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Effects of laser radiation, transverse electric field and roughness of
the boundary on Rayleigh-Taylor instability in a thin poorly
conducting viscous fluid
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ABSTRACT

This paper deals with the Rayleigh-Taylor InstapiRTI) at the interface between heavy poorly cetidg fluid
supported by a lighter poorly conducting fluid imetpresence of transverse electric field, thernaaliation and
roughness with slip boundary condition at bottomuglo wall and no-shear condition at the top intedgac
Analytical solutions are obtained for modified NavBtokes and energy equations in the presenceppliea
electric field and laser radiation. These soluSoare computed for different values of electric ham Bond
number, roughness parameter and laser frequencarpater and found that roughness of the wall andtetefield
reduce the growth rate of RTI considerably.
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INTRODUCTION

The interfacial science continues to be the frardiea of research in view of its importance fa tinderstanding,
control, and exploitation of the many physical, miwal and biological processes, such as, Inertigidh Energy
(IFE), heat transfer across barriers, friction bew surfaces and its mitigation, catalysis, adhedailure of
polymers, biomechanical and bio medical engineeri@d the three types of surface instabilities, abnmRayleigh-
Taylor Instability (RTI), Kelvin-Helmholtz Instabiyy (KHI) and Richtmyer-Meshkov Instability (RMIthe RTI,
that is instability of heavy fluid layer supportby a lighter fluid, has attracted considerablerditte because of its
wide variety of applications in engineering, phgsiand biological sciences. RTI can occur undeavity and
equally under an acceleration of a lighter fluidtie direction towards denser fluid. The RTI i tbase of
gravitational field in hydrodynamics and magnetategtynamics(MHD) has been investigated extensivege[l])
in the literature but much attention has not bemergto its study in electrohydrodynamics (EHD) sed by
acceleration of the lighter poorly conducting fl@dsing in solidification of alloys in materialisace processing.
For example, in the area of failure of metallicsgles, grain boundary layer in metals and crazimgriarphous non-
cross link polymers (see [7] and [10]). These pwy failures have been known to occur normallyheyformation
and growth of planar defects. These defects ld@kdracks but, in fact, are load bearings. Bo#ze slip advance
and widening are thought to occur due to RT infitglprocess. In such situations it is importantalesirable to
suppress the growth rate of RTI because of its imtapoe in biomedical engineering and in IFE.

In bio-medical engineering alloys like Nickel-Titam and Titanium based alloys are of interest du#eéir high
level of bio compatibility and bio integration withuman body. These alloys are poorly electricabnducting
where the electrical conductivity is a strong fiumectof temperature. The variation of conductivitytiwthe
temperature arising in the solidification of thesdloys releases charges which in turn generateslexntric field
known as thermally induced electric field. In adudi there may be an applied electric field duestobedded
electrodes at the boundaries. The total eledtld {that is sum of induced and applied electietdf together with
density of charge distribution give rise to elecfarce. This in turn produces surface instabiifyRayleigh-Taylor
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type, which may cause the side effects like haesiwlgsee [1]) and also erode the endothelium, thikswof the
arteries in coronary artery diseases (CAS), duager surgery used to dissolve plaques formed @midothelium.
These side effects have to be controlled for effitifunctioning of implanted artificial organs inetbody. Such
replacements with built in mechanisms to controfaste instabilities are shown to be superior toanetgans made
up of Steel or Cobalt—-Chromium-Molybdenum implagse [15] and [16]). For success of bio-integratiaith
surrounding host tissues involving fixed charge sitgn(FCD) implant surface must be stabilized ussuwgface
roughness and naturally available electric fielth@ body. In addition, this mechanism is alsdrdé to promote
the growth of the bone tissue around the implant.

Apart from this biomedical engineering applicatidime control that is reduction of growth rate, ofIRs also of
importance for efficient extraction of Inertial Fois Energy (IFE). In IFE, it is known (see [3]jatithe accelerating
frame moving with the ablative front, there is anske fluid adjacent to a lighter fluid with the effiwe inwardly
directed gravitational force leading to instabilityown as Rayleigh-Taylor Instability (RTI). Theam challenge in
IFE is to control the RTI growth rate to achievghgain in the IFE target.

