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Abstract-Natural convection in a hemisphere heated from below was studied experimentally. Correlation 
between heat transfer rate and Rayleigh number was obtained on a he~sphe~~1 surface over wide 
parameter ranges : l@ < Ra < 6 x 10” and 6 < Pr d 13000. The exponent of Nu against Ra changes from 
l/4 to l/3 at about Ra - 10v. Flow patterns in a hemisphere were observed for 2 x lo5 < Ra G 2 x lo9 and 
6 < Pr < 13000. The patterns were classified into several flow regimes, i.e. steady circulating flow, flow 
with periodic thermal plumes, Aow with irregular thermal plumes and turbulent flow regime. Experimental 

results show that fully turbulent flow regime occurs at Ra - log. 

1. INTRODUCTION 

NATURAL convections in enclosures of simple geo- 
metries such as rectangle, circle and concentric circle, 
etc., have been investigated for many years [l-13] in 
order to understand heat transfer characteristics and 
the mechanism of onset of convection. 

Those investigations do not help us to predict natu- 
ral convections in enclosures of more complex geo- 
metries related with the development of industrial 
applications such as building systems with complex 
geometrical spaces and energy systems including 
nuclear reactors. This would be the reason for the fact 
that studies on natural convection in enclosures of 
more complex geometries have increased recently [ 14- 
161. 

Among many complex geometries, we concentrate 
on hemispheres. Natural convection in this geometry 
will be important in the case of loss-of-for~d-cooling 
accident in a pressure vessel of a High Temperature 
Gas Cooled Reactor. When loss-of-forced-cooling 
accident occurs, high temperature coolant gas heated 
by the upper part of the reactor core is transported by 
natural convection to the upper pressure vessel whose 
geometry is similar to a hemisphere. Heat transfer and 
flow characteristics of the natural convection in the 
pressure vessel must therefore be estimated for the 
safety analysis of the reactor. 

Natural convection in a hemisphere heated from 
the bottom surface and cooled at the hemispherical 
surface may have both features of natural convection 
in a horizontal enclosure and a vertical one. Hereafter, 
we denote an enclosure as horizontal if the bottom 
horizontal surface is heated and the top horizontal 
surface is cooled. We also denote an enclosure as 
vertical if one of the side vertical walls is heated and 
the other is cooled. The bottom surface and top region 
of a hemisphere could locally be regarded as hori- 

zontal parallel surfaces and the side region of the 
hemisphere could be regarded as a vertical surface. 

In the case of natural convection in a horizontal 
enclosure, a conduction state with no flow exists for 
low Rayleigh number. Steady Benard convection 
occurs at the critical Rayleigh number Ra,, which is 
independent of Prandtl number but depends on the 
aspect ratio : Ra, + 1708 for L/H -+ 00 and W/H -+ 
co, while Ra, -+ 7000 for L/H = W/H + 1 [17]. The 
steady convection roll changes into steady or time- 
dependent three-dimensional convection patterns 
with further increase in Rayleigh number [ 181. Nusselt 
number increases from unity as Bdnard convection 
occurs. The exponent of Nusselt number against Ra 
increases with Rayleigh number because the con- 
vection pattern changes. Finally flow becomes fully 
developed turbulent and Nusselt number changes as 
Nu N Rak’3 For Pr = 7, turbulent convection occurs 
at Ra E 10’ [2]. 

In the case of natural convection in a vertical enclos- 
ure, a primary flow due to buoyancy always exists 
even for weak heating. For large aspect ratios (L/El) 

with small vertical temperature stratification, uni- 
cellular flow is formed below critical Grashof number 
for Pr < 12.45. Multicellular convection sets in at the 
critical Grashof number. For Pr 2 12.45, on the other 
hand, a traveling wave sets in at a critical Rayleigh 
number. For small aspect ratios or strong temperature 
stratification irrespective of the value of Pr, traveling 
waves appear [19]. Nusselt number increases from 
unity when a secondary flow is formed and the depar- 
ture from conduction regime is retarded for large 
aspect ratio [20, 211. For large Rayleigh number with 
small aspect ratios, Nusselt ntmrber changes as 
Nu N Ra’j4 [7]. Laminar boundary layer is maintained 
up to a high Rayleigh number about 10”’ in the case 
of aspect ratio of unity [lo]. 
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NOMENCLATURE 

H distance between hot and cold surfaces T ,,,,,, local minimum fluid temperature 

Y gravitational constant T. T,,,.,, - T.,, 
Gr Grashof number, g/IATTR”/ls’ T Tm,, ~ T.n 
L length of enclosure AT T,- T, 
Nu Nusselt number, Rq/i,AT W width of enclosure 
*Vu average Nusselt number Y distance from the edge of hot 
Pr Prandtl number, \I/K surface, R-Y 

q heat flux Z vertical distance from hot surface 
r radial distance from the vertical (z) TI, vertical distance between hot and 

axis (in cylindrical coordinates) cold surfaces (z,, = Z,,(Y)) 
R radius of hemisphere -1MX maximum vertical distance where 
Ra Rayleigh number based on R, hot thermal plume can reach. 

gflATR’/vti 

Ra, Rayleigh number based on X, Greek symbols 
g/IAT.+ti !I coefficient of volumetric thermal 

T temperature expansion 

T,, local average fluid temperature 8 equivalent heat conduction thickness. 

T, bulk temperature Ri2Nu 

T‘ temperature of cold surface Ii thermal diffusivity 

T,, temperature of hot surface i thermal conductivity 
T mdX local maximum fluid temperature I‘ kinematic viscosity. 

