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Abstract-This experiment, in water at room temperature, accurately maps changes in the mean 
temperature distribution from laminar flow, through changes during transition, to full turbulent flow. 
Temperature disturbance levels are also determined. Simultaneously, very accurate measurements of local 
heat-transfer parameters were made to high Rayleigh numbers. Our objective was to interrelate different 
past criteria for the beginning of thermal transition and to find any characteristic patterns during 
transition. It was found that such criteria are internally consistent but some systematically disagree with 
others because of ditTerences in methodology. Mean profiles and transport are relatively unambiguous. 
Further, some events during transition may also be correlated, from our measurements, both in terms of 
mean profiles and heat transfer. Transport in Iaminar, in transition and in turbulent flow are mapped. In 
the first regime, it agrees with theory and in the last, with the correlation of Wet and Liu [l]. Mean 
temperature distributions in full turbulence are in very close agreement with the new transport theory of 

George and Capp [2]. 

NOMENCLATURE 

characteristic frequency = 501$x~/vG*~.~; 
specific heat of water ; 
transition factor; 
frequency [Hz] ; 
acceleration due to gravity; 
modified Grashof number = 4(Gr/4)‘i4; 
modified flux Grashof number 
= S(Gr*/5)li5 ; 
Grashof number = g/S( To - T,)x3/v2 ; 
flux Grashof number = g/?q;x4/kv2; 

heat-transfer coefficient ; 
thermal conductivity of water ; 
Nusselt number = hx/k; 

Prandtl number = PC/k; 

heat flux to plate; 
Rayleigh number Gr, Pr ; 
Rayleigh number Gr,*Pr ; 
temperature in boundary layer; 
temperature of plate surface; 
ambient temperature; 
temperature disturbance amplitude; 
distance from leading edge of plate ; 
distance measured in boundary layer 
normal to plate; 
distance measured in boundary layer 
parallel to plate. 

Greek symbols 

a, thermal diffusivity, k/pc; 

B9 coefficient of thermal expansion of water ; 
% non-dimensional form of distance in 

boundary layer = yG*/5x; 

fi, dynamic viscosity of water ; 
V, kinematic viscosity of water ; 

dA non-dimensional form of temperature 
difference ; 

6, boundary-layer thickness; 

6 
.r 

O” T-T, 
hr enthalpy thickness = -dy. 

o T,-T, 

1. INTRODUCTION 

BUOYANCY induced flows have been the subject of 
intense research in recent years. They are en- 
countered in nature and in industry. Atmospheric 
and oceanic circulations are caused by buoyancy 
effects. The need for accurate prediction of transport 
abounds in industrial applications. In this study, a 
buoyancy induced flow along a constant flux vertical 
surface in water is investigated. Measurements are 
made in all the three flow regimes-laminar, tran- 
sition, and turbulent. Thermal transport characteris- 
tics are measured over the whole range of conditions 
under which a laminar flow undergoes transition and 
becomes turbulent, due to hydrodynamic instability. 
We sought to clearly assess the meaning of con- 
ventional measures and to delineate their differences 
in terms of detailed transport mechanisms. 

1.1. Heat-transfer characteristics 

Heat transfer from a vertical heated surface is 
commonly correlated by the Nusselt number, Nu, as 
a function of the Grashof number, Gr. The Grashof 
number is a measure of the vigor of the induced flow, 
analogous to the Reynolds number of forced flow. 
The early study of Lorenz [3] analyzed laminar flow 
adjacent to an isothermal vertical surface, based on 
the assumption that the flow is laminar. Later 
analytical investigations used laminar boundary- 
layer theory. Similarity analyses gave compact, exact 
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and numerlcal solutions. Sparrow and Gregg [4] 
analyzed flow adjacent to a uniform heat flux 

vertical surface, which is the circumstance here. 

Calculations were compared to the experimental 
results of Dotson [5], with good agreement. The 

local Nusselt number. NM_ is a function of the 

modified Grashof number, Gr: = g/iq~~..~~~li? where 
qi, is the uniform surface flux. and \’ i\ the distance 

from leading edge. This modified Grashof number IS 

sometimes more convenient to compute. since the 
heat flux is known. In laminar flow. we may calculate 

the dependence of Nu, on Gr: for ;I given lluld 
Prandtl number. 

The transport mechanisms m the transition region 

are very complicated. Heat-transfer characteristics 
vary during transition. and beyond, until a “de- 
veloped” turbulence is established. see Bill and 
Gebhart [6]. Since turbulent flows are also of great 

practical significance, many experimental and 
analytical studies have also explored such thermal 

transport. The first calculated equation for turbulent 

flow adjacent to isothermal vertical surfaces was that 
of Eckert and Jackson [7], using an integral method. 

The resulting equation, below. 1s limited to Prandtl 

numbers close to 1. 

Nu = 0.0146(Gr)2’“(Pr)7 ” 

x [I +0.494(Pr)““]-” 

Earlier experimental work on eventual turbulent 

natural convection. by Griffiths and Davis [Xl. 

obtained local heat-transfer measurements for an 

isothermal surface in air. The heat transfer was found 
to be highest at the bottom section of the surface. It 
dropped to a minimum value further up and then 

rose to an almost constant value over the remaining 
section of the surface. Their explanation was. “. the 
laminar motion of the air persists up to a certain 

point only, beyond which turbulence sets in. ..“. 

