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A Mach-Zehnder interferometer was used to study two-dimensional BBnard 
convection cells. The experiments were performed with distilled water and sea 
water in t'he region where density is a linear function of temperature. Two- 
dimensional convection rolls were formed with Rayleigh numbers as great as 
23400. Reversal in the temperature profile was obtained for R/R, > 3.8, and an 
overshoot of about 6 %  was observed a t  RIBc = 9-2 and 13-8. This agrees with 
the values predicted theoretically by Veronis (1966) for stress-free boundaries 
and Royal (1969) for rigid boundaries. This disagrees with the experimental 
results of Gille (1967), who reports an overshoot of only l$ yo at  R/Rc = 16. Many 
of the other results agree with those of ot'her experimenters, such as the relation 
between the cell height-to-width ratio and Rayleigh number, the relation be- 
tween the Nusselt number and Rayleigh number, and the value of the critical 
Rayleigh number. 

1. Introduction 
Thermal instability across a horizontal layer of fluid confined between two 

rigid boundaries is the topic of these experiments. This study is confined to 5 

temperature region where the density of the test fluid is a linear function of tem- 
perature. Although freezing is not the subject of this study, it is our eventual 
goal. The freezing experiments will concentrate on the interaction between the 
convection currents in t'he fluid and the solid-liquid interface. For freezing, sea 
water and distilled water will be used as the test fluids since their behaviour is 
significantly different: one has a positive coefficient of thermal expansion near 
freezing, whereas for the other it is negative. In  the present study, convection 
currents in the liquid are studied in detail. The reasons for using sea water in these 
experiments are to determine the corrosion resistance of the apparatus and the 
accuracy of temperatures obtained from an interferogram (the relation between 
the temperature and index of refraction). The sea water used was obtained from 
the Shedd Aquarium in Chicago and its salinity was regulated by adding either 
NaCl or distilled water. 

There are many theoretical studies (Rayleigh 1916; Pellew & Southwell 
1940; Chandrasekhar 1961, etc.) and experimental studies (Benard 1901 ; 
Schmidt & Milverton 1935; Silveston 1958, etc.) which verify that, when a 
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horizontallayer of fluidis subjectedto an adverse temperaturegradient, it becomes 
unstable to infinitesimal disturbances if a critical Rayleigh number is exceeded. 
Schmidt & Milverton (1935)’ Silveston (1958) and others deduced the existence 
of the instability experimentally by measuring the Nusselt number over a wide 
range of Rayleigh numbers. In 1966, Veronis obtained a numerical solution for 
the steady-state problems involving large amplitude convection. This study was 
restricted to the case of stress-free boundaries. The computed temperature 
profiles show a temperature reversal in the central portion of the fluid when the 
Rayleigh number exceeds 4R,. The temperature overshoots the mean tempera- 
ture by 6 %  of the total temperature drop across the layer for large Rayleigh 
numbers. Veronis’ calculations show that the temperature overshoot is essenti- 
ally independent of Prandtl number. Royal (1969) found a numerical solution for 
large amplitude convection with rigid boundaries. His results show a tempera- 
ture reversal of about 7 % a t  large Rayleigh numbers. Attempts have been made 
to measure temperature profiles with probes, but these results did not reveal a 
temperature reversal. Gille (1967) performed experiments on a layer of air in 
which a Michelson interferometer was used as the temperature sensing device. 
He did not detect a temperature reversal a t  RIR, = 3-81 but did a t  RIR, = 16. 
However, the temperature reversal he detected was only 18 yo, which did not 
agree with theory. 

Schneck & Veronis (1967) made calculations of the Nusselt number us. the 
Rayleigh number. I n  these calculations, they assumed the cell height-to-width 
ratio to be 1.0 and their computed Nusselt numbers were higher than the 
experimental results of Rossby (1969) and others. This discrepancy between 
theory and experiment increases with increasing Rayleigh number. Willis, 
Deardorff & Sommerville (1972) measured the dependence of the cell height- 
to-width ratio on the Rayleigh number and found that this ratio decreases with 
increasing Rayleigh number. Busse (1967) investigated the stability of two- 
dimensional rolls a t  large Rayleigh numbers and found that these rolls become 
unstable when the Rayleigh number exceeds 22 600. 

