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Abstract-A numerical study is made of double diffusive convection in a rectangle. The fluid is initially at 
rest with a pm-existing stably stratified solutal gradient. The motion is initiated by abruptly raising the 
temperature at one vertical sidewall. Comprehensive and systematically-organized numerical solutions to 
the full, Navier-Stokes equations under the Boussinesq fluid assumption have been acquired. Far-reaching 
analyses are made of the numerical results over a wide range of the solutal Rayleigh numbers R, using the 
thermal Rayleigh number, R, = 10’. Elaborate plots displaying the details of the evolutions of the flow, 
temperature and solutal fields in the cavity are presented. The vertical profiles of the velocity. temperature, 
solute, and the local Nusselt number are constructed, delineating the influence of solutal buoyancy effect 
relative to the thermal effect. The behaviour of the details of the computed flow characteristics is in good 
qualitative agreement with the available experimental visualizations. The categorization of the basic 
character of the flow into the supercritical (Ra > Ra,) and subcritical regimes (Ra -c Ra,), which is based 
on experimental observations, is satisfactorily verified by the numerical results. The present numerical 
simulations are also supportive of the prior observations, which illustrated the qualitative difference in the 
time-dependent patterns of the formation of the layered structure in the supereritical and subcritical 
regimes. By assessing the present numerical results, the previous estimate of the value of Ru, 2 1.5 x 10’ 

is found to be reasonably accurate. 

1. INTRODUCTION 

THE STUDY of double diffusive convective motions in 
confined spaces has received considerable attention in 
recent years. Much of the efforts have been directed 
toward analysing the laboratory flow models which 
are formulated in enclosures of geometrically simple 
configurations, mostly in rectangular cavities. Of par- 
ticular concern are various flow models that have 
relevance to applications to the oceanic flow pro- 
cesses ; the common diffusing agents are therefore heat 
and salt (or some other dissolved substance). The 
fundamental aspects of the general subject of double 
diffusive convection have eloquently been reviewed 
(e.g. see Turner [l, 21, and Huppert and Turner 131). 

One of the striking characteristics of double diffus- 
ive convection in an enclosure is the formation of 
layers, separated by thin interfaces, under appropriate 
conditions. Especially, the emergence of well-mixed 
horizontal layers in a stably stratified Ruid, by way of 
convective motions, has been an issue of much inter- 
est. Turner [4], by heating from below a confined fluid 
having a statically stable salinity gradient, succinctly 
illustrated the layered structure. He estimated the 
growth rate of the first layer adjacent to the heated 
bottom. His theoretical and experimental inves- 
tigations also provided the criteria for the formation 
of the successive layers above the first. Incropera and 
Viskanta [5], using salt stratified solutions, examined 

t Author to whom all correspondence should be addressed. 

the flow heated from below for the cases of two differ- 
ent bottom wall conditions, i.e. a uniform surface 
temperature and a uniform heat flux at the bottom 
wall. It was seen that the secondary layers were 
developed when the thermal forcing at the bottom 
boundary satisfied certain restrictive conditions. 

The above-cited works dealt with the flows when 
the heating was applied at the bottom of the container. 
Another important form of the thermal boundary 
condition is heating at the sidewall, thereby creating a 
system-wide horizontal temperature gradient applied 
across the container width. This type of thermal forc- 
ing is of great help to a host of modern technological 
applications. As observed by Ostrach f6], essential 
elements of the heat and fluid transport phenomena 
that occur in materials processing involve double 
diffusive convection subjected to lateral heating. 
Spurred by such practical needs and motivated by a 
desire to deepen our basic understanding, several 
recent accounts addressed the principal character of 
the flow when heating was applied at a vertical side- 
wall boundary of the vessel (see, e.g. Thorpe ef al. (71, 
Suzukawa and Narusawa [8] and Tanny and Tsinober 
[9]). It has been established that lateral heating can 
also produce the layered structure in a solution with 
a me-existing vertical solute gradient. These exper- 
imental studies showed that instability takes place in 
the form of a system of roll-cells ; however, one crucial 
question is whether these roll-cells are formed simul- 
taneously or successively along the heated sidewall. 
The classical experiments of Thorpe et al. [7j were con- 
ducted by using a thin vertical slot. The experimental 
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NOMENCLATURE 

.4r aspect ratio, H/L u dimensional horizontal velocity 

C, dimensional concentration at the high- component 
concentration bottom wall V non-dimensionalized vertical veloci:y 

C, dimensional concentration at the low- component 
concentration top wall 1’ dimensional vertical velocity component 

( non-dimensional layer thickness, /I/V x non-dimensional horizontal coordinate 
AC’ concentration difference at initial state, .Y dimensional horizontal coordinate 

C,-C, Y non-dimensional vertical coordinate 
D mass diffusivity ? dimensional vertical coordinate. 

Y gravity 
H height of cavity 
I1 layer thickness observed in numerical Greek symbols 

result P, coefficient of volumetric expansion with 
L width of cavity concentration 
Le Lewis number, K/D IA coefficient of volumetric expansion with 
NM local Nusselt number temperature 
P non-dimensional pressure V reference layer thickness 

P dimensional pressure 0, dimensional temperature at the high- 
Pr Prandtl number, rjti temperature sidewall 
Ru effective Rayleigh number, g&ABq’jtiv 0, dimensional temperature at the low- 
R, solutal Rayleigh number, qpFACL7/~v temperature sidewall 

R, thermal Rayleigh number, ,q/3,A0L3/~v A0 temperature difference, (I,, - 0, 

R,, buoyancy ratio, ~,AC/fr,AO ti thermal diffusivity 
S non-dimensional concentration I’ kinematic viscosity 
T non-dimensional temperature P dimensional density 
t dimensional time PC dimensional reference density 
lJ non-dimensionalized horizontal velocity non-dimensional time 

component non-dimensional stream function. 

observations clearly demonstrated the horizontal cells 
propagating into the interior. However, the pre- 
dictions based on the concurrent analyses by Thorpe 
et al. exhibited partial inconsistencies with the exper- 
imental visualizations. In the experiments, the sense 
of rotation in all of the cells was the same, whereas in 
the stability analysis counter-rotating pairs of cells 

were predicted. Thorpe et ul. also presented the sta- 
bility diagram for the onset of the cellular convective 
motions. Following the original expositions of Thorpe 
et al.. a considerable number of papers have treated 
the general topics of the flow behaviour in a fluid 

system as having a stable background vertical solute 
gradient subject to an externally-imposed horizontal 
temperature gradient. Hart [IO] and Wirtz and Liu 
[I I] were concerned with the onset of cellular con- 
vection in a narrow slot. The major results of the 
stability analysis of Hart [IO] and the numerical com- 
putations of Wirtz and Liu [1 I] were in close agree- 
ment with the predictions of Thorpe et al. [7]. The 
stream patterns presented by Chen [12] displayed 
pairs of counter-rotating rolls in an infinite vertical 
slot, which was the anticipated result since he restric- 
ted himself to looking at periodic infinitesimal dis- 
turbances to the background state. However, the com- 
putations by Thangam et al. [13] for an inclined slot 

showed that the motions in all of the cells had the 
same sense of rotation. 

