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Benard convection in a two-component system with Soret effect 

ABSTRACT 

Flow visualization experiments are reported which study Rayleigh-Benard con

vection in a two component system with Soret effect. Differential interferometry 

in combination with local temperature records inside the liquid layer is employed 

to analyse the spatial and temporal behavior of the convection in a slender test 

cell of dimension height:depth:width = 0.31:2:20. Travelling roll patterns oftran

sient and permanent character as weil as steady overturning convection are ob

served depending on the range of Rayleigh numbers. The transitions from the 

static state of conduction to the travelling wave state and the transition from 

travelling waves to steady convection is affected by hysteresis. The frequencies as

sociated with the travelling waves are determined and compared with predictions 

of linear stability analysis and interpreted in terms of solute transport and mix

ing along streamlines. The observations are in agreement with results reported in 

the literature. An unexpected feature isthat the range of occurrence of the perma

nent state of travelling waves shrinks with a decreasing mean temperature of the 

liquid layer, and moreover disappears for mean temperatures below 5 oc. We attri

bute this effect to the increasing nonlinearity in the density-temperature relation 

at low temperatures. 

Benard Konvektion in einem Zwei-Komponenten-System mit Soret Effekt 

ZUSAMMENFASSUNG 

Eine Rayleigh-Benard Konvektion wird in einer binären Flüssigkeit mit Soret

Effekt untersucht, die sich in einem Rechteckbehälter mit den Abmessungen 

Höhe:Tiefe:Weite = 0.31:2:20 befindet. Zur Analyse der räumlichen und zeit

lichen Vorgänge werden ein Differential-Interferometer und Temperatursonden 

eingesetzt. Es werden stationäre Konvektionszustände und Zustände in Form 

rechts oder links wandernder Welle:q beobachtet. Die mit den Wanderzuständen 

verknüpften Frequenzen werden mit Hilfe eines Mischungsmodells entlang 

Stromlinien erklärt. 

Es zeigt sich, daß der Zustand der Wauderwellen verschwindet, wenn die mittlere 

Flüssigkeitstemperatur unter 5°C abfällt. Es wird vermutet, daß dieser Effekt 

durch die wachsende Nichtlinearität der Dichte-Temperaturbeziehung verursacht 

wird. 
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1. INTRODUCTION 

1.1 The problern 

Convective mass transport in the liquid phase may decisively determine the 

quality of technical materials when produced by controlled solidification. Typical 

examples are the growth of crystals from liquid solutions and precision casting of 

ingots using directional solidification. The convection in the liquid, usually initi

ated by inhomogeneities of an external temperature field, can change the local 

temperature and concentration field at the liquid/solid interface, which in turn 

may strongly effect a controlled solidification process and the solidified material. 

A binary liquid mixture subject to temperature gradients generates thermal 

diffusion i.e. temperature gradients cause solute fluxes. This phenomenon is 

known as Soret Effect [Soret (1879), De Groot and Mazur (1969)]. The induced 

Soret solute flux may either add to or subtract from the imposed thermal gradient. 

In the latter case the opposing fields may generate oscillatory convective re

sponses. 

Single-phase convection in binary mixtures with negative Soret coefficient 

has been investigated intensively in the past two decades. Caldwell (1970, 1973, 

1974) studies Benard convection in sea water and finds a stabilizing effect of the 

thermal mass diffusion on the static state ofheat conduction. By local temperatur1:: 

measurements within the layer he detects time-periodie temperature oscillations 

of small intensity when a critical condition for the static state is exceeded. For a 

fixed supercritical temperature difference the intensity and the period of oscilla

tions increase monotonically in a transient phase until finally a permanent state 

of oscillatory convection is reached. Using Lithium iodine solutions Caldwell 

(1975, 1976) explores even smaller negative Soret coefficients and observes simi

lar phenomena. 

Hurle andJakeman (1971) andPlatten and Chavepeyer(1972a, b, 1973) per

form experiments in alcohol-water mixtures. They do not observe transient oscil

latory states of varying frequency but describe stable permanent states of oscilla

tory convection of constant frequency. 

Alcohol-water mixtures have proven particularly easy to handle and have 

been utilized by numerous investigators (Waiden et al. 1985, Kolodner et al. 1986, 

1987a, b, Surko et al. 1986, Steinberg and Moses 1987, Steinberg, Moses and Fine

berg 1987, Heinrichset al. 1987, Ahlers, Cannell and Heinrichs 1987, Fineberget 

al. 1988a, b, 1989, Bensirnon et al. 1989) in their studies ofthe dynamics of convec

tion in mixtures with Soret effects. In many of these recent experiments a light

scattering method has been employed in order to visualize the time dependent be

haviour of the convection cell pattern. The convection pattern is visualized from 
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above through a transparent upper boundary of the test cell by generating shad

owgraphs ofthe light reflected from the mirror polished bottom ofthe test cell. The 

main results from these experiments can be summarized as follows: 

Immediately after the onset of a weak convection for slightly supercritical 

temperature differences across the layer, the roll pattern starts moving in 

the horizontal direction perpendicular to the roll axis. The convection pre

sents itself as a travelling wave (Waiden et al. 1985, Kolodner et al. 1986, 

Steinberg and Moses 1987, Moses et al. 1987). The amplitudes ofthe travel

ling waves may exhibit modulation. (Heinrichs et al. 1987, Fineberget al. 
1988a) 

The low intensity state of travelling waves is unstable. In a transient period 

the intensity ofthe convective motion increases while the propagation speed 

ofthe wave motion decreases. 

At the end of the transient period a stable, permanent state of travelling 

waves is observed characterized by a constant phase velocity (Surko et al. 

1986, Moses and Steinberg 1986, Steinberg and Moses 1987). 

If the temperature difference across the layer is increased, the phase velo

city of the stable state of travelling wave decreases. At another higher value 

of the temperature difference a smooth transition to steady convection, often 

called overturning convection occurs (Waiden et al. 1985, Kolodner et al. 

1986, Ahlers and Rehberg 1986, Rehberg and Ahlers 1986, Moses and Stein

berg 1986, Steinberg and Moses 1987, Sullivan and Ahlers 1988a, b, Linz et 
al. 1988). 

In part of the cited experimental work cells of smalllateral extent were used. 

A clear cut picture of the various travelling wave effects is not always obtained 

mainly because of the uncontrolled generation of and the interaction of travelling 

wave patterns at different locations in the cell. This experimental deficiency is 

largely eliminated by the annular type test cell used by Kolodner et al. (1988 a) 

and Bensirnon et al. (1989). Their test cell eliminates end effects in the azimuthal 

direction and so avoids azimuthal wave reflections. These experiments realize 

travelling wave packets in both azimuthal directions. They observe modulated 

travelling waves generated by the interaction of wave packets of slightly different 

wave length. They also find a permanent finite amplitude state of travelling 

waves either in confined regions of the annulus or of uniform intensity with re

gard to the azimuthal direction. Similar observations have been made by Hein

richset al. (1987) and Ahlers et al. (1987) in reetangular test cells with one hori

zontal dimension much !arger than the other and the cell height. Langrange ma-
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terial transport due to wave action has been identified by Moses and Steinberg 

(1988) by adding fluorescent tracers to the liquid. 

The stability of the static state of a binary mixture with Soret effect was first 

studied theoretically by Hurle and Jakeman (1969, 1971). Further investigations 

ofthis problern have been conducted by Platten (1971), Schechter et al. (1972), Le

gros et al. (1972) and Platten and Chavepeyer (1972a, b). These authors base their 

stability analysis on the simplifying assumption that the concentration profile of 

the static state is linear and the separation ratio, characterizing the Soret effect, is 

constant everywhere in the mixture. Only Chock and Li (1975) solve the linear 

stability problern for a complete set ofbalance equations, describing the transport 

processes in mixtures. The essential result of the linear stability analysis can be 

summarized in terms of the Soret coefficient S as a measure for the intensity of 

thermal mass. There is a critical value S* of S suchthat S* < 0. There are two 

cases that occur when the temperature difference across the layer exceeds a criti

cal value. When S > S*, the static state is replaced by a state of steady convection. 

