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Onset times for convection induced by buoyancy forces have been measured.
Results on three aqueous systems are summarized in terms of a critical value for
a time-dependent Rayleigh number. Because of the presence of minute traces
of unavoidable surface-active contaminants, a ‘free’ water surface behaved as
if it were inflexible and laterally rigid so far as determining first convective
motion was concerned. The form of the onset motion was observed with schlieren
photography for both top and side view. The pattern at onset was frequently
in the form of plunging rings. Surface effects were demonstrated with an organic
liquid layer in which onset times were measured for convection driven by surface
tension gradients as well as by buoyancy forces. The data are compared with some
recent, predictions of linear stability analyses.

1. Introduction

The phenomenon explored in this study is that of the onset of convection in an
initially homogeneous horizontal fluid layer. Convection is induced by abruptly
changing the temperature (or composition) at the boundary of the layer. If the
accompanying transient density gradient is of proper sense and magnitude the
layer will be unstable and disturbances will grow. The manifestation of these dis-
turbances, grown to some observable size, is identified as the onset of convection.
In this paper we report experimental measurements of onset times and other
characteristics of the convective flow. Our results cover a wide range of para-
meters including both buoyancy and surface-driven flows. Onset times are
consistent with some predictions of linear stability theory as are the wave-
numbers of the fastest growing disturbances. These first disturbances frequently
appear in the form of ring cells—a pattern which, apparently, has not been
previously observed.

In recent literature this problem has received considerable attention, both
because of its practical significance and because of certain unresolved features of
the transient stability analysis. These linear stability analyses have been of two
types: those employing the so-called ‘quasi-static’ assumption (Morton 1957;
Lick 1965; Currie 1967) and those in which the time-dependency is treated as an
initial-value problem (Foster 1965a, 1968; Mahler, Schechter & Wissler 1968).
In the former case it is assumed that the growth rate of disturbances is large
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compared to the time rate of change of the density gradient and, therefore, at
any instant the non-linear profile can be ‘frozen’ and its intrinsic stability
examined. I, this way the time-dependency is effectively removed with the result
that predictions are independent of initial conditions, i.e. disturbances present
at time zero. In the latter approach the full, linearized equations are examined
with time-dependent terms retained. The difficulties here are primarily compu-
tational, with the stability equation expanded in a series with time-dependent
coefficients. The solution methods, the limitations, and comparison of the two
approaches are surveyed in the papers by Foster (1968), Robinson (1967) and
Mabhler et al. (1968).

For purposes of comparing analysis to experiment, linear theory has obvious
limitations. The basic limitation is the identification of the onset of observable
convection. That is, given an initial disturbance and its predicted growth, at
what relative amplification is convection manifest? Strictly, observable motion
is necessarily finite and therefore outside the range of linear theory. Also, there
is the matter of specifying initial conditions. What are appropriate perturbations
in terms of what can be realized experimentally? It was with these and other
questions in mind that we set out to explore experimentally the onset problem.

Previous experimental studies have been mainly concerned with convection
accompanying evaporation from an initially quiescent layer (Spangenberg &
Rowland 1961; Foster 1965b). With evaporation the free surface boundary con-
dition is somewhat difficult to control. That is, the upper surface of the evaporat-
ing liquid is cooled in some irregular, time-dependent manner determined by
energy interchange between the liquid and the gas space above. Also, as with all
free surface problems, there is the attendant difficulty of properly accounting for
the rheological behaviour of the liquid surface itself. That is, with temperature-
dependent surface tension the layer may be subject to surface-driven instabilities.
Finally, for evaporation of water (both references above) the presence of trace
quantities of surface-active impurities may have a pronounced effect on the
evaporation rate. Because of these difficulties it was apparent that a non-
evaporating system would be more amenable to quantitative study.

In previous work in this laboratory (Plevan & Quinn 1966) convection had
been observed in an investigation of gas absorption into quiescent fluid layers.
Here liquid density, which is concentration dependent, is changed by absorbing
a soluble gas into the liquid. As opposed to evaporation, the surface boundary
condition can be simply and reproducibly altered by changing the pressure of
the pure absorbing gas. For a wide range of concentrations, liquid density is
linearly dependent on concentration and, at the gas-liquid surface, the con-
centration of dissolved gas is linearly dependent on gas pressure (Henry’s law).
In the experiments described in this paper transient absorption was used to
study the onset phenomena. Convection was initiated by imposing a step change
in gas pressure. Growth of disturbances and patterns of motion were observed by
measuring the rate of uptake of gas, the time-dependent surface flux, as well as
viewing the layer in a schlieren optical system.