The main purpose of this study is to establish the presence of a temperature 
reversal and determine the magnitude of its overshoot a t  large Rayleigh numbers. 
In  addition, many of the results are compared with the findings of other investiga- 
tors, such as t’he cell height-to-width ratio as a function of Rayleigh number, 
the existence of an upper limit on the Rayleigh number for two-dimensional rolls, 
the Nusselt number as a function of Rayleigh number, and the critical Rayleigh 
number. 

2. Experimental apparatus and procedure 
Temperature probes give the temperature a t  isolated points within the test 

section. However, if the temperature variation is two-dimensional and aligned 
along the optical axis, an interferogram will yield the temperature a t  all points 
in the test section. This is achieved without disturbing the flow. Thus a Mach- 
Zehnder interferometer, which is an ideal instrument when the fluids are trans- 
parent to visible light, was employed. 
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' Outer window 

FIGURE 1. Schematic drawing of test section. 

The optics throughout the system, beam splitters, front-surfaced mirrors, 
windows of the test section, etc., are flat to within & wavelength. Aneon-helium 
laser is used as a light source for the interferometer. The entire system, interfero- 
meter, test section and focusing mirrors, is mounted on a vibration-isolated table. 
The test section is rectangular, having a cross-section of 20.3 x 7.6 em and a depth 
of either 0.635 em or 0.95 em. Davis (1967), Segel(i969) and Davies-Jones (1971) 
obtained theoretical results indicating that when BBnard rolls develop in a rect- 
angular test section they are oriented with their axes parallel to the short side 
of the test section. This result was experimentally verified by Stork & Miiller 
(1972). Thus, in our experimental set-up, the test section is oriented so that the 
short side (7.62 em) is along the optical axis. 

The top and bottom plates of the test section are made of stainless steel, 1-27 em 
thick and ground flat (to 2 0.0025 em). This material was used because it resists 
corrosion by sea water. Thermoelectric modules are mounted on the exterior 
of these plates, allowing one to maintain preselected temperatures by carefully 
controlling the power input to the thermoelectric modules. The depth of 
the test section is determined by the height of Plexiglas spacers which serve as 
the ends of the test section. These spacers have troughs machined in them to 
eliminate any pressure changes in the test section due to thermal expansion and 
contraction of the liquid. This is of particular importance when freezing experi- 
ments are performed. The front and back of the test section, through which the 
laser light passes, are windows. Each of these windows is made of optical flats 
with a vacuum between them (thermopane fashion). A schematic drawing of the 
test section is shown in figure 1.  

Teflon-coated thermistors were inserted in holes in the top and bottom plates 
which were 0.50cm from the surface of the test fluid. During the experiment, 
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their outputs were recorded on a two-channel strip-chart recorder. Before and 
after each experiment, the thermistors were calibrated, and an accuracy of about 
0.10 "C was obtained. Copper-constantan thermocouples were used to measure 
the temperature difference (heat flux) across the top and bottom plates. The 
outputs from the thermocouples were amplified and recorded on a strip-chart 
recorder. An accuracy of 0.01 "C or better was obtained with these thermocouples. 

To ensure uniform heating (or cooling) of the top and bottom plates, the follow- 
ing experimental arrangement was used. The thermoelectric modules were 
soldered to a brass plate through which cooling water from a constant-tempera- 
ture circulator flowed. The other surfaces of the thermoelectric modules were 
clamped to a 0.95 cm thick copper plate (both surfaces ground flat). This copper 
plate was then clamped to the exterior of the stainless-steel plate (the top or 
bottom plate of the test section). Between all of the clamped surfaces, a heat- 
sink compound (Dow Corning 340) was applied. This arrangement gave very 
uniform heating of the top and bottom plates as can be seen from the straight 
parallel fringes (isotherms) in the vicinity of the plate (see figure 3a,  plate 1) .  
The temperature difference between each pair of fringes is about 0.1 "C. 