Saunders [Y] investigated natural convection in 

water and mercury and surmised that the flow was 

not streamline for GrPr > lO”(Pr = 7.01. Above 

that limit, the heat-transfer correlation was found 

experimentally to be 

NM = 0,17(GrPrI”“. 

Since this study. many workers have investigated 
turbulent flow along isothermal vertical surfaces. The 

results of Warner and Arpuci [lo] in air are in good 

agreement with the analytical correlation of Baqley 

[Ill: 

Nu = O.~ORU"~ Krr < 10”. 

On the other hand, similar experiments by Cheese- 
wright [12] in an appeared to support the Eckert and 
Jackson [7] result. 

Surfaces dissipating uniform-flux have received 
less attention. Dotson [5] made measurements m an- 
but they were limlted to the laminar and transltion 
regimes. Vliet and Liu [I] used a uniform-flux 
vertical plate in water. This data extended to a 
modified Rayleigh number (Gr:Pr) of 10’h, over the 

and B. GERHAR I 

range in Prandtl number from 3.6 to 10.5. Local heat 

transfer was correlated by 

Nu, = 0,56X(Gr:Pr)” ” 

The theoretical result of George and Capp [2] 

suggested that 

We have obtained heat-transfer data for a uniform 
flux vertical surface in water. Our data spans the 

range from laminar Row. through the subsequent 
stages of transition. to full turbulence. The maximum 
modified Rayleigh number achieved was 5 x IO”‘. 

1.2. Metrrl temperutwe profiles in turhdence 

The measurements of mean temperature across 
either a turbulent natural convection boundary 

region, or across a region in transition have been 

mainly in au on isothermal vertical surfaces. The 
measurements of Griffiths and Davis [8] were 

approximated by Eckert and Jackson [7] as follows 

where II = 7 and ,i is the thermal boundary region 

thickness. Warner and Arpaci [lo] concluded, from 
their measurements in air. that this is not an accurate 

representation. They suggested that, except at the 
wall itself. the profile is well represented on natural 
coordinates (physical distance from the wail) by a 

laminar protile over a great portion of the thermal 

layer. Cheesewright [ 121 also concluded that one- 

parameter similarity, in the sense in which it applies 
to the lammar boundary layer, cannot be used to 

scale the turbulent temperature profile across the 
boundary layer. Lock and de B. Trotter [13] made 
an experimental study of turbulent natural con- 

vection adjacent to a uniform-flux vertical plate 
immersed in water. Their temperature profiles were 
well represented by plotting the normalized tempera- 

ture against physical distance from the plate. as 

suggested by Warner and Arpaci [IO]. Vliet and Liu 
[I] divided the thermal boundary layer into three 

regions and suggested three separate relationships to 
represent the mean temperature distribution. They 
also concluded that the I,‘7 power profile did not 
correlate their data either near the wall or in the 

outer portion of the thermal region. 
Recently George and Cspp [Z] have analyzed fully 

developed turbulent natural convection boundary 
layers for both constant wall temperature and 
constant Ruu surface conditions. A detailed dls- 
cussion is g~\en on the absence of consensus 
concerning the scaling relations proposed in the past. 
They identified outer and inner flow regions and it 
was shown that the inner layer IS a constant heat flux 
layer. This layer was seen. in turn. to consist of two 
major subdlvlslons. Near the wall is a conductive 
and VISCOUS sublayer m which the mean temperature 
and velocity profiles are linear A buoyant sublayer 
exists further out. where mean velocity and tempera- 
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ture profiles show respectively, a cube root and an 
inverse cube root dependence on distance from the 
wall. On dimensional grounds, scaling laws for the 
temperature and velocity fields were suggested. 

We have made a large number of temperature 
measurements across the thermal layer, at different 
downstream locations and surface flux levels. As we 
will see the temperature profiles in the laminar 
region are in excellent agreement with the theory. In 
particular, the scaling laws appear to be well 
corroborated. 

1.3. Transition 
Most past investigations of natural convection 

flow along a heated vertical surface are concerned 
mainly with either the laminar or the fully developed 
turbulent regime. Laminar flow undergoes a com- 
plicated process of transition and adjustment before 
it becomes a “fully developed’ turbulent flow. The 
heat-transfer characteristics and mean temperature 
distributions in the boundary layer gradually deviate 
from those of laminar flow and undergo a number of 
changes until the final trends are achieved. 

The initiation of natural convection transition is 
similar to that in forced flow. However, the later 
stages of the process are different and far more 
complicated and varied. A natural convection flow 
first becomes unstable to small disturbances as soon 
as it has reached a certain value of Gr,, as indicated 
by linear stability theory and confirmed in detail by 
measurements. Ever-present disturbances amplify 
downstream under the conditions where a balance of 
buoyancy, pressure and viscous forces contribute 
energy to such disturbances. Such highly amplified 
disturbances are the cause of later breakdown. The 
analytical and experimental investigations concern- 
ing laminar instability were summarized by Gebhart 

[141. 
Vliet and Liu [l] studied flow adjacent to a 

uniform heat flux vertical surface in water. They 
defined the beginning of transition to be the 
downstream location where the measured surface 
temperature begins to decrease, that is, after the maxi- 
mum surface temperature is reached. Cheesewright 
[12] made some measurements in the transition 
regime in air. The criterion for the beginning of 
transition was taken to be the appearance of 
significant temperature Auctuations in the boundary 
layer. 