An additional advantage of controlling density by way of concentration is that
gas-liquid pairs can be selected which are stable to surface-driven flows while
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unstable to buoyancy drives (as well as the converse case) ensuring that only one
type of instability is operative at onset. Experimental procedures are outlined
in the next section followed by a discussion of our observations.

2. Experimental

The time of onset of convection was detected by two independent experimental
methods. The first method consisted of continuously monitoring the rate of gas
absorption into the liquid. Since convection augments transport into the liquid,
the onset of convection is accompanied by a corresponding increase in the rate
of absorption over that due to diffusion alone. The second method was a visual
one in which onset was detected by viewing the liquid layer with schlieren optics.
The time at which motion was first perceptible in the schlieren image was taken
as the onset time.

Absorption measurements

The apparatus used to monitor the gas absorption rate was similar to that used
by Plevan & Quinn (1966). Its essential components were: a high pressure
reservoir of absorbing gas; two identical cells, one in which liquid was placed
(the ‘absorption cell’), the other an empty reference cell (the ‘blank cell’); a
bi-directional pressure transducer connected between the cells; a quick-acting
valve with which the step-change in pressure was brought about. (The pressuriza-
tion step by way of the quick-acting valve and high pressure reservoir differs
from that of Plevan & Quinn who used a piston and cylinder device to change
pressure abruptly.) The entire assembly was submerged in a constant temperature
bath maintained at 24-5 + 0-01°C.

The absorption cell was a 2in. I1.D. glass cylinder, 2 in. in height, held between
two stainless-steel compression plates. The two cell arrangement (absorption
plus blank cell) was used to subtract out the temperature effect caused by initial
compression of the gas. Both cells had nearly identical thermal characteristics
such that the temperature rise accompanying compression decayed with time
in essentially the same manner in the two cells. After admitting high pressure
gas simultaneously to both cells, valves were closed to isolate them from each
other and from the high pressure reservoir. The signal recorded was the pressure
difference between the two cells and, with the temperature effect counter-
balanced, was caused solely by absorption into the liquid. It should be noted that
the system pressure was essentially constant during the absorption period since
the pressure decrease caused by absorption was very small relative to the
absolute pressure. Also, small, thermally induced density gradients were present
in the liquid because of the heat of solution accompanying the absorption. These
heat effects were negligible in comparison to the density gradients resulting from
concentration changes (Blair 1968).

Special care was taken to ensure that the liquid was at chemical equilibrium
prior to a run and, also, that the system was free of any surface-active contamin-
ants. Before an absorption experiment, all cell components contacting the
absorbing liquid were cleaned in chromic acid. After the cell was assembled, the
system was brought to thermal equilibrium and the cell was tested for leaks. Next,
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25 ce of liquid presaturated with gas were injected into the absorption cell. The
liquid in the cell was then stirred by means of a Teflon-coated magnetic stirring
bar rotating at the bottom of the layer and powered by an external drive.
Agitation was maintained for several hours, with continuous gas purging until
complete equilibrium was attained. At this point mixing was stopped with the
layer remaining quiescent for a period of several minutes before a convection
experiment. For repeat runs, the liquid was stirred for at least one-half hour
between experiments.
Schlieren system

For the visual studies a standard, two mirror schlieren apparatus was used. (A
comprehensive discussion of schlieren methods and the interpretation of flow
patterns in evaporating liquid layers as deduced from schlieren photography is

Cell body, 5 cm 1D, 75 cm over-all length

Ficure 1. Optical cell.

contained in the recent paper of Berg, Boudart & Acrivos (1966).) Essentially,
the schlieren method is a means by which refractive index gradients in a trans-
parent medium can be made visible. A light ray passing through such a medium
will be deflected by an amount proportional to the refractive index gradient
normal to the path of the ray and the deflexion will be in the direction of maximum
refractive index. With the limiting diaphragm, usually a straight edge, deflected
rays either add to or subtract from the light normally present at the image plane
of the schlieren field. The result is an image of light and dark areas for which
points of equal brightness correspond to points of equal refractive index gradient.
Since the refractive index is a function of liquid composition, images which we
observed mapped out the concentration field in the convecting layer.

