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Abstract-Natural convection heat transfer between concentrically located isothermal spherical, cylindrical 
and cubical inner bodies and their isothermal cubical enclosure was experimentally investigated. 
Comparisons were made with the existing data for these same inner bodies and a spherical enclosure. In 
addition, temperature distributions and flow visualization data were obtained for most of those geometries. 
Comparisons made between the spherical and cubical enclosure, for the same inner body types, showed that 
the cubical enclosure resulted in a larger Nusselt number for a given Rayleigh number and inner body size. 
Heat transfer data taken with a non-isothermal inner body showed that the isothermality conditions on the 
inner body could be relaxed. All of the heat transfer data was correlated with an average deviation of less than 
14%. Overall, the effect of the enclosure shape was small so long as the appropriate length scale is employed. 

INTRODUCTION 

THE AMOUNT of work accomplished in the area of 
natural convection heat transfer within enclosures has 
increased over tenfold in the last 20 years. Despite the 
intensity of the effort, knowledge in this area is still 
limited. The demands for additional information in this 
area have also increased, as evidenced by the growing 
number of applications for natural cbnvection heat 
transfer within enclosures. General areas of application 
include: nuclear design, electronic packaging, resi- 
dential heating, and more recently in the solar energy 
field, solar collector design and utilization of natural 
circulation for energy storage systems and passive solar 
heating. 

The majority of the work accomplished in the area of 
natural convection heat transfer within enclosures has 
been experimental. The coupling and non-linearity of 
the governing equations, the fact that the boundary 
layer approximations are not valid for enclosures and 
the complicated geometries involved have forced 
experimental solutions. The relatively few analytical 
and numerical solutions available are generally limited 
in applicability. 

Early experimental studies in enclosures include the 
work by Batchelor [ 11, Poots [Z], Eckert and Carlson 
[3], and Elder [4]. These and other early studies began 
to explain the basic heat transfer and fluid flow 
phenomena in enclosures and paved the way for much 
of the experimental work that followed. Experimental 
investigations of natural convection between a body 
and its enclosure have been limited to primarily 
cylindrical and spherical inner and outer geometries. 
Many researchers [S-12] have studied natural 

convection heat transfer and fluid flow in cylindrical 
annuli. These studies have been both experimental and 
numerical and have considered both oscillatory and 
non-oscillatory flows. Bishop and others [13-181 
experimentally studied natural convection from 
concentric spheres and cylinders and eccentric spheres 
to a spherical enclosure. Their work included flow 
visualization studies. Powe [19] has studied the 
bounding effects for both the spherical and cylindrical 
inner bodies. Few numerical solutions exist for these 
geometries and those that do, such as the solution by 
Mack and Hardee [20], are limited in applicability. 

More recently Powe et al. [21, 223 experimentally 
studied natural convection from a cubical inner body to 
a spherical enclosure. These two works also summarize 
all of the spherical enclosure flow and heat transfer 
studies. Warrington and Crupper [23] investigated 
natural convection from cylindrical tube bundles in the 
horizontal and vertical position to a cubical enclosure. 

Other areas that have received some attention are 
approximate solutions and methods for correlating the 
heat transfer data [24-271. In particular the generalized 
integral method of Raithby and Hollands [26,27] has 
been applied to several of the geometries mentioned 
above with good success. 

The primary intent of this investigation is to 
experimentally determine the heat transfer and 
temperature distributions between isothermal spheri- 
cal, cylindrical and cubical inner bodies and their 
isothermal cubical enclosure. These data will be 
compared with past investigations [U-18, 21, 223 
which utilized basically the same inner bodies and fluids 
but with a spherical enclosure. The effect of the 
enclosure on the overall heat transfer and the 
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NOMENCLATURE 

a any characteristic length ri inner body radius, except for cubes 

Ai inner body surface area where it is half the side length 
b distance traveled by the boundary layer r0 outer body radius (spherical outer body) 

on the inner body r(e) distance from the center of the inner 
cr, c2 empirically determined constants body to the surface of the inner body 

CP 
specific heat at constant pressure Ri inner body radius for the spheres, but 

9 acceleration of gravity, 9.8 1 m s _ * for the cylinders and cubes it is a 

Gr, Grashof number, p*gb (q - T,,)a3/~’ hypothetical radius of an inner sphere of 

h average heat transfer coefficient, a volume equal to the cylindrical or 

4convlAiAT cubical inner body 

G (total outer body height minus the total R0 outer body hypothetical radius equal to 
inner body height)/2 the radius of a sphere having a volume 

k thermal conductivity equal to the volume of the outer body 

k eff effective thermal conductivity T local temperature 
L gap width or hypothetical gap width, T arithmetic mean temperature, (7_ + TJ2 

R,-R, ; inner body temperature 

N&I Nusselt number, h;l/k T, outer body temperature 

Pr Prandtl number, cpp/k AT temperature difference, T - To. 

Q ratio of qconvlqcond 
qcond heat transfer by conduction 

4 COnv heat transfer by convection Greek symbols 

Ra, Rayleigh number, p*gp(T - TJa3cp/pk B thermal expansion coefficient 

Ra: modified Rayleigh number, Ra,(L/Ri) 0 temperature probe angular location 

r local position of thermocouple probe p dynamic viscosity 

(r = 0 at center of test space) P density. 

temperature field was determined. Correlation equa- 
tions to predict the heat transfer between these 
somewhat arbitrarily shaped inner and outer bodies 
was determined. Temperature field and visualization 
data are presented which will aid in the understanding 
of the heat transfer and fluid flow phenomena. 