When S < S*, a state of oscillatory convection occurs. At S = S* both convective 

states merge at a codimension-two point. 

Weakly nonlinear theories for finite amplitude convection in binary mix

tures have recently been developed by Knobloch (1986a, b) Cross (1986a) and Ah

lers and Lücke (1987). Although these authors assume stress free and solute per

meable boundaries in their model equations they do predict some typical dynami

cal features like travelling waves, and modulated travelling waves, instability of 

standing waves and variation ofthe frequency with amplitude as observed in ex

periments. Linz et al. (1987) have improved an 8-mode Galerkin model by taking 

into account realistic boundary conditions for the solute, i.e. vanishing solute flux 

at the boundaries. Wave interaction has been included into a nonlinear analysis 

by Brandet al. (1986) and Brand and Steinberg (1984). They suggest that spatial

ly irregular, oscillatory convection patterns observed in some experiments can be 

explained via a Benjamin-Feir instability. The effect offinite test cell geometry on 

travelling wave convection has been investigated numerically by Deane et al. 

(1988) and analytically by Cross (1986b, 1988). They predict confined wave states 

in the neighborhood ofwalls perpendicular to the direction ofwave propagation as 

well assloshing ofwave packets within test cell. They explain this phenomenon in 

terms of a weakly nonlinear interaction of counter propagating waves due to re

flection at vertical walls. 

In spite of the encouraging results obtained by the cited authors and others 

from nonlinear analysis, many ofthe experimentally-observed phenomena can not 

be explained sufficiently weil today. Some technically interesting aspects of con-
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vection in binary mixturessuch as influence of temperature dependent physical 

properties of the mixture as for instance the nonlinear density-temperature rela

tionship have not been investigated up to date. The experimental investigations 

reported in this article will support the findings of previous authors by employing 

different visualisation and measuring techniques and, moreover, will address the 

effect of a nonlinear density-temperature relationship on the oscillatory convec

tion. The experiments are performed in making preparation for an investigation 

concerning the interaction of convection in binary mixtures and solidification. 

These investigations are reported in a succeeding paper. 
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2. THEORY 

2.1 Formulation 

In the following we outline briefly the linear stability theory ofChock and Li 
(1975). 

Consider the configuration sketched in fig. 1 where the horizontal parallel 

plates of infinite horizontal extent are separated by a distance h. The lower plate 

at z=O has the fixed temperature T = To while the upper plate atz = h has the 

fixed temperature T = T1. The material between the plates is a two-component 

liquid. Gravity of magnitude g is downward, the layer is heated from below, 

T1 <To. 

The material properties are the density po, the specific heat cp, the thermal con

ductivity A, the thermometric conductivity K the kinematic viscosity v and the vol

ume expansion coefficients a and a' forthermal and concentration effects, respec

tively. The lean component has diffusivity D and Soret coefficient S0 • The sign of 

8 0 is defined as usual in the literature (e.g. Legros and Platten (1977)). In the case 

of So> 0 the more dense component diffuses toward the upper, colder boundary. 

The velocity is v =(u,v,w). 

2.2 Differential Equations and Boundary Conditions 

The convection will be described using the Boussinesq equations. Therefore 

we have in the liquid, (see Chock and Li (1975)), 

1 2 
v

1
+v· Vv=- ; Vp+vV v+[a(T-1\)+a'(C-C

0
)]g k, 

0 

V· V= 0' 

2 T +v · VT = KV T, 
t 

C +v· VC= -V· J. 
t ' 

p=p [1-a(T-T )-a'(C-C ]. 
0 1 0 

Here p0 , C0 are the mean density and mean mass fraction ofthe solute. 

(2.1 a) 

(2.1 b) 

(2.1 c) 

(2.1 d) 

(2.1 e) 

We use a linear equation of state (eq. 2.1 e) for the density in the buoyancy 

term of equation (2.1 a). 

The fluxj, allowing for Soret diffusion, takes the form 
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j = -D[VC-S C(l-C)V11. 
0 

(2.2) 

At the upper and lower boundary atz = h and z = 0 the temperatures are fixed 
and the boundaries are rigid. Thus we have: 

T = Tt' u = V = w = 0, z = h, 
T = T0 , u = V = W = 0, z = 0. 

At the rigid boundaries the concentration flux vanishes. 

j·k = 0 atz = 0, z = h, where k = (0,0,1) 

2.3 Static Equilibrium Solution 

(2.3 a) 

(2.3 b) 

The governing system possesses a static equilibrium solution in which the 

velocity vector v is identically zero, the pressure p is hydrostatic and the tempera

tures are purely conductive. Here 

z-h 
T = T - (T - T ) - . 

1 0 1 h (2.4) 

Next we must find C. We solve equations (2.1 d) and (2.2) subject to condition 

(2.3 b) and for given T we find 

- { 1- C (h) [ To-T 1 l} -I 
C = 1 + exp S (z- h) , 

C(h) h o 
(2.5) 

where the constant of integration, the concentration C(h), is determined through 

the conservation law. We obtain from 

that 

(2.6) 

The equations (2.1) and the bo11ndary conditions (2.3) can be transformed 

into a dimensionless form by introducing the following scales 
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x,y,z h, 

t - h2/K, 

U,V,W - K/h, 

p - p0 vK/h2, 

T-T1- T0 -T1, 

C -Co. 

The resulting dimensionless Boussinesq equations and interfacial conditions con

tain the following set ofnon-dimensional numbers. 

ag(T -T
1
)h3 

R = o 
KV 

a'g h3 

R ---
s Dv ' 

V 
P=-

K ' 

V 
S=-

c D' 

S = S (T -1' ) 
0 0 1 ' 

C. 
0 

Rayleigh number, thermal (2.7a) 

Rayleigh number, solutal (2.7b) 

Prandtl number (2.7 c) 

Schmidt number (2.7 d) 

S oret number (2.7 e) 

Goncentration, initia l (2.7 D 

The basic state (2.4) - (2.6) can also be written in non-dimensional terms as fol

lows: 
T = 1-z, (2.8 a) 

{ 

1 - c c (1) } -1 
C(Ll= C

0
+ 0 

exp[S(l-z)] 
C(1) 

(2.8 b) 

where 

exp[S C ]-1 1 
C(l) = o 

exp[S]-1 C 
0 

(2.8 c) 
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2.5 Linear Stability Theory 

We perturb the governing system (2.1) about the static basic state (2.4)- (2.6) 

introduce normal modes for each disturbance quantity <P' as follows: 

where 

-wt+ i(k
1
x + k2Y) 

<l>'(x,y ,z,t) = <l>e 

and introduce the velocity components 

v' = (u', v', w') 

(2.9 a) 

(2.9 b) 

(2.1 0) 

and we denote dldz by D. We eliminate u', v', p' from the momentum equations by 

cross differentiation to obtain: 

(2.11 a) 

From the heat transport equation and the transport equation for the lean compo

nent we get: 

(2.11 b) 

2 - - -1 -1-
-DJ-k [C-S CO-C C)T]+wS P C-S P C W = 0 

0 c c z ' 
(2.11 c) 

where 
- -

-J=DC-S[C(l-C C)DT-(1-2C C)C]. 
0 0 

(2.11 d) 

The linearized boundary conditions for the ordinary differential equations (2.11) 

are 

On z = 0, T = W = DW = J 3 = 0 ; (2.12a) 

On z = 1, T = W = DW = J3 = 0. (2.12b) 

The boundary-eigenval ue problern defined by equations 2.11 and 2.12 is solved nu

merically by means of a shooting method. Forthis the SUPORE-CODE of Scott 

and Watts (1975) is used. 
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2.6 Numerical results 

The numerical results are obtained for a set ofparameters typical for organic 

mixtures like cyclohexane-benzene. We use P = 17.6, Sc = 1047, R5* = 28.4. 