The collimating and schlieren mirrors, spaced 13 ft. apart, were a matched
pair of parabolic front-surfaced mirrors, 6 in. in diameter with 4 ft. focal length.
The light source was a 1056 W, 6 V tungsten ribbon filament lamp and the limiting
diaphragm was a blackened razor blade. For photography, a Bolex H 16 reflex
camera with Eastman Tri-X 7233 negative film was placed at the image plane.
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The optical cell, i.e. the absorption cell used in all optical studies, is shown in
figure 1. All metal parts, cell body, tubing connexions and pressure deflecting
screen were stainless steel. The windows were optically-flat quartz disks, 2§ in.
diameter. Teflon or rubber ‘O’ rings were used in the seal between windows and
cell body. To minimize initial disturbances a boss at the gas inlet deflected the
entering gas stream parallel to the liquid interface and a 200-mesh screen placed
across the diameter of the cell further dampened the initial pressure wave.
Liquid depth was usually 1-5 cm with a magnetic stirring bar submerged in the
liquid layer.

For viewing perpendicular to the liquid interface the cell was rotated 90° so
that the axis of the cell was vertical. Four additional flat mirrors were then used
to deflect the light beam through the cell without moving the basic components
of the schlieren apparatus. No pressure deflecting screen was used with the cell
in this position.

Equilibration and pressurization of the optical cell were similar to those of the
absorption cell. However, in this case there was no blank cell or pressure trans-
ducer. Also, the optical cell was not placed in a constant temperature bath.
Rather, the whole schlieren apparatus was set up in a constant temperature
room maintained at 25 + 1°C.

A complete discussion of all experimental details is to be found in Blair (1968).

3. Stability criteria

The basic equations of change which govern convection in layers such as those
considered here are highly non-linear and before analytical deductions can be
made a number of simplifying assumptions must be made. The mathematical
model for the layer with linear density profile is summarized by Chandrasekhar
(1961). Non-linear aspects of stability theory are discussed by Segel (1966) and
the particular problem of the time-dependent density gradient is examined by
Foster (1965a, 1968).

Independent of any particular model of the convection process some general-
ization of the stability criteria can be obtained from dimensional considerations
alone. First, making the Boussinesq approximation (see Chandrasekhar) and
using the linear equation of state, p = py[1+a(C—C,)] where p is the liquid
density, C is the solute concentration in the liquid and « is the concentration
coefficient of expansion. The subscript zero refers to reference conditions, the
reference state usually taken is that of the pure liquid. In addition, gas pressure
and dissolved gas concentration are linearly related by an equation of the form
C = HP, where H is a quasi Henry’s law constant. Then reducing the equations
to dimensionless form with the scale factors A for length, #%/D for time and AC
for concentration, where A is layer depth, D is solute diffusivity and AC is the
concentration difference associated with the initial pressure change AP, two
parameters appear: the Rayleigh number

R = gaAChE/ Dy, (1)

where v is the kinematic viscosity; the second group is the Schmidt number,
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8 = v/D. (For the analogous thermal problem D is replaced by thermal diffusivity
k and S by Prandtl number, P = y/«.) The dimensionless time identified with the
onset of convection is 7. = (D)L, 2)

where ¢, is the dimensional onset time.

Throughout our experimental results layer depth is effectively semi-infinite,
i.e. in all cases convection sets in before the time-dependent concentration
profile reaches the layer bottom. Since we are dealing with maximum onset times
of the order of 102 sec and liquid phase diffusivities of 10~® cm?/sec, the semi-
infinite condition is fulfilled for layers greater than, say, 0-1 cm. For semi-
infinite conditions, onset time must, obviously, be independent of layer depth.
This deduction is consistent with the dimensionalization above only in the case
that 7, varies as the — 2 power of the Rayleigh number, 7, ~ R~23, a rearrange-
ment of which gives the dimensional critical time in terms of pertinent measure-

able fluid properties as i, ~ [/ DV HAP?. (3)

This relation may be viewed as a limiting condition which must be satisfied for
buoyancy-driven convection in the limit of large layer depth.

