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NOMENCLATURE 

width of the Hele-Shaw box in x direction ; 
gap width of the Hele-Shaw box in y direction; 
height of the Heie-Shaw box in vertical z 
direction ; 
acceleration of gravity ; 
refractive index ; 
Prandtl number, V/K; 
Rayieigh number, BgATha/tcv ; 
temperature; 
temperature difference between lower and up- 
per boundary ; 
dimensionless temnerature. TfzVAT: 
Cartesian coordinates; ” 
full width of the Heie-Shaw box (walls + gap 
width d); 
dimensionless height, z/h. 

Greek symbols 

a, wavenumber; 
89 coefficient of thermal expansion ; 
K, thermal diffusivity ; 
v. kinematic viscosity. 

Subscript 

c, critical. 

INTRODUCTION 

INTERFEROMETRIC studies of hydrodynamic stability in sien- 
der vertical gaps (Heie-Shaw boxes) heated from beiow were 
performed previously [1,2] where a detailed description of 
the box is given. Heie-Shaw boxes are characterized by a 
large aspect ratio h/d, the third dimension b is in this case 
b>>h. The horizontal boundaries are made ofhigh conduction 
copper. 

Using real time holographic interferometry the heat trans- 
fer at the horizontal boundariescan be determined f3-51. The 
advantage of holographic compared to other interferometers 
is that inhomogeneous optical properties of the transparent 
test box wails do not influence the interferograms. Thus low 
quality transparent plastic side wails can be used. A Plexiglas 
box filled with water approximates the adiabatic boundary 
condition while a silicone oil tilled crystal glass box approx- 
imates a perfectly conducting boundary both allowing flow 
visualization. 

Fluid flow in Heie-Shaw boxes is often used to simulate 
flow through porous media [6]. In this context this in- 
vestigation is of interest to understand transport phenomena 
in groundwater and oil flow. 

*Present address: Department of Physics, University of 
Utah, Salt Lake City, UT 84112, U.S.A. 

RESULTS AND DlSCUSSlON 

A typical interferogram of convection in a water filled (Pr 
= 6.3) Plexiglas box h/d = 18.1 with d = 1 mm and 12mm 
thick walls is shown in Fig. 1. The integral temperature field of 
the fluid and the wail is visualized at Rayieigh number Ro = 
2Ra,, twice the critical Rayieigh number for the onset of 
convective flow Ro, = 7.5 x 10s. The theoretical origin of this 
high numerical value of Ra,, which depends upon h/d and the 
ratio of the thermal conductivities of the wail material and the 
fluid, is fully discussed elsewhere [1,2]. To evaluate the 
quality of such an interferogram, a plot of numerical caicu- 
iations [7f of the temperature field of convection in an 
adiabatic box of same aspect ratio h/d is shown in the same 
figure. The corresponding streamlines illustrate the con- 
nection between the roil ceil pattern and the temperature field 
with an upflow at the center. 

Special care must be taken to obtain interferograms of 
evaiuative quality in Piexigias boxes. In such a convection box 
the number of fringes is to a large extent due to the side walls 
[ 11. Since the temperature dependence of the reactive index of 
Plexiglas is of the same order of magnitude as water an 
integral temperature dependent refractive index dn/dT over 
the light path Y should be measured before evaluating the 
interferograms. in this investigation the temperature differ- 
ence AT was measured by thermocouples and the fringe 
temperature T(z) was calculated via an iteration process 
determining a mean value of dn/dT along the integration 
length Y. Achievement of higher accuracy was not attempted. 
In this way the dimensionless temperature profiles at Fig. 2(a) 
have been evaluated from the interferogram Fig. 2(b) along 
the vertical lines A, B, C which are laid through downflow (A), 
center of roil (B) and upflow (C). 
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FIG. 1. Comparison ofinterferogram to calculated isotherms 
for convection in a Heie-Shaw gap (h/d = 18.1, Ra = 2Ra, 
and a = 4.8). Experiment: Side wails-Plexiglas, h/b = 
0.042; fluid-Water, Pr = 6.3. Theory: Side 