In the present paper we propose to overcome ftfiisudiy by making use of Navier-slip due to roughwrface of the
IFE target wall assuming Deuterium and Tritium (DThe two Hydrogen isotopes, are poorly conducting
incompressible alloys and symmetrically irradiated high power laser beams of intensity of order2of 10
Wi/cnt. The assumption of incompressibility assumed is plaper are adequate because the perturbatioitecets
here are not bounded by gravitational scale heiges [8]) but depends on the surface tension sdale system.
Therefore, the primary objective of this paperdsshow that the Navier-slip produced by the rougknat the
ablative surface of IFE target and the combinedu¢ed and applied electric field suppress the growath of
Electrohydrodynamic Rayleigh-Taylor Instability (ER in the presence of laser radiation.

To achieve this objective, this paper is planned fadows. The required basic equations along with
electrohydrodynamic (EHD) approximations and tHev&nt boundary conditions are given in sectiorir2section

3 we obtain the solution of the problem as welthesdispersion relation incorporating the effectasier radiation.
Some limiting cases and important conclusions aaevd in the final section 4.

2. Mathematical For mulation
We consider a thin film, denoted as Region 1 (f&pel) of unperturbed thicknessfilled with an incompressible,

viscous, poorly electrically conducting light fluaf constant densit)p1 bounded below by a rough rigid surface
which is at a constant temperaturg@fy = 0 and above by a dense incompressible, visqmly conducting
liquid of density,o2 denoted as region 2 as shown in figure 1.

y=h+nix,1) p2
Region R4

s o

Fig 1. Physical configuration

Laser radiation is used to overcome the repulgsiveef between DT and to fuse them. The fluid intthie film is

then set in motion by acceleration normal to therface and small perturbations are amplified whetseleration is
directed from light poorly conducting liquid in thiém towards heavy poorly conducting liquid ababwe interface.
This instability at the interface, by definitios, RTI. We consider a rectangular coordinate sysgtery) as shown in

figure 1 with x-axis parallel to the film and y-axnormal to the film with/ (X,t) as the perturbed interface

between two fluids in region®; andR,, whereR; is a region of dense liquid afyj is a region of light liquid. For
this configuration the required basic equationtfeing [11] are:
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The conservation of momentum:

od /. R ~ .
p(a—?+(q DD)qj=-Dp+/xD2q+peE- (2.1)
The conservation of mass for incompressible fluid:
rg=o0. (2.2)
The conservation of energy including the effedaser radiation:
pcp[%—rﬂq.D)T}: KI°T+Q 1e. (2.3)

To obtain relevant Maxwell’s equations we use thil#Wing EHD approximations:

() o<< 1, that is the electrical conductivity of the liquis negligibly small because we are considepogrly
conducting liquid. This approximation implies thhe induced magnetic field is negligible and thisr@o applied
magnetic field, hence the electric field is consgite so that

E=-Og (2.4)
where ¢ is the electric potential.

(il The assumption (i) given above limits the modulafiequency and electrical conductivity of the layuThat is
1

& << E o << 1 (%}2 wherec is the phase velocity of the electromagnetic wiavthe liquid. These
h

show that we can easily neglect the induced magfietd.

(iii) Non-uniform polarization and electric charge injestare negligible, so that convection currengq is

negligible.

(iv) The film thicknes$ is much smaller than the thicknd$®of the dense fluid above the film. Thahis < H.

(v) The surface elevation is assumed to be small compared to film thickmedshat isr7 < < h.

(vi) The Strouhal number, which is a measure of the local acceleratioméstial acceleration in equation (2.1) is
negligibly small. That is

e = L <<]
t,U
where L = \/g ty = 'Zyz andU are respectively the characteristic length, timé @elocity, y is the surface
h=o

tension and= g (0.— o).
(vii) We consider high viscous fluid so that inertial elecation term in equation (2.1) can be neglected i
comparison with viscous term.