Most of the interferograms were recorded with a 35mm camera having a 
shutter speed of d5 s. A parabolic front-surfaced mirror was used to focus the 
centre-plane of the test section on the film. No lenses were used in the system 
except for the one used in the spatial filter assembly of the laser light source. 
Interferograms were taken half an hour after each incremental increase in the 
input current to the thermoeIectric modules. This time was allowed to ensure 
steady-state conditions in the test fluid. 

The test fluids used in these experiments were boiled to remove dissolved air, 
thus reducing the chance of bubbles appearing in the text section. The salinity 
of the sea water was checked before each experiment and the test section 
was refilled with new fluid after each sequence of experiments. With the optics 
in close alignment, the test section in place and the fluid a t  a uniform temperature, 
the final adjustments to the interferometer for infinite fringe spacing were made. 
When a temperature variation occurs in the test section, each fringe is a contour 
line of constant phase shift of the light. If the optical path length (width of test 
section) and the wavelength of the light are known, the change (7-37 x 10-6) in the 
index of refraction between each fringe can be computed. Having the index of 
refraction as a function of temperature (from Tilton & Taylor's (1 938) data for 
distilled water, from calibration or use of Montgomery's (1955) data for sea water) 
and measuring the temperature a t  one point in the test section, one can deter- 
mine the temperature a t  all points in the test section. Each fringe represents an 
isotherm. 

Steady-state experiments were performed as follows. The test section was 
filled with water a,nd allowed to sit for several hours to ensure uniform con- 
ditions; then infinite-fringe adjustments were made on the interferometer. 
Cooling water from the constant-temperature circulator was pumped through the 
external plates attached to the thermoelectric modules. Once equilibrium was 
reached (about 16 "C) in the test section, the infinite-fringe condition returned. 
The system was maintained a t  this condition for about 3 h to ensure equilibrium 
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Current, i (amps) 

FIGURE 2. Electric current (in amps) supplied to thermoelectric modules 
vs. heat flux to the test section. 

before the experiment was started. Then heat was applied to the bottom 
plate while an equal amount was extracted from the top plate. This constant 
heat flux was maintained for a t  least half an hour to allow the system to reach 
a steady state. This time exceeds the thermal diffusion times for water layers 
0.635 cm and 0.952 ern deep (approximately 5 min and 10min respectively). 
The elect(ric current supplied to  the thermoelectric modules was continuously 
monitored with a digital voltmeter. A slow increase in the heat fluxwas extremely 
important for the initial formation of two-dimensional convection rolls. The 
temperatures of the plates were initially changed in increments of 0.05 "C or less. 
It should be mentioned that the mean temperature of the water in the test section 
varied only negligibly since the heat fluxes through the top and bottom plates 
were the same. Once the convection rolls were well established (see, for example, 
figure 3 e ,  plate l),  the incremental change in the temperatures of the top and 
bottom plates was no longer critical. Figure 2 shows the relation between the 
current input (in amps) to the thermoelectric modules and the heat flux to the 
fluid (in W/cm2). 

To indicate the nature of the convection pattern, a separate experiment was 
performed. The top plate was removed, a convection pattern established and a 
dye particle (DuPont Victoria Green) dropped into the test section. This dye 
particle sank to the bottom and dissolved, yielding streaklines, which were green 
and clearly visible on the interferograms. 
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Thermal Coefficient of 
Kinematic Thermal conductivity volume 

Salinity viscosity diffusivity K (W "C expansion 
( x 0 )  v (cmZs- lx  lo3) K (crnzs-1x lo3) x lo3) a ("C-1x 104) 

Distilled water 0 1.1 1.43 5.8 1.43 
Sea water 35 1.049 1.49 5.8 2.37 
Sea water 40 1.049 1.49 5.8 2.35 

TABLE 1 .  Physical properties of test fluid at  about 16 "C 

3. Experimental results and discussion 
Table 1 gives some of the pertinent properties of the test fluids in the neigh- 

bonrhood of 16°C. For these fluids, the variations in thermal diffusivity and 
kinematic viscosity are approximately 0.03 yo and 0.3 yo per degree respectively. 
Since the temperature range in these experiments is less than 2 "C, these quantities 
are assumed to be constant. The coefficient of volume expansion is of the order 
of 10-4. These conditions satisfy the requirements for the Boussinesq approxima- 
tion. 