APPARATUS AND PROCEDURE 

The heat transfer apparatus is shown in Fig. 1 with a 
spherical inner body in the test space. The cubical outer 
body was constructed of 1.27 cm thick, type 6061 
aluminum, with an inner 26.67 cm cubical chamber. 
This outer body was cooled and kept isothermal to 
within 2 K by six separately controlled rectangular 
water jackets (3.175 cm wide). A closed system 
consisting of a chiller, pump, and storage reservoir was 
used to cool the outer body. Flow visualization data 
were obtained with a similar apparatus made of clear 
polyvinyl and painted black except for a light source 
slot placed vertically on one side and one clear side 
which allowed photographs to be taken of the flow 
patterns. Thermal boundary conditions were the same 
for flow visualization studies and heat transfer studies. 

The inner body geometries and test fluids used with 
the spherical enclosure (used in this study for 
comparison) and the cubical enclosure (new data) are 
listed in Table 1. Basically the same inner body 

geometries and fluids were used in the present 
investigation. The rotated cube data represents a 
rotation of 45” horizontally from the parallel face 
position. 

The inner bodies were supported in the test space by a 
stainless steel stem 1.27 cm in diameter. This support 

e=cp e=34* 

voltmstw 

MuitiDaltii Switch 

FIG. 1. Heat transfer apparatus. 
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Table 1. Geometries and test fluids used with spherical and cubical enclosures 

Inner body (cm) Air Water 20 cs 350 CS Glycerin riiJ.0 Llri L/RI b @in) 

Spherical inner bodies (Bishop et at. [13], Scanlan et at. [14], spherical enclosure) 
Diameter 

10.16 x 
12.70 X 

15.24 X 

20.23 X 

8.89 X 

11.43 X X X 

13.97 x X X 

17.78 X X X 

22.86 X 

Cylindrical inner bodies (Weber et al. tJ.51, McCoy et zl. [17], spzericaat enclosure) 
Diameter x length 

0.40 
0.50 
0.60 
0.80 
0.36 
0.46 
0.56 
0.71 
0.92 

11.43 x 17.15 X 

11.43 x 22.23 X 

13.97 x 18.11 X X 

13.97 x 22.38 X X 

17.78 x 20.32 X 

17.78 x 22.53 X 

22.86 x 23.70 X 

Cubical inner bodies (Powe et al. [22], spherical enclosure) 
Side length 

6.39 X X X 

10.64 X X X 

12.56 X X 

Spherical inner bodies (new data, cubical enclosure) 
Diameter 

11.43 X X X 

17.78 X X X 

22.86 
Cylindrical inner bodies (new datz, cubical ekosure) 

X 

Diameter x Iength 
11.43 x 16.13 x X X 

11.43 x 22.61 X X X 

17.78 x 20.57 X X X 

17.78 x 22.61 
Cubical inner bodies (new data, czbical enckure) 

X 

Side length 
10.16 
12.70 
16.26 
16.26 

(rotated) 

x X X 

X X X 

X X X 

X X X 

X 

X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

0.46 0.98 0.81 23.67 
0.46 0.84 0.63 28.75 
0.56 0.66 0.58 26.10 
0.56 0.55 0.44 30.35 
0.71 0.34 0.32 30.48 
0.7 1 0.28 0.25 32.69 
0.92 0.07 0.97 36.73 

0.26 2.67 2.15 12.78 
0.43 1.10 0.89 21.29 
0.50 0.75 0.60 25.12 

0.43 1.89 1.89 17.96 
0.67 0.86 0.86 27.94 
0.86 0.45 0.45 35.92 

0.43 1.72 1.47 22.66 
0.43 1.54 1.14 29.14 
0.67 0.79 0.73 30.73 
0.67 0.74 0.66 32.77 

0.38 2.02 1.62 20.32 
0.48 1.36 1.10 25.40 
0.61 0.79 0.64 32.52 
0.61 0.79 0.64 32.52 

1.50 1.50 15.95 
1.00 1.00 19.94 
0.67 0.67 23.93 
0.25 0.25 31.93 
1.18 1.81 13.97 
1.18 1.18 17.96 
0.79 0.79 21.95 
0.40 0.40 27.94 
0.09 0.09 35.92 

stem housed the inner body thermocouples and power 
leads and was insnlated on its outside surface to 
minimize heat transfer to the test space. Access to the 
inner bodies was obtained through a 25.4 cm diameter 
removable circular plate on the top inner face of the 
outer body and a completely removable outer face, also 
on the outer body. All the test liquids were gravity fed 
into the test space through the bottom of the cubical 
enclosure. 

Each inner body was constructed using a number of 
heater tapes which could be independently controlled. 
Thus, a monotonic temperature variation could be 
attained from top to bottom along the inner body. 
Likewise, the inner bodies could be kept isothermal by 
adjusting the power to the heater tapes. The number of 
tapes per inner body varied with both the size and type 
of inner body, varying from four to a maximum of eight. 
The spherical and cylindrical inner bodies were 

fabricated from 0.064 cm thick copper and the cubes 
from 0.318 cm thick copper, which contributed to the 
isothermality of the inner bodies. The temperature 
variation (defined as the local maximum T minus local 
minimum Tdivided by & - T,) was less than 10% for all 
of the data except for a few of the water data points at 
the highest temperature differences. All inner and outer 
body temperatures were measured using thermo- 
couples imbedded in the bodies. 

