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Abstract-The time-dependent double diffusive convection in a horizontal concentric annulus is investi- 
gated both by numerical analysis and by holographic interferometry. In order to calculate stream functions, 
temperature-, concentration- and density-fields, the finite difference technique is utilized. Inner and outer 
cylinders of the annulus are kept isotherm, with the inner cylinder heated. The annulus is filled with 
an H,O-NaCl solution, which is isothermal initially and submitted to a linear and stable stratification of 
the solution. The results reveal a considerable decrease in heat transfer as compared to natural convection 
without a stabilizing salt gradient. In addition experiments are performed on double diffusive convection 

about a vertical cylinder in a square container. 

1. INTRODUCTION 

Fluid flow phenomena under the simultaneous in- 
fluence of concentration- and temperature-gradients 
have recently gained increased interest. In nature, flows 
in bodies of water are driven by the effects of tem- 

perature and concentration of dissolved materials and 
suspended particulate matter on density. Atmospheric 
flows can be initiated by temperature and water con- 
centration differences. In technology some examples 
of flows driven by the simultaneous action of tem- 
perature and concentration gradients are drying pro- 
cesses. liquid gas storage. transpiration cooling and 
condensation in the presence of a non-condensing 
gas. Many aspects of material processing such as 
solidification and crystal growth entail such flows. 
Heat extraction out of the lower convecting zone in 
solar ponds is also influenced by double diffusive 
convection. 

This paper is concerned with a numerical and exper- 
imental analysis of double diffusive convection in an 
annular gap between two isothermal concentric and 
horizontal cylinders. Additional experiments were 
performed on double diffusive convection about a 

horizontal heated cylinder in a square container with 
vertical side walls and the transferability was 
considered. The flow visualization was performed 

with the help of holographic interferometry. 
In contrast to other geometries, double diffusive 

convection in a horizontal concentric annulus has not 

been investigated before. Heat transfer from a hori- 
zontal cylinder in a quiescent solutally stratified fluid, 
which is a related problem, was studied in the past by 
experiments only. Hubbell and Gebhart [l], as well as 
Neilson and Incropera [2], applied a constant overall 

heat flux. Because of a high conductive copper cylin- 
der, the surface was isothermal but was changing its 
temperature with time. This experimental technique 
yielded overall heat transfer coefficients only. Neilson 
and Incropera [3] applied foil-heating which resulted 
in locally different surface temperatures. In this case 
local heat transfer coefficients could be determined. 
Flow visualization was performed by the shadow- 
graph imaging technique. 

2. GOVERNING EQUATIONS AND SOLUTION 

PROCEDURE 

Figure 1 depicts the geometry to be considered. The 

flow has been assumed to remain laminar, incom- 
pressible and two-dimensional, with constant fluid 
properties, except for the density change with tem- 
perature and salinity which gives rise to buoyancy 
forces. This results in the adoption of the Boussinesq 
approximation. For the numerical solution the flow is 
considered to be symmeric with respect to the vertical 
symmetric line. 

The governing equations have been formulated 

with the stream function t,V, the temperature T’, the 
vorticity o’ and the salinity c’ as variables. In order 

to get dimensionless temperatures and concentrations, 
the difference between the temperatures of the hot 
and cold cylinder (Th - T:) and the concentration 

difference between the bottom and the top of the gap, 
(cb-c;), respectively, are used as references. For the 
numerical analysis the following dimensionless vari- 
ables have been introduced, where the prime (‘) indi- 
cates dimensional quantities : 
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NOMENCLATURE 

A geometry factor 

2 
concentration 
diameter of inner cylinder 

If diameter of outer cylinder 
Lr Lewis number 
Ntr Nusselt number 
Pr Prandtl number 
R+, Ro, thermal and solutal Rayleigh 

numbers 

? angular coordinate 
I- boundaries of computational plane 
K thermal diffusivity 
h equivalent thermal conductivity 

kinematic viscosity 

t;l stream function 
f !> vorticity. 

s gap width 
S dimensionless sahnity 
St stability number, Sf = &/Ra, 
t dimensionless time 
u dimensionless velocity 
X dimensionless coordinate. 

