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Abstract ~The results of this experimental investigation are observations and conclusions, determined by 
transport measurements and flow visualization, regarding the development of convection above an 
instrumented, horizontal surface(with side walls) in an extensive water ambient subjected to a step in electrical 
energy generation. The initial mode ofheat transfer was concluded to be conduction, since the measured plate 
surface temperature closely agreed with one-dimensional transient conduction theory. Departures from the 
theoretical conduction solution were an indication of the onset of convective motion. When the heated layer 
became sufficiently thick, a wave-like instability was observed, followed by fluid motion. with nearly- 
spherically-shaped ‘heat bubbles’ (thermals) rising randomly, increasing in size, with some assuming a 
mushroom shape and breaking away from the bulk ofthe heated fluid. Thereafter, both the local and spatially 
averaged plate surface temperatures were seen to be timedependent. Another observation was the presence of 
wispy, swaying ‘convection columns’ which meandered to-and-fro on the surface. The first visual convective 
instability was seen to precede the departure of the measured surface temperature from the conduction 
solution. As the low ambient temperature range was approached, the density extremum effect reduced 
Nu Ra-“3 by as much as about 50%. It is concluded that transport above a heated, horizontal surface 
in an extensive water ambient is inherently time dependent; initially largely because of‘heat bubbles’breaking 

away from the conduction layer, and later because of die continual movement of ‘convection columns’. 
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NOMENCLATURE 

generalizing factor for time, 

(k,lc”x,) i 1+ CJ(kl,C,),l~(kpC,),l} 
thermal capacity of heating element per 
unit surface area, pC,d 
thickness of heating element 

acceleration due to gravity 
local flux Grashof number, y/U?q”/kv’ 

convective heat transfer coefficient, q”/Q, 
electrical current to foil heated surface 
thermal conductivity 
length of horizontal surface 
average length of plate, (I+ w)/2 
Nusselt number, h(r)L/k = q”L/kO, 

time average Nusselt number 
Prandtl number, pC,/k 

heat dissipated 
heat flux from foil 
resistivity of lnconel 600 foil 
density extremum parameter, 

0, - t I )l(f* - f, 1 
Rayleigh number, q@(~, - tn)/~v’ 

time average Rayleigh number 
experimentally determined critical Rayleigh 
number 
theoretical break-up Rayleigh number 
temperature 
film temperature 
temperature of maximum density of pure 
water, taken to be 4°C 

t Present address : Fluor Engineers Inc., P.O. Box 35000, 
Houston, TX 77035, U.S.A. 

$ Last known address: 2 llupeju Byepass, Ilupeju, P.M.B. 
23 186, Ileja, Nigeria. 

tn surface temperature of plate 

t, time average surface temperature of plate 

t, ambient temperature of fluid 
W width of horizontal surface. 

Greek symbols 

; 

thermal diffusivity, k/PC, 

volumetric coefficient of thermal expansion 
6 instantaneous conduction layer thickness 
8 temperature excess, t - ri 
1’ fluid kinematic viscosity 

/I density 
7 time. 

Subscripts 
S Styrofoam insulation under foil heater 
W water 
(5 edge of conduction layer 
0 location of foil heated surface 
* critical condition indicating departure from 

the conduction solution. 

INTRODUCTION 

IN SPITE of their importance in both terrestrial and 
technological processes, there appears to be relatively 
less known regarding buoyancy induced flows adjacent 
to horizontal or nearly horizontal surfaces, than for 
vertical flows. This is perhaps due to the high degree of 
complexity of such flows. Problems of geophysical 
interest concern the onset of convective motion in a 
deep fluid layer due to heating at a lower horizontal 
boundary. Certain aspects of micrometeorology 
involve natural convection flows adjacent to nearly 
horizontal planes surrounded above by an extensive 
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fluid. Similar flows also arise in many other natural 
circumstances, such as the surface cooling of ponds, and 
in numerous technological applications, such as the 
removal of fog from airport runways and the use of 
land-based heat sources to stimulate rainfall, see 
Boehm and Alder [I]. Furthermore, phenomena such 
as temperature overshoot and inherently time- 
dependent processes are of considerable importance in 
material and cooling fluid selection for systems which 
rely on natural convection cooling or heating. Also, 
with the advent of the nuclear reactor, transient 
behavior is becoming increasingly important. 

An analysis of flow adjacent to a horizontal 
boundary was carried out by Stewartson [2] for a semi- 
infinite surface, that is, a surface with a single leading 
edge. A sign mistake in the analysis led to an erroneous 
conclusion regarding the conditions for the existence of 
a boundary layer flow on such a surface. This was 
corrected by Gill et ai. [3], who showed that the only 

The present experimental investigation was under- 
taken to attempt to more fully understand the details of 
the intricate physics of such phenomena. In contrast to 

flow that admits a boundary layer solution for simple 

natural convection heat transfer from vertical surfaces, 
the horizontal configuration presents more difficulties 

boundary conditions is the one generated by a heated 

for theoretical analysis. The main problem is the very 
complicated Row pattern. It appears, therefore, that 

surface facing upward with a single leading edge or a 

there is a need in analysis for experimentally based 
guidance. It is the intent of this work to at least partially 

similar but cooled surface facing downward. 

provide such guidance. The primary difference between 
the present study and many previous ones is that in the 
present study the side entrainment of fluid near the 
heated horizontal surface has been prevented by 
placing vertical walls around the perimeter of the 
surface. Consequently, there is no boundary layer flow 
over the surface because of inflow around the edges. 

Robinson [4] gave a theoretical analysis of the 
convective instability of a growing horizontal thermal 
boundary layer resulting from a sudden increase in the 
temperature of a lower horizontal boundary. He 
modelled his system by applying the Stuart-Watson 
approach to a study of the nonlinear behavior of slowly 
growing perturbations to a steady basic temperature 
profile. The flow development suggested agrees well 
with both his computed and experimental results, and it 
is felt that this model provides a most useful aid in the 
understanding of the nonlinear flow development. 

The study of Fishenden and Saunders [5] is similar to 
the present one inasmuch as it considered transport 
above a heated horizontal surface. The inclusion of side 
walls, transient effects anddensity extremaeffects in the 
present study constitute the major differences between 
their work and that here. They reported heat transfer 
correlations for square heated plates facing upward and 
downward. The particulars of the work from which 
they derived the correlations are, however, not given. 
The characteristic linear dimension was taken as the 

average ofthe side lengths, with temperature differences 
between surface and distant air up to 1000°F. The 
following equations were suggested. 

