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The Rayleigh-Taylor (R-T) instability and, more generally, interfacial gravity-driven in-

stabilities have myriad applications, ranging from stellar physics to inkjet printers. Although

these instabilities have been known for more than a century [1, 2], many basic questions re-

main unanswered. Indeed, although the theoretical analyses of these instabilities is not

intrinsically more difficult than that of other instabilities (e.g., Rayleigh-Bénard), experi-

mental investigation can be quite challenging. This is because R-T instabilities are driven

by gravity, a force that cannot easily be controlled on earth. In a classic R-T experiment,

one needs to create two or more layers of immiscible fluids having different densities, and

then subject the system to a destabilizing body force. Since gravity always is present, care-

ful control of the initial conditions generally is not possible in the unstable case, where the

upper fluid is denser than the lower fluid: The fluid layers destabilize even before they are

fully created. In order to circumvent this difficulty, a solid partition may be used to separate

the two fluids initially. The partition then is removed suddenly, allowing the instability to

occur [3, 4]. Unfortunately, this procedure tends to generate unknown and uncontrollable

disturbances, which confounds interpretation of the experimental results. Another approach

involves an initially stable configuration (denser fluid at the bottom), for which two protocols

have been used: (i) rapidly turning the cell upside down at t = 0; and (ii) imposing a linear

vertical acceleration using a spring-loaded mechanism [5—7]. Both techniques have obvious

limitations: The first is limited to very slow instability processes, usually obtained through

the use of highly viscous fluids, and the second requires large installations, is time-limited,

and does not facilitate temporal control of the total body force after the cell is accelerated.

The purpose of this Letter is to examine how the technique of magnetic leviation can ob-

viate the difficulties of Rayleigh-Taylor instability experiments. To that end, we conducted

a series of measurements using viscous immiscible fluids in Hele-Shaw cells, and developed

a new theoretical model to validate the experimental results. Although the R-T instability

in magnetic fluids has been studied experimentally in the past [8], it was only in the context

of ferromagnetic fluids, which are very different from classical fluids. Here we use magnetic

levitation of classical fluids to stabilize artificially an otherwise unstable fluid configuration

(denser fluid on top) for time t < 0, allowing us to impose carefully controlled initial condi-

tions. Then at t = 0 the magnetic force is turned off, thereby allowing gravity to destabilize

the system and drive the denser fluid to the bottom. In this way we avoid the limitations

of the classical experimental methods. For the case reported herein we examine two im-
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miscible fluids in a Hele-Shaw cell, a problem that has received scant attention compared

to the case of miscible fluids [9, 10]. Until now experiments involving immiscible fluids

in the Rayleigh-Taylor configuration have been avoided because of their rapid destabiliza-

tion, rendering the classical techniques impractical. Owing to this paucity of experimental

data, theoretical analyses for immiscible fluids also have been scarce and generally limited

to highly idealized situations [9]. Thus, in order to validate our experimental measurements

on immiscible fluids using magnetic levitation, we developed a new theoretical model for the

R-T instability in Hele-Shaw cells that is applicable to immiscible viscous fluids of arbitrary

properties. Good agreement was found, demonstrating the utility of both the experimental

technique and new theory. In particular, we found that the viscosity contrast between the

two fluids plays only a small role on the most unstable mode, an observation that will greatly

simplify future experimental work.

A Hele-Shaw cell was constructed using glass plates of thickness 0.22 cm and coated with

a layer of triethoxysilylpropyl polyetheylene oxide urethane to reduce wetting difficulties. A

U-shaped spacer of thickness 0.07 cm was placed between two plates and cemented, creating

a fluid “tank” of inner dimensions approximately 6.5 cm in width, 4.5 cm in height, and

0.07 cm in thickness. The base working fluids were chloroform and water, which are nearly

immiscible. Rubrene dye was added to chloroform (1 wt.-%) in order to create a visual

contrast between the two fluids, while highly paramagnetic manganese chloride tetrahydrate