A decisive and physically insightful argument was 
advanced by Chen et al. [ 141, who considered similar 
problems in a relatively wide tank. They pointed out 
that there exists a characteristic length scale q, defined 

as ‘I = [P(T,,,S,)-p(T,,S.,)l/Idpld~lo, where pV3S) 
denotes the density as a function of temperature T 
and concentration S; subscripts ~3 and w refer to the 
conditions in the far field and at the wall, respectively ; 
and (dpldy), indicates the pre-existing stable density 
gradient. Physically, q can be interpreted as a measure 
of the vertical distance that a heated fluid element 
would rise against the pre-existing background den- 

sity gradient (dp/dy)“. Extending these lines of 
thoughts, they asserted that a physically meaningful 
Rayleigh number Ra could be defined by using q as 
the reference length scale. Furthermore, Chen et al. 
[I41 emphasized the significance of the critical 
Rayleigh number Ra,. They gave an estimate 
Ra, g I5 000 k2500; when Ru exceeds this value, 
cellular convection is expected to occur. The exper- 
imental work of Huppert and Turner [ 151 and Hup- 
pert et al. [I61 took measurements of the heights 
of the layers over a wide range of Ra. One notable 
contention of these investigations was that, beyond a 
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Rayleigh number of about IO’, the non-dimensional tion invoked, describe the motions under the present 
cell height c, c = h/q, was essentially independent of consideration, These equations, expressed in properly 
the Rayleigh number and c was given an approximate non-dimensionalized form and using standard 
value c E 0.62 [15] or 0.6 fI6]. notation, are 

A perusal of the preceding work clearly reveals that 
qualitative depictions have been provided for the basic 
physical mechanisms of the layer structure that arises 
in a stably stratified fluid due to the lateral heating. 
The above-mentioned previous studies substantially 
enhanced our fundamental knowledge of the major 
dynamic elements. However, at the same time, there 
also remain some significant inconsistencies as to the 
details of the flow behaviour. One elusive question is 
a precise description of the way the cellular patterns 
are generated and established. Stated alternatively, 
further explorations are needed to determine whether 
these cells are formed simultaneously or sequentially, 
as Ra traverses a wide range encompassing the sub- 
critical (Ra < Ra,) and supercritical (Ra > Rn,) flow 

regimes. Some of the assertions of the prior reports 
on the details of the layer structure and the associated 
thermal and concentration fields need to be verified 
by other independent investigations. 

au a a?+ax(uu)+~y(Vu)= -g 

The purpose of the present study is to perform 
elaborate numerical calculations of the double diffus- 
ive convection in a rectangular cavity. The flow is 
induced by an impulsively-applied system-wide hori- 
zontal temperature gradient in a fluid with a pre- 
existing statically stable salinity gradient. To date, 
there are not many comprehensive and full-dress 
numerical simulations of double diffusive convection 
under these physical constraints (see, e.g. Wirtz et al. 

[ 171). Obviously, extensive numerical computations 
have the advantage in rendering the precise details 
of flow evolutions leading to the established layered 
structure. However, these attempts require excessively 
large computing resources. These formidable practical 
difficulties, together with the severity of com- 
putational methodologies, have hampered fruitful 
progress in numerical studies in this field of research. 
Recently, aided by rapid innovations in computing 
capabilities, we have secured complete numerical solu- 
tions to the full, time-dependent Navier-Stokes equa- 
tions at high solutal (R,) and thermal (R,) Rayieigh 
numbers. These numerical results permit precise 
descriptions of the evolutionary details of the velocity, 
thermal and solutal fields. Flow characteristics in both 
the subcritical and supercritical regimes are portrayed. 
Critical cross-comparisons of the numerical results 
with the available analytical and experimental data 
will be conducted. The wealth of flow information 
obtainable by the present numerical computations 
illuminates the main character of the flow and helps 
resolve some of the inconsistencies of the previous 
endeavours. 

In the above, the non-dimensional quantities are 
defined as 

u = [U/&/L)], v = [n/@/L)], x = X/L, 

Y = v/L, z = [t/(L2/ic)], 

P = p/(~~‘/L~), AB = &--0,, AC = C,- C,, 

T = (Q- @,)/A& 

S = (C-C,)/AC, Pr = V/K, Le = KID, 

Ar = H]L, 

As is evident in the foregoing formulations, the 
relevant fluid properties are : kinematic viscosity, v ; 
thermal diffusivity, K ; solutal diffusivity, D ; and 
coefficient of volumetric expansion with temperature 
(solute), &(&). The relevant non-dimensional pa- 
rameters are : the Prandtl number, Pr ; the Lewis 
number, Le; the thermal Rayleigh number, R,; the 
solutal Rayleigh number, R,; and the cavity aspect 
ratio, Ar. 

2. THE MODEL 

The full, time-dependent, two-dimensional Navier- 
Stokes equations, with the Boussinesq-fluid assump- 

A schematic of the flow configuration is shown in 
Fig. I. The cavity is of width L and height H, and the 
Cartesian coordinates (x, y), with the corresponding 
velocity components (u, u), are indicated therein. As 
ascertained earlier, in the initial state, the fluid is 
motionless and at uniform temperature (T = 0). How- 
ever, the fluid has already been stably stratified by a 
vertically-linear distribution of solute. At the initial 
instant t = 0, the temperature of the left vertical side- 
wall (X = 0) is abruptly raised to T = 1 and is main- 
tained thereafter. All the boundary walls of the cavity 
are impermeable to solute, i.e. &S/an = 0. The ensuing 
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motions inside the cavity are to be studied. Hence, the 
proper initial and boundary conditions are 

U= V=T=O, S= I-l’/AuatT=O; 

li = V = ‘2 = 0 on all solid boundaries ; 

T=lonX=O. T=OonX=l 

i?T 
,~,=Oon Y=O, Ar. 