To the authors’ knowledge, there has been no pre- (a) 
vious investigation on natural convection in a hemi- 
sphere. We do not know whether heat transfer rate by 
natural convection, flow patterns and transition from 
laminar to turbulent in a hemisphere are similar to 
the cases of horizontal enclosures, vertical enclosures 
or others. Therefore, from the engineering viewpoint, 

we have to obtain the characteristics of natural con- 
vection in a hemisphere to perform safety analysis of Heater Copper plate 

High Temperature Gas Cooled Reactor in detail. 
(b) 

Air release pipe 

The purpose of the present study is to clarify the / 
basic characteristics of natural convection in a hemi- I 

sphere experimentally with the bottom surface heated 
and the hemispherical surface cooled. Two kinds of 

experiment were performed, i.e. heat transfer and flow 
visualization experiments. Heat transfer rate was mea- 
sured on a hemispherical surface and flow patterns 
and temperature fields in the hemisphere were 

observed. Experimental results were compared with 
previous data on rectangular enclosures and some 
results were compared with numerical results. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

Figure 1 shows schematic diagrams of experimental 
apparatus. Figure l(a) shows the apparatus for the 
heat transfer experiment. It consists of a hemispherical 
shell made of stainless steel 304 (300 mm in inner 
diameter, 8 mm in thickness) and a heating copper 
plate (20 mm in thickness). Heat input was supplied 
with three sheathed heaters soldered in the grooves on 
the copper plate. The outer surface of the hemisphere 
was cooled with water flowing through copper tubes 
soldered on the outer surface. Temperatures of hot 

C&per plate Heater 

FIG. I. Schematic diagrams of expermlental apparatus. (a) 
Apparatus for heat transfer experiment. (b) Apparatus for 

flow visualization experiment. 

and cold surfaces were measured with alumel-chrome1 
thermocouples. 

Inner and outer surface temperatures of the hemi- 
sphere were measured at fourteen positions located 
on five concentric regions on the hemispherical sur- 
faces (A-E) as shown in Fig. 2. Four thermocouples 
were soldered on each position, i.e. two on the inner 
and two on the outer surfaces. Local heat fluxes were 
evaluated at each position by solving the heat con- 
duction equation with the use of the measured surface 
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0 (deg) 
A 16 
B 28 
C 44 

I” 

D 60 
E 76 

FIG. 2. Positions of thermocouples soldered concentrically 
on hemispherical surface (regions A-E). 

temperatures. Average heat transfer rate on the hemi- 
sphere was obtained by the arithmetical average of 
the calculated local heat fluxes. Errors in estimating 
the heat fluxes were evaluated to be within f 10.5% 
including errors in temperature measurement. Heat 
loss from the hot surface to the atmosphere was mea- 
sured and evaluated to be in the range of 7 - 36% of 
total heat input. 

An air release pipe of 3 mm in inner diameter was 
welded vertically near the top of the hemisphere at 
r = 12.5 mm as shown in Fig. l(a). Liquid tem- 
perature was measured by I or L-shaped temperature 
probes with one or two alumelchromel thermo- 
couples 50 pm in diameter inserted through the air 
release pipe. The temperature probe was traversed 
vertically (z-direction). The I-shaped probe has a ther- 
mocouple at the end of the straight support pipe and 
the L-shaped probe has two thermocouples at 14.5 
and 75 mm from the end of the support pipe. The 
latter probe, which was mainly used in the experiment, 
could measure fluid temperature at two different rad- 
ial positions simultaneously, whereas it could not 
measure fluid temperature very near the top of the 
hemisphere for small radial position. 

Water, ethyl alcohol, 78 wt% and 44 wt% aqueous 
solutions of glycerin, Freon 113 and silicone oils were 
used as test fluids. Thermal properties of these fluids 
at 25°C are listed in Table 1. The temperature of the 
copper plate (hot surface) was kept constant within 

0.3”C ranging from 8 to 45°C. The temperature of 
the cold surface was also kept constant. It scattered 

dependent on the temperature difference between hot 
and cold surfaces, AT, and the scatter was within 
5% of AT. Physical properties were estimated at the 
average temperature between hot and cold surfaces. 
Ranges of Rayleigh and Prandtl numbers for heat 
transfer experiment were IO6 < Ra < 5.5 x 10” and 
6 < Pr < 13 000. 

Apparatus for the flow visualization experiment is 

shown in Fig. l(b). It consists of a transparent outer 
rectangular enclosure, a hemispherical enclosure 
made of acrylic resin and a copper plate. The outer 
surface of the hemisphere was cooled with water flow- 
ing between two enclosures. Two hemispheres, 100 
and 300 mm in inner diameter and 2 mm in thickness, 
were made. Thermo-sensitive liquid crystal powder 
was used as a tracer in order to visualize the flow and 
temperature fields. Since the color-changing region of 
the liquid crystal is about 28 < T < 32°C the hot 
surface was kept at a temperature of this range in 
order to distinguish hot fluid by the difference of 
colors. Vertical and horizontal cross views of natural 

convection flow were observed by illuminating with a 
slit light. Non-uniformity in cold surface (hemisphere) 
temperature was a little larger than the case of heat 
transfer experiment, within 12% of AT. Water, 78 
wt% aqueous glycerin and silicone oils were used as 
test fluids for visualization experiment. Ranges of 
Rayleigh and Prandtl numbers of the flow vis- 
ualization experiment were 10’ < Ra < 1.4 x 10’ and 
6 < Pr < 13 000. 