(MnCl2 · 4H2O) was added to the weakly diamagnetic water in varying concentrations,
rendering the aqueous solution paramagnetic. The surfactant dodecyltrimethylammonium

chloride then was added (1 wt.-%) to the extant aqueous mixtures to reduce the surface

tension between the fluids and to mitigate wetting problems. For two of the aqueous

mixtures glycerol also was added in order to increase the viscosity of the mixtures and thereby

achieve larger capillary number while at the same time keeping the system in the Hele-Shaw

flow regime, i.e., maintaining a Poiseuille velocity profile accross the cell’s thickness. The

density of the chloroform + dye mixture was measured to be 1.472 g cm−3, and the density

of the aqueous mixtures ranged from 1.316 to 1.394 g cm−3, facilitating a variety of density

contrasts between the two fluids. Viscosities of the fluid mixtures were measured using

Cannon-Ubbelohde viscometers covering the appropriate viscosity ranges, and interfacial

tensions were measured using the pendant drop technique [13]. Material parameters for the

mixtures are given in Table 1; experimental details will be published elsewhere [14]. For
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all measurements the chloroform + dye mixture, which was treated as a nonmagnetic fluid

with susceptibility χ ≈ 0, was denser. Thus, in the absence of an applied magnetic force

(per unit volume) Fmag = χH∇H, the chloroform + dye sat at the the bottom of the cell

and the aqueous mixture at the top. The cell was placed in a Faraday magnet whose pole

pieces are designed to impart a uniform magnetic force (as opposed to a uniform field) [15],

and a downward magnetic force was applied. [Note that in previous experiments on liquid

bridges we used an upward pointing magnetic force [15—17]]. This created an artificially

stable layering of the less dense but paramagnetic aqueous solution at the bottom of the cell

and the more dense chloroform + dye at the top. Once the interface between the two layers

stabilized, the current in the magnet was switched off, with Fmag having a characteristic

decay time τ = 0.06 s, thereby subjecting the fluids to an ordinary gravitational acceleration.

With only natural gravity acting on it, the fluid interface became unstable. A digital camera

having resolution 768×494 pixels was used to image the interface deformation at a rate of 30
frames s−1 (Fig. 1), and a numerical algorithm was applied to each frame in order to digitize

the interface. The interface was fitted to the four-parameter function A sin (2π/λ+ ϕ)+A0.

Although the wavelength λ and phase factor ϕ were difficult to fit for early times, both

quickly converged on asymptotic values at later times. These values then were used to

refit the interface for all times with the two adjustable parameters A and A0. Thus, for

each experimental run we deduced the wavelength of the dominant perturbation and its time

evolution, including its linear initial growth rate, over the experimentally accessible material

parameters. Data will be shown after we define the relevant variables.

Let us now turn to the model. For immiscible fluids in a Hele-Shaw cell subjected to the

R-T instability, the only extant model is that of Fernandez et al. [10], applicable only to a

pair of fluids of the same viscosity — a rather difficult condition to fulfill with experimental

constraints on their mutual miscibility, miscibility of a paramagnetic dopant, and densities.

We therefore developed a new and more general model to which our experimental data

could be compared. Our model is based on a fluid cell of infinite extension in the vertical

plane (O, x, z) (with x horizontal and z vertical) and of thickness h, corresponding to the y-

axis. From now on, dimensional space and time variables are indicated by a bar, while their

dimensionless counterparts have no bar. Two immiscible fluids of different properties coexist

in the cell, separated by an initially horizontal interface and subjected to a gravitational

acceleration g along the −z direction. We designate the top fluid as 1 and the bottom fluid
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as 2. The fluids have densities ρ1 and ρ2, viscosities η1 and η2, and an interfacial tension

γ. g stands for the gravitational acceleration along the −z direction. We use the Brinkman
equations [11], which are equivalent to Navier-Stokes equations averaged over the thickness

of the fluid cell (along y). This averaging assumes that the velocity profile in the y direction

is Poiseuille-like, which imposes conditions on the typical time of the system evolution, viz.,

on this typical time scale the vorticity must already have diffused across the cell’s thickness.

