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Asymmetric salt fingers induced by a nonlinear equation of state
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The impact of the nonlinearity in the equation of state associated with the change in the thermal
expansion coefficient with temperature on the structure of fingers growing from an interface
between two mixed layers is investigated using a numerical model. It is shown that the nonlinearity
acts to enhance the buoyancy force acting on the descending fingers with respect to that acting on
the ascending fingers, resulting in narrower and faster-growing descending fingers than ascending
fingers. The results are discussed with emphasis on the vertical variability of properties along the
fingers. © 1998 American Institute of Physids$S$1070-663(98)00408-5

I. INTRODUCTION Analytical solutions are also difficult to obtain due to the

Double-diffusive instabilities of a fluid rely on the pres- nonlinearity.

ence of two state variables that diffuse at different rates, T_he paper is organized as follows, I.n Sec. Il we give
. . . e physical reasons why a nonlinear equation of state should
Finger instability can occur when the faster diffusing com-

oo oo . lead to asymmetric salt fingers. Section IIl describes the nu-
ponent makes a stabilizing contribution to the density gradi- =" : . .

: e .merical model. The experimental setup is discussed in Sec.
ent while the slower diffusing component makes a destabi;

lizing contribution. With the overall stratification remaining IV, and the numerical experiments are presented in Sec. V.

. Finally, the main results are summarized in the concludin
stable, the structures realized are tall, narrow cells of alter- y 9

natively rising and sinking fluid. In the original theory and section.

experiment performed with a heat-salt systé®terrt), the

two orders of magnitude difference between the diffusivitiesll. A MECHANISM FOR ASYMMETRY
of salt and heat led to the near conservation of salt in narrow

columns, hence the name “salt fingers.”

Salt fingers obtained in laboratory experiménrtsre
symmetric, i.e., sinking and rising columns have the sam
horizontal and vertical structure, the same wave number an
the same growth rate. Analytical studies of salt fingers.,
Stern! Schmitt! Kunze’) as well as numerical simulations
(Piacsek and Toomf&éShen’® Ozgckmenet al®) have em-
ployed a linear equation of state, leading to a symmetri
array of salt fingers. The impact of the nonlinearity in the  p=po[1— a(T—Ty)+B(S—Sy) — Y(T—Ty)?], 1)

equation of state on the finger interface was explored b)évhere po, To and S, are the reference values of density

McDougall!®! who found in laboratory experiments that = : . e
) . X . temperature and salinity, respectively. Density variations
the nonlinearity causes the salt finger interfaces between .
caused by temperature changes are represented by linear and

. . Yionlinear terms with corr nding expansion ffici
Schmitt!2 In these experiments, the lower layer grew at the oh <o terms with corresponding expansion coefficients

L and vy, while B is the linear contraction coefficient for salin-
expense of the upper layer, indicating an asymmetry betweeI

. L y.
the upward and downward fluxes. This behavior implies a To understand the mechanism leading to vertical asym-

possible asymmetry in the finger structure. Schiyiérsonal metry in salt fingers, consider a simple case of two layers

commumcathmsuggest_s that asymr_netrlc fingers may resultwith different temperatures and salinities separated by a
from the nonlinearities in the equation of state.

The purpose of this study is to explore the impact of thesharp interfacé€Fig. 1. If cold, fre_sh water is placed und(_ar a
layer of warm, salty water, salt fingers can grow at the inter-

) e ) face. After a short time compared to the diffusion time scale
thermal expansion coefficient with temperature on the struc-

ture of salt fingers growing from a sharp interface betwee of salt, temperatures in the upward and downward growing

two mixed layers. The investigation is conducted using ;}mgers become, respectively,

numerical model, because the nonlinear term can readily be T, ,=T,+ T,
included in the model equations and its effect can be iso- To—T —sT
lated. Unlike numerical experiments, the effect of a nonlin- = 1 '
ear term in the equation of state on the finger structure carwhereT, andT, are the temperatures of the upper and lower
not easily be investigated in laboratory experimentslayers, respectively, andT is the temperature change in the