An additional limiting condition forced by the nature of the experiment is that
all experimental results are for large Schmidt number, greater than, approxi-
mately, 500. (In this limit of large Schmidt number, Foster’s (1965a) analysis
indicates that critical time is independent of Schmidt number and dependent
on Rayleigh number alone.)

Besides £, onset should be characterized by a disturbance whose wavelength
(A,) depends on the parameters governing system behaviour. If this disturbance
size is expressed as a dimensionless horizontal wave-number a = 2774/A, then, as
with ¢,, for a semi-infinite layer # must disappear from all functional relations.
This requires that a is proportional to RY3, or

A, ~ [DvjaHAP]LS. (4)

If the convection is due to surface tension gradients rather than buoyancy
forces then the stability analysis depends on surface properties. This mechanism
is discussed by several authors, the papers by Sternling & Scriven (1964), Berg &
Acrivos (1965), Scanlon & Segel (1967) and Vidal & Acrivos (1968) being par-
ticularly relevant to this work. Several parameters can enter into the stability
analysis depending on the rheological properties used in describing the surface.
For the simplest model of a non-deforming surface the system is governed by
two groups: the Schmidt number and the Marangoni number, M, where

M = oAChjuD (5)

and o is the concentration coefficient of surface tension, with surface tension
assumed to vary linearly with concentration, and u is liquid viscosity.

The Marangoni number is, therefore, the counterpart of the Rayleigh number
for a surface-driven flow. For a semi-infinite layer, 7, should be inversely pro-
portional to the square of M, which yields

t, ~ [uDV%/sHAPF. (6)
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Comparing (3) and (6) gives a convenient method for distinguishing surface and
buoyancy-driven flows. These dimensional deductions are used in the subsequent
section in reducing the experimental data.

4. Results and discussion
Time of onset

The identification of a fixed time, ¢,, with the onset of convection involves some
arbitrariness. Disturbances introduced at time zero follow some time course

N W
I

@ (proportional to amount absorbed)
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Fiaure 2. Total moles of gas absorbed as a function of 4/z.

(which may involve an initial period in which disturbances slowly decay, Mahler
et al. 1968) such that their growth rate at the time at which motion is discernible
is extremely rapid. The more sensitive the detection method, the smaller time at
which growth can be observed. However, as explained below, since the time rate
of change at onset is very large for large Rayleigh numbers, approaching expo-
nential, it is unlikely that different detection methods will yield onset times which
differ appreciably.

Typical results with the absorption cell are shown in figure 2 where the total
amount of gas absorbed up to time ¢, @, is shown as a function of \¢. For diffusion

alone @ is given by @ = 2AC |/(Dt[m)

For the data of figure 2, sulphur dioxide absorbing into an aqueous solution of
sulphur dioxide at AP = 0-08 atm, ® shows departure from molecular transport
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at a time, £,, of approximately 36 sec. Agreement between onset times measured
in this manner and those measured in the optical cell is discussed in the next
section.

Results for three gas—water pairs are shown on the logarithmic plot of figure 3.
These particular gases, sulphur dioxide, ammonia and ethyl ether, were selected
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Ficure 3. Time of onset of convection, ¢, as a function of initial
pressure change, AP,

because of their high gas solubilities with the result that large density gradients
were produced at relatively small values of AP. Throughout the experiments AP
was selected to yield onsets of the order of 10-100 sec, a time sufficiently small
to ensure that external conditions remained constant over the growth period.
A solution of sulphur dioxide in water is more dense than pure water, i.e. x > 0.
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For solutions of ammonia and of ethyl ether, & < 0. Therefore, to initiate buoy-
ancy-driven convection, sulphur dioxide was absorbed, the other two gases were
desorbed in both cases giving a layer of heavier over lighter fluid. The sulphur
dioxide data of figure 3 were obtained with the absorption cell, the other two
curves were measured with the optical cell. The solid lines drawn through the
points have a slope of — £, which, by (3), indicates a buoyancy mechanism for the
instability.

