

Puc. 4. 3aBUCHMOCTH CKOPOCTH POCTa BO3MYIIICHHU MOBEPXHOCTH pa3/eiia aproH—xene3o (a — ¢)
U HeWTpasibHbIe KPUBBIE (d) TIPU COBMECTHOM BO3/ICHCTBHH AJICKTPUUECKUX TT0JIeH (0003HAYCHHS 3/1eCh U Ha PHC. 5):
a: 1 — 6e3 Bosaeiicteus noss; 2 —npu £, = 310" B/Mu E, =0 B/m; 3 —npu E,; =0B/Mu E, =3-10" B/m;
b: 1 — 3 — yroy HaKJIOHA SIEKTPUYECKOTo Nouts /6, /4 u m/3 COOTBETCTBEHHO,

c:mpu 6 > 0,012: 1 — Ge3 Bosaeiictsus nons; 2 —npu E, =310 B/Mu o =0,013, E, =0B/m; 3 —npu E

1. = 3107 B o= 0,015, E, =0 B/m;

d: 1 — 4 — yron HakioHa sekrpudeckoro noist 0, 1/6, /4 u /3 cOOTBETCTBEHHO
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maximum. When ¢ > 0.015, the effect changes from sta-
bilizing to destabilizing (Fig. 4, b). The results of study-
ing the effect of inclined electric fields (Fig. 4, ¢) showed
that these fields enhance the Kelvin—Helmholtz insta-
bility regardless of the values of ¢ and e. In this case,
the maximum growth rate is viscosity-induced. At field
strengths £, < 3-107 V/m, a weakly pronounced hydro-
dynamic maximum is observed. The neutral stability
curves indicate that, as in the air—water system, a reduc-
tion in the stability region of interface disturbances is
observed (Fig. 4, d).

The combined effect of acoustic vibrations with
a velocity amplitude of 10 m/s and an electric field with
astrength of3-107 /V/mato ~ 0.00133, and € ~ 0.0002, on
the contrary, leads to the complete suppression of the vis-
cosity-induced instability maximum (Fig. 5, a, curve /)
and a sharp reduction in the maximum growth rate o
of disturbances of hydrodynamic origin. The application
of a horizontal electric field significantly weakens this

C

effect (Fig. 5, a, curve 2), while in a vertical field, this
effect, on the contrary, is amplified (Fig. 5, a, curve 3),
despite the fact that at £, =0 and E, =3-10" V/m,
the value of k is greater than E, =3-107V/m and
E,,. = 0. A change in the sign of the effect to destabiliz-
ing also occurs at 6 >0.015 (Fig. 5, b). The application
of an inclined electric field, as in the absence of sound,
enhances the Kelvin-Helmholtz instability, but o, is
somewhat lower (Fig. 5, ¢). The neutral curves (Fig. 5, d)
show an increase in the range of fluid velocities in which
capillary forces and tangential fields suppress the Kelvin—
Helmholtz instability under the influence of an acoustic
field.

[ ConcLusIONs
Inclined electric fields contribute to the enhancement

of the Kelvin—Helmholtz instability at the interfaces
of conducting fluids, regardless of the ratio of their den-
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Fig. 5. Dependences of the growth rate of disturbances of the argon—iron interface (a — ¢)
and neutral curves (d) under the combined action of electric fields and acoustic vibrations with a velocity amplitude of 10 m/s

Puc. 5. 3aBHCHMOCTH CKOPOCTH POCTA BO3MYIICHHI TTOBEPXHOCTH pa3zieia apron—xene3o (a — ¢)
1 HEHTpaJIbHbIE KPUBBIE (/) IPH COBMECTHOM BO3JCHCTBHUH JIEKTPUYCCKUX ITOJICH M aKyCTHYECKHUX KOJIeOaHH ¢ aMIIMTY 10 ckopoctu 10 m/c
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sities, specific electrical conductivities, and the presence
of acoustic fields.

It has been established that the combined applica-
tion of inclined electric fields and acoustic vibrations in
the air—water system allows the formation of liquid drop-
lets in the range of 10 to 100 um, even at low gas flow
velocities. This opens up new prospects for the develop-
ment of accelerated cooling technologies for rolled pro-
ducts to achieve high hardness and impact toughness.

For the argon—iron system, it has been shown that a
vertical electric field at 6 ~ 10~ and & ~ 10 practically
suppresses the hydrodynamic maximum. An increase in
the specific electrical conductivity ratio ¢ beyond 0.012,
on the contrary, leads to the restoration of the hydrody-
namic maximum and the complete suppression of the vis-
cosity-induced one. At ¢>0.015, the effect changes
from stabilizing to destabilizing, regardless of the num-
ber of maxima in the dependence of the growth rate on
the wavelength. The application of a tangential electric
field completely suppresses the Kelvin—Helmbholtz insta-
bility.

The combined effect of acoustic vibrations and a
normal electric field leads to the complete suppression
of the viscosity-induced instability maximum and a sharp
reduction in the maximum growth rate of disturbances
of hydrodynamic origin, while in a horizontal electric
field, this effect is significantly weaker.
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