For plates facing upward : 
laminar region (Ra between lo5 and 10’) 

‘VU = 0.54(RL$25 ; 

turbulent region (Ra higher than 10’) 

(1) 

ivzi = O.~~(RU)‘.~~. 

For plates facing downward : 
laminar region until Ra = 10” 

(2) 

Nu = 0.25(Ra)0,25. (3) 

Croft [6] made measurements of the temperature 
profile in the air immediately above a heated plate by an 
interferometric method and studied the flow patterns 
visually and photographically by a direct shadow 
method. Both the visual observations and temperature 
measurements show the existence ofconvection similar 
to that of the cellular convection noted in shallow 
enclosed layers. This motion was contained in a layer of 
some 2 cm in extent, both above a surface in an 
extensive fluid and in enclosed deep layers. The mean 
temperature profile in this region was found for a range 
of surface temperatures and the results show that the 

logarithm of the mean absolute temperature varies as 
the - l/2 power of the height above the heated surface. 

Thomas and Townsend [7] made detailed measure- 
ments of the temperature Geld in natural convection 
above a heated horizontal surface in air, with and 

without a cooled upper boundary. Using a variety of 
experimental techniques, they measured the heat 
transfer, the mean temperature profiles, mean squares 
of the temperature fluctuations and the auto- 
correlation functions of the temperature ~uctuations. 
An interesting feature of these measurements is the 
close correlation between heat transfer from a single 
surface and heat transfer between parallel plates. 

Townsend [S] extended the above work using 
improved methods of analysis and observed that the 
fluctuations of temperature, temperature gradient, and 
rate-of-change of temperature, all show periods of 
activity, characterized by large-scale fluctuations, 
alternating with periods of quiescence with compara- 
tively small-scale Ructuations. Both the proportion and 
frequency of occurrence of the active periods were 
reported to decrease with increasing distance from the 

surface and they probably occur when rising columns of 
hot air pass through the point of observation. It was 
concluded that the quiescent ~uctuations are typical of 
the turbulent convection far from the surface while the 
active fluctuations are the manifestation of the 
convective processes near the rigid boundary. 

Husar and Sparrow [S] performed a flow 
VisuaIization study of the patterns (in plan view, with 
side entrainment) of free convection flow adjacent to 
horizontal, heated surfaces using a technique in which 
the fluid motions were made visible by local changes of 
color due to changes in the pH value of the water. The 
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influence of the shape of the surface on the convective 

flow was investigated and it was found that, for shapes 
with corners, a basic characteristic of the convective 
flow was found to be the partitioning of the flow field. 

Sparrow et al. [lo] performed experiments to 
explore the qualitative and quantitative characteristics 
of thermals which ascend through the fluid environ- 
ment above a heated horizontal surface. Using the 
same electrochemical technique as described in ref. [9], 

direct observation of the thermals was performed. 
Measurements were also made of the fluid temperature 
above an active site of thermal generation. They 
concluded that these ‘mushroom-like’ thermals were 
generated at fixed sites on the surface, their spacing 
depending on the heating rate. They confirmed the 
prediction of Howard [11] that the generation of 
thermals is periodic, and the break-up Rayleigh 
number of the conduction layer is Ra, = 1100. 

Patrick and Wragg [12] studied the onset of free 
convection using an electrochemical system involving 
the electrodeposition of Cu’+ ions. A number of 
distinctive flow structures in the transient and steady 
states were observed including periodic instabilities at 
transitional Rayleigh numbers leading to pulsations in 
the convective plumes. 

Al-Arabi and El-Riedy [ 131 determined average and 
local heat transfer rates in air for the range of Ra from 
2 x 10’ to 109. Plates of different shapes (squares, 
rectangular and circular) were used and ‘corner’ and 
‘edge’ effects were investigated. They suggested the 
following dimensionless equations for the laminar and 
turbulent regions: Laminar heat transfer (Ra from 
2 x 10’ to 4 x 10’) can be represented, to within f 14% 
of their data, by 

Nu = O.~O(RU)‘.~~. (4) 

Turbulent heat transfer (Ra higher than 4 x IO’) can be 
represented, to within f 12% of their data, by 

Nu = 0.155(R~)‘.~~. (5) 

Similar studies for natural convection adjacent to a 
horizontal surface have also been carried out Cl, 14 
201. 

Very few of the above investigations have included a 
flow visualization study. Those who have done so, have 
considered boundary layer flow over the plate [18], 
used pH indicators to visualize the flow [9, lo], used air 
as the fluid under consideration [6, 73, applied 
electrochemical techniques [l, 121, suspended alum- 
inum particles and illuminated them [15], or used an 

optical system different from the present study. In all of 
the above investigations there was inflow over the 
edges. 

The present work concerns an experimental study of 
transient and developed transport in an extensive and 
quiescent ambient of water subjected to a step in heat 
flux from a horizontal surface. Measurements of 
temperature change with time were taken over the 
ambient temperature range 1.2-21°C which of course 
includes the density extremum condition. The 

3.2-3.6’C 

‘t 

Temperature “C 

FIG. 1. Heat transfer measurements were taken at the four 
temperature ranges indicated, whereas flow visualization was 

done only at room temperature. 

following four specific ambient temperature ranges 
were considered : 18.75-20.9”C, 4.5-4.6”C, 3.2.-3.6”C 
and 1.2-1.5”C, see Fig. 1. For each range, the surface 
was exposed to a number of heat fluxes. Local and 
spatially averaged surface temperatures were measured 

using single thermocouples and a thermopile, 
respectively. The real-time output was recorded using a 
digital voltmeter, a strip-chart recorder and an 
automatic data acquisition system (ADAS). The local 
and spatial average surface temperature responses were 
compared with each other and with the following one- 
dimensional (1-D) transient conduction solution : 

X $ [bJ(~,r)] - 1 +eawbzr erfc [h,/(a,z)] (6) 

