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NOMENCLATURE 

focal length of alipse (m); 
characteristic length (m); 
gravitational acceleration (m/s*); 
gap ratio, (max. gap width + min. gap 
width)/(length of major axis of inner cylinder + 
that of minor axis); 
metric coefficient, h’/A ; 
local equivalent thermal conductivity, ratio of the 
heat transfer by convection to by conduction only ; 
average equivalent thermal conductivity 

Nusselt number rh- ’ (JT/&)l : 
perimeter of ellipLe [m] ; ‘> 
Rayleigh number, @(T; - Tb A3/av); 
temperature [(T’ - To)/(T; - Tb)] ; 
radial independent variable ; 
radial velocity, AU’/u; 
angular independent variable ; 
angular velocity, AV’/a. 

Greek symbols 
a, thermal diffusivity [m’/s] ; 
PT thermal expansion coefficient [l/K] ; 
6 eccentricity ; 
y, kinematic viscosity [m’/s] ; 
% stream function, cp’/a; 
0, vorticity. 

Subscripts 

i, 
refers to inner cylinder; 
major axis length of inner cylinder used as length 
scale ; 

L maximum gap width in an annulus used as length 
scale ; 

0, refers to outer cylinder ; 

Superscript 

pi, perimeter of inner cylinder used as length scale; 
denotes real variable. 

INTRODUCTION 

IN RECENT years, natural convection in an enclosed space has 
received increasing attention both theoretically and experi- 
mentally. However the behaviour of natural convection in a 
horizontal annulus is not well understood, except between 
circular cylinders. 

* Present address: Department of Mechanical Engineer- 
ing, Han-Yan University, Sungdong-ku, Seoul, 133, Korea. 

This work is primarily concerned with natural convection 
in a horizontal annulus between confocal elliptical cylinders, 
which is the typical example of variable curvature, and it is 
possible to adopt the orthogonal elliptic cylindrical coor- 
dinate system. Since the analysis ofelliptical cross-section has 
a generality which can include the case of circular cross- 
section as a particular case, the analysis has a wider 
application than the previous one. The annular geometry 
between elliptical cylinders can arise in a wall section of: (1) a 
double insulated receiver containing a cryogenic fluid or a 
dangerous substance which needs to be located in a limited 
space, (2) a double insulated vessel for above substance whose 
centre of weight needs to be lowered or whose height is 
limited for transportable trailers and railway cars. 

T. H. Kuehn [l] extended the information about velocity 
and temperature distribution and local heat transfer coef- 
ficient with an excellent review of the annuli between 
horizontal concentric circular cylinders. In addition, he 
extended this study to a single horizontal cylinder and then 
compared his results with existing boundary layer solutions. 
The only study of elliptic cross-section in natural convection 
heat transfer was about a single horizontal elliptical cylinder 
by Lin and Chao [2], Raithby and Hollands [3,4]. 

In this work using a governing equatton whtch contams 
another non-linear parameter, eccentricity, in addition to the 
equation of a horizontal annulus with circular cross-section, 
the natural convective heat transfer between confocal ellipti- 
cal cylinders has been studied numerically. In addition, using 
air as a test fluid, an experiment was performed by the 
Mach-Zehnder interferometer and smoke test method in 
order to verify the numerical study. 

ANALYSIS 

We consider a steady laminar 2-D natural convection with 
uniform temperature at each elliptical cylinder. According to 
the posture of annulus we quote “blunt” and “slender” 
configuration from Lin and Chao [2]. The non-dimensional 
governing equations in blunt configuration are : 

w = - VQp, (1) 
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where 

u = h, ’ dfp/&., v = -h, 1 acp/au, (4) 

1 
<=___.- 1 

smh’ u + sin 0 sinh’ u cos’ c +cosh* u sin2 C’ (5) 

B = tan-’ 
cash u sin t 
sinh u cos r. (6) 

Inslender configuration, equation (7) must be used instead of 
equation (2). 

