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Abstract Based on the Zufiria theoretical model, a new model regarding the asymptotic
bubble velocity for the Rayleigh-Taylor (RT) instability is presented by use of the complex
velocity potential proposed by Sohn. The proposed model is an extension of the ordinary
Zufiria model and can deal with non-ideal fluids. With the control variable method, the
effect of the viscosity and surface tension on the bubble growth rate of the RT instability
is studied. The result is consistent with Cao’s result if we only consider the viscous effect
and with Xia’s result if we only consider the surface tension effect. The asymptotic bubble
velocity predicted by the Zufiria model is smaller than that predicted by the Layzer model,
and the result from the Zufiria model is much closer to White’s experimental data.
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Nomenclature

A, Atwood number; U, asymptotic bubble velocity;
Bo, Bond number; 7, amplitude of bubble;

F, complex velocity potential; 0, stream function;

Fr, Froude number; A, wave length;

g, gravity acceleration; Ly dynamic viscosity coefficient;
k, wave number; v, kinetic viscosity coefficient;
R, curvature radius of bubble; 0, fluid density;

Re, Reynolds number; o, surface tension;

Q, source strength; o, velocity potential.

1 Introduction

A gravity-driven interfacial instability is known as the Rayleigh-Taylor (RT) instability. The
RT instability plays an important role in the astrophysics and inertial confinement fusion. Up
to now, a number of theoretical models have been proposed for the nonlinear bubble evolution
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of single mode RT instability" 2, among which the Layzer model® and the Zufiria model(*

are the most common and typical ones.

For the Zufiria model, the bubble is considered as a point source in a uniform free stream,
and we can get the detailed development process of the bubble instability based on the complex
velocity potential. In fact, the Zufiria model was first proposed for the vacuum bubble. Then,
Sohnl> ¢! generalized it to the arbitrary Atwood number. Sohn!®! found that the bubble velocity
in the RT instability converged to a constant limit, and bubbles attained constant asymptotic
curvatures. Sohn!% performed numerical simulations by using the point vortex method to study
the effect of viscosity and surface tension on the bubble growth of the RT instability, and found
that both the surface tension and the viscosity decreased the asymptotic bubble velocity.

The Layzer model, which is also based on the potential flow theory, can predict the velocity
potential near the bubble tip, and therefore it can describe the bubble development process.
However, numerical results are very few for the RT instability with the surface tension for a
single mode case. Cao et al.["] studied the effect of viscosity on the bubble growth rate. Their
experimental results showed that the fluid viscosity depressed the bubble velocity, but did not
affect the bubble curvature. Xia et al.l®¥l investigated the Layzer model which was extended to
non-ideal fluids, and the effects of the surface tension on the RT instability were investigated.
Their results indicated that the surface tension depressed the bubble velocity, but did not
affect the bubble curvature. Li and Luol® investigated the effect of both viscosity and surface
tension on the bubble growth of the RT instability based on Khan’s model. They derived the
two-dimensional governing equations of bubble movement for non-ideal magnetic fluids, and
asymptotic solutions were given for different bubble velocities.

In this paper, we further study the effect of surface tension and viscosity on the single
mode RT instability for the Zufiria model. The method is based on complex velocity potentials
proposed by Sohn, and this model is generalized into non-ideal fluids. In the following sections,
the Zufiria model is analyzed theoretically, and then comparative studies between the Zufiria
model, the Layer model of Sohn, and White’s experimental datal'® are performed.

2 Bubble velocity in Zufiria model

2.1 Theoretical model

Based on the Zufiria model, we assume that there is a point source under the bubble tip with
the strength @, as shown in Fig. 1. In Fig. 1, g is the gravity acceleration, H is the distance from
the point source to the bubble tip, and R is the curvature radius of the bubble. We consider
two irrotational fluids in a vertical pipe with the width A and the infinite length, and the heavy
fluid is on the top of the light one. The complex velocity potentials for the heavy and light
fluids can be written as

Fiy(2) = ¢n + ibh, (1)
F(z) = g1 + i, (2)

where ¢y, and ¢; are the velocity potentials for heavy and light fluids, and 6y and 6, are the
stream functions for these two fluids, respectively.

In the dynamic coordinate (z,y), as shown in Fig. 1, the interface near the bubble tip can
be represented as

2(t) = y(t) +iz(t), (3)
and this interface can also be written asl”]
5(z,y,t) = 2> + 2R(t)y = 0 (4)

with consideration of the shape of the interface.
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Fig. 1 TIllustration of bubble tip for Zufiria model

The governing equations for the interface evolution are

Dé DR

E—2xvm+2D y+2Rv, =0, (5)
L au P, p 0 au ja

wr §(V¢h) (E +g)y+p—h— (6% ( é)° + (E +g)y+ o ) (6)

where 2 Dz 18 the total derivative, v, and vy, are the velocities at the x- and y-directions, respec-
tively, U is the velocity at the bubble tip, P, and P are the normal stresses of heavy and light
fluids, respectively, and pn, and p; are the densities of heavy and light fluids, respectively. If
the surface tension and viscosity of the fluid are considered, the normal stress balance on the
interface is given bylf!

