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Abstract-A combined numerical and experimental study is reported of natural convection inside a 
horizontal concentric cylindrical annulus partially filled with cold water encompassing the density inversion. 
A holographic interferometry system is employed to map the temperature distribution in the water layer, 
and a laser shadowgraph system is used to measure the local heat transfer coefficient on the water-wetted 
inner cylinder of the annulus. Numerical simulations have also been conducted for the steady, laminar 
natural convection of air/water layers enclosed in the annulus. Both the numerical and the experimental 
results obtained in the present study unveil an interesting coupling between the natural convection of the 
air layer and that of the cold water bulk in the presence of the density inversion effect. The predictions are 

in good agreement with the experimental data. 

INTRODUCTION 

IT IS WELL known that pure water exhibits a density 
extreme at 4°C under atmospheric pressure. Buoy- 
ancy-driven flows of water encompassing the density 
extreme (cold water) are of fundamental interest due 
to their relevance to numerous engineering and geo- 
physical applications. A recent review of research 
advances in natural convection of cold water by 
Gebhart [l] clearly points out that relatively few 
efforts have been devoted to this area. Of interest in 
the present study is natural convection heat transfer 
in a horizontal concentric cylindrical annulus partially 
filled with cold water, as depicted schematically in Fig. 
1. Having an air layer atop the water layer as shown 
in Fig. 1, a two-fluid natural convection situation 
arises in the annulus. The presence of the air/water 
interface can complicate the flow structures as well as 
the heat transfer characteristics of natural convection 
in the two-fluid annulus. So far relatively few works 
have been reported that deal with two-fluid natural 
convection in enclosures. Detailed surveys of these 
early studies can be found in refs. [2-4]. Of direct 
relevance to the physical configuration considered in 
the present work are those of refs. [3, 41. Projahn 
and Beer [3] conducted a numerical investigation on 
laminar combined buoyancy- and thermocapillary- 
driven convection in horizontal cylindrical annuli 
filled with four pairs of immiscible fluids. The authors 
recently extended the study of ref. [3] to investigate 
the influence of mixed thermal boundary conditions 

as well as interfacial heat exchange characteristics in 

horizontal cylindrical annuli filled with air/water 
layers [4]. However, the numerical works reported in 
refs. [3, 41 are rather restricted to the situations of 
which the fluid-fluid interface always coincides with 
the horizontal centreline of the inner cylinder of the 
annulus. 

The work reported in this paper represents a con- 

tinuing effort to expand the existing knowledge con- 
cerning the two-fluid natural convection ; the main 

FIG. 1. Schematic diagram of the physical configuration and 
coordinate system. 
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NOMENCLATURE 

il exponent in the density equation /’ angular velocity component, 
/I heat transfer area 
rl- distance of the air/water interface away Greek symbols 

from the horizontal centreline of the 
annulus ; 

thermal diffusivity 
thermal expansion coefficient 

(1 dimcnsionlcss distance. I/+ !L -\ density inversion paramctcr, 

6’ radial profile of inner cylinder CL - ~,r,,),t(T ~ r,,) 
r; dimcnsionlcss radial profile of inner ‘1 radial coordinate in transformed plane 

cylinder. F,‘/L 0 dimensionless temperature. 

F,,- radial profile of outer cylinder i T-m T,,)!(T, -- T,,) 
K> dimensionless radial profile of outer l’ absolute viscosity 

cylinder. F,: /L 1’ kinematic viscosity 

!I gravitational acceleration density 
I? heat transfer coefficient G angular coordinate centred at the inner 
k thermal conductivity cylinder 
L> gap of the annulus. (r,, -r,) 4 + angular coordinate 
NU Nusselt number 4 dimensionless angular coordinate, d, ’ /n 
PI Prandtl number. (v ir ) 4J r stream function 
I.+ radial coordinate li/ Limensionless stream function, rl, + ,‘z 
I dimensionless radial coordinate, r+ I 1. c + vorticity 
RO Rayleigh number, (11 dimensionless vorticity. (II+ l_‘/r 

,q fxp L?(T,- T<,)“/(V c( ) 
f., radius of inner cylinder Subscripts 

4 dimensionless radius of inner cylinder. + 1 - upper (air) and lower (water) layer. 
r,‘L respectively 

I’,, radius of outer cylinder i, 0 inner and outer cylinder. respectively 

R,, dimensionless radius of outer cylinder, S ratio of the quantity for the lower to the 
I’,, L upper fluid. 