Past studies indicate wide ranges of Grashof 
number over which the beginning and the end of 
transition occur. The Grashof number Gr,* is, for 
some purposes, more conveniently related to G* as 
G* = 5(Gr,*/5)‘/5. Lock and de B. Trotter [13] 
suggested G* = 320-525 (Pr = 9.9-11.85) for the 
beginning of transition and G* = 550-750 for its 
end, in water. Estimates of G* by Vliet and Liu [l] 
in water were 800-1300 and 1150-2000, respectively, 
for data at Pr = 10.5-3.6. Linear stability theory and 
measurements show that the growth rate of two- 

dimensional disturbances depends upon the local 
Grashof number, G*. 

The large spread in G* posed the question of 
whether or not a systematic trend possibly exists, 
dependent perhaps on the heat flux 4:. Godaux and 
Gebhart [15] measured the beginning of the thermal 
transition process at different heat flux levels in water 
and found conclusively that it is not correlated by 
the use of Grashof number alone. For the different 
heat flux levels used, thermal transition was always 
found to occur at the downstream location x where 
the product Q = qix, i.e. the total amount of 
thermal energy given to the boundary layer by the 
heated surface, had reached approximately the same 
value. In terms of G*, this is a constant value of 
G*/x315 K Kx) l”. For the end of transition, a range 
of G * was suggested. 

More recently, Jaluria and Gebhart [16] made 
detailed measurements of the beginning and progress 
of transition in water. Both the velocity and 
temperature fields were determined. Criteria for the 
beginning of both velocity and thermal transition 
were established. They characterized the thermal 
transition events by G*/x”, where n appeared to be 
0.4 and 0.54 for the beginning and the end of 
transition, respectively. The first limit is proportional 
to the local kinetic energy flux E = G*(v2/gx3)2/15. 
They found that E = 13.6 and 15.2 for the beginning 
of velocity and thermal transition, respectively. To 
assess the general validity of the parameter E, as a 
correlator of the beginning of transition, they 
collected all transition data from previous studies in 
air and in water. A 70% spread in E, over a Prandtl 
number range from 0.7 to 11.85, was found. This 
spread is clearly due, in part, to the past use of 
differing criteria and judgement in the matter of 
assigning the actual location of the beginning of 
transition, and in the ways the locations were 
determined experimentally. 

The present study considers, in detail, the effects of 
different methods of specifying or determining the 
beginning of thermal transition. Successive transition 
events are interpreted according to several measures; 
linear stability theory predicted amplification down- 
stream, deviation of the mean temperature distri- 
bution in the boundary layer and heat-transfer 
characteristics. Our results are well correlated by the 
transition parameter E, suggested by Jaluria and 
Gebhart [16] but the numerical value of E varies 
according to the criterion used in defining the 
beginning of thermal transition. 

2. APPARATUS 

A buoyancy induced flow was generated in water 
along a vertical surface dissipating a constant heat 
flux. The surface assembly consists of two 0.00127 cm 
thick, 130.5 cm long and 46.6 cm wide Inconel 600 
foils separated by layers of Teflon. Twenty four, 127 um 
copperconstantan thermocouples were placed along 
the vertical centerline (in the middle of the Teflon 
layers) of the plate. The whole plate assembly had 
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been heated under high pressure to fuse the Teflon to 
the foil. The resulting thickness was 0.038cm. The 
plate was then stretched vertically between two 
stainless steel knife edges. The whole assembly was 
supported by a stainless steel frame sitting in 
a 1.83 x 0.662 x 1.83 m high insulated tank made 
of stainless steel, with glass windows. The leading 
edge of the plate was 20cm from the bottom of the 
tank. The tank was filled with water of high purity, 
approxtmately 1.5 m&m reststivity, to eliminate the 
possibility of electrolysis, electrical leakage and any 
drift in the probe used. For the present study, pure 
water was obtained by an apparatus capable of 
converting tap water into pure water of resistivity 
about 4mQcm at a rate of 1 gal/min Water was 
deaerated by passing it through at 63 cm Hg vacuum 
chamber. To avoid the contamination of water only 

i 
Leading Edge j 

FK;. 1 Thermocouple locatlons 111 the plate assembly 

stainless steel, Teflon. silicon glue and silicon grease 
were allowed to come in contact with it. 

The resistance of the plate was measured by 
connecting it in series with a known precise resistor 
and passing a trickle current through it. The voltage 
measurements gave the plate resistance. It was also 
checked by an accurate wheatstone bridge. The two 
measurements agreed to within O.lg,. The plate 
assembly was heated by a Hewlett-Packard 6475C 
DC. power supply capable of supplying 0-1lOV 
and O-lOO A. To study the detailed development 
of turbulent transport, Bill [6] heated the same plate 
to a maximum flux of 1920 W/m’ and G* = 1574. 
Most of this data corresponds to the transition, 
although some is in the turbulent region. We were 
able to attain a heat flux of 4488W/mZ and a 
maximum value of G* = 2164. The surface flux was 
calculated from the measurement of voltage drop 
across the foil and the current Rowing through an 

accurate resistor in series with the plate. The uniform 
thickness of the foil assured the uniform surface flux 
condition. 