10.2cm 

~~~~ 

- 23.9cm 7 I-- 47.9cm -- 

FIG. 2. Heated foil surface and supporting structure (not to 
scale). Note that side walls (not shown) are abutting the foil 

heater. 
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Of particular interest during the transient response 
was the onset of convective motion and the possibility 
of temperature overshoot. 

~XPERIMtiNT.~L APPARATUS AND PROCEDURE 

The heated surface consisted of an Inconel600 foil of 
dimensions 30.48 x 47.94 x 0.00254 cm thick. The 
uniformity of the thickness was confirmed using a 
micrometer. The foil was tightly stretched between two 
vertical knife edges over Styrofoam on a horizontal 
stainless steel base plate (with adjustable legs for 
leveling) which was ground flat, see Fig. 2. The 
Styrofoam (4.13 cm thick) was machined flat to a close 
tolerance and was fitted with nine thermocouples 
(0.01 cm diameter) bent parallel to the surface and 
distributed over the entire area. Four thermocouples (2, 
3. 6, and 8) were connected to form a thermopile to 

measure the spatially averaged surface temperature. 
The local surface temperature was measured with the 
other thermocouples. Maximum deviation between the 

readings of the single thermocouples was about O.l’C 
when the plate assembly was placed in a constant 
temperature environment. The thermocouples were 
electrically insulated from the foil by a layer of mylar 
(polyfiim ethylene terephthalate)0.00127 cm thick. For 
good thermal contact, a very thin layer of silicone 
grease was applied between the mylar and the 

Styrofoam and between the mylar and the foil. The 
properties of the composite surface aregiven in Table 1. 

The foil was heated by subjecting it to a step in 
electrical power by applying a potential difference 
across the knife-edge terminals. One knife edge was 
electrically connected to the base metal plate to reduce 

capacitance effects. 
The ratio of the heat transfer from the foil which 

enters the water. ~1~ to that which enters the Styrofoam 
backing, c/c1 can be estimated from the transient 
conduction solution (6) given earlier. The result is 

Or. the fraction of the total heat to the water is about 
98”t.g. All experiments were performed late at night to 
avoid any large disturbances caused by daytime 
activity in the building. 

The assembly was placed inside an insulated tank of 
dimensions 76.20 x 76.20 x 91.44 cm high. The tank 

and the plate surface were tevefled, using a precision 
inclinometer, to within 2 t/4” from the horizontal. 
Shock absorption dampers were placed under the 
supporting legs of the tank to minimize vibrations. The 
tank was filled with water of high purity to avoid 
electrolysis and electrical current leakage. Water 
resistivity of 0.4 MR cm was obtained by passing tap 
water through a reverse osmosis water conditioning 
system utilizing hollow fibers as the permeable 
membrane. This water conditioning system rejected 
not only dissolved materials but also organisms, 
submicrometer size colloidal materials and bacteria 
which could contaminate the water. This water was 
then degassified by passing it through the vacuum 

chamber of a deaerating apparatus at a pressure of 
about 1400 Pa. This helped in keeping the water inside 
the test tank fret of bubbles, Five thermocouples were 
located vertically along the depth of the tank to record 
stratification. 

For heat transfer measurements, the thermocouple 
response was measured using a Leeds and Northrup 
Precision Digital Voltmeter having a resolution of 
100 nV and an input impedance of 10” Q up to 16 V. 
A real-time record of the response was taken with a 
Beckman Recorder. This instrument has a sensitivity 
of 5 PV cm--’ to 50 V cm -’ and high frequency 
filtering up to 100 Hz. The response time is less than 
9 ms for IO-90’:/, of 50 mm. 

The water was stirred for about 1 h to equilibrate the 
temperature throughout the tank. After stirring, a 
waiting period of about 1 h was necessary to allow all 
fluid motion to cease. The tank temperature was 
measured with the five stratification thermocouples, 
averaged and compared with the reading of a mercury- 
in-glass thermometer in the middle of the tank. Typical 
st~ti~cation was less than about 0.08”C. At time zero, 
power was switched over from the auxiliary ‘dummy’ 
load to the main heating circuit. A precision shunt 
resistor of 0.01 Q and a current rating of 100 A was 
placed in series with the foil. The current was measured 
by measuring the voltage across this precision resistor. 
Power into the plate is then calculated from the voltage 
and current measurements. Power measurements are 
estimated to be accurate to within 0.2’/;,. 

A four-sided chamber made of vertical, high quality 
Plexiglas walls, 48 cm high, was placed around the 
perimeter of the heated surface to prevent inflow and 
entrainment at the edges and to simulate the condition 
ofambient fluid extensive only in the upward direction. 

Table I. Properties of mate&is used in the surface 

lnconel 
600 

Mylar 
(ethylene 

terephth~l~te~ Styrofoam 

k [W mm-’ K--‘] 14.9 0.0375 I 0.029 
p Ik me31 8415 22.35 35 
c’,[J kg-’ K-‘] 444 1320 1100 

-. r [cm’ s ‘1 0.0387 2.039 0.0075 
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FIG. 3. Transient characteristics of step in electrical power to 
foil for: (a) i = 28.64 A corresponding to about 588 W m ‘. 
Horizontal scale is 50 ms div- ‘. vertical scale is 1 V div- ‘. 
(b) i = 95.0 A corresponding to about 5850 W mm’. Hori- 

zontal scale is 0.1 s div- ‘, vertical scale is 2 V div ’ 

Two pins 1 cm apart were affixed on the Plexiglas walls 
to provide a distance scale for the measurements of the 
size of the instabilities in the Schlieren photographs. 

The foil was heated by a step in heat flux created by a 
step in electrical current from a Hewlett-Packard 
6475C DC power supply capable of O-110 V and 
O-110 A. The heating circuit consisted of a primary 
and secondary one. This was necessary to eliminate 
transient power surges in the power supply when it was 
suddenly given a load. A ‘slamming’ device was 
employed to switch the connections to the primary 
circuit. This device was a make-before-break switch 
which could be operated so swiftly that there is 
effectively little change in load to the power supply. The 
quality of the current step was observed by monitoring 
the voltage drop across the foil on a storage 
oscilloscope. This response is shown in Figs. 3(a) and(b) 
for a low and a high current, respectively. It can be seen 
that the time constant is approximately 200ms, which is 
within the specifications of the manufacturer of the 
power supply and is very fast compared with even the 
fastest transient studied here. 