The Maxwell equations needed, after using the alid¥® approximations, are

= _ P
The Gauss Law: OE==2, (2.5)
Ee
The Faraday’s law: OxE=0. (2.6)
The conservation of electric charges:
d .
Pe y0@=o0, ®.7

where j is the sum of the conduction curremtE and convection currerybeq due to the fluid motion. That is

J=0E+ps0 (2.8)
whered =0, [l+ a, (T =T, )] Sinced << 1, it depends on the conduction temperatlire T, = 8y. Theno
takes the form

g=0, [1+ an [a’y] (2.9)
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Here 4 = (U, V) the velocity,p the density of the fluid 0, the density of electric charggsthe pressureE the
electric field, i the viscosity of fluid,T is the temperature, k is the thermal conductivilyjs the specific heat at
constant pressure, | is the intensity of laseratah, 22 is the absorption coefficient] is the current densitye,, is

. . . . - , AT .
the dielectric constant of free spaae, is the electrical conductivity of the f|UIdﬁ=T and AT is the

difference in temperature.

The EHD assumptions discussed in section 2 alsbleshas to use the creeping flow approximationsctviallow
us to neglect certain terms in the perturbatioragiqos in order to arrive at closed form asymptstitution for the
interface evolution. Under these approximationshifigic equations (2.1) to (2.3) reduce to:

For region 1:
op d?u
O=——+u——+p.E 2.10
= E 2
= a_y Pelty (2.11)
oT 2
V,—— =K — + 1,067 (2.12)
oy y
M, Ny (213)
ox oy
For region 2:
2
0=« a—-l;'i 1,Qe™ (2.14)

wherev, is the velocity of the ablative surfagedepends on whethéyis in the direction or opposing gravity.
From eqn.(2.5), using eqns.(2.4), (2.8), (2.9) #wedapproximations discussed above, we get
= o¢ 2.15
Pe=cely 5 (2.15)

where )y =a, f.

From the continuity of charges given by eqn.(2fG1) steady charge density distribution, using ed2s8) and (2.9),
we get

—+——+y, —=0. (2.16)

Equation (2.16) has to be solved using the boundangditions

Q= v X at y=0
v h 2.17)
p=--(x-x) at y=h
We have to find the solution of egn.(2.10) using bloundary conditions
% =0 at y=h
y (2.18)

—ﬁlﬁzu at y=0
oy

the second condition in egn. (2.18) is the Navigr-&ondition (see [9]) valid for rough surfaceyat 0 wheres; is
the slip coefficient.
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Also egns.(2.12) and (2.14) are solved using thenbary conditions

Tf :TO at y:O! _I=O as Yy - x,
(2.19)

aT,
Kfa_y__/‘(Tf —To) at y=h, K|%:—/1(T, —To) at y=h
y

whereA is the heat transfer coefficient, suffideandl denote film in region 1 and liquid in region 2 pestively and
Ty is the temperature of rigid boundary.

3. Method of solution

Egns. (2.10) to (2.19) are made dimensionlessgusin

- P H_I ) Pe E E 3(=—X.*y=—y,5o: pa; T

U* = 2 ’ p* = ’ - !,oe = ’ =,
N2 u ah'T T, PRV V/ h h h
Where the asterisks (*) denote the dimensionleastifies and neglecting *s, we get
2
0=-P, 9 on,E, (3.1)
ox dy
0
0= —6—5 +2Ap E, (3.2)
wu v o9
ox oy
08 0°0
v, — =1 —+N, e (3.4)
ady R, oy
2
0= 0 62" + N, e (3.5)
0¢
=y = 3.6
Pe =T,y (3.6)
2 2
A R @)
x> ay oy
=x at y=0
¢ y } (3.8)
p=x-x, at y=1
%=O at y=1
yau (3.9)
-p,—=u at y=0
B dy y
6,=1 at y=0
00, (3.10)
—-=-B(6 -] at y=
0
M- -y a y=1
y 58 (3.11)
—=0 & y-o
oy
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e\/2 . 50h3 i |0Q0,Ltf
where A= 3 electric number, R, = Rayleigh number, N = o and
d,h K U 90" To
1,Qch . . . L . . .
N, = T = N; R dimensionless laser intensity in regions 1 and e8pectively, 2~=(h absorption
K 0

coefficient,3, = B,/ h Roughness paramet&,= B = A h/x Biot number.