The thermal capacity of the foil was suffictently 
small so the transient start-up ttme was limited to 
L-2min, depending upon the surface heat flux. The 
large volume of the tank enabled us to run the 
experiment for 30min without causing appreciable 

t - j’C) thermal stratification and circulations in the 
tank. 

Only the temperature measurements along the 
vertical surface and traverses across the boundary 
layer were required m the present study. The 
traverses were made by 0.0127 mm dia 
chromeLalume1 thermocouple using a reference 
temperature of 0°C. The thermocouple probe was 
attached to a manual sliding mechanism capable of 
traversing the thermocouple m all the three direc- 
tions. The surface temperature at different locattons 
downstream from the leading edge were measured by 
the corresporrdmg thermocouples embedded in the 
plate assembly. See Fig. (1 I for thermocouple 
locations m the plate assembly. The thermocouple 
signals were recorded on a Beckman four-channel 
R5 11 Dynograph. All 24 surface thermocouples were 
connected to an Omega miniature thermocouple Jack 
panel. A 28 point. two-pole. Omega Rotary Thermo- 
couple Selector Switch selected the output signal 
recording. The two-pole switches are preferred as they 
do not allow a bad thermocouple to affect the output of 
the other thermocouples. The response time of the 
surface thermocouples was of the order of 1Oms. This 
was adequate for the frequencies encountered m this 
study. The output ofthe boundary-layer thermocouple 
was recorded on two channels-- one for the ttme 
average temperature at different locations across the 
boundary layer and the other one for the instantaneous 
temperature disturbances. Eight thermocouples were 
suspended vertically in the tank at different x-locations 
(about 30cm from plate) to indicate any thermal 
stratification, characteristic of circulations in the 
ambient medium. 

The heat-transfer and boundary-layer measure- 
ments were taken by traversing the thermocouple 
probe across the boundary layer at different down- 
stream locatrons s, each at different surface heat 
flux levels. Six downstream locations were selected to 
study the events and, for each location, measure- 
ments were made for ten different levels of heat flux 
q;,. This resulted in data over a wide range, G* 
= 41.-2164. The accurate posttioning of probe from 
the surface was extremely important due both to the 
thin thermal boundary region and the sharp tem- 
perature gradients in It. The location of the surface 
was determined by the completion of a resistance 
circuit containing the surface itself and two stamless 
steel capillary tubes, adjacent to and parallel to the 
probe. The least count on the traversing mechanism 
in any direction was 0.0025 cm. 

All the experiments were performed late at night 
to avoid any large disturbances caused by daytime 
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activity in the building. At the end of every 
experiment, the water in the tank was stirred 
thoroughly to eliminate any temperature gradients. 
Then 2-3 h were allowed for any disturbances and 
circulations to dampen out before the next experi- 
ment was performed. The data were computer 
reduced immediately after the experiment. The 
laminar data were verified with the theoretical results. 
After establishing the consistency and reproducibility 
of the results, the rest of the measurements were 
carried out. 

of laminar flow. Increasing turbulence increases the 
local heat-transfer coefficient h, and causes a drop in 
the local surface temperature, which gradually falls 
to a minimum value. Thereafter, it slowly increases 
with the downstream distance, indicating a cor- 
responding decreasing heat-transfer coefficient. Three 
flow regimes may be identified from the trends_ of 
(To- ‘I,) seen in Fig. 2. The highest value of (To-- T,) 
attained during the experiments was 14.2% Recall 
that h, is proportional to the inverse of (To - T,). 
Vliet and Liu [l] considered the beginning of 

IO 
1 IO 100 200 

X cm 

FIG. 2. Surface temperature variation with downstream distance from the leading edge. 0, q’:, = 583 W/m* ; 
A, q; = 1323 W/m* ; 0.2326 W/m2; 0,3714 W/m*; l ,4488 W/m’. 

3. EXPERIMENTAL RESULTS 

3.1. Local heat-transfer measurements 
Local heat-transfer measurements were made over 

the surface heat flux range 150 < qz < 4488 W/m’. 
The local surface temperature was recorded by 24 
copper-constantan thermocouples embedded in the 
surface along the vertical center line. The first was at 
x = 2.4cm and the last one was at x = 127.4cm, see 
Fig. 1. Our data range is G* = 41-2164 or Ra: 
= 1.2 x 106-5.1 x 10’4. The ambient temperature 
was always in the range from 22 to 24°C. The fluid 
properties were evaluated at the film temperature, 
the average of the ambient and local wall tempera- 
tures, T, and T,. The temperature, T,, was averaged 
over 30 s in the laminar region and 60-150 s for the 
transition and turbulent regimes. Some of the tests 
were repeated for a longer recording time and the 
averages of the local surface temperatures were 
verified. 

The local surface temperature excess (T, - T,) as a 
function of downstream distance from the leading 
edge, for several heat flux levels, is shown in Fig. 2. 
It increases as x1/’ in the laminar region, as 
predicted by theory. Further downstream, the flow 
begins gradual transition to turbulence. The trans- 
port characteristics progressively deviate from those 

transition as the location where the surface tempera- 
ture reaches its maximum value. We have found that 
the departure of surface temperature from the 
laminar trend begins well before it reaches the 
maximum value. The question of assigning the 
location of maximum surface temperature as the 
beginning of transition will be discussed later. 