Calculations are also performed for ethyl alcohol-water mixtures with Co = 0,15 

(C0 = 0.08), P = 30, Sc = 8900; Rs* = 173.4 and S = -0.019 (S = -0.023). ll 

We examine the pure Soret convection problern in which the layer is all liq

uid. Fig. 2 shows for C0 = 0.01, the critical Rayleigh number, the wave number 

and the oscillation frequency as functions ofS. 

When S=O, there is no Soret effect and instability sets in as steady Benard 

convection with Rc(s) = 1708, kc(s) = 3.117 and Wc = 0. When S > 0, the instabil

ity results in a steady state with, Wc = 0, and both Rc(s) and kc(s) decrease with S, 

consistent with the results ofChock and Li (1975). When S > 0, the Soretdiffusion 

moves the more dense component toward the cold boundary reinforcing the adver

se density gradient. When S < 0, the opposite is the case and the stationary insta

bility is opposed, as shown in fig. 2 andin the results ofChock and Li (1975). In ad

dition, when S is sufficiently negative, S < S* < 0, a new mode, periodic in time, 

occurs. The corresponding critical Rayleigh number Rc<o> is smaller than Rc(s) for 

each S. The kc<ol is slightly smaller than kc(s) while the frequency Wc ofthis oscilla

tory mode decreases wi th S and Wc -+ 0 as S -+ S*. Th us, the modes merge as S -+ S*. 

The value S* is in the literature commonly referred to as a codimension-two point. 

The present calculations give S* = -0.00025. In general Rc<o>, kc<o> and Wc all in

crease with ISI. Platten and Legros (1984) discuss how S* depends on P, Sc and R5 • 

1) 

"' a' 1 
R=--

s a T -T 
0 1 
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We again examine the pure 8oret convection problern but for different initial 

concentrations C0. Fig. 3 shows how Re, kc and w0 depend on C0. For conditions of 

stationary instability, 8> 8*, all curves cross at 8 = 0 where 8oret diffusion is ab

sent. Rc(8) decreases with C0 for 8>0 as expected since more ofthe lean compo

nent is present to participate in 8oret diffusion. Again, as expected, kc(s) decreases 

with C0 for fixed 8>0. For the condition ofoscillatory instability 8<8* for fixed 8 

all the quantities Rc(o>, kc(ol and Wc increase with C0. For more detailed calcula

tions see Zimmermann et al. 1986. They show that both Rc(ol and kc(ol increase 

nearly linearly with C0. The above results are consistent with the idea that an in

crease in C0 effectively increases 8. As can be seen from eqns. (2.11 c,d), the 8oret 

diffusion enters the governing equations through a term of the form 8C·(1-

C0C). The numerical calculations show that G(L) is nearly linear with ldC/dzl < 10-

3. Thus, C-C0 and ifC02< < 1, then 

S C(l-C C) """SC =S . 
u u eff 

(2.13) 

An increase of C0 is equivalent to an increase in 181, consistent with the results of 

fig. 3. Note that eqn. (2.11 d) has a second term dependent upon 8. Given the above 

argument, it becomes independent of Co. 
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3. EXPERIMENTS 

3.1 Experimental techniques 

The experiments are performed in a test apparatus, which is similar to the 

one described by Dietsche & Müller (1985), as sketched in fig. 4. A reetangular test 

volume of aspect ratio length: width: height = 200 mm: 20 mm: 3.12 mm is chosen 

in order to foster the generation of regularroll convection patterns. The volume is 

demarked by two copper blocks which serve as the upper and lower boundaries. 

Crystal glass plates form the lang side walls. Two Teflon blocks are placed be

tween the copper blocks and simultaneously serve as spacer elements and shorter 

side walls. 0-rings are employed to seal offthe cavity. The copper blocks are heat

ed or cooled by circulating temperature-controlled coolant from thermostats 

throughjackets at the upper and lower end ofthe two blocks. The overall design of 

the test apparatus is based on three-dimensional heat-conduction calculations 

that provide a very good approximation to a linear temperature distribution 

across the cavity in the preconvective state. According to calculations, horizontal

temperature inhomogeneities are less than 0,1 % at the ends of the longsides and 

less than 0,01 % otherwise. Nearly-ideal temperature conditions before onset of 

convection are needed to investigate the transition to oscillatory flow, since even 

the smallest convective motions, due to temperature inhomogeneities, may dis

turb significantly the concentration profilein the layer. The test apparatus is in

sulated externally by a styrofoam cover and further is placed in an air-conditioned 

chamber with good temperature control. The airtemperaturein this chamber is 

kept at the mean temperature of the testliquid during the experiments i.e. T = t 
(Tl + To). This procedure proved to be necessary for tests with solidification at 

temperatures significantly lower than the laboratory temperature which will be 

reported in a succeeding pa per. 

The selection of a suitable testliquid is crucial for a clear experimental iden

tification of the phenomena. For our experiments the following requirements had 

tobe met: a sufficiently negative value ofthe Soret coefficient; good transparency 

of the liquid for employing visualization techniques; near-ideal liquid solution 

with constant physical properties, a linear density-temperature and- concentra

tion dependence (i.e. Boussinesq-properties), solidification of pure material (the 

solvent only) when the temperature falls below the liquidus temperature. 

After thorough pretests employing cyclohexane-benzene mixtures and meth

yl alcohol-water mixtures the latter was chosen as a testliquid mainly because of 

its strong Soret effects. Alcohol-water mixtures have been used frequently in the 

past by experiments among others by Hurle and Jakeman (1971, 1973a, b), Villers 

and Platten (1984), Lhost and Platten (1988). The physical properties of this mix-
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ture areweil documented in the literature. In particular the effective Soret num

ber S eff which characterizes the thermal diffusion effect, can be varied between 

negative and positive values by changing the concentration of the solute (see 

Kolodner et al. 1988b) and the mean temperature in the test liquid. Moreover, 

only pure water is solidified from such dilute mixtures ,1> 

Just as pure water has a density maximum at 4 oc, low-concentration alco

hol-water mixtures may have maxima near the solidification temperature T 8 • 

They occur for alcohol concentrations C :-s; 14 wt% but not otherwise, though even 

for C > 14 wt% the mixture may still have nonlinear density profiles in the basic 

state (see Pickering 1893, De Coppet 1892). Higher solution concentration also 

shifts the operating point for negative Soret coefficient S towards 8*, which gives 

oscillations ofboth low frequency and low intensity. 

As a compromise, a mixture of 15 wt% ethyl alcohol and water is used in 

most experiments. Some experimentsarealso carried out with mixtures of 8 wt% 

ethyl alcohol in water. In these experiments dynamic phenomena without solidifi

cation are investigated and compared with results reported in the literature. 

The quality of the measurement is determined by the long-term constancy of 

the temperatures at the upper and the lower boundary of the test cavity. These 

temperatures are controlled by two high-precision Haake thermostats of a coolant 

outlet-temperature-variance ßT = ± 0.01 oc. At low temperatures ethyl alcohol 

is used as a coolant. The thermostats are connected to the test apparatus by plastic 

hoses isolated by thick rubber-foam wrappings. 

The flow in the cooling channels of the test apparatus is counter current. The 

temperature in the copper blocks are measured by precision platinum resistance 

thermometers which are threaded through bore holes in the copper blocks very 

close to the boundaries of the liquid layer. The measuring arrangement used de

termines the temperature difference across the layer to an accuracy of AT = ± 
0.002° K. The quality of the temperature control of the test apparatus may be 

judged by the fact, that for static or for stable flow conditions in the liquid layer 

the measured temperature difference is constant up to ö (AT) = ± 0.003° K over 

time intervals of several days. 