wails-Adiabatic, h/b = 0; fluid--Pr = Y;. 
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The fringe number and the vertical location of a fringe is 
measured from the film negative (interferogram) at an over- 
head measuring table with 0.1 mm resolution, which is also 
the overall resolution. The vertical coordinate is made 
dimensionless with the height, z’ = z/h, beginning at the 
lower boundary. The temperature of a fringe at a certain 
distance z’ is determined via the standard procedure [4, 51. 
The temperature of each fringe is made dimensionless with 
the temperature difference applied to the box i.e. T’(z) = 
T(z)/AT. The curve T’(z) is smoothed with a standard 
polynomial and plotted as a function of z’. 

When convective flow sets in, there is at the upper and 
lower boundaries a fluid layer through which heat is trans- 
ported only by conduction. In these layers Fourier’s law of 
heat conduction is applicable. To calculate the heat transfer 
near the horizontal boundaries a parabola is fitted to three 
points T’(z’) close to the horizontal boundaries. At the 
locations z’ = 0 and z’ = 1 a tangent to the parabolas is 
calculated to obtain the Nusseh number, Nu. As a simple 
error control Nu was calculated from a linear interpolation of 
the two closest points to the boundary. The evaluation 
program was checked with the results of Farhadieh and 
Tankin [8]. 

In a HeleeShaw box with the high conductivity side walls 
(crystal glass) and silicone oil (Pr ~38) the temperature 
dependence of the refractive index dn/dT of the side walls is 
negligible [l]. The fringe pattern is now solely due to the 
integration of the light along the gap width d in the box. As d is 
very small (dz 1 mm and dz3 mm) only a small fringe 
number is obtained and the temperature difference between 
fringes is high. Frick [7] has shown that in a box with perfect 
conduction side walls the temperature profile is non-uniform 
along d and so the refractive index is dependent upon the 
integration along d, i.e n = n(x,y,z). Thus the errors in 
determining the fringe temperature could be reduced to a 
tolerable level by iterating the temperature of the fringes 
similar to the procedure mentioned above. The dimensionless 
temperature profiles in Fig. 3(a) were evaluated from the 
interferogram in Fig. 3(b). 

The Nusselt numbers evaluated from some interferograms 
are shown in Fig. 4 as a function of Ra. Because of the 
temperature dependence of the refractive index of Plexiglas 
and the thickness of the walls some fringes disappear at a 
higher Ra into the horizontal boundaries. Light rays bent in 
the entering wall are locally blocked by the copper shims of 
the boundaries. Thus the interferometrical Nu evaluation in a 
Plexiglas box is limited to low supercritical Rayleigh numbers 
depending upon the thickness of the walls. The experiments in 
a low conductivity (“adiabatic”) box with Plexiglas side walls 
are in good agreement with the numerical results of [7] who 
investigated an adiabatic box of aspect ratio h/d = 20. Similar 
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FIG. 2. Dimensionless temperature profiles (a) in a box with 
low conductivity side walls (Plexiglas) evaluated from the 
interferogram (b). A, down-flow; B, center of roll ; C, upflow. 
RaJRa, = 2.17,Pr = 6.3,Nu = 1.9,h/d = 18.1,d = 1.15mm. 
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FIG. 3. Dimensionless temperature profiles (a) in a box with 
high conductivity side walls (crystal glass) evaluated from the 
interferogram (b). A, down-flow; B, center of roll; C, upflow. 
Ra/Ra, = 3.65, Pr = 38, Nu = 6.0, h/d = 23.35,d = 3.05 mm. 
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FIG. 4. Heat transfer in a HeleeShaw box. 

calculations have been performed by Kvemvold [9] for an 
adiabatic box of aspect ratio h/d = 30 which conform with 
the results in the box h/d = 20 at low Ra [7]. 