In the actual computations, the Prandtl number Pr 

and the Lewis number Le were set to 7.0 and 100.0, 
respectively, to simulate the approximate values of salt 
water. The aspect ratio Ar and the thermal Rayleigh 
number R, were fixed at 2.0 and lo’, respectively. The 
solutal Rayleigh number R,, and, accordingly, the 

buoyancy ratio R,,, were the major variable 
parameters. In the present calculations, in an effort to 
examine the flow behaviour in both the supercritical 
and subcritical regimes, R,, covers a wide range 0.G 
50.0. Obviously, R,, = 0.0 corresponds to the case of 
purely thermal convection. 

The numerical techniques to solve the above equa- 
tions have been well established. We have chosen an 
amended version of the SIMPLER algorithm, which 

was originally developed by Patankar [IS]. The 
SIMPLER algorithm is based on an iterative method, 
and the convergence criteria are needed. In the present 
study, we have adopted the following convergence 
criteria at each time step : 

I(‘i: + w;).,l,>,, 

jGJ;- < Fi, 

y; ’ _$:,,I 

c#(y m‘,x < E2 

where 8, and a2 are typically 10e6 and IO-“, respec- 
tively, 4 indicates the physical variable of interest, and 
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superscript k denotes the iteration index. The grid net 
was highly stretched in the vicinity of the solid walls 
to improve resolution of the boundary layers. The 
typical grid points in the present study were (51 x 85). 
and appropriate modifications were made to the mesh 

when finer mesh nets were desired. 
Mention should be made of the parallel numerical 

computations [19. 201, which have tackled double 
diffusive convection in a rectangle when the horizontal 
gradients, of both the temperature and solute, are con- 
currently imposed on the vertical sidewalls. The 
specifics of the numerical models employed in these 
studies were the same as the present work. The above 
studies have clearly illustrated the agreement between 
the numerical results and the available experimental 
observations [21, 221. This close agreement docu- 
mcnted in the above reports gives credence to the 
soundness of the numerical techniques being utilized 

in the present numerical computations. 

3. RESULTS AND DISCUSSION 

The results of extensive numerical computations 
will be organized so as to clearly portray the principal 
flow characteristics in the two regimes as classified by 
Chen et ~11. [14], i.e. the supercritical (Ra > 1.5 x IO”) 
and subcritical (Ru < 1.5 x 104) regimes. Here. the 
Rayleigh number is defined by using the length scale 
r~ (F p,/l,A@/](dp/dy)],) = H/R,, as the reference length 
scale. Therefore, Ra (= g[r’,AOq ‘/tizl) = R,(Ar:‘R,,)‘, 

and it follows that, for a given set of paramctcr values, 
RN is determined when the value of R,, is assigned. 

Before proceeding to detailed analyses of the main 
results. we shall scrutinize the gross features of the 

flow in the very early phases. As expected, the early- 
time behaviour displays substantial qualitative simi- 
larities between the two regimes. Figure 2 shows the 

Flc;. 2. Plots of stream functions at an early time 
(T = 0.0005). Conditions are (a) Ra = IO* (I?,, = 20.0) and 
(b) Rrr = 2.33 x IO' (R,, = 7.0). Maximum and minimum 
values of $ are (a) $,,, = 0, $,,,. = -0.5298 x IO; (b) 

*,,x = 0. ti.1,” = -0.1365 x IO’. Values for $ arc, from the 
boundary to the interior, O.OS$,,,, 0.20~,,,,,. 0.3.%/j “,,“, 

0.50$,,,, 0.65$,,,, 0.80#,,,, and 0.95$,,,, 
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la) bl (cl k/l (e) 
FIG. 3. Time evolving plots of stream functions for Ra = 2.33 x IO’ (RP = 7.0). Times are: (a) r = 
0.005 ; (b) r = 0.02: (c) T = 0.05; (d) t = 0.09: (e) t = 0.30. Values for $ are the same as in 
Fig. 2. (a) I/I,,, = -0.1572x 102, $,,. = 0.1264; (b) IL,,, = -0.1959x lo’, tjmax =0.1664x 10; (c) 
Grnln = -0.1845 x 102. I/I,,,,, = 0.4259 x lo-‘; (d) $I,,, = -0.1634 x IO’, $,,, = 0.1062; (e) rJrnln = 

-0.3196 x IO”. (i/m,,x = 0.1212. 

numerically-constructed stream patterns at a very 
early time (r = O.OOOS), by plotting contours of the 
stream function $. As is customary practice, $ is 
defined such that U = a$/aY, V = -iAjj13X. Along 
the left vertical wall, almost-parallel vertically-upward 
motions are induced by the impulsively-applied ther- 

mal forcing at the boundary. In both regimes, the 
first appearance of cell(s) is noticeable in the corner 
region(s) near the heated vertical wall. These depic- 
tions of the early time behaviour are qualitatively 
consistent with the previous observations (see, e.g. 

Thorpe et al. [7] and Wirtz et al. [17]). 
First, we shall focus attention on the results in the 

supercritical regime. Figures 3-5 present the numeri- 

cal results which depict the evolution of flow (Fig. 3), 
thermal (Fig. 4) and solutal (Fig. 5) fields for an 
illustrative case in this regime (R,, = 7.0, thus 
Ra = 2.33 x 105). The left vertical sidewall is being 

heated, therefore, as shown in Fig. 3, the sense of 
rotation of the major cells is clockwise. However, a 
closer inspection of the flow data points to the pres- 
ence of secondary cells in the interfaces of layers 
and/or in the near-stagnant regions. The sense of 
rotation in these secondary cells is counter-clockwise. 

Nevertheless, it should be remarked that the strengths 
of the secondary cells are substantially lower than 

those of the major cells. Therefore, in the figures, the 
presence of secondary cells is not clearly captured 
since the magnitudes are very small (compare the 

maximum and minimum values of $ in Fig. 3). 
We shall now describe in more detail the charac- 

teristic behaviour in several temporal stages. In the 
early phase (see, e.g. the results for r = 0.005), the 

horizontal layers are visible only near the bottom 
horizontal wall. This region corresponds to the area 
where the temperature field shows instability. With 
the exception of this near-bottom wall region, the 
isotherms are fairly parallel to the heated sidewall. 
This indicates the dominance of the conductive heat 
transfer mode in the vicinity of the heated wall. The 

concentration field is also quite revealing. In the 
region near the heated sidewall, the horizontal density 
gradient forced by the lateral heating tends to be miti- 
gated by the transport of fluid of higher concentration 
from the lower level. The concentration at the far 

field away from the heated sidewall still maintains the 
original vertically-linear distribution. 