An overall analysis of experimental errors was done 
to estimate the maximum errors in : At, Nu, Ru, q”, t, 
and t. The resulting error estimates are : 1,2,3,0.6,2 and 
3:/,, respectively. 

Flow visualization 
A Herschellian arranged Schlieren optical system 

was used for the flow visualization part of this 

investigation. This system utilized a 300 W zirconium 
concentrated arc lamp as a light source, which provided 
a high intensity yet small source size. Two 30.48 cm 
diameter high quality, first surface parabolic mirrors 

with a focal length of 254 cm were used along with a 5 1 
x 61 cm ground glass screen for the image. A horizontal 

knife-edge permitted vertical gradients to be observed. 
For the photographic recording of this investigation, 

a Nikon F2AS Photomic 35 mm SLR camera was used 
to photograph the image on the ground glass screen. 
Winding of the film was facilitated by using a Nikon 
MD-2 motordrive, and time interval photographs were 
obtained by using the motordrive with a Nikon MT-l 
Intervalometer. The whole camera assembly was fixed 
on a tripod and the film used was Kodak Tri-X Pan 
ASA 400. Movies were taken using a Bolex 16 mm 
movie camera with ASA black and white film pushed to 
ASA 800. Additional details are given in Ajiniran [21] 

and Arif [22]. 

HEAT TRANSFER AND TEMPERATURE 

MEASIJREMENT RESULTS 

Seventeen conditions, shown in Table 2, were studied 
covering a range of heat flux and ambient temperature. 
It was found in all cases that the initial mode of heat 
transfer was conduction, since from Figs. 4- 7 the 
surface temperature response is seen to follow the 1-D 
transient conduction solution (6). 

After a ‘critical time’ depending on the flux level and 
the tank ambient temperature, a ‘critical temperature’ 

was obtained. Figures 447 show that at this time, the 
temperature is seen to suddenly fall below the 
conduction solution (6) indicating the onset of 
convective motion. Thereafter the local plate tempera- 
ture can be seen to oscillate in a somewhat irregular 
fashion about the steady-state value of the plate. 

The local and spatial average plate temperature 
behaviors are compared in Figs. 6(a) and (b). A single 
thermocouple was employed to measure the local 
temperature in Fig. 6(a). A thermopile was used to 
measure the spatial average plate temperature in Fig. 
6(b) for a similar set of conditions. For the single 
thermocouple, the temperature suddenly fell below the 
conduction solution at between 180 and 190 s, which 
corresponds to a temperature diflerence of about 
6.75”C, see Fig. 6(a). The time average temperature was 
about 5.65”C. The amplitude ofoscillation is somewhat 
lower in the thermopile run probably due to the spatial 
averaging effect. This comparison suggests that the 
spatially averaged plate temperature is close to the time 
average of the local plate temperature. It also suggests 
that the surface is nearly isothermal, at least during the 
initial conduction regime. 

It can also be seen, from Table 2, that in all runs the 
critical temperature attained is greater than the time 
averaged steady-state value. This indicates a certain 
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(a) 

(b) T"S 

FIG. 4. Comparison of measured average surface temperature 
with the conduction solution, equation (6) for the 18.8-20.9”C 
range. (a) Experiment 1, shown in Table 2. Arrow indicates t* 
observed visually, from Table 3, experiment 4. (b) Experiment 
4, shown in Table 2. Arrow indicates z* observed visually,from 

Table 3, experiment 2. 

amount of temperature overshoot. It was further 
observed that the onset of convective motion was 
highly influenced by both the flux level and the ambient 
temperature in the tank. The higher the flux level, the 
earlier motion sets in. This was observed in all runs. 

In the low temperature range below t,, Figs. 5(a) and 
(b) show delayed transition from conduction to 
convection. Relatively large surface temperature 
excursions occurred as the region around the density 
extremum was traversed during the transient. As the 

044 
4 40 ioo 4000 

(a) 7-s 

2b/ I I 
i 10 co 

(b) T-S (b) 

FIG. 5. Comparison of measured average surface temperature FIG. 7. Comparison ofmeasured average surface temperature 
with the conduction solution, equation (6), for the 1.2-1S”C with the conduction solution, equation (6), for 4.5-4.6”C 
range. (a) Experiment 5, shown in Table 2. (b) Experiment 10, range. (a) Experiment 15, shown in Table 2. (b) Experiment 17, 

shown in Table 2. shown in Table 2. 

04y I I I 
1 40 400 1000 

(b) r-s 

FIG. 6. Comparison of measured average surface temperature 
with the conduction solution, equation (6), for the 3.223.6”C 
range. (a) Experiment 11, shown in Table 2, single 
thermocouple. (b) Experiment 14, shown in Table 2. 

thermopile. 

fluid adjacent to the plate surface warms up, its density 
increases to a maximum at 4°C. Subsequently, it 
decreases to its initial value and then somewhat below 
it. Motion then commences. 

The density extremum effect on heat transfer was 
found to increase as the !ow temperature ambient 
temperature range was approached. This effect tends to 
decrease heat transfer. Figure 8 shows that most of our 
(space and time average) data approximately follow the 
l/3 slopeofFishenden and Saunders [S] which they call 

(4 
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2: 

3 2c 

g 
-1 

45 

-0 4 2-4 YC 
A 3.2 -3.6”C 
v 4.5-4.6OC 
0 48 75-20 9°C 

Eqt. (4) 

/ 
/,% I I J 

70 80 90 400 

Log Ra 

FIG. 8. Comparison of measured average heat transfer with 
correlations of Fishenden and Saunders [S]. Note that 
bounding values of each point indicate limits of unsteadiness 

in average heat transfer and average surface temperature. 

the ‘turbulent range’. The degree of unsteadiness is 
shown by the bounds indicated for each data point. 
Since the higher temperature data is closer to the line, 
the departure ofthe low temperature data appears to be 
due to the effects of the density extremum. Figure 9 
shows this more clearly. 

The following heat transfer correlation, valid in the 
vicinity ofthe density extremum temperature range was 
obtained 

NM Ram'13 = -0.053R+0.099, (8) 

where R is negative for ambients above t, and positive 
for those below it. The bounds on data points indicate 
the limits of the time oscillating values. The RMS error 
for the fit was found to be about 0.7”/0. Around the room 
temperature range, correlation (2) of Fishenden and 
Saunders [S] was found to be adequate for time and 
space averaged data, with a corresponding RMS 
deviation of about 23,. It is clear that for R > -0.77 
density extrema effects tend to decrease Nu Ram '13. 

0 24 