In addition to the isothermal inner body data, over 
100 data points were taken with a large temperature 
variation imposed on the inner bodies. Temperatures 
were adjusted on the inner bodies to give maximum 
temperature variations from top to bottom and bottom 
to top. The average temperature variation for these 
data was 58.50%. 

Temperature profiles were obtained in the test space 
by traversing a thermocouple probe through nine 



thermocouple probe ports located in the outer body. 
These ports consisted of one common and four 

Q _ qconv _ k;ff _ c1 Ra;2 

qcond K 

additional ports on each of two separate axes. One axis 
was on a vertical plane through the center of the cube and 
while the other was the vertical plane through the edge 
of the cube. The five ports in each axis were at O”, 34”, 

Q = c, RaEC2 (7) 

80”, 120” and 160” measured downward from the top have been used with considerable success with the 
vertical axis. One of these planes is shown in Fig. 1. A spherical enclosure data [13-17,221. These equations 
vernier caliper attached to the thermocouple probe and others were also used to correlate the cubical 
fixed the location of the probe within the test space to enclosure heat transfer data. 
within 0.0025 cm. The thermocouples used to measure All of the fluid properties were evaluated at the 
the temperature profiles had head diameters less than arithmetic mean of the inner and outer body 
0.05 cm and they were not shielded. The air temperature temperatures. The hypothetical gap width and 
profiles were generally unsteady and qualitative in boundary layer length which have been used in the 
nature. investigations referenced above were also used as the 

The44 geometry/fluid combinations listed in Table 1 characteristicdimension in this study. The hypothetical 
were used to obtain over 800 heat transfer data points gap width, L = (R, - R,), is defined as the distance from 
with the cubical enclosure. In addition, temperature an imaginary outer sphere whose volume is equal to the 
profiles were obtained for selected heat transfer runs. volume of a cube to an imaginary (in the case of the 
Flow visualization studies were also made for air, 20 CS cylindrical and cubical inner bodies) inner sphere 
silicone oil, and glycerin in the test space. Flow patterns whose volume is equal to the volume of the inner body. 
were obtained for air and the liquids (20 CS silicone oil The boundary layer length, first proposed by Lienhard 
and glycerin) by using smoke and fluorescent paint [25] for infinite atmosphere natural convection, is the 
particles, respectively, for the tracer particles. distance traveled by the boundary layer on the inner 

With one of the fluids in the test space, power was body assuming no flow separation. For the spheres, this 
applied to the inner body and after equilibrium was distance was one-half the circumference of the sphere, 
established (approximately 2 h), the inner and outer for the cylinders it was the cylinder length plus one-half 
body temperatures and the total power input to the the circumference of the hemi-spherical end caps of the 
inner body were recorded. The heat transferred by cylinders, and for the cubes this distance was twice the 
natural convection was obtained by subtracting from cube side length. This is a physically significant length 
the total power input the 1-D conduction losses down parameter which has been used in data correlation in 
the insulated support stem and, in the case of air, the addition to length scales which are computationally 
radiation from the inner body to the outer body (the convenient. 
liquids are opaque to radiation). The radiation losses All of the heat transfer correlations presented below 
were determined by evacuating the test space ( < 20 pm were obtained using a standard least-squares curve 
Hg) and taking the difference between the total power fitting technique. The deviation referred to below is the 
input and the conduction losses down the stem. The absolute difference between the data and the equation 
conductive heat transfer losses were less than 4 and 1% value divided by the data value and the average percent 
of the free convection heat transfer for air and the deviation is the sum of these individual deviations 
liquids, respectively. Flow visualization studies divided by the total number of data points. The overall 
revealed no flow disturbance near the stem, and this experimental error was small and the data were 
implies that there was little heat transfer from the sufficiently precise so that statistical methods to prove 
insulated stem to the test fluids. The radiative losses for the following functional relationships were not 
air were of the order of 70% ofthe total heat transferred necessary. In the discussions that follow referral to a 
from the inner bodies. particular inner and outer body combination, for 

example cylinder-cube, the inner body will always be 
given first. 

HEAT TRANSFER RESULTS 

Equations of the form 

Nu, = c1 Ra’,’ 

Correlations for each inner body are given in terms of 
Nu, and Ra, in Figs. 224 for the spherical, cylindrical 
and cubical inner body types, respectively. In each of 

(1) 
these figures, for a given Rayleigh number, the Nusselt 
number decreased with an increase in the size of the 

Nu, = cl Ra?, where RaE = 
L 

Ra 
0 

(2) 
inner body. As has been explained by previous 

LK researchers [17, 231 this decrease in Nusselt number 
may be caused not only by a possible decrease in the 
heat transfer but also by an increase in the surface area 
of the inner body. Each of these figures exhibits a fairly 
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Nu, = cl Rdb2 

Nu, = c, Rap 

(4) 
significant geometric effect and very little Prandtl 
number effect. The geometric effect was reduced 

(5) significantly, though not eliminated, by correlating the 
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SPHERE DM.km) 

I NuL=0.576 Rapg” Il.43 A 

RaL 
FIG. 2. Heat transfer correlations for all of the sphere-cube FIG. 4. Heat transfer correlations for all of the cube-cube data 

data and each individual inner body. and each individual body. 

data with the modified Rayleigh number and using the 
boundary layer length as the characteristic dimension. 