As time progresses (see the results for r = 0.02), the 

FIG. 4. Time evolving plots of isotherms for Ra = 2.33 x IO’ (R,, = 7.0). Times are the same as in Fig. 3 
Values for isotherms are, from left to right, 0.875. 0.750. 0.625, 0.500,0.375, 0.250 and 0.125. 
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FIG. 5. Time evolving plots of iso-concentration lines for Rn = 2.33 x 10' (R, = 7.0). Times are the same 
as in Fig. 3. Values for iso-concentration lines are : A, 0.1 ; B, 0.2; C, 0.3 ; D, 0.4; E, 0.5 ; F, 0.6; G, 0.7 ; 
H, 0.8; I, 0.9. Maximum and minimum values of concentration are: (a) S,,,,, = 0.3850x IO-‘, 
LX = 0.9954: (b) S,,,,, = 0.6893 x IO-‘, S,,, = 0.9673; (c) S,,, = 0.8532 x lo- ‘. S,,,,, = 0.9060; (d) 

S,,,,, = 0.1102, S,,, = 0.8512; (e) S,,,, = 0.2362, S,,, = 0.7773. 

influence of the heated sidewall has advanced further 
into the interior. The temperature field discloses 
unstable configurations in wider portions of the 
cavity. This is concomitant with the production of 
more of the horizontally propagating rolls in the bulk 

of the flow field. The heated fluid element ceases 
upward motion at the level where the original density 

distribution compensates the density deficit caused by 
the lateral heating. Once this level is reached, the fluid 
element turns in the horizontal direction, thereby a 
layered structure is formed. The fluid that moves away 
from the heated sidewall shows a slightly downward 
tilt, since it loses heat to the cold ambient fluid on 
this excursion [15]. As demonstrated in Fig. 3(b), the 
height of the layer h, when scaled by 7 (= H/R,,), is 
found to be compatible with the estimate of Huppert 
and Turner [15], i.e. h/q g 0.62. The concentration 
field, in association with the layered velocity field, 
shows appreciable mixing within each layer owing to 

vigorous convective activities. 
At a still later time (see the results for T = 0.05), the 

rolls seem to have reached the opposite cold sidewall. 
The entire cavity is filled with fully-developed layers, 
and these layers are separated by very thin interfaces. 
Since the thermal diffusivity is much larger than the 
solutal diffusivity, the thermal adjustment is more 
rapid, and therefore, the thermal field readily con- 
forms to the layered velocity structure. The thermal 
field is stably stratified within each layer. This com- 

puted thermal field is consistent with the experimental 
observations of Thorpe et aI. [7]. After this stage, the 
merging process takes place, i.e. two adjacent layers 
merge into a new, single layer. This was also seen in 
the experiments of Wirtz and Reddy [23]. The tem- 
perature and concentration fields are adjusted accord- 
ingly. The merging process persists to a rather large 
time. The plots shown for the largest time instant 
computed in the present study (7 = 0.3) exhibit the 
general trend of the flow approaching the steady state. 
All the rigid boundary walls of the cavity are imper- 
meable for salinity ; as the merging process continues, 

the concentration field tends to be equalized in the 
whole cavity, due mainly to convective mixing and 
partly to the diffusion of solute. This implies that, 
encompassing the various stages of transition, the pre- 
existing linear solute distribution in the initial stage is 
being destroyed. This is the expected consequence of 
the pre-set conditions that there are no sources or 
sinks of the solute on the boundaries of the cavity. 

The final state will therefore be characterized by a 
unicell flow pattern and stably-stratified thermal 
field, together with a homogeneous concentration 

(S = 0.5). 
The time evolutions pictured here are qualitatively 

similar to the prior results of Wirtz et al. [17] at 

Ra = 105. The present study, being more specific and 
comprehensive, has clearly demonstrated the explicit 
and detailed flow patterns of the horizontally pro- 
pagating cells and the associated thermal and solute 
fields. 

As stated earlier, one of the striking features that 

were uncovered by the previous experiments was the 
existence of the distinctly-defined layered structure. In 
the present study, such a layered structure has been 
convincingly ascertained by extensive numerical 
results. In order to gain further physical insight, Fig. 
6 exhibits the vertical profiles of the local Nusselt 
number Nu (= - ZT/dXI,= (,) at the heated sidewall, 
and of temperature and concentration along the mid- 

width (X = 0.5) at time instant t = 0.05. Note that, 
in these intermediate stages, the whole cavity is filled 
with well-organized horizontal layers (see Fig. 3(c)). 
Careful inspection of the Nu profile of Fig. 6 indicates 
that the local maxima correspond to the levels of the 
centres of the layers (exactly speaking, to the slightly 
lower part of the centres of the layers due to clockwise 
circulation), and the local minima to those of the 
interfaces between the layers. This spatially periodic 
behaviour of the vertical profile of Nu is in close 
agreement with the experimental findings of Huppert 
and Turner [15]. As in the foregoing statements, the 
temperature field is stably stratified in the localized 
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FIG. 6. Vertical profiles of (a) the local Nu at X = 0, (b) temperature and (c) concentration at X = 0.5 
Conditions are Ro = 2.33 x 10’ (R,, = 7.0) and T = 0.05. 

area within the layer, and the conductive mode is 
prevailing in the regions of the interfaces. The charac- 
teristic S-shaped temperature profile bears this point. 
The salinity profile displays a step-like distribution. 
Within each layer, concentration is substantially uni- 
form due principally to convective mixing. The above 
numerical results are in fair agreement with the prior 

experimental observations (see, e.g. Thorpe et al. [7] 
and Huppert and Turner [15]). Such consistency is 
highly encouraging ; the specific comparisons between 
the present numerical simulations and the preceding 
experiments are mutually-supportive of each other. In 
particular, the present numerical data are strongly 
corroborative of the experiments both in qualitative 
observations and quantitative measurements. In pass- 
ing, a further scrutiny of the temperature and con- 
centration profiles of Fig. 6 reveals that the interfaces 
are of the diffusive type ; i.e. the fluid of high tem- 
perature and high concentration underlies the fluid of 
low temperature and low concentration [9]. 