Greek symbols 

P expansion coefficient 

Subscripts 
b bottom 
c cold, conduction 
11 hot 
i inner 
0 outer 
S sol&al 
T thermal 
t top. 

Fro. 1. Geometry of nnnulus. 

(1) 

In terms of these dimensionless variables the govern- 
ing momentum, energy and mass equations in Car- 
tesian coordinates are as follows : 

&!J 
;; +uVw- PY V‘W = Pr Ru, 

i?T 
;;. +uVT-V’T = 0 (3 

v3j = -w (5) 

u = v.qb. (6) 

An important parameter will be the stability number 
St, which is defined as the ratio of the stabilizing forces 

due to the salinity gradient and the destabilizing forces 
caused by thermal buoyancy : 

Ra.r and Ru, denote the modified Rayleigh numbers 
for tem~rature and salinity 

where 1j.r and ,& are the thermal expansion coefficient 
and the solutal expansion coefficient, respectively. The 
geometry factor A is defined by the ratio of the diam- 
eter of the outer cylinder D and the gap width s. 

To solve the governing equations in complex 
geometries, a numerical transformation method, such 
as that proposed by Thompson et ui. [4], was apptied 
(Fig. 2). 

After the transformation of equations (2)--(S) into 
the computational rectangular plane (f, n plane), the 
boundary conditions for the vorticity transport equa- 
tion (2) are those for rigid boundaries at r, and rZ 
and w = 0 at the symmetric lines I--, rd. The stream 
function is constant, tj = 0. at all boundaries. Tem- 
peratures are, T = 1 at the inner cylinder and T = 0 at 
the outer cylinder. The temperature gradient normal 
to the symmetric lines r2, lY4 is zero. as well as the salt 
gradient normal to all boundaries. 

Equations (2)-(S) and the boundary conditions are 
discretized with finite differences. All space derivatives 
can be represented by second-order central differ- 
ences. The convective terms in equations (2) and (3) 
are writtten in divergence form. which guarantees :t 
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FIG. 2. Physical and transformed computational planes. 

‘wiggle-free’ solution. Finally, the convective term in 
the species transport equation (4) is discretized using 

the second upwind method. 
To solve the resulting linear equations, MSIP as an 

iterative method was applied. This technique, first 
developed by Schneider and Zedan [5], is an extension 
of the approach of Stone’s [6] five-point formulation 
to a nine-point formulation. 

In order to test the code a numerical analysis of 

natural convection without any salt gradient in a con- 
centric horizontal annulus was performed. The results 
of these calculations show excellent agreement with 
the experimental findings of Kuehn and Goldstein [7]. 

3. EXPERIMENTS 

The test apparatus (Fig. 3) consists of an outer 
copper ring (100 mm inner diameter) and a central 

copper tube of 40 mm diameter, respectively, between 
two Zerodur disks, thus forming a concentric annulus 
of 40 mm in length, which contains the stratified fluid. 

The transparent Zerodur-glass allows for holographic 
interferometry. Because of the very small thermal 
expansion coefficient of Zerodur, the refractive index 
is nearly independent of temperature. Through the 

outer copper ring as well as through the central tube, 
water acting as a heating or cooling tluid can be cir- 
culated, allowing the inner cylinder to be heated and 

the outer cylinder to be cooled. Thermocouples at the 
surface of both cylinders are installed to measure the 
surface temperatures T;, and ri. The outer ring is 

fixed by side walls made of Plexiglas. In order to 
ensure a constant horizontal cross-section area in 
which the fluid rises during the filling process, the 
side walls are contoured as depicted in Fig. 3. To 

protect the copper surfaces from the corrosive saline 

FIG. 3. Test apparatus : (1) outer copper ring ; (2) inner copper cylinder ; (3) (4) Zerodur disks ; (S), (6) 
inlet and outlet tubes : (7) contoured Plexiglas side walls ; (8) bottom plate ; (9) filling tube : (IO) flanges. 
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solution the cylinders were coated with a resistant 
IX. 

