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F1curE 1. A field of salt fingers formed by setting up a stable temperature gradient and pouring
a little salt solution on top. The downward-moving fingers were made visible by adding fluores-
cein to the salt and lighting through a slit from below,

[Huppert&Turner, 1981]
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Stommel, Arons & Blanchard (1956): 'Perpetual salt fountain’
An oceanographical curiosity : the perpetual salt fountain

In many tropical and subtropical regions of the ocean the warm surface layers have a salinity
exceeding that found in the colder waters of polar origin below. If a long tube were lowered from
the surface to depth of low salinity water, and the deep
water were slowly pumped to the surface through the M M
tube, and the pump then disconnected, the water would
commue to flow, by itself, forever. This remarkable

occurs b slow motion through the
tube allows the water inside to attain the same tempera-
ture as the surrounding water, [Its salinity, and hence
density, is therefore less than that of its surroundings
outside the tube, and hence the entire column of water
inside the tube is buoyant with respect to the fluid
outside at the same level. If the direction of pumping
is reversed, so that the fluid initially goes downward, it
will of course continue to flow downward forever on
account of its excess in density over that of the water
outside the tube.

Although the attempt has not been made it is likely
that in the Central North Atlantic with a tube

2,000 meters long, one might develop a pressure head of ....__' e

as much as two meters at the surface. A simple experi- gl

ment on a laboratory scale will demonstrate the Fi L

principle, however. A vertical glass tube, about three L8 L Llahzoralor’y cxpcrlment to

inches in diameter (A in Fig. 1) is filled halfway with  outside tube A, with hole in the
hot fresh water, Then the same quantity of slightly bottom for filling B, and inner glass

coloured cold fresh water is introduced through a hole tube C to produce *:he fountain. Tt';:
‘wal

in the bottom (B) care being taken not to produce t00  ,fier the founta
much mixing at the interface between the two fluids. An r “For‘;},f;i‘ ;bue,fen in operation

Double-Diffusive Convection
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Stommel, Arons & Blanchard (1956): 'Perpetual salt fountain’

The Salt Fountain

Arnold Arons and Henry Stommel are trying
to sketch some kind of hydraulic method us-
ing submarine tubes to measure the pressure
at some deep ocean point P when the end of
the tube is placed at the other end on shore.
They recognize that if they fill the tube with
fresh water it will quickly equilibrate in tem-
perature with the ocean and on the shore end
will stand quite high above sea level.

Henry says that fresh water is dear on
Bermuda so why not use the ocean water at
the deep end by sucking it into the tube. It
i fresher and will still stand above sea-level.
They calculate it at about one meter.

Arnold sketches a faucet in the tube at about.
a half meter above sea-level because he sees
that it can run forever.

‘They both run downstairs to Duncan Blan-
chard’s lab where they build a little working
salt fountain in a battery jar.

ERDOB W = DBz
(‘Exciting Ten Minutes’)
» UHNERWEZZDES
ZRBHEEEZ TV
» FRBEOK(KER) TEZME
cY
» FODODREICHELD
» ERNOKAEIEBELD
Im &<
» NZRIFE5VWDETH
pitanks
» REREICET > B
[Ruddick&Gargett, 2003]
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[Schmitt, 1995]
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[Rathkopf, 2004]
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Figure 1 Shadowgraph picture of a “diffusive” interface formed by pouring a layer of NaCl
solution (x = LS x 10~* cm? s™*) on top of a denser sucrose solution (x = 0.5 x 10”3 cm?
Figure 2 fa thickened “finger” i acinga f s™!)in a tank 150 mm wide. Note the convective plumes on each side of the thin interface,
solution on top of a denser NaCl solution and leaving it for about three hours (cf. Figure 1). evidence of strong interfacial transports.

[Turner, 1985]
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F1cure 3. Demarcation curves in the R, R, plane for regions with different types of
unstable modes. The line of neutral buoyancy R = R, is shown dashed.