Solving eqn.(3.7) using eqn. (3.8), we get
X, (1— e_yly)
P=X—"——"— (3.12)
l-e
. o) o . .
Solving eqns.(3.1) to (3.3) by assumngg = constant (i.e., independent of y but functioxpiising eqns.(3.9) and
X

(3.12), we get
0°p(1
V(l) :a—xg(é_,glj (3.13)

Solutions of eqns.(3.4) and (3.5), using egns.{3abd (3.11), are

g, =1- alle‘Qoy -1+a, (1— ecy)] (3.14)
and
N,e ™ N,e
6 =1+— +— Q,-B (3.15)
| QOQ QOQ Bi ( 0 )
N o Qo _ Qo
where @, = R a, = B -Be™ -Qe ™) andc=v,R,

Q,(Q, +¢)’ (ce -(1-¢°)B )

3.1 Dispersion relation
In this section we obtain the dispersion relatigrifzorporating the effect of laser radiation tadst the stability of
the system. The interface conditions are

the kinematic condition 6—0 + ua—,7 =V aty=h
ot oX
and for linear theory this takes the form
o
v=—- at y=h. (3.16)
a Y
The dynamic condition is
0’n e, EZ g
=—onp—-y—> £ =X Zat y=h. 3.17
p n=-y PNe > Y (3.17)
Eqgns.(3.16) and (3.17) are made dimensionless aéingnsionless quantities defined earlier and abtai
017
v=— at =1 3.18
o y (3.18)
10°n
=-6 -0, h-——— £ A ay=1 (3.19
p=-(6, -6, ) ST EAN ay=1 @19

wherezx on right hand side of eqn. (3.19) will depend dmrether the applied voltage is in the direction ppasing

2
-0

the direction of gravity, B the Bond number whictmeasures the relative importance of gravitatiofface

to surface tensiop, 8, =0, (1) and g, =6, (1) Then eqn. (3.18), using eqgns. (3.13) and (3d&pmes
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on °n 1 0% |(1
—=-6 -6, £tA)—-—— — || =B | 3.20
ot [ ('1 h )ax2 5 oxt 3 P (3:20)

we look for the solution of egn. (3.20) in the form

n=noexp{ilx+nt}. (3.21)
From eqn.(3.20), using eqn.(3.21), we get the reduilispersion relation
02 1
n=¢>16 -8, ——=+A||=-5,|. 3.22
( Iy fy B ] (3 ﬁlj ( )

RESULTSAND DISCUSSION

Our aim in this paper is to predict the effectdNafvier — slip due to rough surface of the boundanyface tension
at the interface, the applied transverse non-umifelectric field and laser radiation on the grovéten of the RTI.
The growth rata given by eqn. (3.22) can be written as

n=n,-¢pV, (4.1)
where
02 02
R 4.2
n, 3( Bj 4.2)
v=rlg-6 -Lia (1—,3) (4.3)
a (N f, B— 3 1 '

1, 17 |2 1
3(1_ Bj_(g'l gt AJ(&V’QJ
|2 1 '

(H'l_efl _7Bi Aj(s_ﬂlj

Here n, the growth rate coincides with the one given byb@un et. al. [4] in the absence of roughness,rlase
radiation and applied electric field called claakigrowth ratef3 is a constant and, is the normal velocity of the

surface. The growth rate given by eqn. (4.1) imeuically computed for different values &6f B, i, 6’,1 —6’f1,

:B:

(4.4)

andA and the results are depicted in figures 2 to Scamtlusions are drawn below.

Settingn=0 in eqn. (4.1), the cutoff wave numidgabove which RTI mode is stabilized, is found to be

lq=4B(6, —6; £4) (4.5)
. . _an _
The maximum wave numbet,,, obtained from eqn. (4.1) by settmgz =0is

f _\/B(Hll_gfliA) Ect

= = (4.6)
m 2 \/E
The maximum value af, namelyny,, after using? ,, given by eqn.(4.6), is
2(1 B
Mo = (6,0 24) (5 -ﬁljz 4.7)
From eqn. (4.7), the following three particulareaollow
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Case (i) : For 5, = 0,4 =0, implying absence of roughness of the boundad,electric field, we get the maximum
growth raten; o from eqn. (4.7) in the form

Blg, -6, f
Niax = % (4.8)
From eqns. (4.7) and (4.8), we get
6 -6, +Af (1-3
Glmax = nmax = ( : A ) (2 ﬁl) (49)
r]:Imax (Hh - Hfl)

Case (ii) : For 5 =0, 4# 0, implying absence of roughness of the boundad/in the presence of electric field,
we get, from eqn.(4.7) the maximum growth ratg.in the form