The system is made dimensionless by the following choice of variables:

(x, z) = (x/h, z/h), t = t/tref

(u,w) = (u/uref , w/uref), P = 2P/
h
(ρ1 + ρ2)u

2
ref

i
with tref = h/uref and uref = (ρ1− ρ2)gh

2/6(η1+ η2). Here u and w are the dimensionless

velocities along the dimensionless axes x and z, respectively (with u and w their dimensional

counterparts), and P the dimensionless pressure (with P its dimensional counterpart).

With these definitions the dimensionless equations for each fluid i become:

∂ui
∂x

+
∂wi
∂z

= 0

0 = −∂Pi
∂x

+
1

Rei
(−12ui +

∂2ui
∂x2

+
∂2ui
∂z2

)

0 = −∂Pi
∂z

+
1

Rei
(−12wi +

∂2wi
∂x2

+
∂2wi
∂z2

)− 1

Fri
2

with Reynolds and Froud numbers, respectively, given by Rei = (ρ1 + ρ2)urefh/2ηi and

Fr2i = (ρ1 + ρ2)u
2
ref/2ρigh. The interface equation is z = ζ(x, t).

Far from the interface the boundary conditions are limz→+∞ ∂P1/∂z = −1/Fr12 and
limz→−∞ ∂P2/∂z = −1/Fr22, and at the interface itself (i.e., for z = ζ):

u1 = u2, w1 = w2,

∂ζ/∂t = wi − ui∂ζ/∂x,
∂u1
∂z

+
∂w1
∂x

=
η2
η1
(
∂u2
∂z

+
∂w2
∂x
),

P2 −
2

Re2

∂w2
∂z

= P1 −
2

Re1

∂w1
∂z
− 1

We

∂2ζ

∂x2

where We = (ρ1 + ρ2)u
2
refh/2γ is the Weber number.

The conditions at the interface represent the continuity of velocity across the interface

and the continuity of tangential and normal stresses corrected by the surface tension. If
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the interface initially is horizontal and perfectly flat between two motionless fluids, then the

fluid layers remain in place. In order to check the stability against small interfacial or bulk

perturbations, a linear stability analysis was conducted in which a normal mode decompo-

sition was applied to the unknown perturbations using the form X = X̃(z) exp (ikx+ σt),

where X is any unknown perturbation of the problem (including the perturbation in ζ),

k is the dimensionless wavevector of the perturbation and is real, and σ its dimensionless

complex growth rate. Following a classical but lengthy procedure (see, e.g., [12]), an ex-

plicit dispersion relationship can be found having the form σ = f(k,We,Re1, Re2, Fr1, Fr2).

This relationship can be simplified such that only two dimensionless numbers appear, the

capillary number Ca = (η1 + η2)uref/2γ = (ρ1 − ρ2)gh
2/12γ and the normalized viscosity

difference μ = (η1 − η2) / (η1 + η2), where −1 ≤ μ ≤ 1:

σ =
(
√
k2 + 12− k)(k − k3/12Ca)

2(
√
k2 + 12− μ2k) + μ2(

√
k2 + 12− k)[2/3k2 − k3(

√
k2 + 12− k)/18]

. (1)

Note that the growth rate is always real in the unstable case, i.e., the interface undergoes no

temporal oscillations. If the two viscosities are equal (i.e. η1 = η2), we recover Fernandez’s

special case result [9]. The present result is thus a generalization of that previous theory,

applicable to fluids of arbitrary viscosities.

Let us denote by σ the dimensional counterpart of σ, namely, σ = σ/tref . Figure 2 shows

the dimensional growth rates σ measured experimentally and predicted by theory; good

agreement with experiment is found over the entire range of Ca. Figure 3 shows the growth

rate σ and the most unstable wavevector k in dimensionless form, along with the theoretical

curves calculated from Eq. 1. The two figures show good agreement between experiment

and theory. In particular, the comparison between the theoretical and experimental most

unstable wavevectors k is excellent over the entire range of Ca. This agreement confirms

both the validity of the model and the precision of the data acquisition. We stress that the

quality of the experimental results is a direct consequence of the very precise control over the

initial conditions obtained through magnetic levitation. It demonstrates the great advantage

of this technique in the experimental study of Rayleigh-Taylor and related instabilities.