The Nusselt numbers evaluated for high conductivity side 
walls are much higher than in a box with low conductivity 
side walls. The calculations by Frick [7] confirm the trend to 
the stronger growth of Nu in perfectly conducting Hele-Shaw 
boxes. Due to numerical difficulties, however, the heat 
transfer in Hele-Shaw boxes of aspect ratio h/d 2 10 could 
only be calculated in the direct neighborhood of the onset of 
convection. 
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NOMENCLATURE 

chaleur specifique a pression constante 

[J/kg”C] ; 
acceleration de la pesanteur [m/s21 ; 
= gpx4r$/i.v2, nombre de Grashofmodifie ; 
&T_- T_ ). coefficient de transfert de chaleur 
~~/r;;ZOCj; 

longueur de la plaque [m] ; 
hx/i., nombre de Nusselt ; 
= Nu, (v,,,/~~)~~“, nombre de Nusselt modifie 
(zone laminaire turbulente); 
= Nu, (v&v,)~ I’, nombre de Nusselt 
modifie (zone de transition); 
= &i, nombre de Prandtl ; 
= G+ x Pr, nombre de Rayleigh modifie; 
coefficient de dilatation du fluide [K-i] ; 
masse volumique [kg/m31 ; 
viscotie dynamique [kg/ms] ; 
= p/p, viscositt cinematique [m’/s] ; 
densitt de flux [W/m’]. 

les conditions a la limite inferieure du regime 
transition ; 
les conditions a la temperature de paroi ; 
les conditions a la temperature du fluide loin de 
la paroi ; 
les conditions a la temperature du film, T, 
= (T,+T,)/2; 
la valeur locale en abscisse x ; 
proprietts physiques calculees a la temperature 
de fluide loin de la paroi ; 
proprietes physiques calcultes a la temperature 
du film. 

INTRODUCTION 

LES ETUDES de convection naturelle sur une plaque plane 
chauffee a flux ou a temperature constante a des nombres de 
Prandtl eleves sont rarer,. A notre connaissance il y a l’etude 
de Fujii [l, 21 pour les huiles minerales et l’ethyltne glycol. 

Notre travail [3] sur une plaque plane immergie dans un 
melange glicirine-eau a 70% en volume de glycerine vient 
completer cesttudes anterieures. Ainsi l’utilisation desfluides 
visqueux (Pr r 70) nous a permis une meilleure connaissance 
du phtnomene de transfert dans les 3 zones (laminaire-transi- 
tion et turbulence). 

PRINCIPE ET ETUDE DU DISPOSITIF EXPERIMENTAL 

Nous avons utilise une installation exphimentale (Fig. 1) 
qui comprend essentiellement une cuve rectangulaire de 
2,40 m de haut, 1,60 m de longueur et 1,lO m de largeur, une 
plaque plane de 2 m de haut et de 0,90 m de large chauffee par 
effet Joule, immergee dans le liquide de la cuve et un circuit 
d’aspiration de la couche limite thermique a la partie 
superieure de la plaque. Ce circuit riinjecte aprds refroidisse- 
ment le liquide dans la cuve afin de maintenir une temperature 
sensiblement constante loin de la plaque et des vitesses aussi 
faibles que possible. La plaque chauffante est constituee de 3 
bandes de clinquant d’acier inoxydable de 0,l mm d’epaisseur 
plac& c&e a tote, tendues verticalement et dans lesquelles 
circule le courant continu (basse tension) de chauffage. Les 
temperatures de la plaque sont mesuries a I’aide de 75 
thermocouples chrome]-alumel rtpartis convenablement sur 
toute la hauteur de la plaque et les temperatures du fluide loin 
de la plaque sont mesurees a I’aide de 6 thermocouples eux- 
m&me rtpartis sur la hauteur de la cuve. La puissance 
Clectrique dissipee est determinee a partir de la mesure de la 