*Baines&Gill (1969)
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Ficure 5. Curves showing the nature of the most unstable mode. , lines of constant
growth rate showing values of p/n?; — ——, lines of constant wave-number with values of
a? indicated (withn = 1)5----- , lines of constant frequency with numbers giving values
of p,/n?; —-—.—, the line XV, which is almost indistinguishable from the line XD, T

TBaines&Gill (1969)
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Fig. 6. Top view of sugar fingers. Squarc packing of fingers is illustrated by the bright lines cast by the fingers in
a square pattern. The lines are images of the diagonals of the high index cells. The size and order increases with time

[Williams, 1975]
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FIGURE 1. Snapshots of the salinity field S in simulations of fingering convection in the
heat—salt system (Pr =7, t =0.01). (a) Salinity field at R, =1.2, plotted on the three planes
x=0,y=0 and z=L,. (b-d) Volume rendering of the salinity field for R, =1.2, R, =2 and
R, =10 (from left to right). In all cases, the simulation domain contains 5 x 5 x 10 FGW (see
main text). Note how the typical amplitude of the salinity perturbation in a finger is of the
order of 1/R,, or, in dimensional terms, dS,./z.

[Traxler et al., 2011]
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Fig. 8.3. Contours of (a) T, (D) S,(c) p and (d) 1 in a half cell, calculated by R

Veronis (1968) for the case 7 = 10™%, Pr = 1, Rs = ro0® and Ra = 2500. L/ L(_

The lines x = o and x = 1fa are lines of symmetry for T, . and p and
lines of antisymmetry for .
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Fig. 8.3. Contours of (@) T, (b)) S,(¢) p and (d) i in a half cell, calculated by
Veronis (1968) for the case 7 = 10™%, Pr = 1, Rs = 1o® and Ra = 2500.
The lines x = o and x = 1fa are lines of symmetry for T, S and p and
lines of antisymmetry for .
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Figure 5.3 The values of three critical thermal

Rl (see the text) are plotted as a function of

From Veronis (1965).

Rayleigh numbers R, Rf; and
the haline Rayleigh number Rj.
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Figure 2.6 Flux ratio of the elevator mode as a function of the wavenumber and
the density ratio. Only amplifying modes are shown. The white curve indicates

the wavenumber of the fastest growing mode (k). [Rad ko 2013]
!

iffusive Convection 4/28



7« 2 —EnE DR

1
(a) Turmer (1967)
osf schemiat. (1979b) .
MeDougall and Tayler (1984]
Taylor and Varonis (1996)

4

M - - v v v
aH = ° - -
:
‘Shen [1993) &
‘Shen (1995) <o
0.2
Pr=7
oL EERAIE & DB
1 15 2 25 3 as 4 45 5 55 L] ’ v

=

(a) B-1B%
(b) E-WHER

(b)

06
Y sl Starn and Turnae (1969) .

04 ;m:::::::‘-;k:u:!w v [Kunze, 2003] [Radko, 2013]

03k Taylor and Veronis (1996) .

Racko and Storn (1999)
02F pp= 1000
(X1 e 4
1 12 14 [0 18 2 22 24 28 28 3

Figure 2.7 Salt-finger flux ratio as a
laboratory and numerical experiment t the theoretical
estimates based on g s are made for
(a) the oceanographic chc.u—mnp_nr.munr\u Pr) = (0.01,7) and (b) salt-sugar
parameters (1, Pr) = (5, 10*), Afier Kunze (2003)
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[Kelley, 1990] (7K)
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Fig. 5. Heat flux as a function of Rayleigh number, for thermal

convection of water in the laboratory. Data sources are as follows:
Chu and Goldstein [1973]; Garon and Goldstein [1973]; Globe and
Dropkin [1959]; O'Toole and Silveston [1961]; Rossby [1965). The
solid line is N'u = 0.163Ra%284 (the best fit of an arbitrary power
law) and the dashed Line is N = 0.079Ral/3 (the best fit to the
traditional 4/3 convection model).
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Fig. 4. Shadowgraph of a diffusive interface set up by pouring a layer of NaCl solution (the more rapidly diffusing
solute) on top of a Jayer of denser sucrose solution.

[Turner, 1995]
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Fig. 6. Shadowgraph of a thickened sugar/salt finger interface formed by placing sucrose solution on top of denser
NaCl solution, and leaving for three hours.

[Turner, 1995]
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Fig. 14. Layers in the Upper Zone of the Skaergaard igneous intrusion, made visible by contrasting light and dark
colours of different minerals (from McBimey and Noyes 1979).