As part of an effort to adduce the time-dependent 
layered flow structure, the vertical profiles of the hori- 
zontal velocity along mid-width (X = 0.5) are plotted 
in Fig. 7. Three different time instants are represented 

to portray the evolutions. At anearly time (z = 0.005), 
the broad stagnant region occupying much of the 
interior is discernible. As illustrated in Figs. 3(b)- 
(d), highly fluctuating velocity profiles are visible at 

intermediate and large times, reflecting the presence 
of the layered structure. As time elapses, the overall 
solute gradient, which was initially strongly stabi- 

lizing, weakens as a consequence of convective mixing. 
After the process of layer-merging commences, the 

convective activity is, in general, enhanced. This may 
be explained by noting that the effective Rayleigh 
number of a merged layer is larger than the Rayleigh 
number of an individual component layer before the 

merging. It should also be mentioned that, by way of 
the merging process, the heights of the layers undergo 
readjustments, as is apparent in the plots of the stream 
function $ in Fig. 3. 

In order to assess the effect of Ra on the trend 
of flow characteristics, several more runs have been 
computed. Figure 8, at Ra = 8 x IO4 (R,, = lO.O), dis- 
plays the flow evolutions toward the establishment of 
the fully-layered structure in the whole cavity. The 
value of Ra in Fig. 8 is smaller than that shown in 

Fig. 3, but this still belongs to the supercritical regime 

2. - 

1. 

0. Z 

-250. 
;) um* 

FIG. 7. Vertical profiles of horizontal velocity at X = 0.5. Conditions are Ra = 2.33 x 10’ (R, = 7.0). Times 
are: (a) 7 = 0.005, (b) t = 0.05 and (c) r = 0.3. The locations of interfaces at mid-width (X= 0.5) are 

denoted by x 
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FIG. 8. Time evolving plots of stream functi~~ns for Rrt = Xx IO" (R,, = 10.0). Times are: (a) T = 0.01, 
(b) T = 0.02, (c) 5 = 0.03. (d) 7 = 0.05, (e) T = 0.10. Values for ri, are the same as in Fig. 2. 

(a) $,“,,I = -0.1498x IO’. I//,,,<,, = 0.4850; (b) Q!/,,,,,: = -0.1611 x IO’, $m;ir = 0.1079~ 10: (c) 
$,“,,, = -0.1626 x IO’, ri/, ,,,, * = 0.1638x IO: (d) ijnnI, = -0.1714x IO’. $<t,,, = 0.9333: (e) tk,,>,,, = 

--0.2484x IO’. “La ,/.,\ = 0.1427. 

as classified by Chen et ul. [14]. At small times (Fig. 
8(a) for r = 0.01 and Fig. 8(b) for 7 = 0.02), several 
rolls are formed in the vicinity of the horizontal walls. 
However, a part of the interior surrounding the mid- 
depth is still substantially motionless, constrained by 
the prevailing stable concentration gradient. The 
height I? of the layer is found to be comparable to the 
predictions by Huppert and Turner [IS], Lc. 
h,/q z 0.62. The subsequent plots exhibited in Figs. 
S(c), (d) and (e) demonstrate the gradual increase of 
the number of layers and the horizontal propagation 
of these layers. Figure 8(e). at a relatively large time 
z = 0.1, shows a plot which depicts the stage when the 
whole cavity is filled with a system of well-developed 
horizontal layers, In the transition process of reaching 
this stage, several cells of smaller sizes and of sub- 
stantially diminished magnitudes rapidly merge 
and/or disappear. 

Figure 9 shows the results at a higher Ra 

(Rrr = 2.96 ‘x iOh, R,# = 3.0) than that in Fig. 3. At this 
high Ra, the way the layers are formed near the heated 
sidewall is more simultaneous than were seen at lower 
Rayleigh numbers. These spontaneously-formed lay- 

ers propagate toward the opposite wall more rapidly 
than the cases of lower Rayleigh numbers, The scale 
of layer height A is still compatible with the predictions 
of Huppert and Turner [IS], i.e. h/q % 0.62. As is 
intuitively clear, a higher Rn implies, in the present 
study, a lower R,, ; accordingly, the comparative mag- 
nitudes of the convective activities in the transition 
phases are stronger, since the prevailing solutal effects 
are weaker. Both the generation of layers and sub- 
sequent merging of the adjacent layers proceed more 
vigorously at higher Rayleigh numbers. At the rcla- 
tively large time instant shown in Fig. 9(e) for T = 0.1. 
only two distinct layers are discernible. For this par- 
ticular run, calculations were performed to a very 
large time, z = 0.6. Flows evolve very slowly at such 
large times, but the results confirm the expectations. 
At 7 = 0.6 (Fig. S(f)), the unicell flow patterns arc 
obtained. This is very akin to the well-known steady- 
state flow field in a purely thermal convection at high 
Ray leigh numbers in a cavity with deferentially heated 
sidewalls [24]. This can easily be anticipated in view 
of the fact that there are no reservoirs for solute in 
the present problem. 

la1 431 ICI 611 kl If1 
FIG;. 9. Time evolving plots of stream functions for Ru = 2.96 x IO" (R,, = 3.0). Times are: (a) T = 0.()1, 
(b) T = 0.02, (c) T = 0.03, (d) T = 0.05, (e) T = 0.10, (f) 7 = 0.60. Values for $ are the same as in Fig. 2. (f) 
$,,,, = -0.3336 x IO*. I++,~,% = 0.5037, (b) i,,,,, = -0.3265 x IO’, lo,,,, = 0.9985; (c) $,,, = -0.3718 X IO-. 
II, ,“., I = 0.4419: (d) I,+,,,, = -0.3027x IO’. k,x = 0.1002 x 10; (e) $,i, = -0.3794 x 102, gLr = 0.0; (f) 

$,“,” = -0.5908 x IO?. I/!,,,‘,, = 0.0. 
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Now, we shall turn to the subcritical regime for z = O.Ol), the convective activities are restricted 

(Ra < 1.5 x 104) as categorized by Chen et al. [14]. It to a narrow region very close to the bottom wall. 

has previously been asserted that, in the subcritical The prevailing solute gradient is substantial so that 

regime, the layers form successively rather than simul- convective motions are accordingly less vigorous. 

taneously as was seen in the supercritical regime. The Over much of the length of the heated sidewall, the 

numerical results for a representative subcritical con- isotherms are parallel, implying that the dominant 

dition (Ra = 104, R,, = 20.0) are illuminated in Figs. heat transfer mode is conduction. Only in the bottom 

10-12. At small times (see Figs. IO(a), I l(a) and 12(a) corner area do the isotherm patterns suggest weak 

L 
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FIG. 10. Time evolving plots of stream functions for Ra = lo4 (R,] = 20.0). Times are: (a) T = 0.01, (b) 
5 = 0.10. (c) z = 0.20, (d) z = 0.30, (e) 7 = 0.50. Values for $ are the same as in Fig. 2. (a) 
$,,, = -0.9444 x 10, $,,, = 0.2965; (b) $m,” = -0.1766 x lo’, $,,, = 0.7225; (c) G,,,,, = -0.2035 x lo’, 

$m,,x = 0.6824; (d) $m,n = -0.2317 x lo’, $,,. = 0.4990; (e) $,,, = -0.3103 x IO>, $m.x = 0.6702. 