I’sp coefhcient in density equation 
T temperature Superscript 
ll radial velocity component circumferentially averaged quantity. 

objective is to shed light on the effect of density inver- 

sion in the cold water layer on the air/water natural 
convective fluid flow and heat transfer in enclosures. 
A series of numerical simulations via a finite difference 

method has been performed for the physical con- 

figuration under consideration. The numerical simu- 
lations are supplemented by experiments in a hori- 

zontal concentric cylindrical annulus filled with 
various volumetric fractions of the water layer. Tem- 
perature distributions in the water bulk were mapped 
by means of a holographic interfcromctry system. A 
laser shadowgraph system was used to measure the 
local heat transfer coefficient along the water-wetted 
portion of the inner cylinder of the annulus. The 
numerical results are validated through comparisons 
with the corresponding experimental data. 

ANALYSIS 

As shown in Fig. 1, the coordinate system selected 
for the mathematical formulation of the physical 
problem considered here has its origin located at the 
midpoint of the air/water interface. The air/water 

interface is assumed Hat and the influence of the 
curved meniscus at the fluiddsolid interface is 
neglected. The location of the interface is designated 
by its positive/negative distance, d’ , below/above the 
horizontal centreline of the concentric annulus. The 

outer and inner cylinders of the annulus are main- 
tained as the cold and hot isothermal surfaces, respec- 
tively. 

The Huid flow developed in the air/water layer 
enclosed in the annulus is assumed to be two-dimen- 
sional, steady. laminar, incompressible, and the 
Boussinesq approximation is invoked. The prop- 
erties. except for the density in buoyancy force terms, 
are assumed temperature independent. Effects of 
vaporization/condensation and mass transfer at the 
interface are neglected. The viscous dissipation and 
compressibility effects are also assumed negligible. 
Moreover, symmetry with respect to the vertical mid- 
plane through the axis of the cylinders is assumed in 
order to reduce the computational effort. 

To circumvent the difficulty of an irregular solution 
domain encountered in the situation in which the 
annulus is not half-filled with water, namely the air,’ 
water interface is not flush with the horizontal 
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centreline of the annulus, a radial coordinate stretch- 
ing transformation is incorporated in the present 
paper to map the domains occupied by either fluid 
into a half circle, respectively, in the (Q, 4) plane 
where 

r-Fi(7c#l) 

v = F,(?tqq-F&#J)’ (1) 

In equation (1) E(nlp) and FO(s+), respectively, are 
the radial profiles of the inner and outer cylinders 
measured from the mid-point of the air/water inter- 
face and are given as 

F,(nb) = [R,2-d2 sin’ (no)]“*-dcos (7~4) (2a) 

and 

~~{~~) = [R;‘--d2 sin’ (a~)]“2+~cos (~4). (2b) 

Using the foregoing transformation, equation (I), the 
restriction of the air/water interface being always flush 
with the horizontal centreline of the annulus imposed 
in the previous numerical analyses [3,4] can be readily 
relaxed to a greater extent that the interface position 
may be varied as long as the interface remains in 
contact with the inner cylinder of the annulus. 

With the foregoing assumptions, in the transformed 
domain the dimensionless governing equations for the 
physical configuration considered can be written in 
terms of vorticity, stream function, and temperature 
as : 

vorticity equation 

(3) 

stream function equation 

v2’j = -co (4) 

energy equation 

1 aq a$aO ati a6 
--i--- nr ar a4 av alI a4 > 

= Dv2e 

(5) 

where 

1 a* 
+ %+-~ff? a (,-ja) 

(44’ a42 1 art 

(W 

-= 
1 

(64 

azl -I a*F, 

[ 

all aFo 
ad?-F,-F, v&$i+2&js 

and for the water layer, (0 < 4 < 4) 

B=l, C=l, D=I, 

and for the air layer, (i < # < I) 

B=$, c=fi*, D = cl,, 

The buoyancy terms in the vorticity equation, equa- 
tion (6e), for the water layer are based on a non-linear 
density-temperature relation for cold water proposed 
by Gebhart and Mollendorf [5] 

p(T) = Pm(l --rJAT-IT,l”) (7) 

where P,,, = 999.9720 kg m-3, rsp = 9.297173 x 
10-h(“C)-“, T,,, = 4.029325”C, and a = 1.894816. 