FLOW VISUALIZATION RESULTS 

Some qualitative characteristics of the tlow con- 

figuration were determined using a Schlieren system. 
Real-time measurement of the surface temperature 
variation was simultaneously made to determine the 
relation between temperature variation and the de- 
veloping nature of the flow. These measurements were 
made for four fluxes ranging from 709 to 7867 W rn- 2. 
This part of the study was done in water at room tem- 
perature, ranging from 19.41 to 21.55,-C. 

The experimental procedure for flow visualization 
was essentially the same as for the transport 
measurements. An HP9825A automatic data ac- 

quisition system was programmed to scan all nine 
thermocouples after a fixed interval of time (3 s in all 
runs) and record the voltages on a cassette tape for later 
data analysis. A tenth thermocouple was placed in the 
ice reference to check the temperature of the ice bath, 
along with a mercury-in-glass (0.1 ‘C LSD) ther- 
mometer. Agreement between the two readings was 
better than O.l”C. Forty scans were made of all ten 
thermocouples in a single run. 

A few minutes before each run, the ADAS was 
programmed to scan the surface thermocouples to 
check their calibration since at this time they were all 
essentially at the same temperature. At time T = 0, the 

power was switched over to the primary heating circuit. 
At exactly the same instant, the ADAS and the 
photographic intervalometer were started. 

This investigation resulted in the systematic 
collection of several hundred photographs showing 
various stages of convection development for many 
heat fluxes and different ambient fluid temperatures. It 
has, therefore, been necessary to restrict the 
presentation here to selected representative examples 
shown in Figs. IO(a)+e) and I l(a)--(e). Photographs of 
the observed flow field were also compared with the 
surface temperature measurements in order to observe 

0 48.8OC to 20 9’C 
v 45°C to46’C 
A 32°C to 36°C 
o 4.2”C 1o 4.5% 

NURA-“3 = -0.053R+0.099 

FIG. 9. Departure from Fishenden and Saunders [S] correlation caused by density extremum effects. Note that 
bounding values of each point indicate limits of unsteadiness in average heat transfer and average surface 

temperature. 
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FIG. 10. For 4” = 7867 W m-’ and t, = 21.1”C (run 1, Table 3). (a) Growing conduction layer at r = 4 s. 
(b)Onsetofconvectionat T = 6s.(c)Generation oflaminarplumesat z = 8s.(d)Neckingofplumesat 7 = 21 s. 

(e) Completely developed flow with convection columns at * = 63 s. 

therelationship between the temperature variation and 
the flow configuration. The time during the transient of 
each photograph is indicated. Figures I O(at(e) are for 
q” = 7867 W mm2 and t, = 21”C, and Figs. ll(aHe) 
are for 4” = 709 W rn- ’ and t, = 21.4”C. 

Figures 10(a) and tl(a) confirm the existence of a 
growing conduction layer as a horizontal band of 
heated fluid adjacent to the surface growing in 
thickness with increasing time. As the conduction layer 
becomes progressively thicker, an unstable situation 
arises due to the existence of a less dense layer of fluid 
(under the heavier bulk tluid) and this leads to 
instability and the eventual onset ofconvection, as seen 
from Figs. 10(b) and 11(b). By comparing the 

photographs with the surface temperature measure- 
ments it is noted that fluid motion is distinctly visible (at 

about z = 6 s), before the departure from the 
conduction solution (at about z = 9.5 s). See also Figs. 
4(a) and (b), where the arrows indicate visually 
determined departure from a planar conduction layer. 
This difference suggests that the initial disturbance is 
not on the surface of the plate, but rather on the outside 
edge ofthe conduction layer and it takes time to have its 
influence felt at the surface. An increase in the heat 
transfer is then caused by the first main generation of 
laminar plumes which may be seen to be well 
established at 7 = 8 s in Fig. lo(c). Later, necking of the 
plumes occurs, at T = 21 s, Fig. 10(d). 
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F1~.11.Forq”=709Wm-~andc, = 21.4”C (run 4, Table 3). (a) Growing conduction layer at T = 20 s. 
(b) Onset of convection at 7 = 24 s. (c) Generation of laminar plumes at T = 44 s. (d) Necking at T = 48 s. 

(e) Completely developed flow with convection columns at 7 = 90 s. 

For sufficiently long times, the onset of convection 
results in the departure from equation (6) accompanied 
by a fall in the heat transfer rate and the consequent 

establishment of ‘completely developed flow’. 
Completely developed flow occurs when convection 
fills the cavity formed by the side walls, resulting in 
essentially time invariant time-averaged transport. 
This is evident from the developed flow seen in Fig. 10(e) 
(z = 63 s) in which there is a complex flow structure 
consisting of a multiplicity of closely spaced interacting 
‘convection columns’ near the surface. 

Photographs for the lowest flux studied here are 
showninFigs. ll(aHe),for thecaseofq” = 709Wm-’ 

and t, = 21.4”C. Again a marked departure from the 
conduction solution is noted in Fig. 11(b) with the 
critical time being much longer, t = 24 s. Visual 
observation of the first instability in the conduction 
layer again precedes the measured time for the first 
instability in surface temperature. As earlier, the 
subsequent events leading to developed flow are shown 
in Figs. 1 l(bWe). 

A remarkable difference between the high flux case 
(Fig. 10) and the low flux case (Fig. 11) is the size of the 
initial disturbances and subsequent vertical plumes. In 
the low flux case, the disturbances and the plumes are 
comparatively larger in size, generated randomly and at 
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different times, see Fig. 12. With increasing time, these 
plumes have different rates of ascent (with respect to 
each other) into the extensive fluid. On the other hand, 
in the high flux case, the plumes are smaller, generation 
is much more uniform (that is, initial lift-off instability is 

over the whole surface) and the rates of ascent (with 
respect to each other) are also more uniform, so that a 
‘front’ of plumes or thermals seems to be rising, see Fig. 
13. 

Due to the establishment ofdeveloped convection at 
later times (63-90 s for the four cases) and the limitation 
of 36 exposures in the film, it was not easy to take 
enough still photographs over the total flow 
development time. However, visual observation using a 
movie [23], showed the formation of a large plume 
ascending in the middle of the heated surface, being fed 
by descending fluid from the sides of the central plume. 