The cube-cube geometry presented the possibility 
that a horizontal rotation of the inner body about its 
vertical axismight effect the heat transfer results. Figure 
5 compares the 16.26 cm cube in its standard position 
(parallel faces between the inner and outer cubes) and a 
45” rotation of the cube about its vertical axis. As can be 
seen in this figure, there is virtually no effect of the cube 
rotation on the heat transfer results. 

Figure 6 is a direct comparison between the 26.67 cm 
cubical enclosure and the 24.96 cm diameter spherical 
enclosure. For the same size inner body the cubical 
enclosure data has a higher Nusselt number than the 
spherical outer body. This would be expected since the 
larger enclosure more closely approximates natural 
convection to an infinite atmosphere. In addition, the 
3-D flows induced by the cubical enclosure (as evi- 
denced in the flow visualization work) would also en- 
hance the heat transfer. This difference in the Nusselt 
numbers decreased as the inner body size decreased 
indicating a smaller outer body effect. Each of the inner 
body types exhibited these trends. 

All of the heat transfer results discussed thus far have 
been for isothermal inner and outer bodies. The effects 
of a non-isothermal inner body are now considered. 

loo.oF 

CUBE LEWTHkm) 

I Nk=0.503 Rap”‘, IO.16 A 

2 Nu,=0.347 Ran-, 12.70 0 

Figure 7 shows the effects of a non-isothermal inner 
body temperature on the heat transfer results. 
Variation of the inner body temperature, defined 
previously, was 32.2% for the 16.26 cm cube and 20 CS 
fluid and 40.8% for the 10.16 cm cube and glycerin. The 
inner body temperature, ‘I, was evaluated by 
computing the arithmetic mean of the local 
temperature distributed over the inner body. The solid 
symbols in Fig. 7 (non-isothermal data) are divided into 
a group of points above and below the corresponding 
open symbol. The points above the isothermal inner 
body data. points represent an inner body with a 
maximum temperature at the top of the body and a 
minimum temperature at the bottom. The points below 
represent just the opposite temperature distribution on 
the inner body. A higher temperature in the upper 
region, a region of substantial convective activity, 
would tend to augment the driving potential for the 
heat transfer resulting in a larger Nusselt number. 
Similar results were obtained for the other geometries 
and fluids. The effects for the water data, which had an 
average temperature variation of 116%, were some- 
what greater while the air data, with an average 
temperature variation of only 22.4x, exhibited a 
smaller effect than that shown in Fig. 7. When all of the 
non-isothermal heat transfer data (over 100 data 

RaL % 
FIG. 3. Heat transfer correlations for all of the cylinder-cube FIG. 5. Comparison of the heat transfer for rotated cube with 

data and each individual inner body. the data for the cube in its standard position. 
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108 109 

Rab 

FIG. 6. Comparison of the spherical inner bodies with 
cubical and spherical enclosures for the 20 CS fluid. 

the 

points) were compared with the isothermal data it was 
found that the non-isothermal data were well 
represented by the isothermal data heat transfer 
correlations. This was true even when the data for a 
maximum temperature at the top of the inner body was 
considered separately from the data for the maximum 
temperature at the bottom ofthe inner body. In fact, the 
increase in the average deviation for any of the 
correlations presented below never exceeded 3.1%. The 
relaxation of the isothermal boundary conditions on 
the inner body increase the applicability of all of the 
correlations presented in this study. 

All of the heat transfer data for this study and for the 
previous spherical enclosure work is shown in Figs. 8- 
10. In making comparisons between these figures it 
should be noted that the vertical axis scale in Fig. 8 is 
only half the vertical axis scales in Figs. 9 and 10. For 

1000.0 

100.0 

N"L 

10.0 

1.0 

60.0 r 
.$, 

Nk I &&ii 
@ l $2d 

/4 2 
CUBE LENGTH (cm) 

0 
10.0 20 A 16.26 isothermal CS 

A 16.26 non-isothermal 

glycerin 
0 10.26 isothermal 
l 10.26 non-isothermal 

4.OU 
4.106 106 IO' 108 

b 

FIG. 7. Comparison of the isothermal inner body data with the 
non-isothermal inner body data for the 10.16 and 16.26 cm 

cubical inner bodies. 

each figure, the solid symbols represent the cubical 
enclosure data and the open symbols represent the 
spherical enclosure data. All of the conduction 
solutions used in qcond in Fig. 9 were obtained using 
standard finite differences. The curved surfaces of the 
inner bodies were approximated by using the closest 
grid point. The difference model was solved using 
successive over-relaxation. 