Since the dynamical condition at the free surface can have a pronounced effect
on the stability problem, this point was examined in some detail. To eliminate
surface motion a 200 mesh (0-005 cm wire diameter) stainless-steel wire cloth was
placed at the gas-liquid interface. Liquid wet the wire with the meniscus in the
plane of the screen. With this configuration it can be assumed that the interface is
inflexible and laterally rigid, a boundary condition comparable to that of a solid
wall. Results for sulphur dioxide—water in the absorption cell with the screen in
Place are also shown in figure 3. Again, a slope of — % is obtained but the magni-
tude of the onset times is increased over the previous results. An approximate
calculation of the diminution in absorption rate caused by the screen shows that
the two results are equivalent in terms of the total amount of gas absorbed. (The
effect of the screen was not simply to reduce the absorption rate by an amount
proportional to the fraction of the interface covered by the wire. Rather, the screen
may be treated as a thin surface layer of smaller solute capacitance, smaller by
the ratio of wire area to surface area, see Blair 1968.) This demonstrates that the
condition of the free interface, i.e. without screen, is also equivalent to a laterally
rigid, inflexible boundary. The conclusion to be made is that the water surface
contains a surface-active contaminant capable of rendering the surface effectively
rigid. Of course this surface rigidity applies only to the small motions prior to
onset.

Recognizing that a water surface is ‘inherently self-soiling’ (Hickman 1952)
and that trace quantities of surface-active materials are sufficient to yield a
monomolecular surface layer of contaminant, the surface rigidity is not altogether
surprising. Indeed, one can safely infer that a water surface with age greater than
a few hours is contaminated, even though, as in these experiments, scrupulous
attention was paid to cleanliness. The magnitude of this surface effect on the
conditions for stability in the layer can be estimated from solutions to the
Rayleigh problem for the case of a rigid boundary (B, = 1708) as opposed to a
free boundary (B, = 1100) (Chandrasekhar 1961). It would appear that lateral
rigidity may increase the critical Rayleigh number by as much as 50 9%,. Another
conclusion to be drawn from the screen data is that since the fluid interface with
wire cloth in place is inflexible and since the screen results agree with no-screen
data, then the aqueous surfaces behave as inflexible boundaries, a condition
of large surface tension. More details of the surface effect are discussed below.

Further verification of (3) was obtained by measuring ¢, as a function of layer
viscosity. Liquid viscosity was varied without significant change in other fluid
properties by addition of small amounts of carboxymethylcellulose (CMC). In
concentrations of 0-1-0-4 weight percent the CMC changed solution viscosity
from 1 to 11 cp with negligible change in solute solubility or diffusivity. (This
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interesting property of dilute aqueous gels was substantiated in previous experi-
ments, Quinn & Blair (1967).)

Tests were made for sulphur dioxide absorbing into the gels in the absorption
cell with wire cloth at the surface. Results are shown in figure 4 with the solid
line through the data drawn with slope of %, the dimensional dependency as
indicated in (3). Points at high viscosity deviate somewhat from the solid line.
This may result from experimental error in viscosity measurement (a standard
Ostwald viscometer was used with fluid taken from the cell at the end of an
absorption run).
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Figure 4. Time of onset of convection, t,, as a function of layer viscosity, #;
sulphur dioxide—water system.

For an overall comparison of the onset data the results shown in figure 3
have been transformed to a consistent basis by means of the property values
listed in table 1. The viscosities of the three systems were assumed equal; o for
the sulphur dioxide—water system was measured in this laboratory (Blair &
Quinn 1968), all other data were obtained from the literature. Note that the
constants of table 1 apply only to the concentration range covered in our experi-
ments. The dashed lines of figure 3 are the results predicted for ammonia-water
and ethyl ether—water from sulphur dioxide onset data correcting for the
appropriate physical constants by way of (3). Considering the precision of the
property values, agreement among the results is impressive.