Consequently, two big ‘cells’ of fluid appear to form on 
both sides of the central plume. Townsend [S], 
observed the formation of similar ‘cells’, but with the 
direction of the flow opposite to that in the present 
study. The reason for this difference is perhaps because 
in the present study no inflow from the sides over the 
heated surface took place. In the movie it was also 
observed that several generations of thermals seem to 
erupt from the heated surface. This process repeated at 
regular intervals of time, and the eruptions always 
occur at about the same position on the heated surface, 
as observed by Sparrow et al. [lo]. It was difficult to 
note the time period between eruptions because of the 
complicated nature of the process and the difficulty of 
knowing exactly when thermal generation was 
beginning. A consequence of this unsteady hydro- 
dynamic behavior is that the heat transfer rate never 
becomes time independent. This is readily confirmed 
from the oscillatory nature ofthe transient temperature 
data shown on Figs. 4-7 after the initial departure from 
the conduction solution. 

DISCUSSION 

Flow regimes 
It is clear from the photographs that a variety offlow 

structures exist depending on : (1) the heat flux to the 

surface and (2) the time during the transient. Three 
distinct flow regimes are distinguished. In the first 
regime, close to the heated surface, a growing 
horizontal conduction layer is present. In the second 
regime, after the onset of convection and further away 
from the heated surface, the flow has an orderly multi- 
plume structure. Finally, in the third regime, still further 
from the surface, and at later times, the flow is 
dominated by more chaotic fluid motion. 

As soon as the step in heat flux is applied to the 
surface, warm fluid starts to accumulate slowly at the 
surface. This is when conduction is dominating. When 
the conduction layer has persisted for a time slightly 
less than the critical time, the upper edge of the 
conduction layer becomes wavy. At critical time, T.+, the 
first instability is observed and plume-like structures 

start developing, rising vertically from the conduction 
layer. These plumes are a result of small spherically 
shaped thermals which appear to be related to the 
waviness of the conduction layer, each thermal 
breaking off from the crest of a wave. With increasing 
time, the flow pattern takes on a progressively more 
multi-columnar form and occurs over all of the heated 
surface. Then, later, a continuous random generation of 
convection columns occurs near the surface. As seen 
from the photographs, the plumes start to neck down as 
they rise, resulting in mushroom-like appearances at 
the top, with a hemispherical cap. The thermals were 
observed to be produced in a periodic process, in accord 
with the theory of Howard [ll]. However, it was 
difficult to measure the periods between each 
generation of thermals because it could not be exactly 
known when a new generation was erupting. 

Sparrow et al. [lo] mention that thermals are 
generated along a horizontal plane somewhat above 
the heated surface. The present investigation reveals the 
persistence of a well-defined layer near the surface even 
after convection sets in, which agrees with the 
observation of Sparrow et al. [lo]. Moreover, in 
confirmation of their study, the thermals in this 
experiment were seen to rise vertically as columns of 
fluid spaced quite regularly along the surface. However, 
since all visualization here was done from the side, it 
was difficult to discern the cross-span position of these 
thermals. Therefore, it cannot be said with certainty 
that these columns were evenly spaced along the span of 
the heated surface. Since the thermals could, 
presumably, be generated anywhere on the surface, the 
associated columns resulting from these thermals 
probably do not lie in a single vertical plane. In fact, the 
pattern observed here is an integrated effect along the 
total path of the Schlieren light beam. 

The thermals are seen to rise generally as a ‘front’, the 
spatial frequency and temporal frequency ofgeneration 
increasing with increasing heat flux. As they go deeper 
into the ambient fluid, the distance between plumes 
resulting from the thermals becomes greater. Their 
upper edges get blunted as they rise, giving a 
mushroom-like appearance. Some of the larger 
mushroom caps break away from the bulk of the heated 

thermals, but this happened very sporadically and only 
for the highest flux rate. 

Once convection had been going on for some time, 
enough to fill the Schlieren field of view, it was difficult 
to judge whether thermals were being generated at the 
same fixed sites because of the completely chaotic 
nature of the flow field. However, by this time, wispy 
convection columns had developed, and were seen to 
parade across the persisting layer near the surface. 
These convection columns meander to-and-fro on the 
heated surface. Aiba and Seki [24] suggest that the 
swaying motion of the convection columns might be a 
self-excited oscillation related to a periodical variation 
of local heat transfer on the surface. Since the surface 
temperature measurements here show unsteadiness, 
this could explain the motion of the convection 
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columns. IIusar and Sparrow [9] also observed the 
meandering nature of these rising convection columns. 

The values of Ra calculated in this experiment are all 
greater than the transition criteriaofRa = lo* given by 
Fishenden and Saunders [Sj. Accordingly, from the 
photographs, all flow regimes in the present 
investigation are turbulent. However, Fishenden and 
Saunders [5] apparently did not have side plates to 
prevent inllow over the edges, as in the present 
investigation. Therefore, their investigation criteriacan 
not be strictly applied to the present study. 

Modes qf heat transfer 
In all cases, the initial mode of heat transfer is 

conduction. Visualization of the flow confirmed this by 
the presence of a conduction layer next to the foil whose 
penetration depth increased with time until the onset of 
convection. The variation with temperature of fluid 
properties such as viscosity and thermal conductivity 
was unimportant because of the small temperature 
differences for which each experiment was performed. 
The influence on the flow configuration due to the heat 
transfer from the vertical walls which confine the fluid 
above the heated surface is also expected to be very 
small, at ieast for smaller times. 

Perhaps the most important observation made in 
this experiment was the continued persistence of a well- 
defined layer near the surface even after the onset of 