The dimensionless boundary conditions for the 
problem may be stated as 

at (b = 0 or 1 (symmetry line) @a) 

G-%=0, 0=0 at ~=l, O<d<l (gb) 

a$ 
$=--0, @=I at q=O, O<#<l. 

all 
(gc) 

In addition, the conditions at the air/water interface 
are given by 

0+ = em (9a) 

M, = UP (9b) 

v, = v_ = 0 (9c) 

It should be noted that in the continuity condition of 
the interfacial shear, equation (9e), the surface tension 
effect is neglected in considering the size of the test 
cell used in the experimental part of the current study 

1% 



1374 C. j. kio and Y. H. LI> 

6 

5 

4 

8 1 

- - 

FIG. 2. Schematic diagram of the test cell : I. window 01 
glass; 2, cylindrical heat exchanger; 3, annular cavity (test 
region) ; 4, fixer: 5. vacuum tube; 6. compensating tube ; 7, 
cooling coil : 8, copper cylinder; 9, insulator of packed fibre ; 

10. O-ring. 

The foregoing formulation for the problem con- 
sidered here clearly reveals that the fluid flow and heat 
transfer of the air/water layer enclosed in the annulus 

arc governed by the following dimensionless par- 
ameters: the Rayleigh number, Ru , the Prandtl 
number. Pr., the density parameter. 1’. the par- 
ameter, fi*( = /I+ (T, - T,) ’ “/ap). the radius ratio. 
r,,/r,, and the dimensionless distance. d, designating 
the position of the air/water interface. 

The field equations (3)-(5), together with the 
boundary conditions and interfacial conditions, equa- 

tions (8) and (9). were solved numerically utilizing 
a finite difference method. The field equations were 
discretized on a non-uniform mesh system having a 
denser grid near both the solid boundaries of the 
annulus and the air/water interface. The derivatives in 

the field equations were approximated by the second- 
order central difference scheme except for the con- 

vective terms for which a two-dimensional QUICK 
scheme [6] was employed. 

The steady-state solutions to the tinitc difference 
equations were then obtained through an iterative 
procedure. The details of the calculation procedure 
are essentially the same as those described in the 

earlier study [4] and do not need to be repeated 
here. After performing sensitivity tests with different 
grids, a non-uniform mesh system of 35(radial) by 31 
(angular) grid points was respectively chosen for 
the air and water layer as a compromise between 

cost and accuracy. 

EXPERIMENTS 

Experiments were performed in a well-insulated test 
cell of horizontal concentric cylindrical annular cross 
section, partially filled with distilled water as shown 
schematically in Fig. 2. The annular test cell consists 

mainly of an outer brass tube of inner diameter 15.2 
cm, 9.6 cm in depth, and an inner cylinder of outcl 
diameter 5.8 cm, yielding a nominal radius ratio of 
2.60. The outer tube is wrapped by a heat exchanger 
coil which is soldered to the outer surface of the tube. 
Outside the heat exchanger coil a 5 cm thick blanket 

of foam insulation material is utilized to minimize 
heat exchange with the ambient environment. The 
inner cylinder is a multipass heat exchanger machined 

out of a brass rod. The constant isothermal surface 
temperatures at the inner and outer cylinders of the 
annulus were fulfilled through circulating thermally 

regulated fluid (a mixture of ethanol in water) from 

two constant temperature baths. respectively. The 
outcr!inncr surface temperatures of the inner/outer 
cylinder &cre measured with four copper-constantan 

thermocouples epoxicd separately into small-diameter 
holes located 90 deg apart angularly. which were 
drilled close to the inner surface of the annular test 
cell Pacing the air/water layer. In addition, another six 
thermocouples were positioned longitudinally along 

the surfaces of the inner and outer cylinders to moni- 
tor the temperature uniformity in the longitudinal 

direction of the test cell. In all experiments, the surface 
temperatures in the annular test section were uniform 
to within +O. I C angularly and iO.2 C longitudi- 
nally of the desired temperature. 