3. EXPERIMENTAL RESULTS 

3.1. Heat transfer 
Functional relationship between Nusselt number 

and Rayleigh number is expressed as 

Nu = CRa”PJ” (1) 

where C, n and m are empirical constants. Average 
Nusselt numbers obtained on the hemispherical sur- 

Table 1. Specific values of thermal properties of test fluids [30-321. 

v Pr 
(10m6 m2 s-‘) (&, 

Water 0.92 6.3 2.5 
78w% aqueous solution 31.6 - 320 4.4 

of glycerin 
44w% aqueous solution 3.37 - 29.4 4.52 

of glycerin 
Ethyl alcohol 1.39 14. 4.48 
Freon 113 0.414 7.9 14.9 
Silicone oil 1000 - 9200 9.2 

KF-96-1000 
KF-96- 100 100 - 940 8.9 
KF-96-20 20 - 195 10 
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face (cold surface) are plotted against Rayleigh num- 
ber in Fig. 3. 

One of the authors (Y.S.) of the present paper stud- 
ied laminar natural convection along a hemispherical 
shell by solving boundary layer equations under an 
assumption of velocity and temperature profiles which 
satisfy boundary conditions [22]. Flow velocity and 
heat transfer rate were obtained by the analysis. The 
analysis yielded n in equation (1) to be 0.25. In a 
turbulent region, heat transfer characteristics are 
expected to depend little on the geometry of enclosures 
because of high turbulent mixing compared with vis- 
cous diffusion near the heat transfer surfaces. This 
means that a hydraulic length does not appear in heat 

transfer correlation and therefore the value of II would 
be equal to l/3 in the turbulent regime. Since many 
studies support the expectation, n = l/3 [ 1, 5, 71. even 
though slightly lower values of n are also reported [22 
41, the value of l/3 could be adopted as the exponent 
n in turbulent region for natural convection in a hemi- 
sphere. For the value of m, Dropkin and Somerscales 
[I] postulated as 0.074 and Seki ef al. [8] as 0.024. 
Figure 3, however, indicates that the effect of Prandtl 
number on Nusselt number is not prominent in the 
present study. With the above consideration, the 
experimental data can be correlated by the following 
relationships : 

Nu = 0.185Ra”” (lOh < Ra < 10’) (2) 

Nu = 0.0329Ra” 33 (IO’ < Ru < 6 x 10”‘). (3) 

Equations (2) and (3) indicate that laminar heat 
transfer would be dominant for Ra < lo9 and tur- 
bulent heat transfer for Ra 3 10”. The above cor- 
relations are shown by the solid lines in the figure. 
The present experimental data are compared with the 
relationships in horizontal enclosures obtained by 
Tanaka and Miyata [4] with aspect ratio from 3 to 14 
and in vertical enclosures obtained by Bohn et al. [lo] 
with aspect ratio to be unity and Seki et al. [9] with 
aspect ratio to be about 4 shown by dotted, broken 
and chain lines, respectively. Present experimental 
results lie below the correlations obtained in the hori- 
zontal and vertical enclosures. In the cases of hori- 
zontal and vertical enclosures, the average heat trans- 
fer rates on the hot and cold surfaces are identical 

, A,,,, 
10” 106 107 100 109 100 16’ 

R.Zl 

FIG. 3. Plot of average Nusselt number against Rayleigh 
number. 

1 
105 106 lo7 lo* log 10’0 10” 

Ra 

FIG. 4. Plot of local average Nusselt number against Rayleigh 
number. 

because the areas of heat transfer surfaces are the 
same. For the present case. however, the cold surface 
is twice as large as the hot surface. Therefore, the 

average heat transfer rate on the hot surface should 
be twice that on the cold surface and lies above the 
correlations obtained in the horizontal and vertical 
enclosures. 

Figure 4 shows the relationship between local aver- 
age Nusselt numbers and Rayleigh number. Local 
average Nusselt numbers are obtained by averaging 
the Nusselt number on each concentric region from A 
to E shown in Fig. 2. For Ra < lo’, Nusselt number 
decreases with increasing angle measured from the 
vertical. For Ra 2 IO”, however, Nusselt numbers on 
lower positions (regions D and E) show higher values 
than on higher positions (region B or region C). We 
will discuss this point in Section 5. 

3.2. Fhv undfhid temperaturv 

Flow patterns in a hemisphere obtained by the flow 
visualization experiment are classified into four 
regimes. The flow regimes are shown against Rayleigh 
number in Fig. 5. A steady circulating flow is obtained 
for Ra < 2 x lo5 (regime 1). Hot thermal plumes are 
released periodically from the hot surface for 
2 x 10’ < Ru < 4 x 10’ (regime 2). Irregularity is 
added to regular hot thermal plumes for 
4 x 10’ < Ra < lo8 dependent on Prandtl number and 
the irregularity becomes dominant for lo8 < Ra < 1 O9 
(regime 3) and flow becomes fully turbulent for 
Ra > IO’ (regime 4). 