Evident from Figs 8-10 is the effect of the outer body 
geometry on the overall heat transfer. This effect can 
also be shown by comparing the following heat transfer 
correlations for all of the enclosure data 

Nu = 0 954Ra0.208 b . b (8) 

with an average deviation of 18.51% with 

Nub = 0.585R~:~.~~~ (9) 

I A sphere-sphere 

o cylinder-sphere 

o cube-sphere 

A sphere-cube 

m cylinder-cube 

l cube-cube 

(L) NuL=O.lOO RaL0'317,(all the data) 

@ NuL=0.0793 RaL0*326,(spherical outer body) 

@ NuL=0.253 RaLo'268,(cubical outer body) 

lo4 lo5 106. 10' lo8 log 

RaL 

FIG. 8. Heat transfer correlations for all of the heat transfer data and each enclosure type. 
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10.0 

0 Q=O.479 Ra*Lo'171,(air) 

@ Q=O.258 Ra*Lo*212,(water) 

@ 450.263 Ra*L0'227,(20 cs) 

@ Q=O.224 Ra*Lo*235,(350 cs) 

@ Q=O.252 Ra*Lo'220,(glycerin) 

0 water 

o 20 cs 

0 350 cs 

0 glycerin 

;P ’ 
+F :, open symbols - spherical outer body 1 

3 
1.0 solid symbols - cubical outer body 

1 1 1 I 1 

lo4 lo5 106 lo7 108 109 
Ra*L 

FIG. 9. Heat transfer correlations for all of the enclosure data and each individual fluid. 

with an average deviation of 14.75%. Equation (8) is 
based solely on the inner boundary layer length and 
equation (9) includes the outer body effects in the 
modified Rayleigh number. 

Solutions of natural convection heat transfer 
problems like the one we have been addressing can be 
divided in three regimes based on L/R [19]. These 
regimes are : (1) infinite atmosphere solution for large 
L/R, (2) enclosure solutions for moderate L/R, and (3) 

conduction solutions for small L/R,. It would be 
expected then that as L/R, decreased qconv/qcond would 
become the superior dependent correlating parameter. 
To verify this statement, the heat transfer data was 
correlated using only geometries with L/R, < 0.66 and 
L/R, < 0.45. The results showed that the advantage of 

4convlqcond over the Nusselt number increased since the 
average deviation decreased by several percent. 

The best correlation for all the spherical and cubical 

I @ Rub=0.5R5 Ra*b0'236 ,(a11 the data) 

Nub 

10.0 

@ hub=0.744 Ra*bo*222 ,(spherical outer body) 

@ Rub=0.482 Ra*b0*248 ,(cubical outer body) 

A sphere-sphere 

o cylinder-sphere 

o cube-sphere 

A sphere-cube 

m cylinder-cube 

l cube-cube 

lo6 137 106 109 10'0 10" 

Ra*b 

FIG. 10. Heat transfer correlations for all of the heat transfer data and each enclosure type. 
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Table 2. Correlations for the heat transfer data 

Fluid 

All 

All 

All 

All 

Air 

Water 

20 cs 

Glycerin 

Equation 
number 

2 
3 
5 

2 
3 
5 

2 
3 
5 

1 
2 
3 
5 
I 
2 
5 
7 
2 
5 
1 
2 
5 
2 
5 
7 

Correlation equations for the sphere-cube geometry 
0.369 0.253 13.52 
0.456 0.238 0.361 0.00665 12.36 
0.533 0.248 12.61 

Correlation equations for the cylinder-cube geometry 
0.288 0.261 19.24 
0.418 0.239 0.687 0.00403 14.21 
0.593 0.239 15.62 

Correlation equations for the cubexube geometry 
0.267 0.260 12.09 
0.295 0.249 0.339 0.0217 10.17 
0.371 0.256 12.12 

Correlation equations for all the enclosure data 

C, 

Empirical constants 

C, C, C, 

Average 
percent 

deviation 

0.100 0.317 30.22 42.71 
0.188 0.282 18.67 63.09 
0.396 0.234 0.496 0.0162 13.50 17.90 
0.585 0.236 14.75 77.12 
0.247 0.222 15.20 74.06 
0.173 0.299 14.31 77.18 
0.833 0.237 14.22 78.84 
0.479 0.171 13.54 81.74 
0.145 0.284 13.30 78.19 
0.720 0.220 14.30 14.70 
0.258 0.212 14.86 75.90 
0.106 0.319 8.46 91.67 
0.222 0.288 8.94 94.33 
0.188 0.291 11.85 81.87 
0.485 0.248 9.10 91.76 
0.252 0.220 8.19 92.86 

Percent of data 
within k 20% of 

equation 
__. 

71.37 
83.94 
71.37 

10.77 
76.41 
16.92 

86.39 
91.62 
89.00 

enclosure data is 

L 0.496 

Nu = 0 396Ra0,234 - L. L 
0 Ri 

PPJ’62 (10) 

with an average deviation of 13.50%. 
For all of the enclosure data the best equation 

involving a single independent correlating parameter 
was 

Nu, = 0.585Ra,*0.236 (11) 

which had an average deviation of 14.75%. For L/R, 
< 0.45 the following equation could be used 

Q = 0.200RaE0.239. (12) 

This equation has an average percent deviation of 
13.76. Other correlations of the data are listed in Table 
2. These data are valid for Prandtl numbers in the range 
0.707-1.4 x 104, Rayleigh numbers based on gap width 
and boundary layer length in the range 1.8 x lo’- 
1.1 x lo9 and 4.6 x lo’-4.0 x lOlo, respectively, and 
modified Rayleigh numbers based on gap width and 
boundary layer length in the range 165-2.0 x lo9 and 
2.9 x lo613.6x 10”: respectively.- 

TEMPERATURE PROFILE RESULTS 

The temperature profiles were obtained at two 
vertical sections: one section perpendicular to and 

through the center of the outer cube (referred to 
hereafter as the perpendicular plane) and the other 
section through the outer cube diagonal and through 
the center of the inner cube (hereafter referred to as the 
diagonal plane). The temperature profiles were plotted 
in terms of a dimensionless radius ratio and a 
dimensionless temperature ratio. For a given angular 
probe location, 0, the dimensionless radius ratio ranges 
from 0 at the inner body to 1 at the outer body. The 
dimensionless temperature ratio ranges from 1 to 0 
between these same limits. 