The equation of state of seawater is nonlinear, and the
sense of the nonlinearity is such that a mixture of two water
fnasses of the same density but different temperatures and
%alinities is denser than the original water masses. This non-
linearity may be thought of as being primarily due to varia-
tion of the thermal expansion coefficient with temperature,
and the following quadratic expression is a good approxima-
Jion to the water densit}?
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T Dropping stars, the prognostic equations for the conservation

of vorticity, temperature, and salinity become
warm, salty

R s] _,
G0 = 5 Tx(1+eT)— — | +V7, (©)
Pr Rg
cold, fresh
1
Tt+3(¢,T)=5rV2T, (4
T .
FIG. 1. Notations regarding a simple diagram of the onset of finger insta- S+ J(4,S) = §:V2$- (5)

bility from a sharp interface between two mixed layers.

The stream function is calculated diagnostically from

2. —
fingers due to the diffusion of temperature. It is assumed that vi=L. ©
ST is the same for both upward and downward growing fin-Here v is the kinematic viscosityKt andKg are the respec-
gers during the initial growth. Ip™ andp!" contain contri-  tive diffusivities of temperature and salinith, T andA S are
butions to the density of the fingers due to the linear part ofhe respectivdl andS differences across the vertical extent
the equation of state, the expressions for the densities of thef the domain,g is the gravitational acceleration, ahdis
disturbances can be written as: the width of the domain. The nondimensional parameters are
_in 2 the Prandtl number PRrv/Ky, the Schmidt number
pu=py — T2 FT=To)%, Sc=v/Kg, the Rayleigh number based on temperature
pg=pi— YT, 6T—Ty)2. Ra=gaATL%/vK, . the nqnlinez_irigy parameter
€=2 yATla, and the linear density rati®,= « AT/BAS,

The upward moving parcel experiences a buoyancy forcgnereas the actughonlineay density ratio can be expressed
proportional toAp,=p;—p,, while the force acting onthe 5g5Rr —RO(1+ €T)T, /S,
P Np :

downward moving parcel is proportional ®py=pg—p2 The prognostic equation®)—(5) are advanced in time
(both are defined as positive quantilieshere using a predictor-corrector type leapfrog methd@he time
p1=p"(T1,S)— Y(T1—To)?, step is .calculated at every iteration basgd on the maximum
in 5 speed induced by diffusive and advective processes. The
p2=p " (T2,S) = y(T2—To) Jacobian operatod(a,b)=a.b,—a,b, is computed using

are the densities of the upper and lower layers, respectiveljhe formulation proposed by Arakatfathat conserves ki-
After simple algebra we find that the difference in the mag-n€tic energy and entropy, while accurately maintaining the
nitudes of the buoyancy forces acting on the downward an@ropertyJ(a,b)=—J(b,a). All other differential operators

upward moving parcels is proportional to are approximated by using central differences. The diagnos-
tic equation(6) is inverted using a fast Fourier transform
Apyg—Ap,,=2yST(T,—T,—4T). (2 solverl®

The difference is larger than zero as long&sis not equal

to zero, ordT is not equal toT,;—T,. In the finger zone,

O0T<T;—T,, and therefore the above equation states that thg; THE EXPERIMENTAL SETUP

descending fingers are subject to a greater buoyancy forcing

than the ascending fingers. The difference in buoyancy The purpose of the experiments in this study is to ex-

forces that sinking and rising fingers experience is entirelyplore the behavior of rising and sinking fingers as a function

due to nonlinearity of the equation of state, and it disappearsf the nonlinearity in the equation of state, which is quanti-

wheny=0. It will be shown by numerical experiments that fied by the parametes. A suitable experimental configura-

this differential buoyancy forcing leads to asymmetric evo-tion for this purpose is a sharp interface sandwiched between

lution of ascending and descending fingers. two mixed layergFig. 2). The lower layer contains cold and
fresh water T=S=0), while the upper layer contains warm
and salty waterT=S=1), consistent with the conditions for

Il. THE NUMERICAL MODEL the salt finger instability. The reference temperature corre-
sponds to the lower layer temperaturg,€0). All experi-

The numerical model integrates the two-dimensionalments are conducted with a heat-salt system=(Pr

equations of motion of an incompressible fluid subject to thesc=700). The additional requirement for salt finger instabil-

Boussinesq approximation. In order to reduce the number dty is

parameters, the following nondimensionalization is used:

, 1<R,<Kp/Ks. 7

(X,2)=L(X*,z%); ¢=vy*; t= Tt*; Here, the initial(mode) density ratio is taken aR,=1.8,
and sinceK/Kg= Sc/Pr=100, the above requirement is sat-

T=ATT*; S=ASS. isfied. It is anticipated that a small density ratie., R,—1)
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(a) Temperature (b) Salinity TABLE |. The common parameters of the numerical experiments. Three
experiments are conducted wig=0, e=1, ande=3.