1) =2 5] oty ™

where [D] = Dy, — Dy, p is the coefficient of fluid viscosity, o is the surface tension of interface,
and 7 is the amplitude of bubble.

The dynamic equation for the interface can be derived from Eqgs. (6) and (7),

8(;#;11 + 2(V¢ n)? + (C(li—[t] +g)y
=0 (G + 5+ (G o)~ o Clrg ) o) Q

Therefore, the evolution of the interface is determined by Egs. (5) and (8).
We take the complex velocity potentials®!|

Fu(z) = Quln(1 — e *G+HD) 2, (9)
F(z) = QIn(1 — e *C—H)y L (K —U)z, (10)

where @, and @) are the source strengths of the heavy and light fluid, respectively, U — K
represents the uniform flow, K is the source velocity of light fluid, and %k is the wave number.
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By expanding Egs. (9) and (10), we have

A=) D v, (1)
n=0 :
= Cln
R(2)=Q1) — T+ (K =U)z, (12)
n=0 '

where Cy,, and C},, are the expanding coefficients for heavy and light fluids, respectively. Ac-
cording Ref. [7], we know

dF
E = Uy — ivx. (13)

When Eq. (13) is combined with Egs. (9) and (10), we can get the horizontal and vertical
velocities of the heavy and light fluids, i.e., Uny ,Uny, Vig, and vi,. By substituting these velocities
into Eq. (5) and expanding these to the first order of z, we get the following equations:

CrhiQn — U =0, (14)
Ci+K—-U=0, (15)
dR
dt + 3Ch2RQy + CLsR*Qy = 0, (16)
dR
N + 3C12RQ) + 013R2Q1 =0. (17)

Moreover, by expanding F}, and Fj to z°, we have the velocity potentials ¢y, and ¢ for heavy
and light fluids, respectively. By substituting ¢y, and ¢, into Eq. (8) and expanding these to the
first order of x, we get the following equations:

d dH
(Cn1 + Cth)& + Qn(Cha + Ch3R)E —

dt t9

30
c2,02R +2M 00, — 22
12 Qh on h3Qn onRR2

d@y

:ﬂ —_—
dt

dH
o —Q1(Ci2a + CisR)—

((Cu + C2R) T

dK 2 )2 M
+ g~ CRQIR+201Cia@ + g), (18)

Cha ChaR? ) dQy

Chs Ch5R2 dH 1
(57 + O+ =) )

+ @ (5 Gl =5=) 3

_ Ql(C’lg C'15R2) dH 1132)7 (19)

5 POt )W T
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where

4
P = Q? (052 + C2R? — 20h5ChsR — gchgchgf#), (20)

4
Py = Q? (0122 + CELR? — 20,013 — 501201332)= (21)

and the expanding coefficients C,,, and Cy,, (n = 1,2,---,5) have the following forms:

k
Cni=Gp—7
_kQGkH
Cho = —
h2 (ekH — 1)27
‘o KBk H (4 1)
(FH —1)8
_kAeRH (02KH 4 4okH | 1)
Oh4 - (ekH — 1)4 ) (22)
O kPekH (e3FH 4 11e2FH 4 11ePH 4 1)
h5 — (ekH — 1)5 9
Oy = —Chye,
Cr2 = —Cho,
Ci3 = Chs, Cu=—Cn, Ciz="Chs.

The evolution of the bubble is determined by Egs. (14)—(19). In the final stage of the RT
instability development, the time derivatives of all the variables in Egs. (14)—(17) are zero.
Therefore,

3Ch2 + CrhsR =0, (23)
@ =0. (24)

Substituting Eq. (21) into Egs. (18) and (19) yields

2A o 3
c2,Q2R -2 (¢ ChaR =—g— ——
h2@n P (Chz + CraR)Qn g on B2

h
h A+1 (25)

4
Cy + CER?* — 2019013 R — gOMCMR2 =0, (26)

where A = (pn — p1)/pn + p1) is the Atwood number, and g, is the dynamic viscosity of heavy
fluid.
We can also get the following equations by combining Eq. (20) with Eq. (23):
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Ch1 to Chy can be calculated by substituting Eq. (26) into Eq. (22),

k k2 \/§
Y Cha= T =2
1+v3 ™ D)