Another striking observation from the theoretical plots in Fig. 3 is the very small influence

of reduced viscosity μ on the most unstable wavevector. Regardless of the viscosity difference,

the two limiting curves are nearly identical. Nevertheless, one should not infer that the

viscosity differences play no role: The overall shape of the relationship that links σ and k
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at constant Ca does differ depending on the value of μ, but the position and amplitude of

its maximum remain almost the same, regardless of μ. Hence the similarity of the curves in

the figures. Besides, the dimensionless growth rate is normalized by t
−1
ref , which is a function

of the average of the two viscosities of the fluids, so that even if the dimensionless maximum

growth rate σ seems little affected by the viscosity contrast, the dimensional growth rate

σ is. The main conclusion to draw from this model is that as far as the most unstable

mode is concerned, a layering of immiscible fluids of different viscosities can be regarded

almost as a layering of fluids of equal viscosities, provided the equivalent single viscosity is

taken as the average of the two actual viscosities. This prediction is of utmost importance

experimentally, as identifying immiscible fluids of different densities but equal (or even

similar) viscosities generally is not possible. Rather than performing a complex parametric

exploration, this result shows that even pairs of fluids with high viscosity contrast can be

considered a single viscosity system of appropriate value. Therefore, to first approximation,

the capillary number Ca remains the only significant experimental parameter.

In summary, magnetic levitation was used to examine gravitational interfacial instabil-

ities. This experimental procedure was shown to be extremely effective in controlling the

initial conditions, while at the same time avoiding most of the limitations of more classi-

cal methods. Because magnetic levitation facilitates experiments over a wider parameter

space, a theoretical model for the Rayleigh-Taylor instability in a Hele-Shaw cell in which

the fluids have different viscosities was developed, showing good agreement with experi-

ment. Natural extensions of this work, besides measurements over a broader range of Ca

numbers, will be the study of a pure Rayleigh-Taylor regime in thicker cells, and the use

of magnetically-created artificial gravity to examine interface instabilities under temporally

variable accelerations, such as the Richtmeyer-Meshkov instability [18—20].
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Table 1

MnCl2 · 4H2O (wt.-%) Density (g cm−3) Viscosity (mm2s−1) Interfacial Tension (erg cm−2) Ca

47.0± 0.1∗ 1.316± 0.001 4.71± 0.15 0.88± 0.1 0.0710

48.0∗ 1.322 4.89 1.02 0.0591

54.9 1.351 3.19 1.62 0.0300

56.4 1.371 3.81 2.01 0.0202

57.9 1.384 4.44 2.28 0.0154

58.6 1.394 5.10 2.46 0.0128

* Contains approximately 9% glycerol
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FIG. 1: Image of interface taken at time a) 0.67 s, b) 2.00 s, c) 2.33 s, and d) 2.67 s after magetic

field is turned off. Aqueous solution is 56.4 wt.-% MnCl2 · 4H2O in water. Bright spot is a

reflection from the light source.

FIG. 2: Dimensional growth rate σ for fastest growing perturbation vs. capillary number Ca.

Solid circles represent experiment and open circles represent theory. Error bar for both σ and Ca

is approximately ±5%.

FIG. 3: Dimensionless growth rate σ (= d(logA)/dt×tref , open circles) and dimensionless wavevec-

tor k (closed circles) for fastest growing perturbation, vs. capillary number Ca. The two theoretical

curves for each parameter correspond to the two extreme values of μ2 [0 (solid line) and 1 (dashed

line)], the square of the relative density difference. Error bars for k and σ due to fittings are

approximately ±5%.
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