FIG. I I. Time evolving plots of isotherms for Ra = lo4 (RI, = 20.0). Times are the same as in Fig. 10. 
Values for the isotherms are the same as in Fig. 4. 
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FIG. 12. Time evolving plots of iso-concentration lines for Ru = IO’ (R,, = 20.0). Times are the same as in 
Fig. IO. Values for the iso-concentration lines are the same as in Fig. 5. (a) S,,, = 0.5164x lo-‘, 
s nldX = 0.9928; (b) S,,, = 0.1127x IO-‘, S,,,, = 0.9280 : (c) S,,, = 0.1336 x IO- ‘, S,;,, = 0.9053 ; (d) 

S,,, = 0.6909 x lo- ‘, S,,, = 0.8860; (e) S “,,,, = 0.119X. S,,, = 0.8509. 
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convective motions. Similarly, the pre-existing ver- 
tically-linear solutal field remains virtually unaffected 
in the bulk of the cavity. Only very near the heated 
sidewall. in particular, in the bottom corner region, is 

a slight upward tilting of the iso-solutal contours seen. 
At later times, the sequential plots for 7 = O.tO and 

0.20 clearly demonstrate the successive appearance of 
a new layer on top of the layers already in existence. 
In conjunction with the successive generation of the 
layers. the upper regions of vertically parallel 
isotherms, where conduction is dominant, shrink in 
size in the vertical extent toward the top wall. 
However, the conduction-dominant thermal field 
advances toward the cold vertical sidewall. In the 
bottom portions of the cavity, thermal instability is 

induced, which brings about the successive formation 
of layers. Over these internlediate transition stages. 
the layer height 12 is not scaled with O(v). As shown 
in Figs. IO(b)-(d), in the intermediate phases, as time 
elapses, the overall strengths of convective motions 
increase ; also, the height of the top-most layer of the 
system of layers in the lower regions of the cavity 
increases. On the other hand, the thicknesses of the 
IWO bottom layers remain fairly constant after 
5 + 0.1 ; the growth of these two bottom layers is 
constrained by the bottom boundary wall and the top- 
most layer near the central portion of the cavity. At 
a relatively large time (see Fig. IO(d) for r = 0.30), a 
layer forms near the top boundary wall. The cor- 
responding features also take place near the top wall 
in the temperature and soiutal fields. As ascertained 
previously, the formation of layers is accompanied 

by stable temperature fields and well-mixed solute 
distributions in the localized regions concerned. A 
perusal of the numerical results reveals that the 
appcarancc of the layer near the top wall is delayed 
to a later time as Ra decreases, i.e. as R,, increases. 
This is attributable to the influence of a stronger pre- 

existing stabilizing solute distribution. which inhibits 
thermal convection in the cavity. As time progresses 
further, at a very large time (see Fig. IO(c) for T = 0.5), 
a new layer is fortned above the upper-most layer of 
the system of layers in the lower regions of the cavity. 
It is worth noting that the adjustment of the solutal 
field toward complete homogenization takes place at 
a slow rate. It is obvious that the large-time evolution 
is accomplished at a much slower rate in the subcritical 

regime than in the supercritical regime. 
By the preceding comparisons of the numerical 

results, which are typical of the supercritical (see Figs. 
335) and the subcritical regime (see Figs. IO--12). it is 
now clear that the evolutionary processes of 
layer formations can be characterized as being 
simultaneous and successive in these two regimes, 
respectively. 

In order to further the details of the characteristics 
of the subcritical regime, using the results of Figs. IO- 
12. the local Nusselt number at the left vertical wall, 
the temperature and solute profiles along the mid- 
width (X = 0.5) at a relatively large time (r = 0.20) 

are plotted in Fig. 13. In a manner similar to the cast 
of the supercritical regime, the Nu profile contains 
local maxima at the centres of the layers and local 
minima at the interfaces. .41so, the S-shaped tem- 

perature profile and the step-like solutal distribution 
are manifested in the region occupied by the layers. 
However, as stated earlier, the layer formation is suc- 
cessive ; therefore, in the upper portions of the cavity 
where no layers have been formed, NL( = O(1). This 
reflects the fact that convection is suppressed and the 
heat transfer is mainly effectuated by conduction in 
this region. The tempcraturc decreases monotonically 
vertically upward. and the solutai distribution main- 
tains the original linear gradient. Only in a narrow 
area adjacent to the top wall are a slight stratitication 
of the thermal profile and a locally homogenized solu- 
tal field visible ; this imphes the initiation of the layer 

near the top wall as displayed in Fig. IO(e) at this titne 
instant. 

The above examinations of the comprehensive 
numerical data are supportive of the characterizations 
offered by Chen c’t ~1. [f 41 with regard to the cxistencc 
of the critical Raylcigh number Ru, 2 I.5 x IO”. In an 
&fort to validate the quantitative soundness of this 

estimate of Rri,, several more runs have been executed 
using values of Rn in the close neighbourhood of the 
cxperimcntally observed value of Ru, z I.5 x IO’. 

Figure 14 shows the flow evolutions at 
Rcr = 2.37 x 10” (R,, = 15.0). a value slightly higher 
than Ru,. As depicted in Fig. 14(b). at a reasonably 
small time (z = 0.03), several layers are formed in 
the bottom region, which is similar to the preceding 
results in Fig. 10. However, it is noticeable that a layer 
appears near the top wall even in this early phase. It 
is also worth pointing out that the height of the layer, 
/r;t?, assumes a value slightly less than unity. This is 

strongly consistent with the prior observations by 
Chen et ai. [ 19 and Huppert and Turner [I 51. fhesc 
previous accounts asserted that h/q falls steadily from 
unity to a value of 0.62f0.05 as Ru increases from 
Ra, 10 a value of around 5x IO’. In summary, the 
results at a value of Ru near the borderhne of Rq., 
show a hybrid nature exhibiting the character of both 

the supercritical and subcritical rcgimcs. For the run 
of Fig. 14, the appearance of the layer near the lop 
wall in the early stage weighs more heavily toward 
a characterization of the simultaneous, rather than 
successive. flow evolution of the supercritic~~~ regime. 