A linear salinity profile was established by applying 
the double-bucket technique first proposed by Oster 

[8] to introduce continuously a progressively saltict 
solution at the bottom of the test cell. Experiments 

wcrc performed with an H,O--NaCI solution. 
Holographic interferometry has been applied to vis- 

ualize the complete and instantaneous field of refrac- 
tive index in the test cell, without the necessity of 
disturbing the flow field by probes. A comparison of 
the measured held of the refractive index and that 

computed numerically vcrifics the numerical simula- 
tion. The refractive index was computed as ;I func- 
tion of temperature and salinity as proposed by Rud- 
dick and Shirtclitre [9]. Confirmation of an initially 

linear salinity gradient was obtained by observing the 
interferogram of the isothermally salt stratified fluid 
in the annular gap before starting the experiment by 
heating the inner cylinder. The temperature difference 

between the inner and outer cylinder ranged from I 
K to 4 K, the salinity gradients varied from O.lh% 
cm ’ to 1.2% cm ‘. 

4. RESULTS AND DISCUSSION 

The analysis was performed for an HzOmNaCl solu- 
tion in the annular gap (annulus ratio s/it = 0.75. 
L/ = 40 mm) in the range I .06 < Sr < 6. I2 and 
4.0 x IO5 < Ru,. < 2.5 x IOh. In order to demonstrate 

the influence of solute stratification on the formation 
of layered convection. the calculated stream-function, 
temperature and salinity are prcscnted together with 
computed and experimental refractive indexes for 
comparison. Figure 4 depicts the numerical and cxper- 
imental results for the dimensionless numbers 
Ru, = 8.84 x IO’, Ra, = I.48 x IO”. Pr = 6.59 and 
Lo = 80. According to its definition the stability num- 
bcr *St = Ro,jRu, yields St = I.68 in this cast. The 
second column in Fig. 4 shows the numerical and cx- 
perimental results at a time 120 s after heating of the 
inner cylinder started. Unlike the conditions in an 
unstratified fluid. thedevclopmcnt ofsingle convective 
layers is most cvidcnt. Layered convection starts at the 

top and bottom of the inner cylinder. The tcmperaturc 
field demonstrates the onset of convective heat trans- 
fcr within the convective layers. However, heat con- 
duction still dominates at the vertex. The salinity plots 
show the cellular structure of the tlow by sharp intcr- 
faces between the convective layers. This flow struc- 
turc originates from the ascent of solute-rich fluid 
along the cylinder when heating starts. As this fluid 
ascends. its density becomes progrcssivcly larger than 
that of the ambient. Sustained vertical motion is there- 
fore inhibited by a ncgativc buoyancy force, and 111~ 
boundary layer is deflected horizontally. Density 
differences between the boundary layer and ambient 
fluid are intensified by the diffcrcntial diffusion rates 
of heat and salt. Hence. the fluid begins to descend as 

it cools rapidly while retaining most of its salt. The 

foregoing process of layering is replicated, proceeding 
to the top of the cylinder. Various growing stages of 
the convecting layers are detectable by the salinity 
field. Computed and experimental fields of refractive 
index agree quite well. and place confidence in the 
numerical computation. 

The third column shows the bchaviour after a 

time of 300 s. At this time four convecting layers have 
developed around the inner cylinder and a horizontal 
propagation is evident. As the ascending flow 1s 
restored by vertical heat transfer from the lower vor- 
ticcs. the formation of boundary layer regions is intcn- 
siticd. As :I result the convective heat transfer is 
increased and intluenccs the temperature field around 
the inner cylinder. Only at the top and in particuiat 
at the bottom of the cylinder is the tcmpcrature dis- 
tribution dominated by conduction. A proceeding 
equalization of salinity within the convecting laye~ 
characterizes the salinity tield. Hence. steep salinity 
gradients appear across the interfaces between the 
layers. Numerical and experimental rcfractivc indexes 
arc in good agreement and confirm the numerical 
calculus. 