The temperature fluctuation within the liquid layer are measured by two 

NiCr-Ni thermocouples of 0.25 mm in diameter protruding 0.9 mm into the test 

volume from the lower copper boundary. The thermocoupleis located at the center 

of this boundary. The valtage between this thermocouple and a reference thermo

couple in the lower copper is recorded. This valtage is amplified and further pro-

1) The requirement is relevant for experiments investigating the interaction of convection and 
solidification. Results ofthese investigations are reported in a succeeding paper. 

12 



cessed to give signals of the temperature oscillations T' in the test liquid as a pen 

chart record. The resolution of the temperature oscillations is öT' = ± 0.02° K for 

the measuring arrangement used. From the chart records the period 1: of periodic 

temperature fluctuation can be evaluated by averaging over a sequence of20 peri

ods to an accuracy of 61:/L = 0.01. 

The convective flow in the test volume was visualized by employing a differ

ential interferometer (see Bühler et al. (1978), Kirchartz (1980) for an outline of 

the technique). In general the differential interferometer generates lines of con

stant density differences in direction of the beam separation. If the separation 

length e issmallas in the present case (e = 0.3 mm), lines of constant density dif

ferences become lines of constant temperature gradients. Since the interferometer 

beams integrate the density differences only in one direction through the test vol

ume, as is the case in the present set up, a quantitative evaluation of the fringe 

pattern is only possible for perfectly two dimensional flow. Since in experiments 

for certain conditions three-dimensional disturbances occur, we use the interfero

grams for only qualitative evaluation of the tests. In the present experiment only 

horizontal beam Splitting is used. Bühler (1979) has shown for slightly supercriti

cal conditions and two-dime.nsional flow that the fringe pattern generated from 

horizontal beam Splitting can be interpreted to a good approximation as the 

stream line pattern. The interferograms are recorded by a high resolution video 

camera. Further processing is performed by employing a digital image processing 

system. Each interferogram shown in the figures of section 3.2 shows a segment of 

43 mm of the totallength of 200 mm of the test volume. In order to take interfero

grams from each part of the test volume the interferometer is placed on an optical 

bench which can be moved transversely in a controlled manner. When there are 

moving cellular patters, quantitative determination ofthe wave length and the di

rection and speed of the pattern movement can be made if one examines interfero

grams taken at distinct time intervals. 

3.2 Experimental Results 

3.2.1 Small amplitude initial perturbation 

Experimentsare conducted in a liquid mixture of 15 wt% ethyl alcohol in wa

ter at different mean temperatures 1' = t(T0 + Tt) of the layer. In a first set of 

tests the temperature difference across the layer is raised above its critical value 

for onset of time periodic flow by several small increments in time intervals ~t of 

different duration. 

Starting from a slightly subcritical stable static state of heat conduction the 

temperature difference is increased by about ~T ~ 0.1 Kinaperiod oftypically 30 
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minutes. Thereby a weak convection is first stimulated at the ends of the test cell 

because ofsmall temperature inhomogeneities due to end effects. New convection 

rolls form consecutively at the cell ends pushing the previously formed rolls to

wards the cell center and thus forming travelling wave trains. In general due to 

imperfections the cell formations at the cell ends do not occur symmetrically in 

time and space. Therefore usually the travelling wave originating from one of the 

two cell ends becomes dominant. When the waves travel across the thermocouple 

in the cell center, a periodic signal is recorded, whose amplitude is C.cne rnodulat

ed. This convection mode is commonly denoted a modulated travelling wave 

(MTW). A typical record is shown in fig. 5. The maximum temperature amplitude 

has values T' = 0.1K and the period of oscillations is typically t = 28 s. The ampli

tude T' issmall compared to the total temperature difference ßT = 25.5 K across 

the layer. In general the intensity of the convection i.e. the amplitude of the tem

perature is amplified if the temperature difference ßT is kept fixed at a supercriti

cal value. 

When the temperature difference is reduced to its initial subcritical value a 

transition to the corresponding static state of heat conduction is observed as long 

as the amplitude of the convection has not exceeded a certain threshold value. 

This is also demonstrated in fig. 5 where the decrease of the amplitudes of oscilla

tion for timest > 2.1·103s is initiated by a reduction in the temperature differ-

ence at a timet ~ 103. The state of small amplitude modulated travelling waves 

can be maintained for practically unlimited time if the temperature difference 

across the layer is reduced to the critical value. The long time duration of the 

quasi-permanent modulated travelling wave state is demonstrated in fig. 6. A mo

notonic increase of ßT by öT = 0.08 K during 30 minutes to slightly supercritical 

conditions of ßT = 25.6 K results in a very weakly amplified travelling wave con

vection of period t = 28 ± 0.2s and a maximum amplitude T' < 0.05 K for many 

hours. 

An increase of the temperature difference by 0.17K at D.T = 11.5 K within 

30 minutes results in a stronger amplification of the modulated wave convection. 

When the amplitude finally exceeds a threshold value the modulated travelling 

waves settle down to a permanent state of travelling waves of constant amplitude 

for a particular fixed external temperature difference. This transition can be seen 

in fig. 7. The initially small fluctuation T' increases within 20 minutes from 

T'= ±0.05 Kat t = 0 toT'= ± 0.5 Kat t = 2.5 · 103s with a period ofoscillation 

t = 37s. An optical impression of the MTW mode is obtained form the set of inter

ferograms in fig. 8. 
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The four interferograms show instantaneous convective states corresponding 

to the temperature record in fig. 7 near the center ofthe test cell at different times. 

In fig. Sa the lines of equal horizontal density gradients are only weakly displaced 

from the strict vertical direction. The interferogram corresponds to t = 210s. In 

figs. Sb, c, d convective states of higher intensity are shown corresponding to times 

t = 1210s, t = 1910s and t = 2230s. Bühler (1979) has shown, that the isolines of 

constant horizontal temperature gradients may be interpreted to a good approxi

mation as a stream line pattern in the case of slightly transcritical two

dimensional convection. Because of the slender geometry of the test cell and the 

quasi-steady heating, two dimensional convection is nearly established in the test 

volume with the axes of the travelling convection rolls parallel to the shorter side 

ofthe cell. The streamline pattern is sketched accordingly in fig. Se. 

The feature of a travelling wave is displayed in fig. 9, where 14 interfero

grams taken at equal time intervals of .6.t = lOs are shown. The pattern moves 

from the left to the right side as is seen by the shift ofthe fringes with increasing 

time. The interferograms correspond to a time interval 1700s s; t s; 1S30s of the 

temperature record in fig. 7. The modulation of the intensity of the temperature 

perturbation due to convection can clearly be recognized from the number of con

centric fringes which vary in the individual interferograms. More fringes indicate 

higher convection intensity in the travelling convection rolls. The period ofoscilJa

tion ofthe travelling wave ist = 37s. This value is obtained from the temperaturc 

record in fig. 7 and also from the interferograms offig. 9. 

3.2.2 Finiteamplitudeinitial perturbation 

Ifthe initial temperature ramp leading to a transcritical state exceeds a cer

tain threshold value a zone of intensive finite amplitude convection is induced at 

the ends of the test cells. It turns out that this zone of intensive convection im

proves significantly the overall heat transfer. Since the heat supply is limited by 

the coolant flux through the lower copper-block ofthe test apparatus the tempera

ture difference in the central range of the test section is slightly reduced to a sub

critical value. As a result a perturbationfront moves from the ends of the test cell 

towards the center. When this perturbationfront moves across the thermocouple 

in the cell center a monotonically amplified periodic temperature signal is record

ed whose amplitude after a short transition period reaches a saturation value. 