The Rayleigh number, which determines the strength of the convection cells, 
is defined as 

B = g d T d 3 / v ~ ,  

where g is the acceleration due to gravity (in cm/s2), a is the coefficient of volume 
expansion (in "C-I), d is the depth of the fluid layer (in cm), AT is the temperature 
difference between the top and bottom plates (in "C), v is the kinematic viscosity 
(in cm2/s) and K is the thermal diffusivity (in cm2/s). At the onset of instability 
R = R,. Figure 3 ( a )  (plate 1 )  is an interferogram taken before a temperature 
variation is imposed between the top and bottom plates; the temperature of the 
fluid in the test section is uniform ( I 6  "C). A uniform temperature in the test 
section is assured since the infinite-fringe condition appears. Figure 3 ( b )  (plate I )  
shows the appearance of isotherms when a temperature variation is imposed on 
the test fluid. These isotherms are equally spaced and parallel to the boundary 
plates; thus there is no convection in the test section, i.e. the critical Rayleigh 
number has not been reached. The temperature difference between neighbouring 
fringes is about 0-1 "C. Therefore, in figure 3 ( b ) ,  the temperature difference 
between the top and bottom plates is 0.55 "C, which checks with the thermistor 
readings. When the critical Rayleigh number is reached, the fringes are no longer 
straight, having a small amplitude deviation which is sinusoidal in appearance. 
This is shown in figure 3 (c) (plate I ) .  The isotherm spacing near the top and bot- 
tom plates is less than the spacing in the central region of the test section. This is 
expected, because near the boundaries heat transfer is by conduction; whereas, 
in the central region of the test section, heat transfer is by convection. 

The experimental values of the critical Rayleigh number are listed in table 2 .  
These values were obtained by examining interferograms such as figure 3(c). 
Another method of determining the critical Rayleigh number, used by previous 
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Depth 
d 

(em) 
Distilled 0.635 
water 0.635 

0.635 
0.635 
0.635 

Sea water 0.635 
of salinity 0-635 
35 x 0.635 

0.635 
0.9525 

Sea water 0.635 
of salinity 0.635 
40 xn 0.635 

0.635 
0.635 
0.9525 

Rayleigh Temperature Heat flux 
number difference q"(W em-2 

R AT ("C) RPC x 102) 

1700 & 201 0.74 1.00 0.4 
2 410 0.95 1-42 1.25 
3 740 1.48 2.2 2.45 
4 600 1-78 2.7 3.3 
6 450 2.56 3.8 5.1 

2 720 0.8 1.6 1.1 
3 540 1.05 2.08 1.75 
4 750 1.41 2.8 2.45 

23 500 1.87 13.8 3-15 

3 050 0.82 1.8 1.1 
3 900 1.02 3.3 1.55 
5 275 1.4 3- 1 2.45 
7 650 1.99 4.5 3.65 

15 600 1.18 9.2 1.75 

1700 k 201 0.57 1-00 - 

1700 f 30t 0.55 1.00 - 

t R = R ,  

TABLE 2. Summary of experimental results 

Nusselt 
number 
Nu 
1.0 
1.45 
1.82 
1.9G 
2.18 

1,45 
1.8 
1.9 
3.76 

- 

- 

1.46 
1.66 
1-91 
2.00 
2.45 

investigators, is to plot the Nusselt number vs. the Rayleigh number. A break 
in the slope of the curve gives the critical Rayleigh number. This is shown in 
figure 3 and the result agrees with the value obtained from the interferogram. As 
the heat flux is increased, the amplitude of the fringe deviation from straight 
fringes increases and the fringe pattern deviates from being sinusoidal (figures 3- 
5, plates 1-3). In  fact, there is a reversal in temperature gradient on the interfero- 
grams (figures 3g, 4d, 5d,  e). 