[Turner, 1995]
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[Turner,1995]

Fig. 3. A series of 'diffusive’ interfaces set up by heating a stable salinity gradient from below. The layers are marked
by fluorescent dye, and lit from the top.
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Fig. 11. The growth of layers at a sloping boundary in a double-diffusive sytem with opposing linear gradients (sugar
stabilizing, NaCl destabilizing).
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Fig.7.20. The velocity, density and density anomaly profiles for a buoyancy
layer in a linearly stratified environment, with the boundary condition of
constant density difference. (From Prandtl (1952), reproduced by per-
mission of Vieweg und Sohn.)
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(7) Amplified, & = 0-35, G = 306. (b) Damped, a = 1:56, G = 306.

[Polymeropoulos& Gebhard, 1967]
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Fi1G. 42.1. Mean temperature and mean velocity profiles in free convection flow,
Air: :#) = 0.733 (from Ostrach, 1953). Water: :#, — 6.7 (from Nachtsheim, 1963).

[Betchov&Criminale, 1967]
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‘Ruddick-Turner experiment’

[Ruddick, Ph|||p&Turner 1999]
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Entrainment model

plume velocity at impingement
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Example I: periodic 2-layer
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Entrainment model vs DNS
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[Schmitt, 1983]
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Figure5 Contours of the flux ratio y = aF1/fFs in fingers, calculated for general values of ¢
and t with R, = 2 by Schmitt (1983). The regions corresponding to a number of natural
double-diffusive systems are denoted by the following abbreviations: LM = liquid metals and
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Fig. 2. Schematic representation of the interiors of Jupiter and Saturn, according to the present study, and of layered convection, with the resulting
compositional and thermal radial profiles. The abundance of metals is constant within the well mixed convective cells of size {, and undergoes a
steep variation within the diffusive interfaces of thermal size &, (gray regions). Thanks to this steep gradient, these interfaces are stable against
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structure.
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[Rosenblum et al., 2011]
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Fig. 14. Layers in the Upper Zone of the Skaergaard igneous intrusion, made visible by contrasting light and dark
colours of different minerals (from McBimney and Noyes 1979).
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[Calman, 1977]

Fig. 3. Density field as seen on a shadowgraph for disc rotation opposite to direction of Fig. 6. Density field as seen on a shadowgraph for disc rotation in the direction of rota-
rotation of the system. tion of the system.
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[Martin&Wu,1998]
REVEIXSI

FIG. 1. A sequence of snapshots for the oscillatory instability.
The surfactant concentration is ¢ = 15 mM, the size of the
film is 1 X 2 cm?, and AT¢ = 7°C. The interferograms are
taken with a sodium lamp at a time interval of 0.23 s. The

period of the oscillation is ~1.4 s and the wavelength of the
instability is W /2.
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FIG.2. Flow patterns above the onset. (a) Convective
rolls at AT =15°C with d =045cm and W =2cm,
and (b) turbulent flow at AT = 45°C with d = 1.5 cm and
W =2cm.
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[Hurle & Jakeman, 1971]
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F1cure 6. Diagram of convection cell (not to scale).
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[Duhr&Braun, 2006]
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Fraume 7. Soret coofficient data of Tichacek et al. (1956) for
water-methanol mixtures at 40 °C.
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FraurE 8. Theoretically predicted dependence of critical Rayleigh number on composition
for the water-methanol system. The full curves represent the marginal state for stationary
convection; the dashed curve that for overstability. The two arrows indicate compositions
for which y(sr+1) = 1.
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Fieure 9. Experimentally determined values of the critical Rayleigh number. The curve
is the theoretically predicted curve for the onset of overstability. x, Overstable oscilla-
tions; @, stationary ; m, finit: 'y modes.
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Schmitt, 2013)

Fig. 5. Figure illustrating the thermobaric vertical advection pro-
cess (see text for a discussion). Note that the thermobaric effect causes
the migration of the two water parcels, a and b, off the neutral surface
as they approach the central point, c. Intimate mixing of the two
parcels at point ¢ consolidates this thermobaric vertical motion and
also causes a further sinking of the mixed parcel from ¢ to d. This
further sinking is due to the cabbeling process.

[McDougall, 1987]
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Figure 8. Stationary patterns for the stream function and the perturbation temperature when (a, +
1a,d)AT = BAS. Here d = 25 m and AT = 1.0°C, yielding y = 1.0 - 10°.
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Figure 9. Same as in Figure 8, but now with d = 50 m, AT = 0.1°C, y = 1.59 X 10°.

Stream function

Figure 10. Same as in Figure 8, but now with d = 100 m, AT = 0.01°C, y = 2.55 X 10%.
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