Double-pant glass windows were used as front and 
back walls for the test cell to permit access for optical 
measurements. Moreover, the gaps inside the doublc- 
pane windows were evacuated by a vacuum pump 
prior lo each experiment to further reduce heat cx- 
change with the ambient. 

A technique of real-time holographic interfcr- 

ometry [7] with I5 cm optics was utilized for map- 
ping the qualitative temperature field in the annular 
test cell. The adjustment of initial infinite fringe field 
was employed for the experiments and therefore the 
interference fringes obtained are equivalent to the iso- 
therms in the Ruid [8]. Moreover, a laser shadowgraph 
system \~a5 constructed to measure the local heat 

coefficient along the heated inner cylinder. Due to the 
distinct diff‘erence in the refractive indices of air and 
water. the optical measurements with the designed test 
cell could only be carried out for the water layer. The 
evaluation procedure for the shadowgraph measurc- 
ments involved with cold water is the same as that 
described in ref. [9] which measured the heat transfer 
coefficient during melting of ice around a horizontal 
heated cylinder. 

The cxpcriments were conducted in a rcgulal 
sequence. starting with the uppermost position of the 
air, water intcrfacc. namely the case when the annulus 
is full of water, (I= - 1.625, and proceeding then 
toward Iowcr and lower interface positions. More- 
over. the experiments for natural convection in the 
annulus filled with air were carried out and agree 
well with the intcrferometric results of Kuehn and 

Goldstein [IO], lending validation for the inter- 
ferometric measurements of the present study. 
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RESULTS AND DISCUSSION 

Numerical predictions 
The numerical results have been obtained for an 

annulus of radius ratio fixed at 2.6, Ra_ up to 106, y 
between 0 and 1, and d from -0.620 to 0.620. It 
should be underlined that all solutions presented here 
were found with /I* fixed at 0.036 since the solutions 
in the aforementioned ranges of Ra_ , y, and d appear 
to be insensitive to variation of fi* in the range of 
0.036-O. 1 corresponding to the temperature difference 

ranges considered in the present study. 
First of all, the flow structures and temperature 

distributions developed in both air and water layers 
enclosed in the annulus will be respectively presented 
by means of contour maps of streamlines on the right 
half of the annulus and isotherms on the left half. 

Figure 3 shows representative results for the annuli 

half-filled with water (d = 0) at three different values 
of the density inversion parameter with Ra_ = IO4 

and 10h. As is expected, the clockwise recirculating 

flow developed in the air layer is stronger than that 
in the water region as indicated by the considerably 

smaller magnitude of the stream function in the water 

layer. Furthermore, it can be seen from Fig. 3 that for 

fixed Ra_ with an increase of the density inversion 

parameter, the flow structure in the air layer remains 
rather unchanged while a typical evolution of the flow 

pattern toward a completely reversed buoyant cir- 
culation (convective inversion) is clearly observed in 

the water bulk. On the other hand, with a fixed inver- 
sion parameter, the increase of the Rayleigh number 

appears to promote the density inversion effect. For 
instance. with 7 = 0.4, shown in Fig. 3, the bicellular 

flow structure of approximately equal strength and 

size in the water bulk at Ra_ = lo4 is seen to evolve 
into the one dominated by the counter-clockwise cir- 

culation near the outer cylinder (outer circulation) 

at Ram = 106, indicative evidently of the enhanced 
density inversion phenomenon. This may be ration- 
alized by the fact that with increasing Rayleigh 

number, the intensified convective flow leads to 
develop a distinctive thermal boundary layer along 
the air-wetted inner cylinder and hence, due to the 

requirement of no thermal jump across the air/water 

interface, causes the density extreme isotherm in the 
water region to shift toward the inner cylinder at a 

given inversion parameter. Moreover, another impor- 
tant fact one can infer from the isotherms in Fig. 3 is 
that with a fixed Rayleigh number, the temperature 
field in the air region may be significantly affected by 

the occurrence of the density inversion phenomenon 
in the water bulk with increasing inversion parameter. 
At Ra_ = lo4 as the inversion parameter is increased 
up to 0.8 the thermal boundary layer along the air- 
wetted inner cylinder becomes thinner as evidenced 
by the clustering of isotherms there, hence yielding 
enhanced heat transfer. In all, the foregoing reflects 
clearly an interesting coupling of the natural con- 
vection phenomenon between the air and water layers 

enclosed in the annulus. Of further interest revealed 

in Fig. 3 is the appearance of two intense thermal 

plumes emanating respectively from the top and 
bottom of the inner cylinder in the air and water 
layer at Rap = lo6 with y > 0.4. 