To demonstrate the two-dimensionality of the flow and to indicate the con- 
vection pattern, a dye particle was introduced into the test section. This dye 
particle settled in the trough of the isotherm pattern. A streakline (taken about 
2 s later) shows the dye moving to the right and left along the bottom (figure 6u).  
A sequence of pictures showing the circulation pattern is shown in figure 6 
(plate 4). Figure 6 (f) shows the streaklines schematically. The convection pattern 
can be deduced from the interferograms as follows: where the isotherms (fringes) 
are concave upwards (trough) cold water (more dense) moves downwards; it 
then reaches the bottom, moves laterally and becomes warmer; finally, it moves 
upwards where the isotherms (fringes) are concave downwards (peak). Thus 
the circulation pattern is a closed cell: cold water moves downwards and is heated 
a.s it moves horizontally near the bottom plate; warm water moves upwards and 
is cooled as it moves horizontally near the top plate. 

Figure 7 (plate 5), an enlargement of figure 4(c),  was used to obtain the non- 
dimensional temperature profiles shown in figure 8. The 'upflow' (curve c )  and 
'downflow' (curve u)  were obtained by counting fringes along the lines A A  and 
BB respectively in figure 7. These lines approximately define the cell boundaries. 
The slope of the 'upflow ' curve (c) near the top plate is identical with the slope of 
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FIGURE 8. Temperature profiles obtained from interferogram shown in figure 7. 
Pr = 6.8; R/Rc = 2.8. (a )  Downflow. ( b )  Horizontal average over half-cell. (c) Upflow. 

the ' downflow ' curve (a) near the bottom plate. Identical relations apply to other 
corresponding portions of the curves. Since the fluid convection is related to the 
isotherm pattern, a symmetry in isotherm patterns implies a symmetry in the 
convection. 

The horizontally averaged temperature profile, curve ( b )  in figure 8, was 
obtained by dividing the distance between A A  and BB in figure 7 into ten equal 
intervals. The temperature measurements at each of these intervals (at a 
preselected vertical position) were averaged. This procedure was used to obtain 
the temperature profiles in figures 9(a), ( b )  and (c) from the interferograms 
shown in figures 3, 4 and 5 .  The horizontally averaged temperature profiles 
are antisymmetric with respect to the point (T -T,)/AT = 0.5, x/d = 0.5. The 
straight lines near the boundaries (x/d = 0 and x/d = 1) in figure 8 are computed 
non-dimensional temperature gradients that were obtained from the conduction 
measurements (thermocouples) across the stainless-steel plates. It is seen that 
the computed temperature gradients at the boundaries are in close agreement 
with the horizontally averaged values (curve b) .  Figure 10 shows the results from 
three experiments with essentially the same Rayleigh numbers. This indicates 
the reproducibility of the data. The temperature profiles in figure 9 span a wide 
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"-1.0 -0.8 -0.6 -0.4 -0.2 0 

(T - TJlAT 

FIGURE 9. Horizontally averaged temperature profiles at various Rayleigh numbers. 
( a )  Distilled water. ( b )  Sea water of salinity 35 x0. ( c )  Sea water of salinity 40%,. 

0 0 a V 0 

( a )  RIRC 1.42 2.2 2.7 3-8 
( b )  RIRC 13.8 1.6 2.8 2.08 
( c )  RiRc 1.8 3.1 9.2 4.5 2.3 
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0.2 0'31 

V 
8 

(B 

A 
0 

(T - TL)lAT 

FIGURE 10. Horizontally averaged temperature profiles at approximately the same Rayleigh 
number. This indicates reproducibility of data. Pr = 6.8. A, R/Rc = 2.7; 0, R/R, = 2.8; 
V,RIR, = 3.1. 

range of Rayleigh numbers. In  all cases, the slopes of these curves are negative 
near the boundaries, where conduction is predominant. The slopes, near the 
boundaries, become more negative with increasing Rayleigh number. I n  the 
central region of the test section, where convection is predominant, the slope 
remains negative a t  low Rayleigh numbers (RIR, < 3.8), is infinite a t  RIR, z 3.8 
and is positive for RIR, > 3-8. This positive slope in the central region of the test 
section is known as temperature reversal. As the strength of the convection 
increases (increasing Rayleigh number), the reversal in the temperature profile 
becomes more pronounced. At large Rayleigh numbers, the temperature over- 
shoots the mean temperature of the fluid by about 6 yo of the total temperature 
drop across the fluid layer. From the temperature profiles in figure 9 one can 
see that the convection layer fills a larger portion of the test section as the 
Rayleigh number increases. 