In the fourth column of Fig. 4 the progress of strati- 
fication after 600 s is displayed. The fourth convecting 
layer has thickened and moved vertically upward. The 
flow is driven primarily by the heated cylinder. anal- 
ogous to flow structures observed for side wall hcatinp 
of a stable salinity gradient investigated by Wirtr c’t 
trl. IlO] and by Huppert et nl. [II]. Convective heat 
transfer increases and dominates the temperature dis- 
tribution in the annular gap on both sides of the 
cylinder. The gentle, downward slope of the interfaces 
is due to heat transfer from the warmer fluid below 
the interface to cooler fluid above it. A continuing 
equalization of salinity can be observed in the con- 

centration plot. Again numerical and cxpertmental 
rcfractiv~e indexes agree well. with the exception of 
small differences in layer height at the third and fourth 
convcctivc cells (from the bottom ). 

Finally. the fifth column shows results at a time 

of 1200 s after heating started. The growth of the 
convective motion has continued and nearly mixed 
conditions arc achieved within each convective cell. At 
the top of the cylinder the measured field of refractive 
index deviates somewhat from the numerical results. 
though the agreement is good at the bottom. The 
deviation is caused by a stronger convective motion al 

the upper convcctivc layers which erodes the intcrfaccs 
much more in the numerical simulation than in the 

experiment. Although the number of grid poinl\ 

amounts to I81 x 91 the resolution at an interface with 

:I steep salinity gradient is not sufficient. Hence. con- 
vcctivc motion is able to erode the interfaces in com- 
putation more than in reality. This results in a falsiticd 
time scale if computation covers mom than approxi- 
mately 900 s. Nevertheless, the fundamental phenom- 
ena are rcprcscnted quite well by the calculated plots. 

The computed temperature distribution and the 
local temperature gradients, respectively. provide 
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FIG. 4. Calculated and exp 

Stream - Function 

Temperature 

Salinity 

Refractive Index 

Refractive Index (Interferogram) 

t’ =12os t’ =300 s t’ =600 s t1=1200 s 

erimental results for double diffusive flow in an annular gap at various times : 
RaT=8.84x105;St= 1.68;Pr=6.59;Le=80. 
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detailed information about the local heat transfer at 
the inner and outer cylinder in the case of double 
diffusive convection. Heat transfer results are pre- 
sented as local and average equivalent thermal con- 
ductivities A. This dimensionless parameter. which 
reflects the influence of convection on heat transfer is 

defined by 

NM,, = 2s 2s 

d’ (10) 
din d 

where Nu is the actual Nusselt number based on the 
gap width s and Nu, is the Nusselt number in the case 
of heat transfer solely by conduction. By integrating 

the local heat flux over the inner cylinder, one gets the 
average equivalent conductivity A, 

(11) 

where I, denotes the arc length along the surface of 

the inner cylinder. 
Figures 5-7 display local equivalent thermal con- 

ductivities at various times for the same set of par- 
ameters as in Fig. 4. The local equivalent conductivity 
along the inner cylinder at a time of 120 s is presented 
in Fig. 5 and makes evident the structure of the cellular 
flow. A strong enhancement of local heat transfer 
by the influence of fluid motion inside the growing 

convective cells can be observed at the bottom of the 
cylinder and at 7 = 105 Convection in the upper cells 

is less pronounced, resulting in only a slight deviation 
from the conduction solution (A,, = 2.87). As in the 
case of natural convection in an annular gap filled 
with an unstratified fluid, a minimum of the local 

equivalent conductivity occurs at the upper stagnatron 
point of the inner cylinder. 

Figure 6 shows the local cquivalcnt thermal con- 
ductivity along the inner (solid line) and the outer- 
(dashed line) cylinder at a time of300 s. The influence 
of an increased cellular fluid motion on the local cqui- 
valent thermal conductivity is more pronounced than 
before. Mainly the two convecting layers at the hot- 
tom of the cylinder lead to local maxima. The cir- 
culating flow impinges on the inner cylinder. giving 
rise to large temperature gradients normal to the sur- 
face. M:hich are the reason for the local maxima of the 
equivalent thermal conductivity. On the other hand, 
buoyancy forces at the top of the cylinder tend to 
deflect the fluid from the cylinder. leading to only a 
slight increase in heat transfer. Therefore. the 
enhancement of heat transfer is much smaller than at 
the bottom parts ol’ the cylinder. In total the aug- 
mentation of the avcragc equivalent thermal con- 
ductivity (A, = 3. IS) has increased as compared to the 
conduction solution (A,, = I .95). Heat transfer to the 
outer cylinder is negligible. 