L 1
L, 2
Pr 7
Sm 700
Ra 1x 108
Resolution 201

interact with the vertical boundaries so that the effect of
‘s ] 1 g ] 1 these boundaries on the interior dynamics is not significant.

FIG. 2. Initial distributions for(a) temperature an¢b) salinity fields. The
contour interval is 0.1 in nondimensional units. V. NUMERICAL EXPERIMENTS

The initial evolution of fingers is explored as a function
of the parametee. Three experiments are conducted with
will result in a faster development of fingers than a largec=0, ¢=1, ande=3. The first experiment incorporates a
density ratio(i.e.,R,—Kr/Ksg), because the former is gravi- |inear equation of state and serves as a reference case. In the
tationally less stable. second experiment, the contribution of the nonlinear term in
The following relation gives an approximate length scalethe equation of state is as large as that of the linear term for
of the fastest-growing fingers in the case of a linear equatiofemperature. Finally, in the third case, the nonlinear term

of state(cf. Kunzé): dominates the linear term. Such large contributions of the
Lo1L a( 1)\ ]¥ nonlinear term can be achieved physically by increasing the
—=—|—Ral1- — , temperature difference between the two layers, provided that
A 2mh Rg the salinity difference is increased accordingly in order to

where\ is the wavelength of the fastest-growing fingers andP'€Serve the density ratio. Laboratory experiments with a

h is the thickness of the salt finger interface. The RayleighSimilar range of the nonlin(??lrity parameter values have been
number is Ra1x 1C° in these experiments. The thickness C&rried out by McDougaft’** A nonlinearity parameter of

of the interface between the two layers is 20% of the hori-O(1) can be obtained typically with a temperature difference
zontal extent of the domain. Hence, the above relationshif @Pout 10-20 °C and a salinity difference of about 2%—5%
yields six pairs of fingers. However, experiments carried ouP€Ween the upper and lower layéfsr additional details on
with five and seven pairs showed similar growth rates, whildN€ laboratory setup, the reader is referred to McDotgall
the growth rate decreased for smaller and larger wave nung. Growth of fingers

bers. For a better numerical resolution of the fingers, we opt
to initialize the system with a perturbation with wave number
5. These perturbations are applied to salinity fields @¢Rlg.

2), because the temperature field diffuses quickly and elimi
nates the initial perturbations.

The integrations are carried out with a resolution of 201
grid points in each direction, so that the horizontal resolution
of the fingers is approximately 20 points. In order to assure (8) =0 (be=1 (@ e=3
that this numerical resolution is sufficient for the purpose of . 2 2
the present study, lower resolution experiments are also per
formed with twice the grid spacin@ot shown, which indi-
cated essentially the same results as those discussed belo
The aspect ratio of the domainlis/L=2 to allow space in
the vertical for the fingers to evolve. Hencaz=2AX in
order to take computational advantage of the finger shape-
The parameters of the experiments are listed in Table I.

The boundary conditions on the left and right boundaries
are periodic. At the top and bottom, the boundary conditions
are free-slip and no vertical mass flug=£0, ¢,=0). Fur-
thermore, no heat and salt fluxes are allowed across thes J J
boundaries(i.e., T,=0, S,=0). These boundary conditions ‘e » i - %o » i
are pref_erred because they Preven_t any import O_r export qIIG. 3. Initial distributions of the nondimensional densiyy=—T
energy into the model domain during the evolution of the_ () T2+ S/R, for experiments with@ e=0, (b) e=1, (c) e=3 (CI
system. The integrations are terminated before the fingerso.1).