Veronis (1966) computed temperature profiles for stress-free conditions a t  the 
boundaries. These computations show a small reversal a t  R/R, = 4.0, an over- 
shoot in the temperature profile of about 6 yo a t  high Rayleigh numbers and a 
broadening of the convective layer with increasing Rayleigh number. More 
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FIGURE 12. Comparison between experimental and computed temperature profiles. 
0, this study, R = 15 640, Pr 6.8; 0,  theoretical study of Royal, R = 10000, Pr = 0.7. 

recent computations were carried out by Royal (1969). The computations were 
made for rigid boundaries a t  a Rayleigh number of I0000 and a Prandtl number 
of 0.7. I n  figure 11 (plate 6) his computed isotherms are superimposed on an inter- 
ferogram where the Rayleigh number is 6460. One difficulty in comparing the 
theoretical and experimental values is that t’he theoretical values were computed 
under the assumption that the cell height-to-width ratio is 1; this was not found 
to be the case experimentally. Experimentally, the cell height-to-width ratio 
decreases with increasing Rayleigh number. One cannot simply distort the 
horizontal-to-vertical scale ratio in the computed results in order to compare 
experiment and theory. However, it can be seen that there is qualitative agree- 
ment between theory and experiment. To achieve a better comparison, a vertical 
temperature profile was taken midway between the peak and trough of an experi- 
mental test and compared with Royal’s computed results. This comparison 
is shown in figure 12, and agreement between theory and experiment is excellent. 
The only other experiments of which the authors are aware that show a tempera- 
ture reversal are those of Gille (1967). However, his results indicate a reversal 
of at most 14 %. There are two points that should be mentioned with regard to 
Gille’s results. First, his experiment was conducted with air as the test fluid; 
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RIRC 

FIGURE 13. Plot showing cell height-to-width ratio cs. Rayleigh number. 
0, this study; -, Willis et al. 

j ??I _,__.-.- 

4 2  

m 
i 

3 
A 4 6 8 10 12 14 

RIRC 
FIGURE 14. Comparison of computed and experimental Nusselt numbers. Pr = 6.8. 
Experimental results: A, 0, V, this study; 0, Silveston; 0,  Rossby. -.-, theory, Schneck 
& Veronis. 

whereas the experiments carried out in this study were with water. Although the 
Prandtl number for air is much smaller than that for water (0.7 compared with 
6.8), Veronis obtained essentially the same temperature reversal for Prandtl 
numbers equal to 6-Sand 0.025. In  addition, Royal’s computationswere made for 
a Prandtl number equal to 0.7. Thus, one would expect the temperature reversal 
for water and air to be about the same (about 6%). Second, Gille’s result was 
obtained a t  a Rayleigh number of 27 500. Busse (1967) and Busse & Whitehead 
(1971) report that, at Rayleigh numbers above 23000, rolls are unstable at all 
wavenumbers and are replaced by a three-dimensional instability. Thus, Gille 
may not have observed two-dimensional rolls in his experiment. 

Figure 13 shows the relationship between the Rayleigh number and the cell 
height-to-width ratio 2dlh. At the onset of instability this ratio is about 1-05 
(see figure 3 c ) ,  but as the Rayleigh number increases it decreases to 0-5 for 
R = 13.8 R,. These results agree with the experimental values of Willis et al. 
(1972). The measurements in figure 13 were obtained directly from the interfero- 
grams in figures 3-5. 
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R x 10-3 

FIGURE 15. A semi-logarithmic plot of the experimental data shown in figure 14. This indi- 
cates a change in the relation between the Nusselt number and Rayleigh number. 