Therefore, the onset data may be summarized in one group and, for con-
venience, expressed as a critical value for a time-dependent Rayleigh number.
Scaling with a length dimension appropriate to a semi-infinite layer, \/(Dt), the
time-dependent critical Rayleigh number becomes

R, = gApD 1,32,
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The buoyancy onset data for the three systems depicted in figure 3 are consistent
with B, having a numerical value of approximately 300. (The only additional
aqueous system on which we have any onset results is carbon dioxide—water.
Here, because of the lower solubility of carbon dioxide in water we were not able
to operate in a pressure range which gave strong gradients of refractive index.
The one measurement we do have, AP = 1 atm with ¢, = 110 sec, yields a value
for R, of about 200.) This value is, of course, a function of the particular initial
disturbances present during our experiments and it is limited to large Schmidt
numbers and to a rigid, conducting boundary.

System a, g/g mole H x 10%, g mole/g-atm D x 105, em?/sec
Sulphur dioxide~water 31-81 12-91 1-52
Ammonia—water 5-13 924 235
Ethyl ether—water 154 1-2¢ 0-858
1 Blair & Quinn 1968. ! Timmermanns 1959.

2 Plevan & Quinn 1966. 5 Chiang & Toor 1964.
3 International Critical Tables. 8 Perry’s Chemical Engineer’s Handbook, 1903, 4th ed.

TaBrE 1. Physical constants.

Form of motion

Flow patterns were viewed both parallel and perpendicular to the gas-liquid
interface. Quantitative observations were limited to motion at onset, to buoy-
ancy-driven flows and to a step-change initial condition. The sulphur dioxide—
water system was susceptible to buoyancy convection alone whereas all other
systems were susceptible to both buoyancy and surface tension convection. With
ammonia—water and ethyl ether—water, surface contaminants apparently pre-
cluded surface-driven onsets; however, after onset there were indications that
surface forces were exerting an influence on the form of motion. Because of the
complexity of the combined buoyancy and surface flow, the remainder of this
discussion is limited to the sulphur dioxide-water system.

For Ap greater than approximately 0-003 g/cm?® (¢, < 40 sec) motion appeared
as a combination of rings, plunging columns or droplets, and sheet-like streamers.
The first régime was caused by the meniscus at the cell walls (side view shown in
figure 5, plate 1). Since the rate of absorption was uniform over the entire surface,
the concentration boundary layer beneath the curved meniscus was effectively
thicker than that under the flat surface and first motion occurred at the meniscus.
Motion appeared as a plunging sheet of heavier fluid at the perimeter of the vessel.
In figure 5 two plunging sheets are visible, one at each window of the optical cell.

The second régime, the true onset of convection, occurred in the form of rings
with some plunging columns. Side and top views typical of this motion are shown
in figures 6 and 8, plates 1 and 2 (pictures were not taken simultaneously but
experimental conditions were identical). The rings broke from the surface region
unevenly and as they plunged they tended to flatten out. The perpendicular
view, figure 7, plate 1, shows their circular, crater-like shape; in the background
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a network of less pronounced nodes can be seen between rings, these are the form
of the third régime which follows. This stage of dense, plunging columns is shown
in figure 7 in side view.

The diameter of these rings, taken as a horizontal length scale of onset motion,
compares favourably with some predictions from linear stability theory as dis-
cussed below. The number of rings appearing at onset was not reproducible. In
some runs several rings were visible; on a few occasions only columns were seen.
The distance between columns was of the same order as the ring diameter.

As an example of the time scale involved, consider the sequence at AP = 0-14
atm (Ap ~ 0-006 g/cm?). The meniscus-induced plunging sheet occurred at about
20 sec (with negligible effect on absorption rate). Rings appeared in the interval
of approximately 24-30 sec, with dense, columnar plunging following at approxi-
mately 30 sec. For these conditions ¢, of 27 sec had been measured with the
absorption cell.

For a comparison of the three gas—water systems, onset time, ¢,, was taken to
correspond to the first motion after the meniscus-induced sheet. No ambiguity
existed for the ammonia—water and ethyl ether—water systems, onset motion
was sudden and reproducible. However, for the sulphur dioxide—water system
the time of appearance of first motion, i.e. the first ring, was somewhat incon-
sistent and was not accurately reproducible. When the onset time data measured
in the absorption cell were compared with the two other systems, good agreement
was obtained as indicated in figure 3, and this comparison was accepted. Relating
the data in this manner introduced only small error. Had £, been taken to be the
inconsistent first ring onset, R, would have been reduced to no less than 250 and,
of course, agreement between the three systems would not have been quite as
good.