B
Nomax = 75 (9|1 -6, * A)2 (4.10)
From eqns.(4.7) and (4.10), we get
nmax
Gomax = =1-34 (4.11)
2max

Case (iii): Similarly, from egns.(4.8) and (4.10), we get

n 2max —

(6, -6, £af
N (6

2
(A 6 fl)
To know the behavior of the ratio of growth ra®g,.(i = 1 to 3), it is computed for i =1 fromeqgn. (4.9) ,i=2
from eqgn. (4.11) and i =3 from eqn. (4.12) andrésults are tabulated in the Table 1 and also teEpigraphically
in figs. (2) to (5) for different values of}, B, £, andN, taking negative sign in & which means voltage is applied
opposing gravity.

GSmax =

(4.12)

0.050 A=00 0.2+ B=0.01
B=0.02
0.75
0.1+ B=0.03
0.025 10
o = B=0.04
£
? 0.0 T T T T T T T
= ] 0.0 0.1 0.2 0.3 4 0.5 0.6
; g | Wave Number (I)
S’ 0000 : : : . : T
g 00 01 0.2 03 -0.1
E,' Wave Number (/) |
[
-0.025- 02-
_ Fig 3: The growth rate n ver suswave number 0 for 4=0.25, p1=0,
Fig 2: The growth rate n ver sus wave number { forB= 0.01, #1=0, N N, = 0.01, B; = 1.3, Ra = 1100, £2,=0.001 and for different
=0.01, Bj= 1.3, Ra = 1100, 2,=0.001 and for different electric numbers Bond numbersB

A
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0.050 4

] N=0.01
0.050 |
B,=0.0
. 0.025 -]
3.3x10
0.025] =
c ~
g 2 0.000 : :
5 g olo 01 0.3
g 0.000 . . : g Wave Number (1)
fin fin

ojo 0.1 0.2 0.3

Wave Number ¢ -0.025

-0.025

-0.050 -

-0.050 -

Fig 5: The growth rate n ver sus wave number { for 4=025B=
0.01, 1= 6.6x10?, B; = 1.3, Ra = 1100, 2,=0.001 and for different laser
intensity N,

Fig 4:The growth rate n ver suswave number { for 4=0.25B=001,
N; =0.01, B; = 1.3, Ra = 1100, 2,=0.001 and for different roughness
parameter f,

Table 1: Ratio Gimax (= Nmax/N1max) @nd the percentage of reduction in the maximum growth rate

1

0 3.3x10°

0.0 1.00 0.9010
) 100% | 90.10 %
0.9359 0.8433

025 53509 | 84.33%
0.8741 0.7875

050 57 41% | 78.75 %
0.8143 0.7337

075 51439 | 7337 %
1.00 |0-7566 0.6817
) 75.66 % | 68.17 %

Table2: Comparison of our resultswith the existing literature

Authors Gn Percentage of reduction
Takabe et. al. (1985) 0.45 45% (for compressibiil ¥l
Rudraiah (2003 a) 0.79] 79% (@, =0.1,0, = 0.1) (for porous lining)
0.9960 99.60% for M = Ii?
. 0.7152 71.52 % for M = 10
Rudraiah et. al. (2004) (for MHD 0.027 579 for M = 10
0.0003 0.03% for M = £0
Rudraiah et. al. (2007) Table |3 (for EHD)
Present paper Table [ (for EHD)

Table 3: % of reduction of growth rate

\%1\ 0 3.3x10° | 3.3x10° | 3.3x10* | 3.3x10°

0 100 99.999| 99.9901 99.901 99.01
0.25| 56.25 56.25 56.24 56.19 55.69
0.50 25 24.9998 24.9976 24976  24.7525
0.75| 6.25 6.2499 6.2494 6.243B 6.188
1.0 0 0 0 0 0

Figure 2 depicts the effect of applied transvergetec field in the direction opposing gravity regented by
A =0 to 10 for fixed values o8 = 0.01 ,R = 1100, B =1.3,Q,=0.001,N, =0.01 andB, = 0. This figure

reveals that an increase Zhdecreases the growth rate of RTI. From this weckale that the effect of applied
electric field is to reduce the growth rate, anddeemakes the interface stable.