The characteristic length dimension used with the 
temperature profiles was G, the total outer body height 
minus the total inner body height divided by 2. Some 
flow visualization results are presented to supplement 
the temperature profiles (a detailed flow visualization 
study has been made and these results will be published 
separately). 

Other investigators [13-183 have found that the 
formofthe temperatureprofileforagivenvalueof0was 
independent of the temperature difference, AT, between 
the inner and outer bodies when the Prandtl number 
remained essentially constant. This was also true for the 
temperature profiles obtained with the cubical 
enclosure. The basic shape of the temperature profiles 
was invariant with changes in AT, and the magnitude of 
the mid-range dimensionless temperature generally 
increased with increasing AT. The absence of any 
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FIG. 11. Comparison of the perpendicular and diagonal 
planes, 17.78 x 20.5 cm cylinder (G/r, = 0.34) and glycerin, 

Pr = 4104 and AT = 26.26 K. 

influence of AT on the how patterns was also observed 
for all fluids studied. 

Evident in Fig. 11, and the profiles to follow, is that 
these temperature profiles can be described in terms of 
five distinct regions [13-181. These regions are; steep 
gradient regions adjacent to the body surfaces, a region 
of small temperature gradients and inner and outer 
transition regions. The magnitude of the temperature 
drop adjacent to the inner body is generally greater 
than that at the outer surface due to the larger velocity 
in the boundary layer adjacent to the inner body. In the 
region of small temperature gradients the magnitude of 
the temperature, in general, decreases with increasing 0. 
This has been explained by previous investigators [14] 
and is due to the progressive heating of the fluid by the 
inner body as 0 decreases and the cooling by the outer 
body as 6 increases. At 6’ = 160” the convective activity 
is almost negligible, as was seen in the flow visualization 
results. In this region conduction, rather than convec- 
tion, is the primary mechanism for the heat transfer. 
Another trend common to most of the temperature 
profiles is shown in Fig. 11 for the 17.73 x 20.57 cm 
cylinder and glycerin. There is practically no difference 
between the temperature profiles in the perpendicular 
and diagonal planes. As a consequence of this result, 
the diagonal plane will not be included with the tem- 
perature distributions. 

The effect of the Prandtl number on the temperature 
profiles for the cubical enclosure was similar to that 
previously noted for the spherical enclosure [13-181. 
Under the conditions for the form of the temperature 
profiles to be independent of AT, the tendency for mid- 
range dimensionless temperatures to increase with 
increasing Prandtl number was observed. This is 
particularly evident in the region of small temperature 
gradients. Comparing the liquids (20CS and glycerin) it 
is seen that the effect ofincreasing the Prandtl number is 
to increase the radial extent of both the regions of steep 
gradients and the transition regions. This is primarily 
due to a thickening of the boundary layers. The profiles 

FIG. 12. Flow pattern for the 11.43 x 16.13 cm cylinder 20 CS 
fluid, AT = 9.05 K. 

for air exhibit larger transition regions and more 
convective activity at 0 = 160” than do the liquids. 
These results were confirmed by the flow visualization 
studies. 

Temperature inversions can be seen in Fig. 11 (and in 
temperature profiles to be presented) for the 20 CS fluid 
and glycerin. These temperature inversions occurred 
primarily at 6’ = 34” and for a dimensionless radius 
ratio between 0.6 and 0.9. Liu et al. [S] first noted these 
temperature inversions and attributed them to the high 
rate of angular convection of heat relative to the radial 
transport of heat. This conclusion is supported by Fig. 
12. The temperature inversions tended to increase in 

I.0 

1 

0 0.2 0.4 0.6 0.6 1.0 

FIG. 13. Temperature profiles for the 22.86 cm sphere 
(G/R = 0.17) and 20 CS fluid; AT = 31.11 K, Pr = 231 

perpendicular plane. 
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FIG. 14. Comparison of the temperature profiles for the 
different body types and glycerin, perpendicular plane. 

magnitude and in radial extent with increasing Prandtl 
number. Previous investigators [S, 141 have found that 
these inversions occur for Ra, > 5 x 10”. In this study 

temperature profiles for air reached values of Ra, = 
8 x 10’ with no inversions evident. In addition, with 

the same inner body, a value of Ra, = 7 x 10’ yielded 
no teinperature inversions for the 20 CS fluid while a 
value of Rn, = 2 x lo5 yielded significant temperature 

inversions with glycerin temperature profiles, for which 
Ra, had a lower limit of 4 x 104. The Prandtl number 
does seem to have considerably more influence on the 
magnitude, extent and occurrence of these temperature 

inversions than can be included in the Rayleigh number 
alone. 