For smaller driving forces, ¢, > 40 sec, rings were not detected. Rather, first
motion (following the meniscus effect) consisted of sheet plunging without the
columnar mode. As time increased, the number of plunging sheets increased. In
all cases after motion had penetrated to the bottom of the fluid layer a quasi-
steady flow developed. The long-time flows displayed many of the character-
istics noted by Berg et al. (1966) in a study of convection in evaporating layers.

Comparison with linear stability theory

The ring diameters measured as a function of AP for the onset patterns in the
sulphur dioxide-water system are plotted in figure 9. The trend of the data
agrees with the dimensional relation, equation (4). The two solid lines in figure 9
have been calculated from Foster’s (1968) stability analysis. They represent
predictions for the critical wave-number, i.e. the wave-number of the disturbance
manifest at onset, for two different ‘ growth factors’.

The growth factor, W, is a measure of the disturbance velocity. It is defined
as the root mean square velocity at time ¢ relative to that at time zero. Linear
theory is incapable of predicting a particular growth factor at which convection
is observable. However, Foster (1965b) has concluded that his experimental
results on an evaporating water layer are consistent with previous experiments
of Spangenberg & Rowland (1961) and that these results agree with his linear
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analysis if onset is identified with a growth factor between one and two orders of
magnitude. That is, the ‘onset of instability’ appears when initial disturbances
have been amplified between 10 and 100 times.

The solid lines of figure 9 are for growth factors of 10® and 108, indicating that
semi-quantitative agreement can be obtained over a wide range of amplification.
It should be noted that disturbance wavelength is not a particularly sensitive
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Fireure 9. Ring diameter as a function of the initial pressure change, AP ; sulphur
dioxide—water system.

parameter of the growth factor. Moreover, at any particular ¢, the range of
measured wavelengths was large (of the order + 20 9,). Foster (1965a) comments
on these points: ““The choice of the growth factor which defines the nominal
critical time has only a slight influence on the determination of the critical wave-
number. For a particular Rayleigh number the theory predicts that the disturb-
ance which first manifests itself will have this critical wave-number. However,
since the minima (in curves of £, vs. a) are not sharply defined, it is evident that
arange of wave-numbers will most likely be excited.”

A more meaningful comparison of Foster’s analysis with present results is in
terms of the time-dependent Rayleigh number mentioned earlier in this dis-
cussion. The numerical value of 300 would call for a growth factor in the range of
6 to 7 orders of magnitude. [If the state of marginal stability, the point at which
the layer is intrinsically unstable, is identified with the critical Rayleigh number,
then Currie’s (1967) analysis would predict a value of #¥2 or approximately 3
for R,.] Note the linear theory is valid only for disturbances of infinitesimal
amplitude and, strictly, observable motion is beyond the range of prediction.
It is not obvious that relative amplitudes of 10 or greater can satisfy the in-
finitesimal criterion and retain physical meaning. However, it is possible that
linear effects remain dominant long after the point at which the disturbances
‘become finite’.

An important consideration in any time-dependent analysis is the selection
of initial conditions. Although we did not have control over initial disturbances
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in our experiments, it would appear that onset times were not particularly sensi-
tive to the form of the starting perturbation. This is concluded on the basis of our
nearly identical results with two different apparatus, with the optical cell in two
different positions, and with the fine mesh screen placed directly at the fluid
interface. In exploring this point, we performed a series of experiments with the
optical cell in the horizontal position with the pressure deflecting screen removed
from its normal position in the gas space. When high pressure gas was admitted
to initiate a run, the surface was visibly deflected. Onset times were decreased
from 20 sec with screen in place to approximately 18 sec with screen removed.
With the optical cell in a vertical position no deflecting screen was used but
significant differences in onset time were not detected. The precision of the
vertical measurements was somewhat less than the horizontal ones and small
differences, say 10 %,, were within experimental error. This error was due to the
difficulty in establishing first motion in a normal view of the interface. Appar-
ently, widely variable initial conditions shifted onset times by no more than
about 10 %,.