This is seen from the temperature record of fig. 10. In the corresponding experi

ment the temperature difference in the water ethyl alcohol mixture of C = S wt% 

is raised within 2 minutes from .6.T = 6.SS K to .6.T = 6.9S K. The experiment 

shows that the reverse procedure does not result in a subcritical static state rather 
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the convective travelling wave state is maintained, however, at a slightly lower 

intensity. The proceeding perturbationfront is depicted by the set ofthe interfero

grams affig. 11. The interferograms are taken at time intervals At= 8s. The front 

propagates at the low speed ofVr = 1 · 10-5m/s. 

The cellular fringe pattern indicates regular convection cells. In this particu

lar case of strong initial perturbations the travelling waves propagate opposite to 

the perturbation front. Observations show that at the front new convection rolls 

are repeatedly created which then move at a higher speed towards the cell end. 

The thermocouple records a period of oscillation of 1: = 86s which is by a factor of 3 

larger than the value at onset of the convection. A schematic streamline pattern 

as conjectured from the interferograms is added in fig. 11. 

Once the convection front reaches the opposite end ofthe test cell at a time 

t = 16.2 · 103s the temporal character of the travelling wave changes once more. 

This can be seen in fig. 10. The thermocouple record shows in the time interval 

18·103s < t < 23·103s an increase of the amplitude by 25 % and a change in 

the period of oscillation from 1: = 71s to 1: = 280s. This effect is attributed to the in

teraction of the original wave and a reflected wave originating from the other end 

of the test cell. The time period for the transition in the temperature record of fig. 

10 is compatible with the propagation speed of the travelling waves obtained from 

interferograms and the dimensions ofthe test cell. The final state ofthe lang peri

od travelling waves is stable and persists for several days for fixed external tem

perature boundary conditions. 

By choosing different temperature transients for an onset of convection in 

some experiments wave fronts are simultaneously initiated at both ends ofthe test 

cell. These wave fronts penetrate into the static layer in opposite directions. After 

merging into each other a permanent travelling wave ofhigher intensity and low

er frequency is usually observed. However, for a low mean temperature 

T=t(T0 +Tt) ofthe liquid mixtures, say T:::;; 5 °C, for a 15 wt% ethyl alcohol water 

mixture a transitions to stable overturning convection occurs. 

3.2.3 Permanent travelling waves 

The permanent state of travelling waves in the test cell offinite length is in

vestigated with regard to changing temperature differences AT across the liquid 

layer. 

When AT is increased the period of oscillation increases continuously until 

finally at a certain threshold temperature difference a jump transition occurs to 

steady overturning convection which is moreover observed for even higher tem

perature differences. The measureme:nts show, that the oscillation frequencies de-
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pend linearly on the Rayleigh number in a range near the transition to steady 

overturning convection. A linear least quare fit ofthe frequency data gives the re

lations f = a- br with a = 16.5 (mHz), b = 9.8 (mHz) for Co = 8 wt% and a = 8.4, 

b = 5.2, for Co = 15 %, where r is the reduced Rayleigh number r = Rc(olfRc. If ßT 

is reduced starting from steady state convection travelling waves are observed 

only at a noticeably lower value ßT compared to the one where steady convection 

is first seen for increasing 6-T. Thus, the transition from travelling waves to over

turning convection and reverse shows a significant hysteresis. A similar phenom

enon is observed for the onset of travelling wave motion from the static state. De

creasing ßT across the layer, the travelling wave mode persists to significantly 

lower values of ßT compared to its critical value for onset of travelling wave mo

tion. 

The range of existence of permanent travelling waves is explored for two 

mixtures of ethyl alcohol and water with C0 = 8 wt% and C0 = 15 wt%. The ex

periments with these mixtures are carried out at mean temperatures T = 20 oc 
and T = 10 oc respectively. The results are given in figs. 12 and 13 in form of 

graphs showing the oscillation period as a function of the normalized Rayleigh 

number r = RIRc where Re = 1708 is the critical Rayleigh number for onset of con

vection in a single component liquid. Both mixtures show qualitatively the same 

behaviour. They differ, however, quantitatively in the measured periodsandin 

the range where hysteretic behaviour is observed. This can be seen from table 1 

where the transitions from the static state to the travelling wave and the steady 

state convection are listed. 

Foramixture ofC0 = 15 wt% and a mean temperature T = 10 oc the perma

nent travelling wave mode exists in the range 1.02 ~ r ~ 1.59 (see fig.12 and table 

1). Figures 14 and 15 show temperature fluctuations T' and a corresponding set of 

interferograms for three different Rayleigh numbers, r = 1.10,r = 1.30 and 

r = 1.49. The temperature records as weil as the set of interferograms show that ir

regularities in the temperature traces as weil as in the fringe pattern ofthe inter

ferograms occur at lower Rayleigh numbers but vanish at higher values (compare 

figs 14a and 14b as weil as figs. 15a and 15bß The short period variations in the 

frequency ofT' occurring intermittently for r = 1.10 correspond to wave length 

variations between the individual moving convective rolls characterized by the 

concentric fringe patterns of the interferograms. By observations the temporal de-

2. Notice that the deformations in the fringes of interferograms of fig. 15c are due to strong light 
refraction in the thermal boundary layers at the lower and upper boundary for higher Rayleigh 
numbers. 

17 



fects in the temperature record and the pattern irregularities do not seem to have 

a significant effect on the overall propagation speed ofthe wave motion. 

The maximum value ofthe amplitude ofthe temperature fluctuation record

ed by the thermocoupleis plotted versus the normalized Rayleigh number in fig.16 

for a mixture of C0 = 15 wt%. This dependency can be to a good approximation, 

described by a linear function. 

As outlined before, in a mixture ofC0 = 15 wt% ethyl alcohol and water, per

manent travelling waves are observed in the range 1.02 ::; r ::; 1.59 if the mean 

temperature of the layer isT = 10 oc. If the mean temperature is lowered the 

range of existence for permanent travelling waves shrinks. ForT ::; 5 oc perma

nent travelling waves do not occur. If in this case the temperature difference 

across the layer is increased beyond the critical value at r = 1.89 a modulated 

travelling wave is first observed originating near one or the other end wall of the 

test cell. The amplitude ofthis wave is amplified to a finite value while propagat

ing from one to the other side. Once the wave front reaches the opposite side wall 

the travelling wave motion is arrested and a steady overturning convection is es

tablished. 

Fora particular permanent state of travelling waves the end effects in the 

test cell are visualized in figs. 17 and 18. In fig. 17 the temperature gradient field 

in the vicinity of the end of the test cell is demonstrated by a set of interferograms 

taken at time intervals of ßt = 90s. The interferograms depict a situation where 

the waves move away from the cell end. The temperature difference is in this case 

Ll.T = 7.0K and the initial concentration is Co = 15 wt%. From the fringe pattern 

it can be concluded that heat conduction prevails in a range 0 < L < 2h (the inter

ferograms show equidistant and vertically oriented fringes). In a transition range 

h < L ::; lOh the fringe increases continuously and the fringes become more and 

more contorted. The final permanent state indicated by concentric fringe patterns 

is established for L > lOh. lt can be observed that the wave propagation velocity 

develops in this range from zero to its final value. 

Figure 18 shows the situation of a wave moving towards the end wall of the 

test cell. From the set of interferograms a change in the intensity of the wave 

mode and the propagation speed can not be identified in a region close to the end 

wall. However, a small decrease in the wave length of about 10% can be measured 

in a region L ::; 5h. 