Examples of flow patterns are shown in Fig. 6. The 
vertical view of the flow and temperature fields for the 
regime 1 is shown in Fig. 6(a) (Ra = 1.9 x lo5 and 
Pr = 9600). A steady circulating flow is formed in 

Pr-9000 Pr=6-9000 gp;. 6 Pr-6 

g;c 
; 

%< 
Steady Periodic Irregular Turbutent 

FIOW Thermal ~,Thermal 

Plumes plumes 

I I I , @j I I 

104 105 106 10’1 108 109 10’0 

Ra 

FIG. 5. Plot of Row regimes in a hemisphere against Rayleigh 
number. 
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(a) Ra = 1.9 x 105, Pr = 9600 

(b) Ra = 2.3 x 105, Pr = 9200 

(c) Ra = 1.6 x 106, Pr = 290 

(d) Ra = 1.6 x 106, Pr = 290 
FIG. 6. Flow patterns and temperature fields : (a) Ra = 1.9 x 105, Pr = 9600; (b) &a = 2.3 x 105, pr = 9200; 

(c) RU = 1.6 x 106, Pr = 290; (d) Ra = 1.6x 106, Pr = 290. 
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(e) Ra = 4 x 107, Pr = 290 

(0 Ra = 4 x 107, Pr = 290 

Frti. 6.- mcuntinued. (e) Ra = 4 x IO’, PI = 290; (f) Ra = 4 x IO’, Pr = 290; (g) Ra = I .4 x IO’. P? = 

(g) Ra = 1.4 x log, Pr = 6.5 
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the hemisphere. Fluid that flowed towards the center 
along the hot surface rises upward at the center. After 
reaching the top of a hemisphere, the fluid flows down- 
ward along the hemispherical surface. The thickness 
of thermal boundary layer increases as flow 
approaches the center along the hot surface. 

With a slight increase in Rayleigh number 

(Rn - 2x 10’ and Pr = 9200), a part of the thermal 
boundary layer swells like a lump at a certain radial 
position. The lump grows and moves towards the 
center, then it departs upwards from the hot surface, 
i.e. the lump is released from the hot surface as a hot 
thermal plume. Just after this release, the thermal 
boundary layer becomes very thin, and then it gradu- 
ally grows and is thickened as time passes. When the 
thickness is recovered, the next lump is formed at the 
same radial position and the release process is 
repeated periodically. A vertical view of the flow and 
temperature fields is shown in Fig. 6(b). This flow 
corresponds to an early stage of the periodic thermal 
plumes (regime 2). Isothermal lines shown by differ- 
ence in color show a wavy pattern. For a relatively 
low Rayleigh number in this flow regime, the hot 
thermal plume is axis~met~c and the release pos- 
ition is located near the center of the hot surface. 
For a higher Rayleigh number in this regime 2, the 
axisymmetric structure is broken and three dimen- 
sional (discrete) thermal plumes are formed. The 
release position moves towards the edge of the hot 
surface. Figures 6(c) and (d) show the other visualized 
flow patterns and temperature fields (Ra = 1.6 x lo6 
and Pr = 290). For Rayleigh number Ra = 106, a 
thermal plume is released periodically. Isothermal 
lines also show a wavy pattern (c). Figure 6(d) is a 
horizontal view near the hot surface which was taken 
by using a horizontal slit light. Almost axis~metri~ 
Aow could be observed as shown in the figure, 
although non-axisymmetric structure appeared in the 
plume. The axisymmetric structure of the hot plumes 
is broken above Ru N 2 x 106. These thermal plumes 
could be regarded as axisymmetric traveling waves 
propagating to the center of the hot surface below 
Ra < 2 x 106. 

Flow patterns and temperature field at Ra = 4 x 10’ 
and Pr = 290 are shown in Figs. 6(e) and (0. These 
flow patterns correspond to a later stage of regime 2. 
More than two hot thermal plumes could be observed 
rising up in the figure (Fig. 6(e)). Distribution of the 
hot thermal plumes on the hot surface was regular. 
These plumes were reieased at a fixed radial position 
close to the edge and flowed towards the center. The 
amplitude of the wavy structure of isothermal lines 
near the hot surface is increased towards the center 
due to rising up of the hot plumes. A horizontal view 
of hot thermal plumes is shown in Fig. 6(f). The 
plumes have a three-dimensional structure. Near the 
edge of the hot surface, discrete plumes are arranged 
axisymmetrically, whereas near the center, plumes are 
arranged radially which is similar to the results of 
Husar and Sparrow [23J on a horizontal hot circular 

(a) 

(bl 
(T-Tc)~(Th-~) 

1. I I 8 ‘ 
Ra=5.7xX15 Pr=13000 I 

s- 
d. 
&I 

-1. - 
0 2 .4 .6 -8 1. 

ZfZh 

FIG. 7. Results of fluid temperature measurement 
(Ru = 5.7 x IO’, Pr = I3 000). (a) Vertical distribution of 
average fluid temperature. (b) Vertical distribution of 

maximum temperature fluctuation. 

disc in infinite fluid. We will discuss the behavior of 
the hot thermal plume in Section 5. 

At Ra = 2 x 10’ and Pr = 7, an irregularity was 
observed in the flow pattern in the central region of 
the enclosure in spite of low Rayleigh number com- 
pared with Fig. 6(e). This flow corresponds to the 
early stage of region 3. The appearance of the irregular 
fIow depends on Prandtl number and the boundary 
between region 2 and region 3 is somewhat obscure 
(because of this, shadowed hatches are used in Fig. 
5). In this case, however, hot thermal plumes were still 
released regularly from the hot surface. 

These irregularities are increased with Rayleigh 
number for Ra > 10’ and finally flow becomes tur- 
bulent for Ra > 10’ (regime 4). Figure 6(g) shows a 
flow pattern at Ra = 1.4x 10’ and Pr = 6.5. In the 
figure, irregular eddies are observed in the fluid. Large 
circulating flow could not be observed explicitly in the 
experiment. 

Results of fluid tem~rature measurement are 
shown in Figs. 7-9. In the figures, (a) and (b) show the 
vertical distribution of the average fluid temperature 
(T--J/AT and the vertical distribution of the 
maximum fluid temperature fluctuations 2T_/AT and 
2T+/AT, respectively. The average fluid temperature 
was obtained by averaging the base fluid temperature 
which is obtained by filtering out temperature fluc- 
tuations due to hot thermal plumes. The maximum 
fluid temperature fluctuations T+ and T_ were 
obtained by measuring the deviation of maximum or 
minimum fluid temperatures from the average fluid 
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(a) 

.8 

.6 

2 .4 

.2 

0 
0 .2 .4 .6 .8 1. 