One of the most important aspects of transition is 
this effect on heat transfer. For the laminar regime, 
boundary-layer theory predicts, for a Prandtl num- 
ber of 6, 

Nu, = 0.839(Grz)“S = 0.587(Ra~)‘/5. 

Figure 3 compares this with the measured local 
heat transfer. Excellent agreement is evident. 

A sample of our measurements of local heat 
transfer before, through, and after transition are 
shown in Fig. 4. The deviation from laminar occurs 
in the region from Ra,* = 1.2 x lOi x 10i3, de- 
pending on the heat flux level. The end of each 
transition, into a single higher trend, occurs in the 
region between Ra: = 5 x lOi and 1014. Vliet and 
Liu [1] observed the same transition characteristics, 
However, deviation began in the range between Raf 
= 3 x lo’* and 4 x 1013 and ended between 2 x lOI 
and 1014. These upper limits agree more closely with 
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Gr:Pr 

FIG. 3. Local heat-transfer data in laminar regime. 0, 4; = 148 W/m’; 0, q: = 583 W/m’; A, qt 
= 1323 W/m*; 0, q’:. = 2326 W/m’; o,& = 3714 W/m2 ; l , q: = 4488 W/m’. 

Vltet8 Liu (1969) Water 

FIG. 4. Local heat-transfer data in transition and turbulence. Symbols are same as in Fig. 2. 

ours than do the lower ones. The occurence of early 
transition and turbulence observed by Vliet and Liu 
[l] may be due to a different experimental situation 
and Prandtl number for most of the data. 

Figure 4 clearly shows the dependence of the 
range of the transition process on the level of surface 
heat flux. Increasing flux results in an earlier 
beginning and completion. This is predicted by the 
transition criterion E. That is, transition occurs for 
&x2 nearly constant. Transition will be discussed in 
detail in later sections. 

Of most practical significance is the transport 
relation in the turbulent regime. Many correlations 
have arisen. Most pertain to the isothermal surface 
condition for which the local Nusselt number and 
Grashof number are related approximately by Nu, 
N (Gr@)“. Different values of m have been sugges- 
ted. Eckert and Jackson [7] arrived at m = 0.4. 
Bayley [ll] calculated m = l/3. It is reasonable to 
expect that a turbulent heat-transfer correlation for 
an isothermal surface would apply approximately to 
a uniform-flux surface, since the surface temperature 
remains almost constant after passing through a 
local minimum in the transition regime. 

For a uniform flux surface, local Nusseh number is 

taken as dependent on the flux Grashof number Gr:. 
This is merely the product of the ordinary Grashof 
number and Nusselt number. Vliet and Liu [l], 
using a constant flux plate in water, also observed an 
increasing downstream surface temperature in full 
turbulence, as did we. They correlated local heat 
transfer by 

Nu, = 0.568(Gr,*Pr)0~22 2 x 1013 < Ra,* < 1016. 

Our data is also correlated very well with this 
correlation, as seen in Fig. 4. Our data also shows 
that fully developed turbulent flow is always present 
by Gr:Pr = 1014, even at very low flux level. 

3.2. Mean temperature distributions 
Mean temperature profiles were obtained at six 

downstream locations, x = 43.3, 58.0, 63.3, 78.6,98.9, 
and 119.4 cm. At each, experiments were carried out 
at surface heat flux qk levels of 150, 333, 590, 920, 
1325, 1785, 2325,2940, 3540 and 4488 W/m2, that is, 
60 experiments. Past studies of the temperature field 
used different methods to measure the surface 
temperature To. Godaux and Gebhart [Is] pushed 
a thermocouple against the surface. Jaluria and 
Gebhart [16] determined it by extra~lation, to the 
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surface, of the measurements of mean temperature in 
the flow. We measured it by the thermocouples 
embedded in the surface assembly as done in [l]. No 
temperature gradient existed across this assembly as 
both sides of the surface dissipated an equal amount 
of heat and streamwise conduction was negligible. 
High accuracy is required, since the distribution of 
local temperature excess is normalized by the surface 
temperature excess 7” - T, to yield 4. 

Figure 5 shows mean temperature distributions 
in what we found to be the laminar regime, in terms 

of the appropriate similarity variable t]. The laminar 
boundary-layer solution is also plotted, for Pr = 5.7. 

Excellent agreement is seen. 

.6 
+ 

.5 

.4 

.3 

.2 

.l 

0.0 
0.0 1.0 2.0 3.0 

3 

J 

.FIG. 5. Temperature profile in laminar boundary layer. The 
fiveexperimentsshownaredenoted by., A, 0,~) and q ,for 
whichq: = 148,333,586,613and919 W/m*,x = 0.633,0.580, 
0.433,0.580 and 0.433m resulting in E = 12.66, 14.62, 14.43, 

16.60 and 16.01 respectively. 

With the beginning of transition, the mean 
temperature distribution begins to deviate from the 
laminar one. With increasing G* the profiles steepen 
near the surface and flatten at higher q. The thermal 
boundary-layer thickness increases from the laminar 
trend. This variation and development is shown in 
Fig. 6. For each profile, the corresponding kinetic 
energy flux parameter E N G*/x”’ of Jaluria and 
Gebhart [16], was calculated. The numerical value, 
E, increases as transition proceeds. Our data sug- 
gests that the mean temperature distribution first 
deviates appreciably from the laminar one when E 
= 19.2. It adjusts to an unchanging fully turbulent 
one when B = 28.0-29.0. For each profile, the 
corresponding values of qi and x are also shown in 
Fig. 6. 