The local equivalent thermal conductivity alicr 
1200 5 is plotted in Fig. 7. Heat transfer is increased 
by the convective motion throughout the total cross- 
sectional area and maxima charactcrizc the location 
of the convective cells. The convective layers have 
reached the surface ofthe outer cylinder by horizontal 
propagation and a distribution of A,, occurs. which is 
quite similar to that at the inner cylinder. The tern-- 
perature gradients at the inner and outer cylinder arc 
approximately the same in this cast. A> the heat flux 
density owing to steady heat conduction. however. is 
smaller at the outer cylinder. the equivalent con- 
ductivity adopts higher values at the outer cylinder. 

inner cylinder 

Local equivalent thermal conductivity at the heated cylmder as a function of the angular coordinate 

;‘; time I’ = 120 s; Ra, = 8.84~ IO’: S/ = 1.68 



Double diffusive convection in a horizontal concentric annulus 1817 

inner cylinder 
_-- m__-- outer cylinder 

0 
. 

PI 

0 

d- 
o 

LIT- 
0 

; 

0 

r-T- 
* 
r-T- 
o 

. 
/- 

0 
A ‘\ 

C- 

; ----______________~ ~_ ___/ ._’ --__ 
I I I I 1 I , I I I I 

0,o 15,o 30,o 45,0 60,O 75,o 90,o 105,o 120,o 135,o lSO,O 165,O 1 090 
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FIG. 7. Local equivalent thermal conductivity at the inner and outer cylinder as a function of the angular 
coordinate?; timer’= 1200s; Ra,= 8.84x IO’; St = 1.68. 

In order to demonstrate the influence of various strati- cation inhibits buoyancy driven flows around the 
fications on heat transfer, the average equivalent ther- cylinder, markedly reducing A, as compared to an 
mal conductivity Ai at the inner cylinder is plotted as unstratified medium. Figure 8(a) shows a reduction 
a function of dimensionless time for three different of Ai to the values of mere conduction if the stability 
stability numbers, St, in Figs. S(aHc). The conduction number is St = 6.1. In this case convective motion is 
solution and the numerical solution for natural con- fully suppressed by stratification. Only for a short 
vection without solute stratification (St = 0) are dis- time fluid motion occurs and increases the equivalent 
played for comparison. In each case the sharp initial 
decrease of k, is due to the conduction solution. The 

thermal conductivity ki insignificantly but is rapidly 
damped by stabilizing salinity buoyancy forces. The 

influence of solute stratification is revealed by com- temporal equivalent thermal conductivity for the case 
paring Figs. 8(a)-(c). As expected, strong stratifi- discussed in Fig. 4 is shown in Fig. 8(b). The stability 
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number has decreased to St = I .6X. In contrast to Fig. for an unstratified medium. Figure X(c) shows the 
8(a), A, increases in this case as double diffusive effects average equivalent thermal conductivity as a function 
promote the formation and growth of convective lay- of time for a stability number of St = 1.06. Dimin- 
et-s in the annular gap on both sides of the cylinder. ishing stratification leads to an increased convective 
Development and a subsequent motion of interfaces motion in the annular gap. After a short initial period 
cause an enhancement of A, with time and finally the of conduction dominated heat transfer, layered con- 
average equivalent conductivity approaches the value vection starts. Enhancement of convective heat trans- 
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t” =214s 

t ” ==I260 s 

( ) a PO ( ) c 
FIG. 9. Interferogr~~s ofdouble diffusive convection in an ann~i~r gap and around a cylinder in a container 

of two different widths. 
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fer occurs in accordance with the growth ofconvective 
layers. The experiments revealed that the height of 
the convective cells increases with decreasing stability 
number St. This fact was confirmed by Tanny and 
Tsinober 1121 in side wall heating experiments. Hence, 
heat transfer increases with the aspect ratio of the 

convective Iayers. Subsequent erosion of the interfaces 
leads to a rearrangement of the convective layers and 
causes temporal fluctuations in li, at advanced times. 