2 )
Finally, by substituting Eq. (29) into Eq. (25) and combining with Eq. (14), we get the asymp-
totic bubble velocity U in the following form:

Ch = k3, Chny = —2k" (29)

B 6k, n ( 6k, )2 6—|—4\/§( A 2g o k) (30)
1++3 143 T+4V3\A+13k  pn 3/’
where vy, = un/pn is the kinetic viscosity of heavy fluid.
This velocity can also be expressed in the nondimensional form,
12 12 2 6+4V3 A 2
Fr=-——"F—+\[(—%=) + * \f( - ). (31)
(1+V3)Re 14+ V3Re 7+4/3\31(4+1) 3Bo

Denote the Froude number as Fr = U/+/g], the gravity Reynolds number as Re = \/g\3 /vy,
and the Bond number as Bo = p,gA\?/o.

In this paper, both the viscosity and the surface tension effects are considered regarding to
the bubble growth. From Eq. (31), we can find that our result is consistent with the result from
Ref. [7] if we only consider the viscosity effect, and it is also consistent with the result from
Ref. [8] if we neglect the viscosity effect.

2.2 Results

Figure 2 shows the relationship between the bubble Froude number F'r and the Reynolds
number Re for the Atwood number A = 0.5 in the logarithmic scale. As shown in Fig.2,
the asymptotic bubble velocity is greatly affected by the viscosity when Re < 103. However,
when Re > 103, F'r keeps unchanged with the increase of Re, which means that the bubble
velocity saturates to a constant value. We can also find that the surface tension can reduce
the asymptotic bubble velocity because the value of F'r with Bo = oo is larger than that with
Bo = 2072
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, s —— Bo = 2072, Zufiria
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Fig. 2 Relation between F'r and Re for Zufiria model

Figures 3(a) and 3(b) show the relationship between the Froude number Fr and the At-
wood number A for the Zufiria model and the Layzer model when Bo = oo and Bo = 2072,
respectively. The solid lines are results from Sohn!®!, while the dotted lines are results from Cao
et al.l”l. As we can see from Fig.3(a), the value of bubble velocity computed from the Zufiria
model is smaller than that from the Layzer model for both the inviscid and the viscous flows.
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As A — 0, bubble velocities predicted from these two models are almost the same. However,
the discrepancy increases with increasing A. This conclusion is consistent with the results from
Sohn(fl and Cao et al.l).

When Bo = 2072, the value of bubble velocity predicted by the Zufiria model is also smaller
than that predicted by the Layzer model for both Re = 1000 and Re = oo, as shown in
Fig.3(b). Moreover, for Re = 1000, the bubble velocity remains zero at the beginning. As
A — 0.05, the bubble velocity begins to increase for the Layzer model. For the Zufiria model,
the bubble velocity begins to increase when A > 0.1.
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0.20 0.20
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S S
0.10 0.10F .
a — Re = oo, Layzer / / — Re =1 000, Layzer
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Fig. 3 Changes of F'r as function of Atwood number

In order to compare our results with the existing experimental data, the following physical
properties!'? are used in our model to compute the asymptotic velocity: the viscosity coefficient
of heavy fluid u, = 5 x 1073 Pas, the density of heavy fluid p;, = 2 735kg/m?, the wave length
A = 2.12cm, the gravity acceleration g = 980cm/s?, and the Atwood number A = 0.99.
Figure 4 shows the asymptotic bubble velocity as a function of time. The solid line in Fig.4 is
computed from the Zufiria model, the dash line is from the Layzer model, and the solid circle
is the experimental result. As we can see from Fig. 4, the values of velocity predicted by both
models are larger than the experimental values, and the result of the Zufiria model is closer to
the experimental result. This probably is because of the introduction of the complex velocity
potential for the Zufiria model, which may cause the artificial velocity diffusion.
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Fig. 4 Velocity predicted by Zufiria model, Layzer model, and experimental method

3 Conclusions

In this paper, we present an analytical model for the asymptotic velocity and curvature
of the bubble of single mode RT instability. The new model is based on the Zufiria model
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and considers the effects of viscosity and surface tension on the bubble growth rate of RT
instability. The differences between the Zufiria model and the Layzer model are analyzed. Our
results indicate that the asymptotic bubble velocity is decreased with the increase of viscosity
and the surface tension. The value of asymptotic velocity predicted by the Zufiria model is
always smaller than that of the Layzer model, and the result of the Zufiria model is closer to
White’s experimental result.

Future work will focus on the following two aspects:

(i) Study the effect of fluid vorticity on the RT instability based on the Zufiria model.

(ii) Study the combination effect of all the factors that affect the interface evolution process
by use of both the Zufiria and Layzer models.
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