In contrast to the results of Fig. 14, Fig. 15 portrays 
the flow patterns at Ru = 2.96 x IO’ (R,, = 3O), ;I value 
slightly lower than that shown in Figs. 10-13. During 
the entire transient phase up to a very large time 
(T = 0.51), only a single layer. formed near the bottom 
wall. is discernible. As titne progresses, this single 
layer grows in size. indicating the increase of con- 
vcctive activity in this region. In the hulk of the flow 
field. the convective motions are inhibited by the 
strong influence of the preexisting stable COW 

centration gradient. Similar results were obtained 
from other runs, using values of Ru further below Rn,. 
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FIG. 13. Vertical profiles of (a) the local Nu at X = 0, (b) temperature and (c) concentration at X = 0.5. 
Conditions are Ra = IO’ (R,, = 20.0) and z = 0.20. 
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FIG. 14. Time evolving plots of stream functions for Ru = 2.37 x 10” (R, = 15.0). Times are: (a) T = 0.01, 
(b) r = 0.03, (c) T = 0.05, (d) T = 0.15, (e) r = 0.30. Values for $ are the same as in Fig. 2. (a) 
i,,, = -0.1180x lo’,+,,, = 0.4871 ; (b) I/?~,” = -0.1358 x 102, t/j,,, = 0.8357; (c) I//,,,, = -0.1439 x lo’, 
$,,, =0.1372x IO; (d) I/I,,,,” = -0.2697x IO’, $,,, = 0.1348x IO; (e) $I,,,,,, = -0.2489x lo’, 

$,,, = 0.1460. 

FIG. 15. Time evolving plots of stream functions for Ra = 2.96 x 10’ (I$ = 30.0). Times are: (a) r = 0.01, 
(b) z = 0.10, (c) T = 0.20, (d) r = 0.30. (e) 7 = 0.51. Values for $ are the same as in Fig. 2. (a) 
$,,, = -0.6646x IO, tjmaX = 0.5895; (b) $,,, = -0.1376x IO’, I/,,,,, = 0.5225; (c) tj,,, = -0.1802x 10’. 

$ma, = 0.5949; (d) tj,,, = -0.1970 x lo’, I& = 0.1761 ; (e) $,,,,, = -0.2966 x lo’, I/J,,,~* = 0.4660. 

Figure 16 is designed to illustrate the explicit effect high Ra, the bottom layer is developed at an earlier 
of Ra on the local Nusselt number at the heated time instant and intensifies more rapidly. At a very 
sidewall. Figure 16(a) typifies the results at a small small value of Ra, much of the heat transfer near the 
time (r = 0.01). The maximum value of Nu, in general, heated sidewall is conduction dominant. The fluc- 
increases as Ra increases. This is anticipated since, at mating NU profile at large Ra is clearly in line with the 
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FIG. 16. Vertical profiles of the local Nu at X = 0. Times are 
(a) r = 0.01 and (b) r = 0.3. The values of Ru are: -~~~ . 
Ro = 8 x 10’ (R,, = 0.0, purely thermal convection) : - - -. 
Rtt = 6.4 x ii)’ (R,,=S.O); ~~. --. Ra=XxlO’ 
(R,,= 10.0): ...., Ru= IO’ (R,,=20.0); --..-m.-, 
Ro = 6.40 x 10’ (R,, = 50.0). The location of symbol x on 
the abscissa denotes the value of Nu obtainable under 

conduction. 

initiation of the roll formation near the heated side- 
wall. Figure 16(b) shows the results at a large time 
(Z = 0.3). At large Ra, the conduction-controlled heat 

transfer virtually disappears, and the fluctuating Nu 
profile. compatible with the layered flow structure, is 
in evidence. The maximum convective heat transfer 
takes place in the regions occupied by the bottom- 

most layer. 

4. CONCLUSION 

Comprehensive and thorough analyses have been 
made of the numerical solutions for the time-depen- 
dent double diffusive convection in a cavity. The 
numerical results showed that the fundamental 
character of the flow may be classified into the super- 
critical (Ru > Ra, 2 I.5 x 10’) and subcritical 
(Ro < Ra,) regimes. This categorization is consistent 
with the prior observations by Chcn t’t (11. 

In the supercritical regime. the appearance of the 
horizontal layers, formed in the heated sidewall and 
subseyuently propagating horizontally toward the 
cold sidewall, takes place simultaneously along the 
heated sidewall except in the vicinity of horizontal 
walls. The characteristic S-shaped temperature profile 
and the step-like solute dist~bution are visible in the 
whole cavity. in line with the establishment of the 
laycrcd flow structure. 

In the subcritical regime. the formation of the hori- 
zontal layers is achieved successively, commencing 
at the bottom wall and new layers arc sequentially 
formed above the top of the already-developed layers. 
In the regions where no layers have yet formed, the 
temperature field is conduction dominant and the 
solutal field retains the original pre-existing vertically- 
linear gradient. The descriptions obtainable from the 
numerical solutions of the gross features of the evolu- 

J. M. HYUN 

tions of the flow fields are in close qualitative agree- 
ment with the available experimental visualizations. 
The height of the layer h was found to be scaled with 
I/ ; this tinding is in support of the contentions derived 
by the previous estimates by Huppcrt and Turner. 

The quantitative reasonableness of the value ot 
RN,. z I.5 x IO’, given by Chcn rt ul.. has been tested 
by the present numerical results. Careful comparisons 

of the computed data revcal that the value of Rr/, 
based on the experimental finding satisfactorily indi- 
cates the dcmar~~tion line separating the subcritical 

and supercritical rcgimc. 
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DOUBLE DIFFUSION DEPENDANTE DU TEMPS DANS UN FLUIDE STABLE 
STRATIFIE AVEC CHAUFFAGE LATERAL 

Resume-On etudie numeriquement la double diffusion dans un rectangle. Le fluide est initialement au 
repos avec un gradient solutal prtexistant de stratification stable. Le mouvement est crie par une elevation 
brusque de temperature a une paroi laterale verticale. Ont ete obtenues des solutions numeriques des 
equations completes de Navier-Stokes avec hypothese du fluide de Boussinesq. Des analyses sont faites 
pour un large domaine de nombre de Rayleigh solutal R, et un nombre de Rayleigh thermique R, = IO’. 
On construit les profils verticaux de vitesse, de temperature, de concentration et de nombre de Nusselt, en 
delimitant I’influence de l’effet de flottement solutal relativement a I’effet thermique. Le comportement de 
I’tcoulement est en bon accord qualitatif avec les visualisations experimentales. La caracterisation du 
caracttre fondamental de l’ecoulement dans le regime supercritique (Ra > Ru,) et subcritique (Ra < Ra,), 
basee sur les observations experimentales, est verifiee par les resultats numeriques. Les simulations 
numeriques illustrent la difference quantitative de formation dans le temps de la structure lamellaire dans 
les regimes supercritique et subcritique. L’estimation antericure de la valeur Ra, = I,5 x IO4 est trouvee 

&tre raisonnablement precise. 