Figures 4 and 5 are intended to illustrate the influ- 
ence of the changing air/water interface location on 
the flow structures and isotherm patterns with 
Ra_ = 19 490 for two values of the density inversion 
parameter. An overview of these figures reveals that 

regardless of the variation of the density inversion 
parameter the recirculating flow in the air region as 
expected intensifies with lowering of the air/water 
interface from the top of the inner cylinder as indi- 

cated by the increasing magnitude of the dimen- 
sionless stream function. As for the water layer, the 
influence of the interface position is rather a function 
of the density inversion parameter. For y = 0.2, Fig. 

4, as an ordinary fluid the flow structure in the water 
region remains dominated by a clockwise circulation 
although markedly weaker when the air/water inter- 
face position is lowered. Moreover, the isotherm 
patterns indicate that the diminishing water layer 
becomes stably stratified. With a higher value of the 

inversion parameter, y = 0.5 shown in Fig. 5, the low- 
ering of the interface induces stronger convection in 
the air layer, thus thinning the thermal boundary layer 
on the air-wetted portion of the inner cylinder. It 

follows that the density extreme isotherm in the water 
bulk shifts accordingly inward and as a result the 

density inversion effect becomes more pronounced 
as witnessed by the changing from a bicellular flow 
structure ford = -0.62 (Fig. 5) into nearly convective 
inversion at d = 0.3125. 

Next, the results for the local heat transfer rate 

along the surfaces of the annulus are examined in 

terms of Nusselt numbers on the inner and outer 
cylinder defined respectively as 

where 

k, 
E= 

for the air-wetted portion 

1 for the water-wetted portion. 

In Fig. 6 the typical variations of the local Nusselt 

number along the inner cylinder are elucidated for 
a half-filled annulus (d = 0) with various density 
inversion parameters at Ra_ = lo4 and 106. For 
Ram = lo4 and y = 0.2, it is evident from the figure 

that the local Nusselt number decreases gradually 
from the bottom reaching a flat minimum near the 
interface. Because of the lower thermal conductivity 
of the air layer above the interface, a sudden drop-off 
of the local Nusselt number across the interface occurs 
as indicated by a much smaller scale used for the right 
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0.8 

FIG. 3. Predrcted how structures and isotherms for a half-filled annulus at various density inversion 
parameters. 

half of Fig. 6. Beyond the interface the local Nusseh As 7 is increased to 0.8, the trend of the water-wetted 
number of the inner cylinder exhibits an increasing local Nusselt number appears to be reversed, indica- 
trend reaching a local maximum before a decreasing tive of the occurrence of the convective inversion 
trend is resumed toward the top of the inner cylinder. phenomenon. Meanwhile, across the interface the air- 
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d= -0.3125 d= 0.3125 

FIG. 4. Influence of air/water interface position on flow fields and isotherms at Ra_ = 19490 and y = 0.2. 

wetted local Nusselt number displays a monotonic 
decreasing trend. Moreover, it can be seen from Fig. 
6 that an increase of the density inversion parameter 
can lead to a markedly enhanced local heat transfer 
rate on the air-wetted part of the inner cylinder. This 
is consistent with the observation elaborated in Fig. 3 
of thinning of the thermal boundary layer in the air- 
wetted portion due to the changing flow structure in 
the water bulk related to density inversion. In 
addition, with increasing Rayleigh number the afore- 
mentioned features of the local Nusselt number on 
the inner cylinder become more distinctive. 