Finally, A, approaches the conditions of heat transfer 
in an unstratified fluid. 

The question arises whether the results obtained 
with double diffusive convection in a concentric annu- 
lus can be transferred to double diffusive convection 
at a heated horizontal cylinder with constant surface 
temperature. This cylinder is placed in the centre of a 
rectangular container with isothermal side walls. filled 

with the stably stratified solution. The distance 
between the side walls and the cylinder is chosen to 

be equal to and double the width of the previously 
investigated annulus. This allows for conclusions to 

be drawn upon the influence of the width of the con- 
tainer on the development of double diffusive con- 
vection around a horizontal cylinder. Figure 9 shows 

the experimental results for the three geometries inves- 
tigated. The interferograms of double diffusive con- 
vection in a concentric annulus are compared with the 
results obtained in a rectangular container of two 
dill&-em widths at three different points in time. The 
column on the left shows the results for the concentric 

annulus and the two columns to the right depict the 
results with the horizontal cylinder in containers. Only 
the left half of the experimental set-up is shown. The 
most important dimensionless numbers are listed in 
Table I. For better comparability the characteristic 
length was set equal to the width of the annulus. 

The first row shows the interferog~~ms at a time t’ = 
214 s after heating of the cylinder started. There is no 
evident difference between the three geometries as the 
onset of cellular convection is restricted to the fluid in 
the vicinity of the heated cylinder, Hence the gcomelry 
of the outer cylinder and the side walls of the 
container, respectively, are of minor influence. NO 

cellular convection can be observed at the top of the 

cylinders. 
The second row shows the interferograms after 

r’ = 400 s. Layered convection starts at the bottom of 
the cylinder and some additional convecting layers 

have developed around the lower part of the cylinder 
in all three geometries investigated. However, in the 
wide container convection has not yet started at the 

Table 1 

& Ror St 
-.. ~~_ --..... -- ~~~ .~ ~----- -... ---~ -- 
Concentric annulus 4.1 x 101 11.4x 10’ 3.61 
Narrow container 27.7 x IO’ 8.1 x 10’ 3.42 
Wide container 31.6 x 10’ 7.7 x 10’ 3.59 
_ ~~~~ 

top of the cylinder. The reason is the slightly! smaller 
thermal Rayleigh number for this geometry. 

In the third row the experimental results after 
t’ = 21 min are presented. In the annular gap and in 
the narrrow container cellular convection covers the 
whole area between the inner and outer cylinder and 

between the cylinder and the side walls, respcctivcly. 
Cellular convection is driven by temperature gradients 
in the vicinity of the inner cylinder and the outer 
surfaces. In the wide container convective motion has 

not yet reached the outer wall. Convection is only 
driven by one steep temperature gradient near the 
inner cylinder. As cellular convection proceeds to the 
outer surface of this container, the aspect ratio of the 
convection cells decreases steadily. Therefore. con- 
vection in this wide container is less pronounced than 
in the narrow geometries. 

This allows the conclusion that experimental and 
numerical results obtained for cellular convection in 
an annular gdp may be transferred to a cylinder in a 
container only for times preceding the contact of the 
cells with the outer gap wall. Later on the convective 
motion in the concentric annulus is more intense than 
around the cylinder in a wide container. If the distance 

between the cylinder and a vertical side wall equals 
the gap width of a concentric annulus, no essential 
differences occur. 