3.2.4 Transitions between permanent states 
The dynamics of the transitions from the state of travelling waves to the 

static basic state and the state of overturning convection are demonstrated in the 
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figs. 19, 20. When the Rayleigh number r is reduced below r = 1.02 the transition 

to the basic state of heat conduction occurs. This transition is a transient process 

starting at that end of the test cell where the travelling waves originate. The stat

ic state progresses from this side towards the other side of the test cell. The inter

ferograms in fig. 19a demonstrate the retreat of the trailing edge of the wave and 

the progress of the static state. The observed velocity of the transition range is v 

= 0.09 mm/s. The period length of the retreating waves is,; = 68s. The width of 

the transition range is about 2-3 wave length. Figure 19b gives the curresponding 

temperature record. The record shows that after the temperature difference is 

changed by LlT = 0.04 Kat t = 0 the amplitude of the temperature fluctuation is 

reduced in a modulated manner while the frequency increases. At a time 7200s 

the last measurable temperature fluctuation passes the thermocouple. The period 

of oscillation lastly recorded by the thermocouple is 1: = 67 .9s. This value corre

sponds to the one evaluated from the interferograms in fig. 19a. 

When the temperature difference is raised beyond the critical value for tran

sition to steady overturning convection the period length ofthe temperature oscil

lation increases continuously until the wave pattern finally is arrested and the 

temperature signal at the thermocouple dies off. This is seen from the temperature 

record in fig. 20a obtained in a mixture of C0 = 8 wt% ethyl alcohol and water. In 

this particular case a temperature rise of ö(LlT) = 0.18K occurs at t == 0. The tfl<'""· 

mocouple senses the steady state at t = 23 · 103s. The reverse phenomenon of de 

creasing periods of oscillation is observed during the transition from the steady 

state convection to the wave mode convection. This is seen in fig. 20b. In this case 

the temperature difference across the layer is decreased by ö(L~T) = 0.3K at time 

t=O. The permanent state of travelling waves with constant period length is 

achieved for t;::::2.2·104s. It has to be mentioned that the measurements in this 

range ofparameters require long measuring times of, say, several days. Tempera

ture constancy at the boundaries has tobe maintained precisely (see Section 3.1). 

3.2.5 Steady state convection 

The experiments conducted at a mean temperature T = 10 oc andin a mix

ture of Co = 15 wt% show that stable travelling waves exist in a range of normal

ized Rayleigh numbers 1.02 ::::;; r ::::;; 1.59. When the mean temperature of the liquid 

layer is reduced the range of existence of stable travelling waves becomes smaller 

and simultaneously the convection pattern gets less regular. For instance convec

tion rolls of different wave length and different intensity occur. If the mean tem

perature T falls below the threshold value T ::::;; 5 oc permanent travelling waves 

are not observed. Thus, if in an experiment with T ::::;; 5 oc the temperature differ-
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ence across the layer is increased beyond its critical value to r = 1.89, modulated 

travelling waves (MTW) are observed. This MTW state is amplified to a saturation 

amplitude. The saturated MTW propagates through the test cell usually starting 

at one end ofthe cell. Once this waves reaches the other end ofthe cell the velocity 

of the travelling wave slows down starting from this particular end. Finally an 

overturning steady state convection forms (see also Section 3.2.3). 
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4. DISCUSSION 

The occurrence of a permanent oscillatory convection in the layer consisting 

of a mixture with negative Soret coefficient is the result of a double- diffusive 

mechanism, in which the temperature and concentrations distribution have oppo

site stabilizing effects. Their spacial distribution diffuse with vastly different 

times scales "tT and "tc respectively. Since -.;T~"tc, a warm fluid element that rises in 

the layer looses its characteristic temperature in time -.;T while its characteristic 

concentration remains practically unchanged. Thus after equilibration ofthe tem

perature the parcel is too heavy compared to its environment, and falls back into a 

warmer layer. The decent of the parcel is on the Ionger time scale "tc so the density 

adjusts to the temperature distribution. The parcel becomes lighter and rises 

again due tothermal buoyancy. The cycle starts anew. The above physical argu

ments are reasonable to explain the occurrence of an oscillatory convection in 

which the velocity in the convection Cßll changes sign for each halfperiod. The ex

periments show, however, that this oscillatory state, which can be considered a 

standing wave, is not realized as a permanent state rather travelling roll patterns 

are observed. 

The time and space dependent process in the layer can indeed be described 

mathematically as propagating waves oftemperature, concentration and velocity. 

This has been clone among others by Knobloch et al. (1986), Cross (1986a,b), Ar:

lers and Lücke (1987) and by Linz et al. (1988). In their weakly nonlinear analysis 

Linz and Lücke (1987) and Linz et al. (1988) discuss solutions of travelling waves 

(TW), modulated travelling waves (MTW), standing waves (SW) and overturning 

steady convection (OSC). They find for travelling waves a phase shift between the 

concentration, the velocity and the temperature fields. The phase shift between 

the temperature and concentration wave gives rise to a horizontal pressure vari

ation along streamlines of a convection cell. This horizontal pressure variation 

makes the convection cells move in the preferred direction. The phase shift van

ishes between the temperature and concentration field for standing waves. As a 

result there exists a net flux of the lean component in travelling wave convection 

whereas the time average flux vanishes for standing waves. A rather general re

sult for wave propagation in double diffusive systems has been obtained by Kno

bloch et al. (1986). Applied to two component systems with Soret effect their ana

lysis proves that near the critical Rayleigh number for onset ofoscillatory convec

tion the standing wave mode is unstable if a stable travelling wave mode bifur

cates supercritically, and vice versa. If the bifurcation of the travelling wave oc

curs subcritically it is locally unstable and so is the related standing wave mode. 
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For our experiments we observe modulated travelling waves, travelling 

waves and overturning convection. Permanent standing waves do not occur for the 

realized experimental conditions. The hysteresis effect related to the transition 

from the static state to the travelling wave mode as well as the sensitivity to finite 

amplitude perturbations in our experiments suggest that we have a subcritical bi

furcation of the travelling wave mode which is thus locally unstable according to 

theory. The instability of the small amplitude travelling wave may also be con

cluded from the long term growth of the state variables, e.g. T'(t) in fig. 6, until 

they settle down to a finite saturation value. This finite amplitude permanent 

travelling wave mode of the experiment is not described by the weakly nonlinear 

theory ofKnobloch et al. (1986), Cross (1986) or Linz et al. (1988). However, Bensi

mon et al. (1989) have developed a nonlinear theory, which also describes the per

manent travelling waves of finite amplitude and their transition to steady over

turning convection. 

Some features of the unstable modulated travelling waves of small ampli

tude are adequately described by the linear stability analysis ofsection 2. In table 

2 a comparison between measured and calculated values for the critical Rayleigh 

number and the period of oscillation is presented for mixtures of Co= 8 wt% and 

Co= 15 wt% ethyl alcohol and water and for different mean temperatures of the 

liquid layer. The approximate solution is obtained from analytical results ofHurle 

and Jakeman (1969,1971) and from Kolodner et al. (1987b). According to these au

thors the following relationshold 

3 n
2 

k [ _ I.Jl j 112 (J)(Ü) ""' 

c 2 4 1 
l+I.Jl+

Pr 

(4.1) 

(4.2) 

with k3 = 1.05 and k4 = 1.43. Here 1p is the Separation coefficient 1p = S Co(1-Co) 

a'/a . In the approximation a linear concentration profile in the static state and 

Le ~ 1 has been assumed. 

It is seen, that the approximate values Rc(O) and wc(O) agree well with the cal

culated ones by using the SUPORE-Code. There are differences between the calcu

lated and the measured quantities in particular for the case T= 10 °C. These dif

ferences are attributed to uncertainties in the Soret coefficient. The value used in 

our evaluation is taken from Kolodner et al. (1988b). Generally the values found 
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in the literature for S may differ up to 25 %. Other sources for the discrepancy may 

be the effectively nonlinear density temperature relation in mixtures and the 

finite extent ofthe test volume. Both effects are stabilizing and should give rise to 

higher critical values for Rc(O) and wc(O). 