These results suggest an added role for the 
parameter E, during transition. Note for example, 
that the middle two distributions are quite similar. 
The second was at 78% higher heat flux, but the 
value of E is only 14% greater. 

Mean temperature distributions in the fully tur- 
bulent regime are shown in Fig. 7. Normalized 
temperature is plotted against the physical distance 
from the wall. The corresponding values of Ra* and 
E are also shown for each profile. The effect of 
increasing E is only the thickening of the thermal 
boundary layer. An interesting feature of these 
profiles is their similarity close to the wall. However, 
further out, they diverge, due to increasing thickness 
of the thermal layer. Similar characteristics were 
observed by Warner and Arpaci [lo], Cheesewright 
[12] and Jaluria and Gebhart [16]. 

Many attempts have been made in the past to 
correlate mean temperature distribution 4, in turbu- 
lent boundary layers, as a function of dimensionless 
distance from the wall. Cheesewright [12] tried 
(y/x)GrO.’ without success. Vliet and Liu [l] used 

6h = 
s 

* T-T 
---c dy in y/6, 

o G-T, 

and proposed three correlations to characterize the 
thermal boundary layer. George and Capp [23 have 
shown that 6, is neither an inner nor outer scale but 
a mixture of both. (Cf. equations 88-91 of George 
and Capp [2].) Jaluria and Gebhart [I63 showed 
conclusively that even the measured thermal boun- 
dary thickness could not successfully scale the 
distance from the wall. 

George and Capp [2] attributed these failures to a 
need to determine which dimensionless groups 
govern and which physical phenomena dominate. 
They concluded that the temperature and velocity 
scales for the inner and outer regions are different. 

They suggested inner and outer layers in the flow. 
Very near the wall is a conductive viscous sublayer 
in which the mean temperature and velocity profiles 
are linear. The outer part of the constant flux layer is 
the buoyant sublayer. There, the mean temperature 
and velocity profiles show, respectively, a cube root 
and an inverse cube root dependence on distance 
from the wall. Both temperature trends are plotted in 
Fig. 7. Our temperature data strongly confirm the 
characterizations of temperature decay in the con- 
stant flux layer. 

This matter is considered in more detail as follows. 
On dimensional grounds, scaling laws for conductive 
and buoyant regions were suggested. In the con- 
ductive sublayer, the mean temperature distribution 
is given by 

The characteristic length scale then being k(T, 
-T,)/qi. Figure 8 shows this prediction and our 
temperature data near the wall. The agreement, both 
in level and trend, is very good. 
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FIG. 6. Mean temperature distribution in transition from laminar to turbulent Row. The six experiments 
shown are denoted by 0, O,O, A, m and A, for which q: = 1324,2324,1327,2368,2973 and 3639 W/m2, x 
i= 0.433, 0.433, 0.786, 0.786, 0.786 and 1.194m resulting in E = 17.15, 19.4, 22.47, 25.59, 27.06 and 32.11 

respectively. 
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FIG. 7. Mean temperature distribution in turbulent boundary layer. 

Symbols 4; (W/m21 x(m) Ra: E 

0 2326 1.194 1.62 x 1Or4 29.32 
0 3663 0.989 1.36 x lOi* 30.45 
A 3639 1.194 2.55 x 1or4 32.11 
l 4488 1.194 3.28 x lOI4 33.74 
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FIG. 8. Mean temperature profile in region near wall. Symbols 
are same as in Fig. 7. 

For the buoyant sublayer, the length scale is 
[kaz/gj3q~]‘/” and the temperature scale is 

[qZ3a2/gBk 1 . 3 I14 The mean temperature distribution 
in this region is then written as 

G-T, 
,$2]/4 = c (&$4 -1’3+D(Pr). 

FIG. 9. Mean temperature distribution in buoyant sublayer., At any particular downstream location x, the 
Symbols are sanie as in Fig. 7. disturbance level varies across the boundary layer. 

Figure 9 shows this prediction and our temperature 
data in the buoyant region. The agreement is again 
very good. Our least square determmation gives C 
= 5.65 and D = -0.76 for Pr = 6. xhe value of C is 
in good agreement with C = 5.6 obtaine+f by George 
and Capp [2] from the data of Chqsewright, Smith 
and Fujii. 

The temperature data of Vliet and Liu [l] in the 
turbulent regime was reduced usi@g the temperature 
and length scales proposed by George and Capp [2]. 
Their data very near to the wall does not agree with 
theory. However, in the buoyant’ sublayer it is in 
good agreement. 