7’sin 6 sinh 2u 

2 - 

The boundary conditions are; 

c = 4 n/2 (for blunt configuration) 

L’ = 0, n (for slender con~guration) 1; 

= 4 (8) 

u=ui;tp=u=v~a~~/a~~=o, T=l, 

u=u,; ~=u=v=8~/aLJ=0, T=I). 
19) 

(10) 

EXPERIMENTALAPPARATUS 

The apparatus consists of two confocal elhptical cylinders 
enclosed in a cooling water jacket. A single outer elliptical 
cylinder with E, = 0.400 and a = 20mm was used in 
conjunction with three inner elliptical cylinders of ci = 0.688, 
0.574,0.474. All cylinders were 250 mm long and 3 mm thick 
copper. Using a Mach-Zehnder interferometer whose 
mirror-diameter is 2OOmm, the isotherms were taken. The 
streamlines were photographed by a simple smoke test 
method. 

RESULTS AND DISCUSSION 

The generality of this analysis was checked by forming an 
almost-perfect concentric circular cross-section for which the 
length of the minor axis was above 99.5% of that of the major 
axis for the inner cylinder. Our result was compared with 
Kuehn and Goldstein [6] when G = 0.8, Ra, = 5 x t@ and 
Pr = 0.7. For the greater part of the annulus, both results 
agreed with each other in respect of average heat transfer rate, 
temperature distribution and velocity fields of flow. But the 
position of the maximum heat transfer coefficient of the inner 
cylinder was about n!4 in angular direction above the lower 
limit of our result. 

Figure 1 shows the influence of Ra, on the average 
equivalent thermal conductivity at a = 2.11 mm, ei = 0.600, 
F, = 0.475 and Pr = 0.8. The rate of heat transfer is greater in 
slender configurations than blunt ones in the same con- 
ditions. It is believed that these phenomena arise because the 
magnitude of flow velocity in the middle portion of the 
annulus has been influenced by curvature at that portion. 

When the outer cylinder is much larger than the inner 
cylinder, the natural convection from the inner cylinder is 
simitar to that from the single elliptical cylinder. We chose an 
annuius whose ratio of the average axis length of outer 
cylinder to inner cylinder was as much as 20.08. Ra, of the 
annulus was chosen as 100 to provide a relatively thick 
boundary layer at the inner cylinder. The resulting local heat 
transfer rate is shown in Fig. 2 compared with the results 
using boundary layer equations. The qualitative trends are 
similar, but the magnitude of our result is about twice that of 
[6]. This indicates a lower limit range of Rayleigh number for 
which the application of the boundary layer equation to the 
single elliptic cylinder is not suitable. _. 
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FIG. 1. Influence of Rayleigh number on average equivalent 
thermal conductivity. 

cylinder on average equivalent conductivity at blunt con- 
figuration, when the ratio of the average axis length was 
about 6. For this purpose, we have constructed 9 annuli so 
that the area of heat transfer between outer and inner 
cylinders are the same by fixing the cross-sectional area of 
annuli as 61.1 cm’. In the case of .si = 0.9, the average 
equivalent thermal conductivity is9% lower than that of ri = 
0.1. This is presumably caused by the fact that the natural 
convective flow is obstructed by the broadening area of 
horizontal projection of the inner cylinder with increasing 
eccentricity. 

Among the experiments performed, one result with G = 
0.456 was chosen for comparison with numerical results. 
Figures 4 and 5 show the isotherms and streamlines re- 
spectively. Fairly good agreements were obtained. 
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FIG. 2. Comparison of heat transfer coellicient at Ra, = 100 
with boundary layer solutions. Figure 3 shows the intluence of eccentrrctty of mner 
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FIG. 4. Comparison between experimental and numerical temperature distribution at slender configuration 
for RaL = 3.795 x 104, Pr = 0.707, a = 2Omm, ci = 0.688, c. = 0.400. 
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FIG. 5. Comparison between experimental and numerical streamlines at slender configuration for Ra, = 
3.795 x 104, Pr = 0.707. a = 20mm, ci = 0.688, E, = 0.400. 
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constants, 1 < j < 5; 
specific heat at constant pressure; 
dissipation-rate of turbulent kinetic energy; 

gravitational acceleration ; 
kinetic energy ; 

K, 

1, 
Nu, 
p, 

Pr, 
43 

thermal conductivity ; 

mixing length ; 
Nusselt number; 
production-rate of turbulent kinetic energy ; 
Prandtl number; 
heat flux; 