5. CONCLUSIONS 

The object of the present numerical and exper- 
imental analysis is the investigation of stabilizing 
effects due to solute gradients on the flow in an annu- 
lar gap and on heat transfer between isothermal inner 
and outer cylinders. The nature of the flow and the 
heat transfer depend strongly on the stability number, 
St, which relates the stabilizing effect of salt con- 
centration gradient to the destabilizing thermal buoy- 
ancy. For large values of St, the convective motion 
around the heated cylinder is largely suppressed and, 
therefore, heat transfer is dominated by conduction. 
With decreasing stability number multiple convective 
layers develop around the heated cylinder. The layers 
are separated by diffusive interfaces, and the recir- 
culating flow within each layer is driven by the tem- 
perature gradient between the inner and the outer 
cylinder. The height of the convective layers increases 
with diminishing stability number and the convective 
heat transport is enhanced. Local equivalent thermal 
~onductivjties are presented as a function of time and 
reveal the influence of layered convection on heat 
transfer. Average equivalent thermal conductivities 
vary strongly with time and depend on the magnitude 
of Sr. The results of numerical investigation agree well 

with experimental findings. 
Experiments reveal that the results for cellular con- 

vection in a concentric annulus may be transferred to 
cellular convection about a horizontal cylinder in a 
container with vertical walls as long as the cellular 
convection does not reach the outer wall. 



Double diffusive convection in a horizontal concentric annulus 1821 

5. 

Acknowledgemenr-The support of this work by the 
Deutsche Forschungsgemeinschaft is greatly acknowledged. 

6. 

I. 
REFERENCES 

R. H, Hubbell and B. Gebhart, Transport processes 
induced by a heated horizontal cylinder submerged in 8. 
quiescent salt-stratified water, Proc. 24th Heat Transjkr 
and Fluid Mechanics Institute, pp. 203-219 (1974). 9. 
D. G. Neilson and F. P. Incropera, Double-diffusive flow 
and heat transfer for a cylindrical source submerged in 
a salt-stratified solution, Int. J. Heat Mass Tramfer 30, 10. 
2559-2570 (1987). 
D. G. Neilson and F. P. Incropera, Local heat transfer 
from a horizontal cylinder in unstratified and salt-strati- 
fied fluid layers, Int. J. Heat Mass Transfer 31, 660-663 Il. 
(1988). 
J. F. Thompson, Z. U. A. Warsi and C. W. Mastin, 
Boundary fitted coordinate systems for numerical solu- 12. 
tion of partial differential equations-a review, J. Com- 
pzdr. Ph.rs. 47, l-t08 (1982). 

G. E. Schneider and M. Zedan, A modified strongly 
implicit procedure for the numerical solution of field 
problems, Numer. Heat Transfer 4, 1-19 (1981). 
H. L. Stone, Iterative solution of implicit approxi- 
mations of tnultidimensional partial differential equa- 
tions, SIAM J. Numer. Analysis 5, 530-558 (1968). 
T. H. Kuehn and R. J. Goldstein, An experimental and 
theoretical study of natural convection in the annulus 
between horizontal concentric cylinders, J. Fluid Mech. 
74,695-719 (1976). 
G. Oster, Density gradients, Scient. Am. 213, 70-76 
(1965). 
B. R. Ruddick and T. G. L. Shirtcliffe, Data for double- 
diffusers : physical properties of aqueous salt-sugar solu- 
tions, Deep Sea Res. 26A, 775-787 (1979). 
R. A. Wirtz, D. G. Briggs and C. F. Chen, Physical 
and numerical experiments on layered convection in a 
density-stratified fluid, Geophys. Fluid Dyn. 3, 265-288 
(1972). 
H. E. Huppert, R. C. Kerr and M. A. Hallworth, Heating 
or cooling a stable compositional gradient from the side, 
Int. J. Heat Mass Transfer 27, 1395-1401 (1984). 
J. Tanny and A. 8. Tsinober, The dynamics and the 
structure of double-diffusive layers in sidewall-heating 
experiments. J. Fluid Mech. 196, 1355156 (1988). 

SIMULATION NUMERIQU~ ET VISUALISATION HOLOG~PHIQUE DE LA 
CONVECTION DOUBLE DIFFUSIVE DANS UN ANNEAU HORIZONTAL ET 

CONCENTRIQUE 

R&.um&--Le developpement temporel de la convection double diffusive dans un anneau horizontal et 
concentrique a et& itudie aussi bien numtriquement qu’ experimentalement par interferometrie holo- 
graphique. La fonction de courant et les champs de temperature, de concentration et de densite ont et6 
calcules par le pro&de numerique des differences finies. L’anneau etait rempli d’une solution H@-NaCl 
initialement isotherme et a concentration stratifiee stable. Les parois cylindriques externe et interne etaient 
maintenues a temperature constante, le cylindre inteme &taut chauffe. Les resultats montrent une diminution 
considerable de transfert de chaleur en comparaison a la convection naturelle sans gradients de se1 
stabilisants. De plus, des essais expbrimentaux de convection double diffusive ont et& realis& a l’exttrieur 

d’un cylindre horizontal chauffe et piact! dans un recipient rectangulaire a parois laterales verticales. 