The Nusselt number was calculated from the relationship 

NU = Q"d/KAT,  

where q" is the heat flux measured across the top (or bottom) plate and K is the 
thermometric conductivity of the fluid layer. A plot of the Nusselt number as a 
function of Rayleigh number is shown in figure 14. As can be seen, these experi- 
mental results agree with those of other experimentalists. Certain characteristics 
of the relationship between the Nusselt number and Rayleigh number may be 
worth ment,ioning. There is a relatively strong increase in the Nusselt number 
with Rayleigh number in the range 1 < R/Rc < 3; the increase in the Nusselt 
number becomes more gradual for R/R, > 4. In  the range 1 < R/R, < 3 con- 
vection is established, but there is no reversal in temperature: an increase in 
convection strongly affects the heat transfer. However, when R/R, > 4 convec- 
tion increases with Rayleigh number; but the heat transfer increases relatively 
slowly with increasing Rayleigh number (see figure 15). A physical explanation 
is as follows: a t  high Rayleigh numbers (above 4R,) the cold water that plunges 
downwards does not have sufficient time to be warmed by molecular heat con- 
duction and therefore spreads out near the bottom without absorbing much heat 
from the bottom plate; likewise, the warm water which rapidly rises spreads 
out near the top without transferring much of its heat to the top plate. Thus, 
although the convection increases significantly, the heat flux only increases 
slowly. This is also an explanation for the reversal in temperature that is seen 
on the interferograms (figures 4d, 5d, e) .  

The Nusselt number us. Rayleigh number relation found in this study agrees 
with the experimental values of Silveston (1958) and Rossby (1969). However, 
the experimental results yield Nusselt numbers that lie below those predicted 
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theoretically by Schneck & Veronis (1967) and Busse (1967). This discrepancy 
between theory and experiment increases with increasing Rayleigh number. 
The heat transfer (Nusselt number) is dependent on the cell height-to-width 
ratio. The theoretically computed Nusselt number is based on a cell height-to- 
width ratio equal to one; whereas, the experimental results show this ratio to be 
less than one, decreasing with increasing Rayleigh number (see figure 13). If the 
experimental cell height-to-width ratio had been used in computing the NusseIt 
number, the computed Nusselt number would have been less. This is an explana- 
tion given by Willis et ul., with which we agree. 

4. Conclusions 
An interferogram gives a complete picture of the isotherm pattern as well as 

a quantitative temperature distribution throughout the test section. This study 
verifies the theoretical result that a temperature overshoot of about 6 yo occurs 
a t  high Rayleigh numbers. This temperature reversal first appears a t  RfR, = 3.8. 

I n  addition, the results of this interferometric study on two-dimensional rolls 
are consistent with many of the results reported by other investigators: for ex- 
ample, (i) the critical Rayleigh number is 1700 ? 30; (ii) the height-to-width ratio 
decreases with Rayleigh number; (iii) two-dimensional rolls are stable a t  Rayleigh 
numbers below 33 400. 
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0.635 cm 
M 

(g) 
FIGURE 3. Sequence of interferograms showing isotherms in test section. The fluid is distilled 
water; Pr = 6.8. (c) R = R, = 1700*20. ( d )  R/R, = 1.42. ( e )  R/Rc = 2.2. (f) R/Rc = 2.7. 
( 9 )  RlR, = 3.8. 
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0.635 cm 
t.----------.l 

FIGURE 4. Sequence of interferograms showing isotherms in test section. The fluid is 
sca water of salinity (35 %,). (‘I) R/R, = 1.6. ( b )  R/Rc = 2.08. (c) RIR, = 2.8.  (d )  RlR, = 
13.8. 
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(1’) 

FIGURE 5 .  Sequence of interferograms showing isotherms in test section. The fluid is sea 
watcr of salinity (40%,1. ( a )  R/Rp = 1.8. ( b )  R/Rc = 2.3. (c) R/R, = 3-1. (d )  R/Rc = 4-5. 
( e )  R/Rc = 9.2. 
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(4 ( f )  
FIGIJRE 6. Scquciice of interferograrns showing streaklines from dye particle. Dye filaments 

traced in (f): m, from ( a ) ;  H, from ( b ) ;  m, from (c),  m, from ( d ) ;  m, from ( e ) .  
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Bottom plate, 15.26 "C 

0.254 cm - 
FKKTRE 7 .  Enlarged portion of interferogmm shown in figure 4 (c). Vertical lines indicate 

positions where tcrrtpeiature profilm were measured. Pr = 6-8, IZ/X,  = 2.8 .  
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0 635 ciii - 
FIGURE 11. Interferograru for R = 6460 and Pr = 6.8, with superimposed computed 

data points taken from Royal (1969),  for which R = 10000 and Pr = 0.7. 
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