Figure 7 shows the variation of local Nusselt num- 
ber on the outer cylinder under the same conditions 
as those for Fig. 6. An inspection of the figure reveals 
that the local heat flux distribution along the outer 
cylinder qualitatively exhibits a trend opposite to that 
depicted in Fig. 6 for the inner cylinder. 

Attention will now be turned to the average heat 
transfer results on the inner cylinder, for which the 

predicted results will be presented in dimensionless 
forms as average Nusselt numbers defined respectively 
as 

Nu, dA, (114 

Nu, d/t,. (llb) 

Figure 8 conveys the typical presentation of the aver- 
age Nusselt numbers defined above against the density 
inversion parameter for the case half-filled with water. 
As seen in Fig. 8(a), on the water-wetted part of the 
inner cylinder a minimum average heat transfer rate 
arises at y = 0.4 which is smaller than the cor- 
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d = - 0.3125 d =0.3125 

FIG. 5. Influence of air water intcrfacc position on How fields and isotherms at Ku = I9 490 and ;’ = 0.5. 

50 10 

- Ro_ = IO4 d=O.O 
-- /To_= IO6 /-- 

y=o.s, / 

olol_Jol 
9’ 

50 
-:/?o_=104 

1.0 

d-O.0 
--:Ro_=10= 

1 

0.1 001 
0 30 60 so 120 150 180 

9’ 
FIG. 6. Distribution of local Nusselt number on the innel FIG. 7. Distribution of local Nussclt number on the outrl 

cylinder of a half-filled annulus. cylinder of a half-filled annulus. 
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FIG. 8. Relations of average Nusselt number on the inner 
cylinder with the density inversion parameter: (a) water- 

wetted portion ; (b) air-wetted portion. 

responding critical value of approximately 0.44 pre- 
dicted for the case filled full with water [I I]. Further, 
such a critical value of the inversion parameter 
appears to be insensitive to the variation of the Ray- 
leigh number for Ra_ > 104. As for the air-wetted 
portion, it is interesting to notice from Fig. 8(b) that 
for Ra_ > IO4 the air-wetted average Nusselt number 
experiences a step-function-like increase as the inver- 

sion parameter is increased past a value of around 0.4. 
For instance, at Ra_ = IO6 the air-wetted Nusselt 
number with y = 0.4 is enhanced more than 60% in 
comparison with that with y < 0.3. This interesting 
finding is further evidence reflecting the coupling 
between the convection heat transfer in the air and 
water layers within the annulus in the presence of the 
density inversion effect. 

Experimental results 

Representative interferograms obtained for the 
annulus partially filled with various volumetric frac- 
tions of water are shown in Fig. 9. A look at the 
interferograms for y = 0.5 and RL = 19490 clearly 
attests the numerical finding detected in Fig. 5 that 
the lowering of the air/water interface tends to further 
promote the density inversion effect as demonstrated 
by an evolution from a rather concentric fringe pat- 
tern at d = - 1.625 to that featuring a downward hot 
plume activity at d = 0.325 in Fig. 9. It may also 
be inferred from such a sequence of changing fringe 
patterns that the flow in the water layer experiences 

a variation from a bicellular structure into the one 

dominated by a reversed buoyant recirculation as that 

predicted in Fig. 5. 
In Fig. 10 the data for the measured local Nusselt 

number (the symbols) on the water-wetted portion 
of the inner cylinder are displayed to elucidate the 
influence of the air/water interface position at three 
different values of the density inversion parameter. 
For y = 0.2, it is clear from the figure that the local 
heat transfer rate on the water-wetted surface 
decreases with the lowering of the interface; and a 
monotonic decrease from the bottom until the inter- 
face can be detected, signifying a clockwise convective 

flow. On the other end, at y = 0.7 the variation trend 
of the local Nusselt number appears to be reversed, a 
further indication of the occurrence of the convective 

inversion phenomenon. Yet the data for y = 0.5 exhi- 
bit somewhat of a transition between that for y = 0.2 
and 0.7. Furthermore, the sudden drop-off of the local 
Nusselt number shown in Fig. 10 for y = 0.7 is attri- 

buted to the separation of the boundary layer below 
the interface. Above all, the measured heat transfer 

results displayed in Fig. 10 clearly demonstrate that 
the lowering of the air/water interface may induce 
significant heat transfer enhancement on the water- 
wetted inner cylinder in the presence of the density 
inversion phenomenon. 