Figure 3 reveals the effect of varying surface itemgepresented bg = 0.01 to 0.04 for fixed values df= 0.25,R,
=1100,B, = 1.3,Q, = 0.001,N, = 0.01 andﬁl=0. It shows that a decreaseBrimplying an increase in surface
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tension (becausB is the reciprocal of surface tensigndecreases the growth rate of RTI. This impliest the
increase in surface tension makes the interface stable as expected on physical grounds.

Figure 4 shows the effect of varying roughnessfimeft 3, = 0, 3.3x10 for fixed values 0B=0.01,4= 0.25,R,
=1100, B=1.3, Q,=0.001andN, = 0.01. This figure reveals that an increase ughmess decreases the growth
rate of the RTI. Hence, the effect of increaseoinghness makes the interface stable.

Figure 5 shows that an increase in laser intemgity0.001, 0.01 for the fixed values Bf=0.01,4 = 0.25,R, =
1100, B= 1.3, @, = 0.001andf, = 6.6x10? increases the growth rate of RTI and hence milesystem unstable
because an increase in laser intensity increagesrtrgy. From figures 2 — 5 we note that allttitee modes of
instability namely stable, neutrally stable andtabe modes are possible for certain values optrameters in the
dispersion relation given by eqn. (4.1).

From Table 1 ford = 0.75 andB, = 3.3x10%, we find G, = 0.7337that is the maximum growth rate is reduced to
73.37% of the classical value. Algg, = 0.8741for 4= 0.5 and3, =0, so that the maximum growth rate is reduced
to 87.41% of the classical value. Therefore, Tdbigves the amount of reduction in the maximumaghorate for
different values ofd andf; Table 2 gives the amount reduction in maximum dhonate compared to those exist in
the literature.

CONCLUSION

Finally, we conclude that with a proper choice bé tstrength of applied voltage, laser intensity andable
roughness of the rigid surface in the film, it igspible to reduce the growth rate of the RTI. Tikisiseful in
efficient extraction of IFE by maintaining the symmy of the target and also favorable to reducesttie effects
like haemolysis in biomedical engineering problems.

Acknowledgement
| thank the Sree Siddaganga Education Society, Turfak the support to carry out the research wdrkhank the
referee for valuable comments.

REFERENCES

[1] Chandrasekhar, SHydrodynamic and Hydromagnetic stability1961, Clarendon Press, Oxford.

[2] McCrory, R.L. and Morse, R.L., Phys. Fluid€76, 19 (1), 175.

[3] Manheimer,W.M., Colombant, D.G., and Gardné. JPhys. Fluids]1982, 25(9), 1644.

[4] Babchin, A.J., Frenkel, A.L., Levich, B.G., aBivashinsky, G.I., Phys. Fluid$983, 26, 3159.

[5] Takabe, H., Mima, K., Montierth, L., and Morde.L., Phys. of Fluids]985, 28(12), 3676.

[6] Rudraiah, N., Vortmeyer, D., Veena, B.H., Biediogy,1988, 25, 879.

[7] Brown H.G., Phys. Fluids, A1989, 1(5), 895.

[8] Kull, H.J., Phys. Report991, 206, 199.

[9] Miksis, M.J. and Davis, S.HJ, Fluid. Mech, 1994, 273, 125.

[10] Rudraiah, N., Krishna Murthy, B.S., and Math&dD, Acta. Mech.1996, 119, 165.

[11] Rudraiah, N and Kaloni, P.N.,(2003), Acta. Me2003, 116, 217.

[12] Rudraiah, N., Fusion Science and Technol@§93a, Vol.43, 307.

[13] Rudraiah, N., Prema Sridharan, and Tara Désti,J. of Applied Mechanics and Engineerigdp3b, Vol.8,
No.4, 665.

[14] Rrdraiah, N., Krishna Murthy, B.S., JalajaSA.and Tara Desai, Laser and Particle Be20®}, 22, 1.

[15] Rudraiah, N., Ng, C.O., Nagaraj, C., and Nagat.N., J.Energy, Heat and Mass Trans26a5, 27, 39.

[16] Rudraiah, N., Ng, C.O., Nagaraj, C., and Nagdaf.N, J.Energy, Heat and Mass Trans2606, 28, 261.

[17] N. Rudraiah, M. Venkatachalappa and M. Sidugi Prasad, International Journal of Applied Medsand
Engineering2007, 12, 1.

158
Pelagia Research Library