(T-Tc)/(Th-Tc) 

(b) 1. I I I I 
Ra=8.2x106 Pr=8800 

.4 .6 .8 1. 
ZlZh 

FIG. 8. Results of fluid temperature measurement 
(Ra = 8.2- 106, Pr = 8800). (a) Vertical distribution of 
average fluid temperature. (b) Vertical distribution of 

maximum temperature fluctuation. 

(a) 

0 .2 .4 .6 .8 1. 

(T-Tc)/(Th-Tc) 

-1 
0 .2 .4 .6 -8 1. 

21% 
FIG. 9. Results of fluid temperature measurement 
(Ra = 4 x lo’“, Pr = 8). (a) Vertical distribution of aver- 
age fluid temperature. (b) Vertical distribution of 

maximum temperature fluctuation. 

temperature. As is previously described, the fluid tem- 
perature near the top of the hemisphere for small 
radial positions could not be measured by the use of 
the L-shaped temperature probe. 

Figure 7 shows the results of temperature measure- 
ment for the early stage of regime 2 at Ra = 5.7 x lOi 
and Pr = 13 000. Fluid temperature decreases with 
increase in r/R due to the steady upward flow at the 
center of the enclosure. Distributions of the average 
fluid temperature show an inverse-S-shaped profile 
except for r/R - 0. This is explained to be due to the 
flow circulation. Hot fluid which rises up from the hot 
surface in the center region is cooled during flowing 
down along the hemispherical surface and the result- 
ant cold fluid flows on the hot surface. As shown in 
Fig. 7(b), temperature fluctuations are large for all 
the vertical distance from the hot surface to the top 

of the hemisphere. Traces of fluid temperature are 
shown in Fig. 10(a). Periodic fluctuations are seen. 

Figure 8 shows the case of Ra = 8.2 x 10”. 
Pr = 8800 (regime 2). Average fluid temperatures 
measured at four different radial positions are almost 
the same except in the vicinity of the hot surface as 
shown in Fig. X(a). This type (boundary layer-type) 
of temperature profile was formed above Ku - 10”. 
Average fluid temperatures near the hot surface at 
r/R = 0.419 and 0.579 are considerably low. There- 
fore, fluid temperature reversal was observed which 
was apparently similar to the natural convection in 
horizontal enclosures [2]. However, the cause of the 
temperature reversal was different from that of the 
horizontal enclosure. For the case of horizontal 
enclosure, the temperature reversal is caused by blobs 
of stagnant hot or cold fluid near the cold and hot 
surface, respectively [2]. In the present case, however. 
the temperature reversal near the hot surface is caused 
by cold fluid flowed down along the hemispherical 
surface. Figure 8(b) shows that temperature fuc- 
tuation is large for all of,- at small r/R. At r/R 3 0.4 19, 
however. the temperature fluctuations become small 
for Z/Z,, 3 0.4, which indicates that the hot thermal 
plumes reach the center before they rise up lo the inner 
surface of the hemisphere. Therefore the plumes do 
not exist for r/R > 0.4 except near the hot surface. 
Time traces of the fluid temperature at this stage are 
shown in Figs. lO(b,c). Periodic fluctuations could be 
seen near the hot surface. Near cold surface. cold 
thermal plumes were observed as shown in Fig. 10(c). 
The number of cold plumes observed in a unit time. 
however, is considerably smaller than that of hot ther- 
mal plumes. Due to continuity, fluid must flow down 
from the cold surface corresponding with the rising 
hot thermal plumes. The existence of descending f-low 
along the hemispherical surface reduces the frequency 

of cold thermal plumes. 
Similar characteristics observed in fluid tem- 

perature at Ru = 8.2 x IO6 could be observed up to 

Ra - IO8 (regime 3). At Ra = I .6 x 10’ and PI- = 280. 
the maximum temperature fluctuation was high at 
r/R _ 0 as was similar to the case of Ru = 8.2 x 10”. 
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(al JVLQU 
-2Omin. 

(d) 

- Zmin. 

(b) m mew_ (el 
-6 min. -2 min. 

(cl 7 
- 6 min. - 6 sec. 

FIG. 10. Time traces of fluid temperature fluctuations: (a) Ra = 5.5 x lo’, Pr = 13 000, r/R = 0.419, 
Z/Z,, = 0.1; (b) Ra = 8.2 x 106, Pr = 8800, r/R = 0.579, Z/Q = 0.02; (c) RU = 8.2~ IO*, Pr = 8800, 
r/R = 0.579, z/z,, = 0.88 ; (d) Ra = 1.6 x 108, Pr = 280, r/R = 0.579, z/zs = 0.02; (e) Ru = 1.6 x IO”, 

Pr = 280, r/R = 0.579, z/zh = 0.92; (f) Rn = 4x lo”, Pr = 8, r/R = 0.579, Z/Z,, = 0.01. 

It clearly suggests the existence of circulating flow 
which rises at the center of the hot surface and 
descends along the cold surface. Figures IO(d) and (e) 
show the time traces of fluid temperature near the hot 
and cold surfaces at this stage, respectively. Irregular 
fluctuations appeared in the fluid temperature but the 
fluctua~ons are rather periodic near the hot surface 
as shown in Fig. 10(d). The frequency of the cold 
thermal plume is seen to be increased but still lower 
than that of the hot one (e). 