convection. The thickness of this layer depended on the 
heat flux supplied, the depth being smaller with greater 
fluxes. The persistence of this layer is somewhat 
different than the phenomenological theory of Howard 
[l 11 regarding the generation of thermals, that is : “the 
convection consists of a mainly conductive phase, 
0 < r < T*, during which the conduction layer is built 
up, followed by a comparatively short interval during 
which the thermals break off and the layer of warm fluid 
is swept up in their rising, thus essentially restoring the 
original conditions, at least near the plate. Another 
conductive period then ensues, followed by another 
burst of thermals, and so on”. It was observed visually, 
in the present investigation, that the time required for 
the thermal to break away from the conduction layer is 
short compared to Z* which for moderate and large Pr, 
agrees with ref. [I 1). In all cases, t* preceded the 
measured departure from the conduction solution. 

Surface temperuturefluctuutions 
The features of Figs. 4-7 after the departure from the 

conduction solutions are noteworthy. The tempera- 
tures oscillate about an average value. Smaller peaks 
are also sometimes visible within two bigger peaks. 
Aiba and Seki [24] investigated this fluctuation and 
discussed the swaying motion of the convection 
columns rising from the horizontal plate under the 
assumption that the motion might be a self-excited 
oscillation related to a periodical variation of local heat 
transfer on the surface. According to them, a peak in the 
temperature fluctuation appeared as a meandering 
convection column passed over a measuring position, 

with a small peak as it departs from or approaches 
there. Another explanation of the surface temperature 
fluctuations might be the periodic generation of 
thermals, a peak in the fluctuation coinciding with the 
generation of thermals. 

Critical times 
The critical time for the onset of convection is a 

function of the rate of energy dissipation in the foil and 
the transport properties of the fluid. In the four Rux 
cases considered, the critical time preceded the 
departure of measured temperature from the conduc- 
tion solution. The critical time was observed visually 
and measured with an electronic timer and also 
determined by examining the movie film, frame-by- 
frame, to locate the first time at which an apprecjable 
break-up occurs in the conduction layer. This 
determination was generally unambiguous to within 
two frames. In the four runs, the observed critical times 
varied from 6.2 to 22.5 s. 

Critical Rayleigh number 
Howard [11] hypothesized that the onset of 

convection occurs at a specific critical value of the 
Rayleigh number. Ra, (based on the instantaneous 
thickness of the conduction layer), which can be defined 
as 

Several values of Ra, have been quoted in the literature : 
Ra, = 1100 (Howard [ 1 l]), Ra, = 2500 (Elder [ZS]) 
and Ra, = 2800 (Townsend [S]). In the analysis of 
Howard [ll], 6 was taken as ,/(rc~r,), where T* is the 
critical time. Values of Ra, have been calculated from 
the present measurements in three ways. 

The first is to use values of 0, and r* from Figs. 4-7 (at 
the point of departure of the measured surface 
temperature from the conduction trend) and calculate S 
using 6 = J(rcc~r,). The resulting average of the Ra, 
values shown in Table 3 is 1778. The second way to infer 
Ra, is to use t* from the Schlieren photographs to 
obtain Ra from Figs. 47. The resulting average of the 
Ra, values shown in Table 3 is 943. This lower value 
reflects the previously noted earlier visually-observed 
instability, see the arrows on Figs. 4(a) and(b). The third 
way of inferring Ra, is to again use Z* from the Schlieren 
photographs to obtain Bc from Figs. 47, but to obtain 6 

directly from the Schlieren photographs. The resulting 
average of the Ra, values shown in Table 3 is 2584. The 
first and second ways are expected to be inherently 
more accurate than the third for two reasons. It is 
difficult to accurately measure 6 directly from the 
Schlieren photographs because of refraction errors ; 
whereas it is straightforward to accurately measure the 
critical time, T*, at which the first disturbance is seen in a 
Schlieren photograph. The effect of such an error is 
compounded because in the first two ways Rcr, cc z$2 ; 
but in the third way, Ra, K S”. Consequently, the larger 
expected errors in the values of 6 measured from the 
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Schlieren photographs are amplified by being raised to 
the third power. 

The values of Ra, inferred by the second way are 
earlier and hence more meaningful indicators of the 
onset of fluid motion, which appears to begin as a 
disturbance at the outer edge of the growing 
conduction layer. Apparently, it takes time for the effect 
of this disturbance to penetrate to the surface and 
influence the surface temperature. The large differences 
between the three average values of Ra, (1778,943 and 
2584) suggest that the instability criteria and the 
method of measurement are important. As explained 
above, we believe that Ra;, = 943 (second way) is the 
most accurate and meaningful indicator of the onset of 
fluid motion. However, from a heat transfer point of 
view, Ra, = 1778 (first way) has perhaps more 
meaning. 

CONCLUSIONS 

Experimental measurements of the surface tempera- 

ture variation with time, before the critical time (when 
the heat transfer from a suddenly heated horizontal 
surface to a one-dimensionally extensive ambient fluid 
is essentially by conduction) agree well with those 
predicted by theory. After the onset of convection, the 
general observations regarding the periodic generation 
ofthermalsareinagreement with thoseofSparroweta1. 
[IO], thereby further validating the qualitative 
predictions of Howard [ll]. However, this periodic 
generation was clearly observed only in the low flux 
cases, the flow being too chaotic for clear observation 
for higher fluxes. Confirmation has also been made of 
the existence and swaying motion of convective 
columns near the surface, as did Aiba and Seki [24], 
under their assumption that the motion might be self- 
excited oscillations related to the periodical variation of 
local heat transfer on the surface. 

A striking feature of the present observations is the 
persistence of a quite well-defined layer near the surface 
even after the onset of convection. Another observed 
phenomena was that visual observation of the first 
instability preceded the departure of the measured 
surface temperature from the conduction solution. This 
happened in all experimental runs. 

After the critical time, the surface temperature is 