The density distributions corresponding to the initial
conditions are illustrated for all three cases in Fig. 3. As the
parametek increases, the stabilizing effect of temperature is
enhanced and the interface becomes more stably stratified.
Consequently, one can expect a slower evolution of fingers
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(a) Upper/lowsr interface positions

e=0

e —— =1

++++ e=3
* %%+ Schmitt (1979a)

! L s . L TR L AN 1
@ .21 .82 .03 .84 .05 .06 .07 .98 .99 .10 .11 .12
time

(b) Finger zone thickness vs time {e] Growth rate vs time
T

ma=dh/dt/h

sig

s L . L L L Lo - 2 L L L L TR L L L a1
9 .81 .92 .03 .04 .25 .06 .87 .08 .09 .10 .11 .12 2 .91 .02 .03 .24 .05 06 .87 .98 .89 .1@ .11 .12
time time

FIG. 4. (a) Positions of the upper and lower mixed-layer/finger interfagby,total finger zone thicknesk/L, and (c) nondimensional growth rate
o=h"1dh/dt versus time for all experiments.

when the nonlinear term is included. Furthermore, Fig) 3 growth begins earlier at the lower interface, and the growth
and 3c) show that the density decreases faster toward thes faster than at the upper interface. Both trends are consis-
upper interface. tent with the behaviors discussed above.

For the initialization, it is opted to fix the local density Figure 4b) shows the change of the finger zone thick-
ratio to 1.8 at the bottom of the finger zone in the presenness in time. Initial diffusive growth (€t=<0.02) is a result
series of simulations. Consequently, the density ratio inof small initial perturbationgFig. 2), which do not protrude
creases in the upward direction along the finger zone for thento the reservoirs. The initial adjustment is followed by a
nonlinear cases. Alternativeljas suggested by a reviewer rapid growth of the finger zonéor approximately 0.0&t
one can choose a nonlinear temperature distribution so as t60.05). Piacsek and Toonfreobserved an exponential
make the local density ratio the same at the top and thgrowth followed by a linear growth in their numerical simu-
bottom of the interface. Numerical experiments conductedations. A similar transition is captured in the present simu-
with these initial conditiongnot shown demonstrate that lations.
vertical diffusion of temperature takes place faster than the = The growth rater=h"1dh/dt (whereh is the thickness
growth of fingers such that the temperature profile becomesf the finger zongis plotted in Fig. 4c) for all cases. For
linear and the subsequent evolution of the fingers is not sulreference, the growth rate as calculated from the analytical
stantially different from those presented below. model of Schmittis also plotted as a function of the varying

The growth of the finger instability is depicted in Fig. 4. temperature gradient. The initial growth rate is predicted
Figure 4a) shows the positions of the lower and upper inter-well by the formula derived in SchmittHowever, at later
faces between the finger zone and the mixed layers for alitages, the present simulatiore., only the case wite=0 is
experiments. The initial development of the interface is theapplicable departs from the analytical prediction by roughly
same for all cases, since it is associated with the diffusive factor of 2. This is due to two reasorg: Schmitf assumes
adjustment from the initial conditions before the onset of theconstant background temperature and salinity gradients,
finger instability. There is then a transition to a faster growthwhereas in the present numerical simulations, the mean tem-
of the interface, indicating the start of the finger instability. perature and salinity gradients are determined in conjunction
For e=0, this process is identical at the upper and lowerwith the evolution of the fingersii) The z-dependence is
interfaces, while for the nonlinear cases, the onset of thaeeglected in Schmittas in most analytical models. As it is
finger instability is delayed. Furthermore, there is an offsetiscussed in Sec. V B, the formation of complex flow struc-
between the upper and lower interfaces; the transition to fagtires such as blobs at finger tips and their complicated inter-
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FIG. 5. Vertical kinetic energw?/2 versus time for all experiments. The
solid lines and the dashed lines show the vertical kinetic energy average
over all descending and ascending fingers, respectively.

action with the reservoirs contribute to the differences from
the predictions of the analytical studies. Figufe)4ndicates
that the growth rate is affected by the nonlinearity in the
equation of state; the growth rate decreases with increasir
nonlinearity parameteg.