Figure 9 shows temperature results at Ra = 4 x 10” 
and Pr = 8 (regime 4). Average fluid temperatures at 
different radial positions are almost identical to each 
other. Temperature fluctuations are confined very 
near the hot and cold surfaces. Temperature fluc- 
tuations for P - 0 are very small as shown in Fig. 9(b). 
Time traces of fluid temperature fluctuations shown 
in Fig. IO(f) show no regular motions. These results 
indicate that there is no dominant circulating flow in 
the enclosure and thermal hot plumes would be 
released randomly. The hot plumes would be dis- 
sipated in surrounding fluid immediately after the 
release from hot surface, as is discussed in next sub- 
section. 

3.3. Maximum arrival distance of hot thermal plumes 
Maximum arrival distances of hot thermal plumes 

at various rjR are shown in Fig. 11. The distance was 
determined by measuring a distance z = z,,, at which 
the temperature fluctuation to higher side due to the 
plumes disappeared in the time traces of fluid tem- 
perature. In the case of Ra = 5.7 x lo’, the open circIes 
with uparrow at r]R = 0.017 and 0.177 mean that the 
thermal plumes would reach closer to the hemi- 
spherical surface because the temperature fluctuations 
due to the plumes were very large at the positions. In 
this case, hot thermal plumes reach the inner surface 
of the hemisphere (i.e. Z/Z,, = 1) even if r/R = 0.58 
(away from the center region). For lo6 < Ra < IO*, 
as is discussed in the previous subsection, hot thermal 
plumes at r/R - 0 reach the inner surface of the hemi- 
sphere, however z,,, decreases rapidly with increase 

FIG. 11. 

\,= 4x10” 

0 I I I I 
0 .2 4 .6 .a 1. 

r/R 
Plot of maximum arrival distance of hot 

plumes against r/R. 
thermal 

in r/R. For IZa > log, hot thermal plumes cannot reach 
the inner surface of hemisphere even if r/R - 0. 

Figure 12 shows correlation between the m~imum 
arrival distance of hot thermal plumes z,,, at P - 0 
against Rayleigh number. The value of z,,, was nor- 
malized by an effective conduction thickness 6 on the 
hot surface defined by 

- 
6 = R/2Nu. (4) 

Heat transfer coefficient is virtually determined in the 
small regions near the surfaces. 

In the figure, the solid line corresponds to the top 
of hemisphere, that is, 

11 1’ 
105 
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(a) 

.,,,... a 

FIG. 13. Numerical (Rrr = x IO”. = 850). (a) Velocity vectors. (b) Isothermal lines. 

R/6 = 2Nu = 0.37Ru” ” ( 1Oh < Ra < 10’) (5) 

R/6 = 2Nu = 0.0658Rd’ ” (10” < Ru < 5 x 10iO). 

(6) 

As shown in the figure, hot thermal plumes arrive 
at the top of the hemisphere for Ra < 5 x 10’. For 
Ra > 5 x IO*, however, the value of z,,J~ lies below 
the solid line and it takes a constant value of 50 - 70. 
For Ra > 5 x lo’, zrnan decreases with increase in Ray- 
leigh number, i.e. hot thermal plumes do not reach 
the top of the hemisphere and are dissipated in the 
surrounding fluid by turbulence dissipation. The value 
of Zmox = 50 - 70 is still larger than zmax z 20 for the 
case of horizontal enclosures [4]. It indicates that there 
is still very weak circulating flow and upward flow at 
the center region raises the thermal plumes 

4. COMPARISON WITH NUMERICAL RESULTS 

Natural convection in a hemisphere was solved 
numerically under an assumption of axisymmetry. 
Boundary configuration of a hemisphere was simu- 
lated by accumulated thin circular discs because of 
the usage of the cylindrical (r,-_) coordinate system 
and corresponding velocity components (u,Iv). Mesh 
numbers in (r,z) direction were 50 x 50. Scalar quan- 
tities such as pressure and temperature were defined 
at the center of the each control volume and velocity 
was defined at the surface center. We used the well- 
known semi-implicit method for pressure linked equa- 
tions (SIMPLE method [24]). Numerical analyses 
were performed for conditions of Ra = IO’. 
Ra = 5 x IO’, 10”. and Ra = 2 x 1O”with Pr = 850and 
Ra = 3.6 x 10’ with Pr = 7. In the analyses, cal- 
culations were performed until steady or periodic solu- 
tions were attained, i.e. after about 4 x IO” s in real 

time. 
Steady flow was obtained for Ra < IO”. For 

Ra > 2 x lo’, steady flow could not be obtained and 
flow with periodic thermal plumes was obtained. In 

the flow visualization experiment. we obtained 
Ra = 2 x 10’ as Rayleigh number for the onset for 
periodic thermal plumes. This value is much lower 
than the numerical analysis. Some reasons would be 
considered for the discrepancy, i.e. non-uniformity in 
hot and cold surface temperatures in the experiments 
and some defects in the apparatus such as distortion 
and non-axisymmetry may cause lower onset Rayleigh 

number. Effects of non-axisymmetry of the apparatus. 
however, seems to give insignificant effects on flow 
because almost axisymmetric flow patterns could be 
observed in the experiment below Ra - 2 x I Oh. 

Figure 13 shows velocity vector and isothermal lines 
at Ru = 2 x 10h and Pr = 850. Comparison of the 
analysis with the experimental results (Fig. 6(c)) 
shows similarity in thermal plumes which are almost 
axisymmetric in the experiment. Although the onset 
Rayleigh number is different between analysis and 
experiment, flow pattern and temperature fields in two 
flow regimes of steady and periodic thermal plumes 
would be similar as far as axisymmetry is satisfied. 