The recorded temperature fluctuation history of the travelling wave convec

tion (see figs. 7, 10, 19, 20) has some features in common with the measured veloc

ity history ofLhost and Platten (1989). These authors use LDV-technique to deter

mine the vertical velocity component in the center of their test cell. In particular 

they find three distinct frequency ranges during the development of the wave 

propagation in the test cell. The initial state of relative high frequency as de

scribed by linear stability theory, a transient intermediate state of weakly non

linear but still fast wave propagation and a final nonlinear permanent state of 

slowly travelling waves. The frequencies of these states differ typically by a factor 

112 and 1/10 respectively. This finding agrees qualitatively with our observations 

of distinct frequency change to lower values when a) a threshold value of the am

plitude of the travelling roll convection is exceeded and b) when the interaction of 

original and the reflected wave has occurred. 

The progression of a perturbation front into an unstable static state with 

waves travelling in opposite directions, as demonstrated by fig. 11, can be com

pared with observations by Kolodner et al. (1988). These authors report confirkcl 

states of travelling waves restingor moving in an ann11lar co~.,tainer. Depending 

on the direction of the waves in the moving confined region a similar situation 

must occur on the leading or trailing edge ofsuch a wave packet. Kolodner (1990) 

reports an experiment in which slow travelling rolls exist in a confined region of 

an arbitrary length in a reetangular cell separated from the rest by a front that 

may slowly move or be motionless. A model to describe this phenomenon qualita

tively has been proposed by Bensirnon et al. (1988). The model is based on two 

coupled, generalized Landau Ginsburg equations. The model contributes physical 

explanations for the observed phenomena, but does not describe them quantita

tively. 

The influence of a finite geometry of the test cell on wave systems has been 

investigated by Moses et al. (1987), Surko and Kolodner (1987) and Ahlers et al. 

(1987). Cross (1986, 1988) investigates this question theoretically. He sturlies the 

reflection of waves at the vertical boundaries of test volumes using Landau

Ginsburg type amplitude equations. If the group velocity of the wave system is 

small the weakly nonlinear interaction of right and left side propagating waves 

results in a travelling wave state of preferred direction and uniform intensity in 

the major part of an horizontally elongated test cell. Only in the vicinity of the 
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confining side walls does the interaction of the incoming and reflected wave lead 

to partial annihilation or the formation of a stationary convection depending on 

the direction of propagation of the wave in the cell center. Cross finds that the 

travelling wave is fully developed at a distance L:::::: 10 h from the side wall where it 

originates; at the opposite side the impact of the wave on the vertical boundary is 

noticed at a distance of L::::::5 h. These predictions are qualitatively confirmed by 

our observations as demonstrated by figs. 17 and 18. Our observations are in some 

qualitative agreement with the findings of Deane et al. (1988). They find for 

slightly supercritical Rayleigh numbers in their two-dimensional numerical simu

lation of binary convection in cells of large horizontal to vertical aspect ratio a 

nearly quiescent region near the one end and a small region of a standing wave 

pattern near the other end of the test cell, while in the cell center a travelling 

wave is predicted. Moreover, they predict an intermittent reversal of the direction 

ofthe travelling waves in the long run, which we do not observe. 

The measured oscillation period of the permanent travelling wave state (see 

section 3.2.3) does not scale properly with either the thermal or the mass diffusion 

timescale h2/K and h2/D respectively. This seems plausible since this finite ampli

tude wave state is generallynot near the bifurcation point for onset of oscillatory 

convection. Observations of tracer particles in the convective flow by means of a 

stereomicroscope indicate, that the turn over time is typically of the order 

tt::::::: lOOs. The transport of the lean component within a moving convection roll (i.c. 

a travelling wave) can, to a good approximation, be described by the transport 

along closed streamlines in a coordinate system moving with the phase velocity of 

the wave. According to Rhines and Young (1983) this process can be described by 

the following transport equation 

a c + ua c = vv2c , 
t s 

(4.3) 

where U is the transport velocity along a particular streamline, s is the coordinate 

along the streamline and V2 is the two-dimensional Laplace operator in a corre

sponding orthogonal coordinate system. They obtain forasimple shear flow U -ay a 

solution ofthe form 

C(t) = C0 expl- (~ )-(f- Y]cosk(s-ayt), 
D nux 

(4.4) 

where tn=h2/D and tmix=(U2D/h4)-113• Introducing a Peclet number Pe=(U·h/D) 

we obtain tmix-Pe-113·tt. The form of the solution, eqn. (4.3), indicates that for 
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large times the time scale Lmix determines the diffusion process in the vicini ty of 

streamlines and thus the equalization of the concentration field within a moving 

convection cell. 

Since the local Peclet number Pe and the turnaraund time are directly relat

ed to the intensity of the convective flow and thus to the excess Rayleigh number 

ßR=R- Rc(O), it is plausible that the transition from the travelling wave mode to 

steady overturning convection (see section 3.2.3) is due to an equalization of the 

concentration field by a transport-enhanced diffusion according to eqn. (4.3). We 

conjecture that Lmix is the proper time scale for the period of oscillation for the ob

served permanent travelling waves. Assuming the observed turn around time 

Lt"""' 102 s and the dimension h = 3 mm of our test volume and a typical diffusion co

efficient D"""'4·10-4 mm2/s we obtain a Peclet number Pe-=:::90 and the correspond

ing mixing time scale Lmix:::::: 450 s. This value is of the order of the observed oscil

lation periods listed in figs. 12 and 13. 

Our tests in mixtures of Co= 8 wt % and at mean temperature T = 20°C can 

be compared with experiments conducted by Walden et al. (1985) in a test cell of 

dimension height : width : length = 5.2 mm : 23 mm : 49 mm and for the same val

ues of Co and T. We observe similar hysteresis effects in our experiments as 

Walden at the transition from static conditions to travelling waves and from trav

elling waves to overturning convection. The different aspect ratio in the expi:: 

ments ofWalden et al. results in a higher critical Rayleigh nu;nber for the onset o" 

wave motion. They obtain rc(O) = 1.48 compared to rc(O) = 1.35 in our case. Walden 

et al. find a state of permanent travelling waves in the range 1.17 < r < 1.44. In our 

slender test cell this state can be observed in the range 1.17 <r<1.60. It is conjec

tured that the discrepancy in the upper bounds of the ranges of existence are due 

to the three dimensional convective patterns occurring in the experiments ofWal-

den et al. These authors measure oscillation periods of 1000 s < t < 4000 s in a 

range 1.2 :s;r:s;1.44. In our experiments periods in the range 240 s:s;-r:s;900 s are 

found for 1.2:s;r:s; 1.54. The differences can be related to the different dimensions of 

the test cells. Ifthe periods in both experiments are scaled with the thermal diffu

siontime scale (1:;T=h2/K) one obtains 4.6:s;-t:s;18.3 for Walden's et al. experiment 

and 3.4:s;-t:s;12.7 in our case. This is a reasonable agreement reflecting the proper 

scaling of the geometry effect on tT. 

The temperature records from the thermocouple in our test section show, 

that the generally periodic signal is intermittently disturbed by irregularities. 

They occur particularly for the shorter periods of oscillation and in the lower 

range ofRayleigh numbers, while at higher Rayleigh numbers and for Ionger peri

ods such irregularities arenot observed. Other authors refer to a similar observa-
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tion as chaotic behaviour which also involves pattern irregularities (see e.g. Wal

den et al. 1985, Steinberg, Moses 1987, Ahlers and Rehberg 1986). Our observa

tions show that the temporal irregularities are related to irregularities in the 

wave number spectrum of the travelling waves (see figs. 15a, 15b). A complete 

theoretical model to explain this spatio-temporal feature is not available to our 

knowledge. A linear relationship between the frequency and the Rayleigh number 

(see section 3.2.3) as well as the hysteretic behaviour of the transition from the 

travelling wave mode to steady overturning convection has been observed by Mo

ses and Steinberg (1986). It is also predicted in the theoretical works of Knobloch 

(1986a,b), Knobloch et al. (1986) and by the numerical simulations ofDeane et al. 