The build-up of vertical kinetic energw?/2 of the fin-
gers throughout the numerical integration is plotted in Fig. £
[the velocity field is (1,w) = (— ¢, ,4,)]. For the linear case,
both descendingsolid line) and ascending fingerglashed
line) have identical developments in kinetic energy, and the
conversion of the potential energy available in the SaIinityFIG 6. The density, temperature and salinity fields, respectivelye fo®
field begins earlier and is faster than in the nonlinear cases,” > .7 (d)_(f)yéndsz3 vy att:0.0¥5(CI:’0.1for dens?'t; o
As the nonlinearity parameter increases, the onset of the temperature, and 0.2 for salinity
finger instability is delayed, the rate of kinetic energy
build-up decreases, and the ratio of the kinetic energy of
descending over ascending fingers increases. and that correspond to the most probable stable equilibrium

Salinity, temperature and density fields for all runs arestate maximizing entrop$? These blobs also play an impor-
exhibited in Fig. 6 fot=0.075, when the numerical integra- tant role in fingers reaching a finite amplitude, when blobs
tion for the linear caseeg=0) is terminated before the finger regularly detach from the tips of the fingers, keeping the
tips interact with the vertical boundaries of the domain. Theextent of the finger zone at a statistically steady stafehe
most striking element in this figure is the variations in thepresent simulations have not reached an equilibrium state
shapes of salt fingers that are particularly visible in the sate.g., Fig. 4 and do not display any blob-shedding during the
linity plots [Figures €c), 6(f), 6(i)]. Salinity is preserved simulation period.
along the fingers whereas heat is diffused, making salinity ~As the nonlinearity parameter increases, the descend-
suitable for the visualization of the fingers. For the sameang fingers progressively become faster and narrower with
reason, the stabilizing effect due to temperature decreasesspect to the ascending fingdfsSigs. &f) and &i)]. The
along the fingers, and this leads to an acceleration of the flowifference in buoyancy forcing acting initially on the ascend-
along the fingers. The mass within the fingers is conservethg and descending fingers was demonstrated in Sec. Il,
because there is insignificant mass exchange between adjahich indicated faster growth for descending fingers. For the
cent fingers that maintain a quasi-laminar flow structurelinear case, the evolution of ascending and descending fin-
Therefore the thickness of the fingers decreases in the diregers is entirely symmetridFig. 6(c)], and it is faster than the
tion of the flow. The finger tips show signs of evolution nonlinear cases. After simple algebra, it can be shown that
toward blobs characterized by dipolar vortices. Such structhe difference between buoyancy forcing acting on the
tures are generic flow patterns that tend to appear in twodownward-growing fingers in the nonlinear and the linear
dimensional systems via the self-organization of the ol  cases is proportional to
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{a) TBAR (solid). SBAR (dashed) (b) TBAR (solid}, SBAR (dashed)

L L s L L L n L . . .
2 .1 .2 .3 .4 5 & 7 .8 .9 1.8 ] 1 .2 .3 .4 5 6 7 .8 9 1.9

FIG. 7. Background gradieng(solid line) andg(dashed lingfor (@) e=0 and(b) e=3 att=0.075.