Average Nusselt number on the hemispherical sur- 

face is plotted against Rayleigh number in Fig. 14. 
The solid line shows equation (2) and the broken line 
is its extrapolation. The exponent of the numerical 
results between Nusselt and Rayleigh numbers is 
nearly equal to 0.2 for Ra < 106, which corresponds 
to boundary layer flow of natural convection on a 

i --- 
Experimental CorrdatiOn 

FIG. 14. Heat transfer correlation in numerical results 
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heated circular disc [25] and nearly equal to 0.25 for 
Ra 2 2 x lo6 which corresponds to boundary layer 
flow of natural convection along hemispherical shell 
[22]. This suggests that the dominant heat transfer 
mechanism is boundary layer flow on the horizontal 
hot surface for Ra < lo6 and boundary layer flow 
along cold hemispherical surface for Ra 2 2 x 106. 
The Nusselt mnnber obtained from the numerical 
analysis agrees well with the extrapolated line. Three 
dimensional numerical analysis will be necessary for 
more precise comparison at higher Rayleigh numbers 
since axisymmetrical thermal plumes are broken 
above Ra - 2 x lo6 in the experiment. 

5. DlSCUS!%ON 

Natural convection in a hemispherical enclosure 
heated from below would have both characteristics of 
those in horizontal and vertical enclosures. The aspect 
ratio of a hemisphere is about unity. 

For the case of natural convection in vertical enclos- 
ures with aspect ratio to be unity, transition from 
laminar to turbulent occurs at high Rayleigh number 
and laminar boundary layer is maintained along ver- 
tical surface even at Ra - lOI0 according to Bohn et 
al. [lo]. The transition is induced by a traveling wave 
instability. On the other hand, for horizontal enclos- 
ures, the transition occurs at Ra = lo’- lo5 for 
water. This Rayleigh number is considerably lower 
than that in vertical enclosures. The characteristic of 
turbulent natural convection in horizontal enclosures 
is random release of hot thermal plumes (which are 
usually called as thermals in horizontal enclosures) 
from the hot surface. There is no dominant flow in 
enclosure in this case. 

For the present case, the hot surface and the top 
region of hemisphere cause a flow similar to a hori- 
zontal enclosure, whereas the hemispherical surface 
except for the top region causes a flow similar to 
vertical enclosures. For comparatively low Rayleigh 
number, a laminar boundary layer will be developed 
along the hemispherical surface and this type of flow 
dominates heat transfer mechanisms of the inner sur- 
face of a hemisphere. Heat transfer rate decreases 
towards the flow direction. Therefore, the results of 
local average Nusselt number shown in Fig. 3, where 
Nusselt number decreased from region A to E in 
alphabetical order for Ra 2 109, support the existence 
of the boundary layer flow along the hemispherical 
surface. For higher Rayieigh number, randomness in 
flow induced by hot thermal plumes is considerably 
increased and flow becomes turbulent before the 
boundary layer flow along the hemispherical surface 
turns into turbulent. The results of the experiments, 
i.e. heat transfer, fluid temperature measurement and 
flow visualization, indicate that flow becomes fully 
developed turbulent at Ra - IO’. Because of this tran- 
sition, the boundary layer gow vanishes for Ra 10’. 
For this Rayleigh number, regime 4, heat would be 
transferred by the similar mechanism of turbulent 

natural convection in horizontal enclosures, i.e. heat 
is transported mainly by hot and cold thermal plumes 
which ascend or descend almost vertically. Since the 
distance between the hot and cold surfaces is changed 
dependent on r/R, heat transfer rate would be higher 
in the region of small distance. This would be the 
cause that the local average Nusselt numbers at region 
D and E were increased and became higher than 
region B and C for Ra 10” as shown in Fig. 4. 
However, the reason why Nusselt number of region 
A is still higher than regions D and E is not clear. 

Natural convection flow would be in~uenced by 
Prandtl number. According to Rossby [2], onset Ray- 
leigh number for the irregular flow depends on Pr”.6. 
Seki et aE. [7] reported that transition from laminar to 
turbulent occurred at a lower Rayleigh number for 
water than for glycerin and oil. In the present study, 
irregular motion was observed in the center region 
of the enclosure at Ra - 2 x lo7 for Pr = 7 and not 
observed for Pr = 280 at Ra - 4 x 107. In both cases, 
however, plumes were generated regularly near the 
hot surface. This suggests that irregular motion is 
initiated away from the hot surface. Effects of Prandtl 
number on flow pattern must be investigated in future 
work. 

Let us now discuss the periodic release of hot ther- 
mal plumes from the bottom surface. As we have 
already mentioned in Sub-section 3.2, the periodic 
release should be understood as a traveling wave 
which propagates in the I direction toward the center. 
Indeed, one plume is composed of a pair of counter- 
rotating vortices, and periodic array of vortices cor- 
responds to waves. The present physical setup involves 
the circulating primary flow even for very small tem- 
perature difference. The flow therefore can be 
regarded as a basic flow for the unstably stratified 
fluid above the heated surface. The periodic release is 
due to an instability of such basic flow field, 

A through flow exerts a pattern selection mech- 
anism on a Rayleigh-Benard convection, i.e. longi- 
tudinal stationary roll is the critical mode if the Reyn- 
olds number of the through flow is relatively small. 
Here we denote a roll whose axis aligns in the stre- 
amwise direction as a longitudinal roll, which is of 
course due to a buoyancy driven instability. The criti- 
cal Rayleigh number is independent of a Reynolds 
number of the through flow as far as the Reynolds 
number is below the critical value for the isothermal 
through flow [26]. Beyond the critical Reynolds 
number, on the other hand, hydrodynamic instability 
:node called the Tollmien-Schlichting waves sets in. 