(1987). It should be mentioned, however, that in the cited theoretical work unphy

sical boundary conditions, namely strees-free, and temperature and concentration 

fixed at the top and bottom, have been applied. It is conjectured, that the phenom

ena associated with the transition from TW to steady convection (homoclinic orbit) 

are generic and independent ofboundary conditions. 

Unexpectedly permanent travelling waves arenot observed in ethyl alcohol

mixtures if the average layer temperature is decreased to values that come close to 

the solidification temperature of the mixture, e.g. T<5°C for a mixture of 

C0 = 15%. Instead of a travelling wave mode a steady three dimensional convec

tion pattern develops. This effect is feit even for higher mean temperatures since 

the range, where permanent travelling waves are observed, shrinks when tbe 

average temperature is decreased. It is conjectured, that this effect is due to the in

creasing nonlinearity of the density-temperature relation for the mixture and is 

not related to the temperature dependence of the Soret coefficient (see Kolodner et 

al. (1988)). It is known that dilute salt-water mixtures exhibit a density anomaly 

at temperatures near the liquidus temperature TL of the mixture as water and ice 

does. It is also known that under these conditions the liquid layer is stabilized (see 

Veronis 1963). A theoretical analysis of the situation i.e. the effect of non

Boussinesq properties on wave propagation in binary mixtures is not available to 

date. 
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5.SUMMARY 

We have performed experiments of Benard convection in a binary mixture 

with Soret effect. We use a differential interferometer to visualize the convection 

patterns by interferograms and record the temperature history at a particular lo

cation inside the liquid layer. We observe an amplified travelling roll pattern of 

transient character whose intensity is modulated in space and time as long as its 

value is below a certain threshold. This travelling roll pattern starts at the shorter 

sidewalls. Once the value is exceeded the amplitudes of the convection saturate 

and a convection front propagates into the test cell. The convection fronts may 

start from each of the shorter side wall giving rise to an interaction of a pair of 

counter propagating travelling waves. This interaction may result in a standing 

wave pattern in the case ofsmall supercritical Rayleigh numbers, or in the case of 

moderate supercritical Rayleigh numbers in a permanent travelling wave of a re

duced phase velocity. In the later case the wave ofthe higher intensity determines 

the direction of propagation. There is a transition from the state of travelling 

waves to steady overturning convection for an even higher threshold Rayleigh 

number. This transition as well as the transition from the static state of heat con

duction to the state of travelling wave convection show strong hysteresis effects. 

Permanent travelling waves are suppressed for low mean temperatures ofthe liq

uid layer. Instead a quasi-steady three-dimensional irregular convection pattBrn 

is identified. It is conjectured, that this phenomenon is due to the actual nonlinear 

density-temperature relation ofthe binary mixture at temperatures close to the li

quidus temperature. The outlined observations are generally in agreement with 

results reported in the literature. 
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FIGURE CAPTIONS 

Fig.l: 

Fig. 2: 

Fig.3: 

Fig.4: 

Fig. 5: 

Fig. 6: 

Fig. 7: 

Fig. 8: 

Schematic drawing ofthe liquid layer and the temperature and concen

tration profiles ofthe static state. 

Critical Rayleigh number Re, critical wave number kc, critical angular 

frequency U>c as a function ofthe Soret-number S for an initial concen

tration Co= 0.01. S* denotes a codimension-two point. 

Critical Rayleigh-number, critical wave number kc and angular fre

quency U>c as a function ofthe Soret-number S for the initial concentra

tions Co = 0.01 (solid line) and Co = 0.02 (dashed line). 

Cross-section of the test apparatus. 

Local temperature fluctuations T' recorded by the thermocouple in the 

cell center, Co = 15 wt%, T = 4.8°C. 

Slowly amplified local temperature fluctuations T' recorded by the 

thermocouple in the cell center, Co = 15 wt%, T = 4.8°C. 

Amplified local temperature fluctuations indicating the transition 

from a MTW- to a TW-mode, Co = 15 wt%, T = 10°C. 

Differential interferograms of an intermediate MTW-mode (see fig. 7) 

at times a) t = 210s, b) t = 1210s, c) t = 1910s, d) t = 2230s and e) 

schematic instantaneous streamline pattern. 

Fig. 9: Differential interferograms of a MTW at equal time intervals ßt = lOs 

and Co = 15 wt%, T = 10°C (see Fig. 7). 

Fig. 10: Local temperature fluctuations T' indicating onset of travelling waves 

due to finite amplitude initial perturbations (t 2:: 9 · 103s) and transi

tion to a stable permanent TW-mode (t 2:: 21·103s). Co = 8 wt%, 

T=20°C. 
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Fig. 11: Differential interferograms and streamline patterns (schematic) dem

onstrating a progressing perturbationfront and waves travelling in op

posite direction. Time intervals between interferograms b..t = Bs; 

Co=15 wt%, T = 10°C. 

Fig. 12: Period of oscillation,; of the permanent TW-state as a function of the 

normalized Rayleigh nurober r, Co = 8 wt%, T = 20°C. 

Fig. 13: Period of oscillation,; of the permanent TW-state as a function of the 

normalized Rayleigh nurober r, Co= 15 wt%, T = 10°C. 

Fig. 14: Local temperature fluctuations T' recorded by the thermocouple in the 

cell center for the permanent TW-mode, Co = 15 wt%, T = 10°C: a) r 
= 1.10,,; = 240s; b) r = 1.30,,; = 654s; c) r = 1.49,,; = 1550s. 

Fig. 15: Differential interferograms corresponding to the temperature records 

of fig. 14, time intervals between interferograms: a) ßt = 60s, b) ßt = 

240s, c) ßt = 360s. 

Fig. 16: Maximum amplitude of the temperature fluctuation T'm recorded 

the thermocouple in the cell center as a function ofthe normalized Ray

leigh nurober for the permanent TW-state. Co = 15 wt%, T = 10°C. 

Fig. 17 Differential interferograms showing a TW-state near the end ofthe test 

cell. The TW moves toward the cell center. Timeinterval between in

terferograms b..t = 90s; Co = 15 wt%, T = 10°C. 

Fig. 18 Differential interferograms showing a TW-state near the end ofthe test 

cell. The TW moves toward the side wall, time interval between inter

ferograms b..t =60s; Co= 15 wt%, T = 10°C. 

Fig. 19: Transition from TW-state to static state ofheat conduction; a) differen

tial interferograms show retreat of convective state; time interval be

tween interferograms ßt = 20s; Co = 15 wt%, T = 10°C; b) local tem

perature. 
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Fig. 20: Local temperature fluctuation recorded by the thermocouple in the cell 

center demonstrating a) the transition from a TW-state to overturning 

convection and b) the reverse process. 
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TABLES 

Tab.l: 

Tab.2: 

Critical Rayleigh numbers for the transitions static state TW-state, 

TW-state OSC-state. 

Critical Rayleigh numbers and dimensionless periods of oscillation, 

comparison between theory and experiment. 
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Transition Co= Swt% Co= 15wt% 

t = 20°C t = 10°C 

rj Heat Conduction ~ TW 1,35 1,27 

TW ~ Steady Convection 1,60 1,59 

r~ Steady Convection ~ TW 1,54 1,42 

TW ~ Heat Conduction 1117 1,02 

Table 1. 

Concentration Swt% 15wt% 

Temperature 20°C 10°C 5°C 

Experiment 2306 2166 3320 

R,(o} Approximate Sol. 2550 2669 2985 

SUPORE 2601 2673 2940 

Experiment 0,507 0,401 0,362 

-r,/tK Approximate Sol. 0,432 0,381 0,352 

SUPORE 0,442 0,399 0,376 

Table 2. 
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