For comparison, also included in Fig. 10 are the 

corresponding numerical predictions (the lines) for 
the water-wetted Nusselt number on the inner cylin- 
der. It appears that there exists a good agreement 
between the predicted and the experimental results for 

the local Nusselt number, lending further support to 
the numerical formulation adopted in the present study. 

Finally, Fig. 11 conveys the relation between the 

measured data of the water-wetted average Nusselt 
number and the density inversion parameter at differ- 
ent values of d. The measured average heat transfer 

data clearly attest the existence of a minimum value 
at certain critical values of the density inversion par- 
ameter, depending on the value of d. The critical value 
of the inversion parameter yielding the minimum heat 

transfer rate appears to be about 0.45 and 0.4 for 
negative and positive values of d, respectively. Fur- 
thermore, it can be seen from the figure that changing 

the air/water interface position has a significant influ- 
ence on the average water-wetted Nusselt number. In 
particular, the situation having the interFace flush with 
the top of the inner cylinder, d = 0.62, always leads 
to the smallest average Nusselt number. This may be 
due to the fact that the heat transfer area for the 
water-wetted portion of the inner cylinder remains 
unchanged until interface lowering flush with the top 
of the inner cylinder and therefrom starts to decrease 
with further lowering of the interface. A further exam- 
ination of Fig. 11 reveals that for y > 0.45, namely 

under the dominance of the density inversion effect, 
the lowering of the interface below the top of the 
inner cylinder consistently yields an enhanced average 
water-wetted heat transfer rate. 
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d=-1.625 d=-0.325 

d=-1.125 d=O.O 

d=-0.625 d=0.325 

Ru_=19490 

r = 0.51 

FIG. 9. Typical interltrograms for an annulus lillcd with wrioub volumetric fractions 01 Matcl- ;II 
Rt1 = 19490 and i’ = 0.5. 
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FIG. 10. Distribution of local Nusselt number on the water-wetted portion of the inner cylinder. 
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FIG. 11. Comparison of predicted results for the water-wetted 
average Nusselt number with the experimental data. 

Also included in Fig. 11 are the numerical pre- 
dictions for the corresponding experiments. Com- 
parisons between the measured data and predicted 
results show a good agreement in the variation trends, 
but with a discernible quantitative discrepancy. The 
discrepancy may in part be due to the uncertainty in 
evaluation of the heat transfer area associated with 
the meniscus of the air/water interface in contact with 
the surface of the inner cylinder as well as the heat 
exchange of the test cell with the ambient environ- 
ment. 

CONCLUDING REMARKS 

A combined numerical and experimental study of 
natural convection inside a horizontal concentric cyl- 
indrical annulus partially filled with cold water has 
been performed. Both the numerical and the exper- 
imental results obtained in the present study unveil an 

interesting coupling between the natural convection 

developed in the air layer and that in the water bulk 
in the presence of the density inversion phenomenon. 
The occurrence of the convective inversion phenom- 
enon in the cold water region induces a step-function- 

like increase of heat transfer on the air-wetted portion 
of the inner cylinder. On the other hand, the intensified 

natural convection in the air layer with increasing 
Rayleigh number may further evoke the occurrence 
of the density inversion phenomenon in the water 
bulk. Furthermore, it is found that the lowering of 

the air/water interface has a somewhat similar effect 
to that of increasing Rayleigh number on the density 
inversion phenomenon in the cold water region of the 

annulus. 
The predictions based on the mathematical for- 

mulation neglecting the surface tension effect are 
found to be in good agreement with the experimental 

data. 
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CONVECTION NATURELLE DANS UN ESPACE ANNULAIRE HORIZONT‘AI 
PARTIELLEMENT REMPLI D’EAU FROIDE 

R&sum&--On rapporte unc etude combinec numerique et cxperimentale de la convection naturelle dans un 
espacc horizontal entre deux cylindres concentriques. partiellement rcmpli d’eau froide avcc inversion dc 
densite. L’interferometrie holographique est employee pour connaitrc la distribution de temperature dam 
la couche d’eau et un systemc de visualisation ct ombre cst utilise pour mesurcr lc coeffictcnt local dc 
transfert thermique sur le cylindre intitrieur de l‘espace annulaire. On a conduit aussi dcs simulations 
numeriques pour la convection laminaire. naturelle. permancnte. des couches air, eau dans I‘espacc 
annulaire. Les rcsultats numtriques et cxperimcntaux rcvelent un couplage intercssdnt cntre la convection 
naturelle de la couche d’air et cclle de I’eau froide en presence de l’effct de I’inversion de dcnsite. Lcs 

@dictions sent en bon accord avcc les donnees experimentales. 