unsteady and fluctuates, characterized by large 
fluctuations alternating nonregularly with compara- 

tively small ones. It is surmized that a large fluctuation 
occurs when a meandering convection column of fluid 
passes through the measuring point (i.e. the 
thermocouple), while a small one occurs as it ‘departs 
from or approaches there. Also, the onset ofconvection 
and the ensuing flow configuration was highly 
influenced by the flux level. 

It is concluded that transport above a heated, 
horizontal surface in an extensive water ambient is 
inherently time dependent; initially largely because of 
‘heat bubbles’ breaking away from the conduction 
layer, and later because of the continual movement of 
‘convection columns’. 
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D~VELOPPEMENT D’ECOULEMENT ET TRANSPORT AU-DESSUS DUNE SURFACE 
HORIZONTALE SOUDAINEMENT CHAUFFEE 

Rbumk- Les r&hats de cette etude experimentale. bases sur des mesures de transport et une visualisation de 
I’bcoulement,concernent ledttveloppementdelaconvectionau-dessusd’unesurface horizontaleinstrumentee 
(avecdes parois laterales), soumise a un echelon de chauffag~~iectrique,dans I’eau. Le mode initial de transfert 
de chaleur est la conduction puisque la temperature mesuree de la surface s’accorde avec la thtorie de la 
conduction variable unidirectionnelle. Lesecartsa la solution theoriquede conduction sont une indication du 
debut du mouvement de convection. Quand la couche chauffie devient suffisamment ipaisse, on observe une 
instabilite de type ondulatoire, suivie par un mouvement fluide avec des “bulles de chaleur” (thermiques) de 
forme spherique qui s’elevent au hasard en augmentant de taille, avec une forme de champignon et qui 
disparaissent auloin. Ensuiteles tem~raturesiocaleset moyennesspatial~ssur lasur~~cesontd~~n~ntesdu 
temps. Une autre observation est la presence de”colonnes convectives” en touffes qui partent de la surface. La 
premiere instahilite convective visible precede I’ecart de la temperature mesurte de la surface a la solution de 
conduction. Lorsque la temperature amhiante est faihle, l’effet d’extremum de densite reduit Nrc Ra Ii3 
d’environ SOo/,. On conclut que le transport au-dessus dune surface horizontale chaude, dans une ambiance 
d’eau de grand volume est foncierement fonction du temps; initialement a cause des “bulles de chaleur” qui 
quittent la couche de conduction et ensuite a cause du mouvement incessant des “colonnes convectives”. 
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DAS EINSETZEN VON STROMUNGEN tiBER EINER PLOTZLICH BEHEIZTEN FLACHE 
IN WASSER 

Zusammenfassung-Die Ergebnisse dieser experimentellen Untersuchung bestehen aus Beobachtungen und 
SchluBfolgerungen iiber das Einsetzen von freier Konvektion iiber einer mit MeRfiihlern ausgestatteten 
horizontalen FlHche. Die FlHche (mit seitlichen Begrenzungsfllchen) befindet sich in einem ausgedehnten, 
wassergefiillten Raum und wird sprungartig elektrisch beheizt. Die Ergebnisse wurden durch Messung und 
Sichtbarmachung der Striimungen gewonnen. Es wurde geschlossen, dal3 die WBrmeiibertragung zuerst 
durch Leitung stattfindet, da die gemessenen ObertXichentemperaturen der Platte sehr gut mit den nach der 
Theorie der eindimensionalen instationiiren Wlirmeleitung erwarteten iibereinstimmten. Abweichungen von 
den nach der Theorie der Warmeleitung erwarteten Lijsung sind ein Anzeichen fiir das Einsetzen von 
Konvektion. Nach Erreichen einer ausreichenden Schichtdicke wurde eine wellenartige Instabilitat 
beobachtet. Danach setzteeine konvektive Fluidbewegungein, wobei sich fast kugelf(irmige “WPrmeblasen” 
(Thermalen) von der beheizten Oberflache abhoben und mit fortschreitender Zeit immer griiI3er wurden. 
wobei einige die Gestalt von Pilzen annahmen und von der aufgeheizten Schicht wegtrieben. Danach waren 
sowohl die artlichen als such die mittleren Plattentemperaturen zeitlich ver2nderlich. Weiter wurden diinne, 
hin- und herschwingende “Konvektionssiulen” beobachtet, die aufder OberflIche hin und her wanderten. Es 
wurde beobachtet, da13 die erste optisch sichtbare InstabilitTt der Abweichung zwischen der gemessenen und 

der fiir Wdrmeleitung gerechneten Oberflachentemperatur vorangeht. Bei Annaherung an niedrigere 
Umgebungstemperaturen verminderte der EinfluD des Dichtemaximums den Wert Nu Ra”3 urn ungefiihr 
SO?;. Zusammenfassend kann gesagt werden, da13 der Transport iiber einer beheizten waagerechten Fllche 
in einer ausgedehnten Umgebung von Wasser immer zeitabhsngig ist: zuerst hauptsCchlich wegen der 
“W2rmeblasen”, die sich aus der Schicht mit reiner Warmeleitung l6sen und danach wegen der sthndigen 

Bewegung der “Konvektionsslulen”. 

PA3BMTOE TEYEHME I4 IIEPEHOC HAA BHE3AnHO HATPETOfl fIOI-PY)KEHHOI? B 
BOAY TOPM30HTAJIbHOti flOBEPXHOCTbH3 

AHHOTaqHn--npOBencHbI n3MepeHHS A Bn3yaNf3aWla nOTOKa rIpn BOlHUKHOBeHIiH KOHBeKulill Han 

CHa6XSHHOii IlaT'IHKaMH rOpH30HTaJbHOti IIOBepXHOCTbIO (C 6OKOBbIMA CTCHKBMH), IIOMemeHHOii B 

6onbWoii 06~~2~ Bonb~, CKaYKOO6pa3HO HarpeeaeMoii 3neKTpuqecKHM T~K~M. rIpennonarae_rcs, 
‘IT0 B HaqaJIbHbIii flepROL, OCHOBHbIM peNSMOM TeIInOne~HOCa IlBJIReTCff TenJIOnpOBOLIHOCTb. TaK 
KaK p‘Z3yJIbTaTbI M3Mep,‘ZHAfi TeMrIepaTypbI IIOBepXHOCTH IIJIaCTAHbI XOpOWO COrJIaCylOTCR C -reOpMei? 

OnHOMcpHOti HeyCTaHOBHBWefiCa TeWIOIIpOBOnHOCTH. OTKJIOHeHHSl OT TeOpeNVeCKOrO p'ZWeHAa 

3a~a%,~'Zn,IO"pOBO~HOCTliyKa3bIBaJIHHa B03HHKHOBeHHe KOHBeKTHBHOrOilBIIH(cHIIR. npMnOcTAXG?HHM 

HarFBaeMbIM CJIOeM OIIpCL,eJIeHHOi? TOJImMHbI Ha6JIIOnanOCb BOSHAKHOBeHHe BOJIHOBOfi HeyCTOi-N- 

~ocrn,3a~orop017 cnenoeanomwixemie XG~JJK~CTA~~OYT~ c$eperecKuMn"TennorcbIMu ny3bIpbKaMn", 

KOTOpbIe nOLlHAMaJIHCb 6ecnopflnoqH0, yBeJIn'inBaJInCb B pa3Mepe, npe 3TOM HeKOTOpbIe A3 HHX 

npeo6peTana +opMy rprz6a A 0TpbIBanacb 0T ~CHOBHO~~ Maccbr HarpesaeMoA XnaK0c~n. nocne 
3TOrO KaK ,IOKaJIbHbIe, TaK li yCpenHeHHbIe II0 npOCTpaHCTBy 3HaYCHIIR TCMnepaTypbI IIOBepXHOCTI, 

IIJIaCTIlHbI Ha~NHaJlA 3aBIICfZTb OT BpeMeHR. KpoMe TOTO, Ha6Jnonanecb nyrKH Kone6nrouuixcn 

“KOHBeKTABHblX KOnOHOK”, IIe~MelLIatOIIUiXCR B o6e CTOpOHbI II0 nOBepXHOCTH. OrMeqeHO, '170 

nepBaRBL43yaJIbHO Ha6nlonaeMan KOHBCKTHBHBR HeyCTOi&BOCTb npenWcCTByeTOrKnOHeHnH, rl3Mep+SH- 

Hoti reMnepaTypb1 noBepxHocTfi 0T 3HaqeHtix, nonysesaoro npu perueHm 3aflaqn TennonpoaomiocTn. 
B Cny’Iae yMeHbWeHH,, TeMIIcpa~ypbI OKpy9aIOmeii CpeAbI BJlHIIHl(e 3KCTpeMyMa n,IOTHOCTIi CHllTanO 

Benuwmy Nu Ra-1’3 npsMepH0 Ha 50x,,. Cnenan BblBOL,, wo nepeHoc Han HarpeeaeMol 
rOprt3OHTanbHOfi nOBepXHOCTbtO B 60nbWOM o6wme BOL,bI CyUeCTBCHHO 3aBHCHT OT Bp‘?MeHH: 
BHaqane II~HMyLUeCrBeHHO H3-3a OrpbIBa “TeIInOBblX nyJbIpbKOB”, a 3aTeM ci3-3a aBH)l(CHHII 

“KOHBCKTIIBHbIX KOnOHOK”. 