The consistent ordering of the temperature profiles, 
seen above for the spherical and cylindrical inner 
bodies, was altered significantly as G/r, decreased. This 
is shown in Fig. 13 for a spherical inner body with 
G/r, = 0.17. It is clear that the magnitude of the tem- 

perature for 0 = 0” is less than the value of the tempera- 
ture for H = 34” over most of the gap. The unusual 
ordering is caused by multicellular flow patterns seen 
in the flow visualization studies. The main cell in the 

lower portion of the gap extends into the upper gap 
region through 0 = 34”. The region in the vicinity 
of 0 = 0” is multicellular and characterized by a some- 
what random and 3-D flow. The flow pattern behav- 
ior described above occurred for all G/ri < 0.34 for 
the cylindrical and spherical inner bodies and all the 
fluids. 

The spherical, cylindrical and cubical inner body 
temperature profiles are presented on a common graph 
in Fig. 14. The conditions for the profiles to be 
independent of AT have been met in this figure. There is 
a striking similarity in the form of the temperature 
profiles for each of the inner body types. It might be 
expected that for a given 0, the dimensionless 
temperature would increase with a decrease in G/r,. 

FIG. 15. Flow patterns for the 1 I .43 x 22.61 cm cylinder and 
air. AT = 8.33 K. 

This was true for the profiles obtained with the 
spherical and cylindrical inner bodies. The magnitude 
of the mid-range temperature for the cubical inner 
bodies was generally greater than the corresponding 

temperature for the other inner body shapes. The larger 
surface area of the cube for a given ri and increased 
convective activity due to unsteady, 3-D nature of the 
flow with the cubical inner body are two possible 
explanations. 

The behavior of the profiles at 0 = 0” in Fig. 14 (and 
in previous figures) is considerably different than the 
behavior at the other angular positions. This was also 
noted by Bishop et al. [ 131 and Scanlan et al. [ 141 for 
concentric spheres. They postulated a corner eddy near 

Open Symbols-Cubical enclosure, 
G/r! ~0 50, Pr=0.710 

Solid Line-Spherical enclosure, 
Ghi ~0.67, Pr=0.710 

0.6 
T-T, 

T-To 
04 

0 

0 0.2 0.4 0.6 0.0 1.0 

r-r(8) 

r (8)-r(8) 

FIG. 16. Comparison of the temperature for the sphere-sphere 
[ 131 and sphere-cube geometries ; air, perpendicular plane. 
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Open Symbols-Cubical enclosure, 
G/q = 1.10. Pr=9477 

Solid Line-Spherical enclosure. 
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FIG. 17. Comparison of the temperature profiles for the cube- 
sphere and cube-cube geometries ; glycerin, cube-sphere 

perpendicular plane [22]. 

the top of the inner spheres. The behavior at 0 = 0” for 
the cylinder-sphere geometry was explained by McCoy 
et al. [ 171 as due to flow separation effects. These results 
were later confirmed with flow visualization data [ 181. 
The flow separation and corner eddy are both present 
in Fig. 15 for the 11.43 x 22.6 1 cm cylindrical inner body 
and air. 

A final comparison is made in Figs. 16 and 17 
between the temperature profiles for the spherical and 
cubical enclosures with a common inner body type. All 
of the profiles satisfy the conditions for the form of the 
temperature profiles to be independent of AT. Evident 
from the figures is the minor effect the outer body shape 
has on the form of the temperature profiles. The 
magnitude of the mid-range dimensionless tempera- 
ture at a given value of 0 is generally greater for the 
spherical enclosure. This can be attributed to the larger 
surface area of the cubical outer body for a given value 
of r,. 

CONCLUSION 

This study, through the use of three new geometries, 
has increased the amount of heat transfer and 
temperature profile data currently available on natural 
convection within enclosures. In addition, this study 
has made a fairly complete comparison of most of the 
data available for natural convection heat transfer 
between concentrically located 3-D isothermal inner 
bodies and 3-D isothermal outer bodies. Particular 
emphasis has been placed on the effects of different 
outer enclosures on the overall heat transfer with the 
variety of shapes employed in these experiments, local 
geometry effects must be evident, but emphasis is placed 
on more general geometric effects. 

Comparisons made between the dimensionless 
temperature profiles for the different inner body types, 
and the cubical enclosure, displayed remarkable 

similarity. This was also true of comparisons made of 
the dimensionless temperature profiles for the spherical 
and cubical enclosures. In both these cases the form of 
the dimensionless temperature profiles was practically 
invariant with changes in inner and outer body 
geometries. 

Comparisons made between the spherical and 
cubical enclosures, for the same inner body types, 
showed that the cubical enclosure resulted in a larger 
Nusselt number for a given Rayleigh number and inner 
body size. This difference always decreased as the size of 
the inner body decreased. 

Non-isothermal inner body heat transfer data were 
also obtained in this study. It w2Ls found that the 
isothermality condition on the inner body could be 
relaxed, thereby increasing the usefulness of the heat 
transfer correlations. 