NATURLICHE KONVEKTION IN EINEM WAAGERECHTEN, TEILWEISE MIT 
KALTEM WASSER GEFijLLTEN RINGRALJM 

Zusammenfassung-Es wird cinc kombinicrtc numcrische und cxpcrimentcllc Untcrsuchung vergestellt. tn 
dcr die natiirliche Konvektion innerhalh eines teilwcise nut kaltem Wasser aefiillten. konzentrischcn. 
horizontalen, rylindrischen Ringraums behandelt wird. Dabei wird die Dichtiinversion heriicksichtigt. 
Zur Darstellung der Temperaturverteilung in der Wasserschicht wird die holographische Intcrfcrometric 
cingesetzt. zur Ermittlung der iirtlichen Warmeiibcrgangskocfizienten an der wasserbenctztcn inneren 
Wand dcs Ringrdums tin Laser-Schatten-Verfahrcn. Die stationiirc, laminare. natiirlichc Konvektion in 
den Luft/Wasserschichten im Ringraum wird zusatzlich numerisch untersucht. Sowohl die numcrischcn 
als such die experimentellcn Ergcbnissc der vorliegenden Ilntcrsuchung reigen cinc intcrcssante Koppclung 
zwischcn der natiirlichen Konvektion in der Luftschicht und dcrjenigcn im kalten Wasscr. wcnn die 

Dichtctnvet-sion auftritt. Die Ergebnissc von Berechnung und Experiment stimmen gut iiberein. 

ECTECTBEHHAX KOHBEKHMII B I-OPH30HTAJlbHOM KOJlbHEBOM KAHAJIE, 
HACTHYHO 3AHOJIHEHHOM XOJIOnHOH BOAOH 

,‘hWTa~--%CneHHO B 3KCOepllMeHTaJlbHO HCCneAyCTC5l CCTCCTBeHHal KOHBeKUHR B TOpEi30HfaJIbHOM 

KonbqeBohtKaHane,~acmwo3anon~emioMxono~ol BoA~~,B TeMnepaTypHoMnuanasoee,BKn~o9a~- 
UeM TeMFIepaTypy HHBepCEIH IUIOTHOCTH. &"K nOnyYeHHK paCIIpeAeneHllS TeMnepaTyp B CnOe BOAbI 

uCnOnb3yeTC~~OnO~a@iYeCKaK HHTep@pOMeTpkiK,a AnR H3Me~Hli11nOKaJIbHOfO KO3+@iIWieHTa Ten- 

nonepertoca Ha 0MbIBaerdoM ~0Aofi BHyTpeHiierw winwHnpe Konbuesoro Kariana npHMeHaercn nasepean 
-renewal cHoreMa. I~POBO~TCX qricnemioe MoAemiposaHse cTawioHapIioi nab4mapHoii KoHBeKwR B 

CnoIiX BO3AyXa H BOAbI,3anOnHIWIUHX KOnbUeBOi'r KaHaJI. KaK 48CneHHbIe,TaK ii JKCIIepEMeHTaJIbHbIC 

AaHHble,IIOny9eHHbIe I'IpH &W2CAeAOBaHHlf,paCKpbIBa~T FiHTep'SZHyEO 83aBMOCBR3b MeXCAy eCTeCTBeHHOii 

KOHBeKI&,eii B CnOe BO3AyXa H B o6aeMe XOnOAHOti BOA&I npH HanEISHH &-&KTa HHBepCHH IU‘OPHOCTH. 

~e3ynbTaTbIpaC~eTO~XOpO~OCO~AaCyIoTCKC3KC~ep~M~HTanbH~M~AaHHbIM~. 