Surface effects

The effect of surface tension gradients on the onset mechanism is minimized in
the presence of surface contamination. For this reason, aqueous systems are
dominated by buoyancy forces. To demonstrate surface-driven flows we, there-
fore, selected a binary organic solution with concentration-dependent density
and surface tension. The system selected was ethyl ether-monochlorobenzene.
Ether was desorbed from a solution containing 10 mole percent ether.

On desorption the solution is unstable to both buoyancy and surface tension
mechanisms. Onset times measured in the optical cell are shown in figure 11. A
surface free of contaminants gave times of 1-5 to 17 sec for AP of 0-1-0-02 atm.
The best line through the data yields ¢, varying as AP to the —1-8 power as
compared with —2-0, as predicted for a surface driven flow, equation (6).

After these results were recorded, an organic surface-active agent was added
to the solution. The substance added was dimethylpolysiloxane in a concentra-
tion less than 19%,. The change in convective behaviour is dramatic. Onset times
shift by more than an order of magnitude and the {,— AP dependency changes to
the — £ power characteristic of the buoyancy-driven flow.

Unfortunately, we were not able to obtain accurate physical properties for
the organic solution. A very approximate calculation using the buoyancy onset
data yielded a value for R, of the order of 10 (as opposed to 300 for the three
aqueous systems). Whether the difference is real or due to errors in estimating «,
D and H is unknown. The fact that the surface drive gives a AP dependency of
—1-8 rather than — 2-0 is not significant in light of experimental error. Also, it
should be noted that the uncontaminated layer is susceptible to buoyancy as
well as surface forces and, as shown by Nield (1964), at onset the driving force for
motion is approximately the sum of the two.

A final noteworthy observation on surface effects is pictured in figure 10,
plate 2. The view is normal to the interface of a 1 ¢cm deep aqueous layer under-
going absorption of sulphur dioxide. The liquid in the lower half of the picture
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was covered by a monomolecular layer of oleic acid, a typical long-chain surface
active material. The upper half was covered by a layer of naturally present
contaminant compressed by the oleic acid to a surface pressure of about 30
dynes/cm. This was accomplished by placing a small drop of oleic acid on the
surface near the wall of the cell. The acid spread out compressing the contaminant
to approximately one-half its original area. The schlieren image was then posi-
tioned to focus on the boundary region between the two surface films.
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Ficure 11. Time of onset of convection, ¢,, as a function of initial pressure change, AP;
ethyl ether—-monochlorobenzene system.

As can be seen in figure 10 convection beneath the acid layer was well developed
before motion set in under the compressed contaminant film. Onset time under
the contaminant area was the same as in the absence of the oleic acid ; onset under
the acid covered area was about 4 sec earlier than the contaminant region. Since
surface pressures, and therefore surface tensions, were the same over the entire
surface and the contaminant onset was unaffected, the most likely explanation
does not depend on surface flexibility. This follows from the fact that the wire
cloth experiments showed that the aqueous surface was equivalent to an inflex-
ible surface, i.e. one of high surface tension. On compression by the oleic acid,
the surface tension was lowered but onset time remained substantially the same.
That property of the two films which was different was their surface compres-
sibility (Davies & Rideal 1961) and it is this property which would influence
lateral rigidity. Apparently, the oleic acid film was more compressible than the
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contaminant film, and for this reason onset first appeared under the acid. In
viewing the motion it was also observed that the form of motion under the two
regions was different. A detailed explanation would require more information
on the contaminant film, information not easily obtained (see Merson & Quinn
1965).
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Figure 7. Third régime.

Fioures 5-7. The three régimes of onsct motion for sulphur dioxide—water system view-
ing parallel to the interface AP = 0-18 atm, field of view approximately 7 x 16 mm.

BLAIR axp QUINN {Facing p. 400)



Journal of Fluid Mechanics, Vol. 36, part 2 Plate 2

Ficure 8. Second régime of onset motion for sulphur dioxide—water system viewing
perpendicular to interface AP = 0-18 atm, field of view approximately 14 x 20 mom.
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Ficure 10. Sulphur dioxide-water system viewing perpendicular to interface. Surface
of lower half of photograph covered by oleic acid monolayer, upper half by natural con-
taminant. AP = 0-16 atm, field of view approximately 14 x 20 mm.
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