ZEITABHANGIGE DOPPELDIFFUSION IN EINEM STABIL GESCHICHTETEN FLUID 
BE1 SEITLICHER BEHEIZUNG 

Zusammenfassung-Die doppelt-diffusive Konvektion in einer rechteckigen Anordnung wird numerisch 
untersucht. Das Fluid ist anfangs in Ruhe und besitzt einen stabil geschichteten Losungsgradienten. Eine 
pliitzliche Erhohung der Temperatur der einen senkrechten Seitenwand fiihrt zum Einsetzen der Bewegung. 
Der vollstlndige Satz der Navier-Stokes-Gleichungen wird unter Anwendung der Boussinesq-Approxi- 
mation numerisch gel&. Die Ergebnisse, welche einen weiten Bereich der Losungs-Rayleigh-Zahl R, 
unter Verwendung der thermischen Rayleigh-Zahl R, = 10’ abdecken, werden eingehend analysiert. Die 
Entwicklung des Striimungs-, Temperatur- und Konzentrationsfeldes im Hohlraum wird grafisch darge- 
stellt. Die senkrechten Profile der Geschwindigkeit, der Temperatur, der Konzentration und der iirtlichen 
Nusselt-Zahl zeigen den relativen EinfluB des konzentrationsbedingten Auftriebs gegentiber dem ther- 
mischen Auftrieb. Das berechnete Verhalten der Striimung stimmt gut mit verfiigbaren visuellen Strii- 
mungsbeobachtungen iiberein. Die Einteilung der Striimungsform in iiberkritische (Ra > Ra,) und unter- 
kritische Bereiche (Ra < Ra,), die auf experimenteller Beobachtung fuBt, wird durch die numerischen 
Ergebnisse in befriedigender Weise bestltigt. Die vorgelegte numerische Simulation bestltigt such frtihere 
Beobachtungen zum qualitativen Unterschied bei der zeitlichen Entwicklung der geschichten Struktur im 
iiberkritischen und im unterkritischen Bereich. Der Wert Ra, z I,5 x lo4 war frtiher iiberschllgig ermittelt 

worden, er wird durch die vorliegenden numerischen Ergebnisse als hinreichend genau bestltigt. 

HECTAHHOHAPHAX HM@@Y3M~ TEITJIA I4 MACCM B YCJIOBMAX I-IOIIEPEYHOFO 
HAI-PEBA )IGi~KOCTM C YCTO@IMBO~ CTPATM@HKAHWE~ 

hHOT2l”H~%lC~~HHO WZCJIenyeTCII KOHBeKnIUIC yYeTOMIIII+jIy3IIIITenJIa II MaCCbI B np,IMOyrO,IbHO% 

IIOnOCTIi. ~epBOHaWJIbH0 XSIJIKOCTb HaXOnATCIl B COCTOIIHBB nOKOI4 npII HaJIWSnI rpaneeHTa pacreo- 

peHHOr0 BeIWCTBa C yCTOI+IHBOji CTpaTII&IKaIIIIefI. ABIImeHIIe BbI3bIBaeTCII pe3KIIM pOCTOM Tebmepa- 

TypbI y OLIHOi 83 BepTBKaJIbHbIX 6OKOBbIX CTeHOK.nOJIyqeHbI WICJIeHHbIe peILIeHIIII nO,IHbIX ypaBHeHBfi 

HaBbexTOKCa B npu6na~ensu EyCCIIHeCKa. C IICnOnb30BaHIIeM Tennoeoro gncna Psnen R,= lO’npo- 
BeJIeH aHaJIIi3 WWIeHHbIX pe3yJIbTaTOB, nOIIy'IeHHbIX B IIIUpOKOM IIBanIL30He II3MeHeHIIfI YIiCen P3JIeII 

LuIll paCTBOpeHHOr0 BeInecTBa R,. r@ACTaBJIeHbI nonpo6HbIe rpa&iKti, sn_nocTpwpyhxnee3~onrona~ 

nonel TeYeHIIn, TeMnepaTypbI II KOHIIeHTpaIIIIII paCTBOpeHHOr0 BemecTBa B nonocr. rIocTpoeHbI BepTII- 

KaJIbHbIe npO@IJIH CKOpOCTeii TeMnepaTyp, K0HIIeHTpaIIIIi-i paCTBOpeHHOI.0 BeIIIeCTBa II ,IOKa,IbHbIX 

vacen HyCCeJIbTa,onIicbIBaIOIIIIIe B3aHMocBn3b Memny nonbebfHoii crinoii H3-3a HeonHoponHocTa K~H- 

IIeHTpanIIH II TenJIOBbIM3+~KTOM.PaCC=IWTaHHbIe XapaKTCpk5CTHKE4 Te'IeHIIl Ka'IeCTBeHHOCOrJIaCyIOTCFI 

C IIMeIOIIWMIICx '3KCnepIiMeHTaJIbHbIMII AaHHbIMH n0 BII3yaJIII3aIIEIII. HafIAeHHan II3 3KCnepIIMeHTOB 

KJIaCCA@IKaIIIIR OCHOBHbIX peWIMOB Te'IeHIIll Ha 3aKpHTWIeCKBii (Ra> Ra,) H flOKpIITWIeCKIIf,(Ra< 
Ra,) yAOBJIeTBOpEITeJIbH0 nOnTBepm4aeTCn 'IIIClIeHHbIMN pe3yJIbTaTaMII. npABefieHHOe ~HCJIeHHOe 

MonenApoBaHue nonTBepmnaeT TaKxe paHee cjIenaHHbie Ha6nIOAeHIIn, unmocrpHpymunie KaWCTBeH- 

HOe pa3JIWIIie HeCTaIIIIOHapHbIXICapTIiH 06pa30BaHIUICJIOIICTOiiCTpyKTypbI B 3aKpS$THW2CKOMAJJOKP,,- 

TWECKOM ~XGfMaX. 1'.~a.m13 nOJIy=IeHHbIX 'IIiCJIeHHbIX pe3ynbTaTOB n03BOnIIeT 3aK,IIOWITb, ST0 
II~LIbIJIyIIIaIIOIIeHKa3Ha~eHIIII Ra, 2 l,5 X 164nBJIneTC,InOCTaT09H0 TOYHOfi. 