3.3. Transition mechanisms 
When mean temperature &stributions were de- 

termined from an average&analog signal, tempera- 
ture disturbances were recorded simultaneously on a 
separate channel usi;ng a higher gain, depending 
upon the magn$u$ of the disturbance. These 
records showed the amplification of the ever-present 
‘disturbances, as they are convected downstream. As 
a general disturbance is convected along, it is filtered 
for a predominant component, called the characteris- 
tic frequency (see Gebhart and Mahajan 1171). The 
non-dimensional.;_frequency is defined by Gebhart 
and Mahajan [ 171 as 

B* = p*G*‘iz = 2q-(g&“/kv2)- 1/Z 

for a uniform surface flux condition. The value of B* at 
the characteristic frequency is essentially a single value 
for a given fluid Prandtl number. The concentration of 
disturbance energy at this frequency eventually causes 
transition. Nonlinear and three-dimensional #ects 
arise, transition begins, and the laminar flow is 
consumed rapidly into complete turbulence. Se the 
calculations of Audunson and Gebhart [18]. F 

The characteristic frequency values for a ur$forin 
flux surface in water (Pr = 6.7), based on st$bility 
theory, is about 0.675. Our temperature disturpnce 
data strongly confirms the frequency_@tering mech- 
anism. Figure 10 shows the most highly am@fied 
frequency path on the stability plane (Hieber and 
Gebhart [19]). The analog records of our axpari- 
ments have yielded the data points shown. The first 
appearance of natural oscillations were a@roxi- 
mately at A = 7 where A is the amplitude ratio. 

Figure 11 is an analog record of the ,implifi- 
cation of natural oscillations as the lamiifar flow 
undergoes transition at one constant o&e of surface 
flux*level. As the disturbance is convected down- 
stream, its frequency and amplitude increases. The 
natural oscillations are almost sinusoidal but down- 
stream they are distorted. We know that secon- 
dary mean motions arise, Jaluria and Gebhart [16]. 
Turbulent bursts then appear which eventually 
completely consume the laminar flow. At this stage, 
no single frequency contains a preponderance of the 
disturbance energy. 
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FIG. 10. Stability plane for Pr = 6.7 (Hieber and Gebhart 1191) showing amphtude ratio contours in the unstable 
region, -----, characteristic frequency path for B* = 0.675. 0, data points of present study. 

(e) 

FIG. 11. Analog record of amplification of natural oscdlatlons as the lammar flow undergoes thermal 
transition q;, = 132SWjm”. (a) E = 17.5, (b) E = 19.6, (c) E = 20.45. (d) E = 22.47. te) E = 2446, tfj E 

= 26.01 

Its amplitude T’ is known to be maximum near the 

maximum of the laminar velocity profile. Our 
temperature disturbance amplitude data across the 
boundary layer, in the transition region, are plotted 
at different downstream locations, in Fig. 12. The 

disturbance profile calculated by Dring and Gebhart 
[20] is also shown. The local disturbance amplitude 
T’ is divided by its maximum amplitude across the 
boundary region. As the disturbances are convected 
downstream, the maximum of the profile shifts 
towards the surface and the temperature disturb- 
ances penetrate further out. These trends were also 
reported by Jaluria and Gebhart [16] and by 
Godaux and Gebhart [ 151. 

4. CONCLUSIONS 

During thermal transition, the heat transfer char- 
acteristics and mean temperature distributions 
gradually adjust from the laminar trends to the 
turbulent ones. For the practical estimate of heat 
transfer and other flow characteristics, we must 
differentrate and correctly predict the several flow 
regimes. We have reviewed the different methods of 
specifying or determining the beginning of thermal 
transition. Criteria such as the appearance of 
significant temperature fluctuations and the location 

where the measured surface temperature reached its 
maximum value are among the precise ones to date. 
However, thermal transition follows the amphfi- 
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FIG. 12. Variation of the amplitude of the temperature 
disturbance T’ across the thermal boundary layer at q’: 
= 2370 W/m’. -, disturbance profile calculated by Dring 
and Gebhart [20]. The three experiments are 0, 0, and 0 for 
which x = 0,580.0.633 and 0.786 m and E = 22.46.23.40 and 

25.59 respectively. 

cation of ever-present disturbances and occurs even 
after the first appearance of fluid mechanic 
turbulence. 

Our data is the wide range of G* = 41-2164, from 
laminar flow to full turbulence. They confirm the 
validity of the parameter E as the correlator of the 
beginning of transition in water. They also indicate 
that subsequent events in transition are also, at least 
approximately, correlated by E. At E = 17.5, the 
temperature disturbances were found to have 
reached a level of 5”/, of To - T,. These disturbances 

increase the thickness of the thermal boundary 
region. However, the slope of mean temperature 
profile at the surface does not change significantly. 
The deviation of the mean temperature profile first 
became appreciable at all flux levels around E 
= 19.2. Measurable fluctuations in the surface 
temperature To were also recorded. There had been a 
slight deviation of T, from the laminar trend, before 
reaching its maximum value. The maximum surface 
temperature occurred at E = 22.7 within an RMS of 
0.61 in all the experiments. The value of E 
corresponding to maximum surface temperature 
measurements made by Vhet and Liu [l] is 
calculated to be 16.3-24.0 over the wide range of 
Prandtl numbers from 3.6 to 10.5. After this stage, 
the mean temperature field drastically deviates from 
the laminar trends. The slope gradually increases at 
the wall. Turbulent mixing increases the thermal 
region thickness. 

Figure 13 shows the limits of each of these 
different transition events on a G* _ qz, plot. The 

constant E-parameter loci correlate each event. 
These lines on these coordinates have a slope of l/5. 
They determine the local flow regime for any given 
value of surface flux level and local Grashof number. 