(pa—p2) "= (pg—po)™ ing (descendingfingers warm ugcool down along the fin-
B ) ) gers, gradually reaching the reservoir temperatures and
= N(T2=To)" = (T1=6T=To)"], leading to an approximately linear gradient in the vertical
where the notations are the same as those in Sec. Il. Sin¢€ig. 7(@]. In the nonlinear casg-ig. 7(b)], the temperature
T,— 6T>T,, the right-hand side of the above expression isgradient in the lower blob region (Gs3=<0.7) is much less
negative, indicating stronger buoyancy forcing in the linearthan in the interior finger zone due to enhanced diffusion.
case. The numerical results presented in Figs. 4—6 confirthe S(z)-distribution in the linear caskFig. 7(a)] indicates
this statement. the presence of two distinct regions: an interior gradient re-
gion (0.&=2z=<1.3) and blob regions above and below. The
B. Vertical distribution of properties large vertical variations in the finger thickness appear to af-
The differences induced by the nonlinearity parameter fect the salinity gradients significantly. Belotabove the
on the evolution of the fingers are investigated by analyzingniddle of the domain, thicker ascendiftyicker descending
the distribution of the background gradieriiéz) andS(z) ~ fingers dominate, which tend to reduéecreasg S. This
(where the overbar indicates the horizontal mesmd of the  effect contributes to the positive gradient®fn the vertical
velocity, temperature, salinity and density perturbationsdirection. However, blobs at the tips of ascendidgscend-
(from the horizor)tal meadnThe perturbgtions are caIcuIateq ing) fingers act to decreas(mcreas¢§because of the in-
over the ascending and descending fingers separately, Singgaase in structure thickness. This effect reduces the interior
the n_onllnearlty 'e‘?‘ds to an asymmetry in relation to thebackground salinity gradient. The actual density ratio in the
?r:reecltilr?ga?f ;g)sv;(ng?'aizmtﬁ]ag'sﬁiniIareng:j‘izia?et(\:’\;esininterior region is approximately twice the specified value
(e=3) gnly (R,=1.8) at this stage. Therefore the presence of bulbous
' finger tips appears to slow down the growth of the fingers by
1. Mean T and S gradients increasing the density ratio, and may explain part of the de-
Figure 7 illustrates the background gradients averageMiation from the theoretical estimai€ig. 4(c)]. Unlike the
over fingers growing in opposing directions at the end of thdinear case, the asymmetry in the nonlinear case is clearly
simulation period {=0.075) fore=0 ande=3. The tem- evident in Fig. Tb). The S curve shifts toward lower values
perature distribution is dominated by high diffusion. Ascend-with respect to the linear case, which indicates the domi-

(a) W' {b) W’

P L L L L L " L L P L L L s L s L L
-25 -20 -15 -190 -5 ] 5 18 15 28 25 -25 -20 -15 -12 -5 -] S 1 15 20 25

FIG. 8. Vertical velocityw’ for (a) e=0 and(b) e=3 att=0.075. The soliddashedl line denotes the horizontal averages of the perturbations over all the
descendingascendingfingers in the vertical direction.
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{a) T° (b} T*
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FIG. 9. Temperature perturbatidi for (a) e=0 and(b) e=3 att=0.075. The soliddashedl line denotes descendirigscendingfingers.

nance of ascending fingers carrying low®r values over a highly diffusive caseT’ would be small and would follow
descending fingeréscending fingers are much thicker thanthe T curve closely. Deviations from the mean gradient

their descending counterparts therefore measure the dominance of advective over diffusive
processes. The magnitude ©f reaches a maximum in the
2. Vertical velocity middle of the domain in the linear cagEig. Ya)]. For the

The distribution of the vertical velocity is depicted in Nonlinear caséFig. Ab)], the temperature perturbatidri in
Fig. 8. Since there is no mean vertical motiovl,=w. The ascending fingers is smaller than in descending fingers for
distribution ofw’ basically reflects the shape of the fingerstwo reasons(l) the geometric factor; ascending fingers are
as the exchange of mass between the fingers is negligiblghicker than descending fingers, biasihgoward colder tem-
Near the entrance region to the fingEFsy. 8a)], the verti-  peratures; an®) the diffusive factor; in the finger zone, the
cal velocity is high due to the narrow entrance caused byascending fingers have a slower vertical speed, allowing
bulbous finger tips on both sides. The vertical velocity ismore time for heat diffusion.
reduced upon passing the finger tips and increases again due
to narrowing of fingers. For descending fingers in the non-
linear case, the entrance velocity is redu¢giy. 8b)] be- 4. Salinity perturbation
cause bulbs do not form at the finger tips of the ascending  ynlike temperature, salinity along the fingers is roughly
fingers[Fig. &(i)]. However, the entrainment velocity into the preserved, and this is reflected by an immediate jump at the
ascending fingers is still large due to the narrow entrancéinger zone(Fig. 10. The S’ distribution is affected by the
between the bulbous finger tips of sinking fingers. In theshape of the fingers. For the linear cdféy. 10a)], S’ is
finger zone, the vertical velocity in descending fingers ispighest in the middle of the domaiz# 1) where ascending

larger than in ascending fingers. and descending fingers have the same thickn&ssis
_ slightly less than 0.§maximum valu¢ due to the presence
3. Temperature perturbation of narrow salinity boundary layers. Near the entrar@eijs