Some experimental works concerning the stability 
for free convection boundary layers on heated inclined 
plates show that rolls can be the dominant disturbance 
[27]. Traveling wave disturbance, however, has not 
yet been denied for its preference. Linear stability 
theory cannot give concrete prediction upon which 
mode will be preferred as the critical mode. Agreement 
between theoretical results and experimental ones is 
not satisfactory although the effect of the non-par- 
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aiielism of the basic flow has recently been taken into 
account in the analysis by Hall and Morris [ZS]. This 
is due to the fact that neither an appropriate controlled 
disturbance nor sensitive detection of the onset of 
instability has been introduced in the experiments. 

In the present experiment, release position of hot 
thermal plumes from the hot surface moves towards 
the edge of the hot surface with increase in Rayleigh 
number. This suggests that a hot thermal plume will be 
released when Rayleigh number based on the distance 

from the edge of the hot surface. .Y = R-I’, exceeds a 
critical value. The value of x at the separation could be 
measured from flow visualization experiment. Critical 
Rayleigh number Rn, based on s at the release pos- 
ition is plotted against Pr in Fig. 15, The value of fla, 
is a decreasing function of Pr. Results of other studies 
[27,28], which measured the onset of longitudinal roll 
on a heated rectangular plate in air, are also shown in 
the figure. The onset Ra, of traveling wave shows 
lower value than the onset of longitudinal roll of other 
studies. 

Referring to these examples, we cannot tmfor- 
tunately conclude what is the driving mechanism of 
the observed periodic release of the hot thermal 
plumes. At any rate, what is observed in the exper- 
iment is axisymmetric traveling wave. Because of the 

rapid growth of the boundary layer (the basic field is 
with a strong converging flow), the wave evolves very 
rapidly and exhibits fully nonlinear feature after a 
couple of wavelengths. As the Rayleigh number 

increases, non-axisymmetry appears on the axi- 

symmetric wave pattern in the center region on the 
bottom plate. There are two possible origins for the 
non”ax~symmetric pattern. One is the buoyancy driven 
roll formation due to the pattern selection mechanism 
of the basic through Row. The other is a secondary 

instability mechanism of the secondary flow (pri- 
marily unstable axisymmetric mode). If the former is 
true, the traveling wave should bifurcate prior to the 
bifurcation of longitudinal roil. Therefore. there 
should be a local region in which the axis>-mmetric 
wave interacts with the radial roll. This is however 
most unlikely. No significant deformation on tra- 
veling waves is expected by an interaction between 
traveling waves which already developed to the fully 

FIG. 15. Plot of critical Rayleigh number agaitlst Prandti 
number. 

nonlinear disturbance and the radial roll which is still 
in tinear or weakly nonlinear stage with su~cientl~ 
small amplitude. With further increase in the Rayleigh 
number, the onset location of non-axisymmetric pat- 
tern moves to larger r. For sufficiently large value of 
Ra, Ru = 4 x IO’ for example. we can observe radial 
roll pattern locally in the center region on the bottom 
surface. Prior to an onset of turbulence. breaking of 
ax~symmetry thus occurs. 

The experimental results indicate that integrated 

quantity, such as average heat transfer rate on a hemi- 
spherical surface, is not sensitive to transition from 
laminar to turbulent and the elects of the transition 
appear after it is completed. In the present study. 
heat transfer mechanisms along hemispi~eri~~ surface 
from Rtr - x IO’, where hot thermal plumes began to 

release periodically, till Rrr - lo’, where flow became 
fully turbulent. are laminar mechanisms as far as the 
average h’u is concerned. 

6. CONCLUSIONS 

The following conclusions are obtained from the 

present study. 
Correlation between average Nusselt number and 

Rayleigh number obtained from the experiment are 
expressed by equations (2) and (3) 

Flow patterns in a hemisphere were classified into 
four flow regimes, i.e. steady circulating flow regime 
for Ru < 2 x IO’, flow regime of periodic hot thermal 
plume for 2 x IO’ 8 Ra < 4 x 10’. flow regime of 
irregular hot thermal plume for 4 x IO7 < Rn c 10” 
and turbulent flow regime for Ra > 10’. Wavy struc- 
ture of the plumes in flow direction indicates hot ther- 
mal plumes should be understood as traveling waves. 
They are axisymmetric for Rcr < 3 x IO'. Fox 

RN z 10h. a thermal boundary layer is formed near 
the hot and cold surfaces and the average fluid tem- 
perature becomes uniform except in the vicinity of 
both surfaces. Large circulating flow exists in the 
hemisphere below Ra < IO’, which rises at the centet’ 
of the hot surface and descends along the hemi- 
spherical surface. This circulating flow almost \:an- 
ishes at about Rn - 10’ and finally the flow becomes 

turbulent with irregular thermal plumes. 
Hot thermal plumes released from the hot surface 

reach the top of the henlisphere for Ru d 5 x IO". how- 
ever. they are dissipated just above the hot surface 
and cannot reach the top surface for Rn 2 :i x IO'. 
Experimental results show that transition from lami- 

nar 10 turbulent occurs at Rtr - IO". 
Numerical analysis showed similar thermal plumes 

to the ones observed in the flow vis~~ali~ation exper- 
iment. Relationship between Nusselt number and 
Rayleigh number obtained by the numerical analysis 
agreed well with the experimental results for low Ray- 

leigh number. 
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