NUMERISCHE BERECHNUNG UND HOLOGRAPHISCHE VISUALISIERUNG DER 
DOPPELT DIFFUSIVEN KONVEKTION IN EINEM HORIZONTALEN, 

KONZENTRISCHEN RINGSPALT 

Zusammenfassung-Die zeitliche Entwicklung der doppelt diffusiven Konvektion in einem horizontalen 
konzentrischen Ringspalt wurde sowohl numerisch als such mit Hilfe der holographischen Interferometrie 
untersucht. Zur Berechnung der Stromfunktion, der Temperatur-, Konzentrdtions- und Dichte-Felder 
wurde das Finite Differenzen Verfahren angewandt. Der Ringspalt war mit einer an&tglich isothermen 
und stabil konzentrationsgeschichteten HZO-NaCl-Losung gefiillt. AuBerer und innerer Zylinder wurden 
isotherm gehalten, der innere Zylinder war beheizt. Die Ergebnisse offenbaren eine betrachtliche Abnahme 
der Wlrmeiibertragung verglichen mit natiirlicher Konvektion ohne stabilisierenden Salzgradienten. 
Zusatzlich sind Experimente zur doppelt diffusiven Konvektion urn einen horizontalen beheizten Zylinder 

in einen rechteckigen Beh&lter mit vertikalen Seitenw~nden durchgef~hrt worden. 

YHCJIEHHOE MO~~~POBAH~E ki I-OJIOl-PAWFIECKAS BMt3YAJIM3Ai@ilf 
fiI?@@Y3MOHHO& TElVIOBOfi H KOHqEHTPAqHOHHOft KOHBEKL@H B 

TOPH30HTAJIbHOM KOHQEHTPWYECKOM 3A3OPE 

Aneom rro~onwm wicnemioro awm3a H ronorpa@iwxoii mwep@epoh4eqmi accne~yerccn 
ruxza~oHapHan rurt#~yseomiaa, Teunomw H aouuewrp;uMomias n0meKqm1 B ropswnrranbHoh9 LOH- 
uerrrpwiec~0h.i 3a3ope. &~a pacwa QrncluIti Torca, noneil Tehfwpaxypbl, roeueaqawi a uno7xocM 
wxro~~bsye~cs M~TOA rcoriewhrx pawxzeti. B~y~pemwii H miemuil ruurwpb~ $~WSIOTCR H~OT~~MEI- 

‘INXHME, TeMOBOii UOTOK UOJ&BOAETCS K BHyrpemreMy IUUl%UiJ$py. %%3Op 3UlOJiHeH &X%XBOPotvi 

H,O-NaCl, noTopidi wxiawrbuo wrne~cx ~xxep?.wrecrm~, a =IXM rxo~eeprae~cx ~nre&rofi A 
ycro&iiBofi cTpaTzw#l~. Pe3yJSTSSl CB~fFTWbCTByrOT 0 3H8¶EiT8XbHOM CWEWSX3i E~HCHB- 

HOCTB ~en~~onspemca no cpawemm c eczvcr~~~nnoti KonmzsxpeiS npH OT~~TCTBHH cra6nnzqyrouwro 
rpu$mema eoni%ocrsi. KpoMe TOTO, 6wm rspoaeaexw 3Kcx1~m no ~~~0~0~ T~MOBO& 

iI KO~e~~OHHO~ KOEiBeKlXFSi y f@YlliKt%lbHOTO I@SJISiEJIp& ~CUO~OX@tiiO~O B KBarrpaTffOM 

KoHTe&xepe. 