The temperature perturbatidi is small near the reser- smaller than in the middle becauSeis higher (lower) for
voirs (Fig. 9), because the water parcels entering the fingerslescendindascendingjfingers. In theS' distribution for the
have a temperature close to the reservoir temperatures, whitf®nlinear cas¢Fig. 10b)], only the geometric factor plays a
the water parcels at the finger tips have already reached thele. This effect leads to a higher salinity perturbation in
reservoir temperatures due to diffusion along the fingers. Fodescending fingers, as explained above.

{a) 8 (b) S

FIG. 10. Salinity perturbatio®’ for (a) e=0 and(b) e=3 att=0.075. The soliddashedl line denotes descendingscendingfingers.
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(a) RHO® {b) RHQ'
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FIG. 11. Density perturbatiop’ for (a) e=0 and(b) e=3 att=0.075. The soliddashedl line denotes descendingscendinyfingers.

5. Density perturbation considerably, from 0.4 to 0.8, in experiments carried out by
The density-perturbation distributidfig. 13 is propor-  Turner;® SCh{nitt’lz McDougall and Taylof’ and Taylor
tional to the net buoyancy forcing acting on the fluid parcelsand Buchen$’ o _ _
in the fingers. In the entrance regions, the temperature per- The flux ratio in our linear experiment at the end of the
turbation is small, and the density perturbation is determinegimulation period (=0.075) is plotted in Fig. 12, averaged
by the salinity perturbation. This leads to a large buoyancy?Ver ascending and descending fingers separately. In the lin-
force acting on the fluid parcels entering the fingeriy. ~ €ar caséFig. 12a)], Re ranges approximately from 0.35 to
11(a)]. For the nonlinear case, the density perturbations irf-> in the finger zone excluding the blob region. The flux
descending fingers are in general larger than in ascendirf@tios for both ascending and descending fingers fo8 are
fingers[Fig. 11(b)], resulting in a larger buoyancy force act- e_xh|b|te_d In Fig. 12‘9)- Lower values ofRg for des_cendlng
ing on the fluid parcels in the descending fingers. As disfingers indicate a higher downward flux of density, and are
cussed in Sec. Il this is the cause of the asymmetry betweegfsSociated with more vigorous finger activity. This is in

the rising and sinking fingers. agreement with our previous results.
6. Flux ratio VI. SUMMARY AND CONCLUSIONS
The flux ratio Re=aF;/BFg, where Fr=w'T’ and The impact of the nonlinearity in the equation of state

Fs=w’'S’ are the advective heat and salt fluxes, respecdue to change of the thermal expansion coefficient with tem-
tively. It is the ratio of the potential energy gained by the perature on the evolution of double-diffusive fingers is inves-
temperature field to the potential energy lost by the salinitytigated. The initial evolution of the fingers that grow from
field. It must be less than unity, since otherwise the systenthe interface between two mixed layers in a heat-salt system
would be gaining energy. The diffusive processes transpoiis considered. We have employed a numerical model inte-
heat more rapidly than salt, but since the system is driven bgrating the two-dimensional equations of motion for an in-
the salt distribution, the fingers transport more salt than heatompressible, Boussinesq fluid.

Hence,Rr approaches unity when diffusive transport is high ~ An increase in the nondimensional nonlinearity param-
and advective transport is small. Lower valuesRyf are  etere acts to enhance the buoyancy force acting on the de-
associated with vigorous finger activity. The valuesRy¥  scending fingers with respect to that acting on the ascending
obtained in laboratory experiments for heat-salt fingers varyingers, which results in a faster development of descending

(a) Flux Ratio (b) Flux Ratie

L L A L L . L . L .
2 A 2 .3 4 .5 .6 .7 8 .9 1.8 ] A 2 .3 .4 5 6 .7 .8 .9 1.8

FIG. 12. The flux ratidR for (a) e=0 and(b) e=3 att=0.075. The soliddashedlline marks the horizontal averages over all the descen@isgending
fingers.
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