Overall, the results have shown that the enclosure 
shape has only a small effect on the temperature profile 
and heat transfer results, while the enclosure 
dimensions have a significant effect on these results. 
The many different flow patterns and temperature 
profiles, whether unsteady or not, had very little effect 
on the overall heat transfer. The empirical equations 
given above should be used to predict the heat transfer 
by natural convection between a body and its enclosure 
whenever correlations for specific geometries and fluids 
are not available. 
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LE TRANSFERT THERMIQUE PAR CONVECTION NATURELLE ENTRE DES CORPS ET 
LEUR ENCEINTE 

RCumC-On itudie exp&mentalement la convection naturelle et le transfert thermique entre une enceinte 
cubique isotherme et des corps isothermes placb au centre, de forme sph&que, cylindrique et cubique. Des 
comparaisons sont faites avec les do&es existantes pour ces m&mes corps et une enceinte sphtrique. De plus, 
des distributions de temperature et des donnkes de visualisation sont obtenues pour la plupart des gkomittries. 
Des comparaisons sont faites entre les enceintes sphirique et cubique pour les mi?mes types de corps internes, et 
elles montrent que l’enceinte cubique conduit gun nombre de Nusselt plus grand pour un nombre de Rayleigh 
et une dimension de corps interne don&. Des donn6es avec corps interne non isotherme montrent que les 
conditions de non isothermicitt peuvent etre relaxtes. Tous les r&ultats de transfert thermique sont 
rassemblCsavecunedtviationmoyenneinf&eureg 140/,.GIobalementl’effetdelaformedel’enceinteestfaible 

lorsqu’on emploie une tchelle de longueur appropriCe. 

WARMEOBERTRAGUNG DURCH NATURLICHE KONVEKTION ZWISCHEN Kt)RPERN 
UND HOHLRAUMEN 

Zusammenfassung-Die Wirmeiibertragung durch natiirliche Konvektion zwischen einem isothermen 
inneren K&per (Kugel, Zylinder, Wiirfel) und einem dazu konzentrisch angeordneten isothermen %uBeren 
K&per (Wiirfel) wurde experimentell untersucht. Die Ergebnisse wurden mit bekannten Daten fiir dieselben 
inneren K&per in einem kugelfiirmigen Hohlraum verglichen. Zusiitzlich wurden fiir die meisten dieser 
Anordnungei die Temperatirverteilung bestimmt und- die Striimung sichtbar gemacht. Der Vergleich 
zwischen kueel- und wiirfelfiirmiaem Hohlraum &ei aleichen Einbauten) z&ate. daL3 sich bei der Wiirfelform 
fiir eine bestikmte Rayleigh-Zahl-und GriiBedes ihne&n KSrpers griil3ere Nuiseh-Zahlen ergaben. SImtliche 
Wgrmeiibergangsdaten wurden bei einer mittleren Abweichung von weniger als 14% korreliert. Insgesamt 

warder EinfluB der Form des Hohlraums klein, solange eine geeignete Bezugsllnge verwendet wurde. 

TEl-IJIOOEMEH ECTECTBEHHOR KOHBEKQHER MEXAY TEJIAMM M. CPEAOfi, 
B KOTOPYIO OHM IIOMEIIJEHbI 

AH~aqllr3KCnepHMeHTanbHo H3yqeH ecrecrBeHHoKoHBeIcTHnHhljl TennooBMeH MexcKny KoHueHTpH~Ho 
paCnOJIOXCeHHbIMH B30TePMH’leCKHhSH C+pHWCK”MH, QHJlHHnPHWCKHMH B K)‘6W’ICCKHMH TeJIaMH H 
H30TepMIi’IeCKHMH KY6HYeCKHMII IlOJlOCTIIMH, B KOTOPEdX OHH paCnOJIOxeHbI. npOBeAeH0 CpaBHeHHe 
C HMelOILIHMHCR pe3yJlbTaTaMH AJIJI 3THX xe Ten H C&pH’IeCKOi IIOJIOCTH. &In 60nbUIHHCTBa 3TIiX 
reoMeTpIG TaK*e nonyqeHbl pacnpeneneHHn TeMnepaTyp w AaHHble no Be3yanH3alulIi TeqeHHB. 
CpaBHeHIiB, IIpoBelIeHHbIe Me*Ay C&pH’IeCKO2i 54 Ky6biWCKOii IIOJ’IOCTIIMP AJlSl BbImeyKa3aHHbIX reO- 
MeTpHfi TeJI nOKa3a,rIH, ‘IT0 B Ky6H’leCKOii nOJIOCTIi AJIB 3a&iHHbIX ‘IHCZJI P3JIea H pa3Mepa l$‘T~HHerO 
Tena SHCJIO HyCCenbTa 6onbme. AaHHbIe n0 TenJIOO6MeHy &all HeH30TepMHSeCKOrO BHyTpeHHerO 
TeJIa CBHneTe,IbCTByIoT 0 TOM, VT0 yC,IOBHa HeH30TePMHWOCTW Ha TeJIe MOryT 6bITb ocna6neHn. 
Bee pe3ynbTaTbI n0 TenJIOO6MeHy o6o6meHbI co CpeJIHHM OTK~OHeHHeM, He IIpeBbIIIIalomHM 14%. 
Y,,,,,,,,,, ‘IT0 B,‘,HIlHHe (POpMU nO,IOCTI, ManO, eUIH BbI6paTb COOTBeTCTByICU& JIHHeiiHblii 

MaCmTa6. 