Our determinations have resulted in relatively 
sharp limits for different modes of transport. We 
define the beginning of the transition of thermal 
transport as the condition under which the mean 
temperature distribution across the boundary layer 
begins to deviate from that characterrstic of laminar 
flow. Our data suggest E = 19.2 for this limit. 
Achievement of the completely turbulent trend in 
heat transfer inferred from the Nu, 5 Gr: plot, fell in 
the range of E = 28-29. However, the data was not 
sufficient in quantity to sharply determine detailed 
variation of the limit. 

Finally, our mean temperature distributions have 
corroborated very well some surmises of George and 
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FIG. 13. Events of thermal transition. I--E = 17.5 Temperature disturbance found in boundary layer, T 
= 0.05 (T,- T,). II--E = 19.2 Deviation of mean temperature profile from laminar trend. III--E = 22.7 

Maximum surface temperature. 
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Capp [2] concerning turbulent transport mech- 9. 

anisms’ in ‘such a’ flow. The data follows predicted 
trends very closely and we have b&en able to evaluate IO. 

an undetermined constant in their formulation. 
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TRANSITION ET TRANSPORT POUR UN ECOULEMENT DE CONVECTION 
NATURELLE DANS L’EAU ADJACENTE A UNE SURFACE VERTICALE 

AVEC FLUX UNIFORME 

Ri?sum&Cette experience avec de l’eau a temperature ambiante montre avec precision le changement de 
la distribution de temperature moyenne depuis l’ecoulement laminaire jusqu’a l’ecoulement turbulent en 
passant par la transition. On determine aussi les niveaux de perturbation de temperature. Simultan6ment 
des mesures trb p&ices des paramttres du transfert thernnque local sont faites a des nombres elevts de 
Rayleigh. L’objectif etait de reconsiderer des criteres connus pour le commencement de la transition 
thermique et de trouver une configuration caracteristique pendant la transition. On trouve que les criteres 
sont coherents un par un mais que quelques uns sont en d&accord avec d’autres a cause des differences 
dans la mtthodologie. Des rtsultats pendant la transition peuvent etre formules en termes de profils 
moyens et de transfert thermique. Le transport en ecoulement laminaire, de transition et turbulent est 
rep&sent& Dans le premier regime, 11 y a accord avec la thtorie et dans le dernier avec la formulation de 
Vliet et Liu [l]. Les distributions moyennes dans la turbulence developpee sont en accord etroit avec la 

nouvelle thtorie de George et Capp [2]. 

UBERGANGSGEBIET uND TRANSPORT EINER mnmm33ssrROMuNG 
IN WASSER NAHE EINER SENKRECHTEN OBERFLACHE MIT 

GLEICHMASSIGER WARMESTROMDICHTE 

Zusarnrnenfassung-Dreses Experiment mit Wasser bei Raumtemperatur gibt Anderungen in der 
Verteilung der Mitteltemperatur im Bereich von laminarer Stromung und im Ubergangsgebiet bis zur 
vollstlndig turbulenten Stromung genau wieder. Das AusmaB der Temperaturstorungen wurde ebenfalls 
bestimmt. Gleichzeitig wurden sehr genaue Messungen der Warmeiibergangsparameter bis zu hohen 
Rayleigh-Zahlen durchgeftihrt. Unser Ziel war es, verschiedene Kriterien fur den Beginn des thermischen 
Ubergangs untereinander in Beziehung zu bringen und alle charakteristischen Muster des Ubergangs zu 
finden. Es wurde gefunden, da13 diese Kriterien in sich konsistent sind, jedoch weichen einige wegen 
methodischer Unterschiede systematisch von anderen ab. Mittlere Profile und Transport sind relativ 
unzweideutig. AuDerdem konnen such einige Erscheinungen des Ubergangs in Wechselbeziehung 
gebracht werden, sowohl hinsichtlich der mittleren Temperaturprofile als such des Warmeiibergangs. Der 
Transport in laminarer Striimung im Ubergangsgebiet und in turbulenter Striimung wurde dargestellt. 
Im ersten Beretch stimmt er mit der Theorie und im letzten mit der Korrelation von vliet und Liu [l] 
iiberein. Verteilungen der Mitteltemperatur bei vollstiindiger Turbulenz sind in guter Ubereinstimmung 

mit der neuen Theorie des Transportes von George und Capp [2]. 
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IlEPEXOAHbIE FlPOUECCbl M llEPEHOC TEl-UlA B CJlOE BOabl. 
IlEPEME~AfOIllEtiCII I-lOfi AEtiflBMEM nO~‘bf?MHblX CMJI Y BEPTMKAJlbHOfi 

PABHOMEPHO HArPEBAEMOA I-IOBEPXHOCTM 

Awomu~n - OtIHCbltIaeMblk 3KcnepMMeHT c BOJlOii npw KOMHaTHOfi TeMnepaType n03~0n~n 

nonyrmb Towyko KapTwy k43MeHeHwn cpenHer0 pacnpeneneHm TehmepaTyp np~ nepexone 01 

JlaMHHapHOrO Te’leliHR K nOJlHOCTbtO pa3BHTOMy Typ6yJleHTHOMy Te’!eHHK), a TLIKXCe On~NJlHTb 
IlOpOrH TeMnepaTypHblX 603MyLUeHHt’k ORHOBpeMeHHO npOBORWlllCb TO’lHbIe M3MepWMYl flaw- 

MeTpoe noKanbHor0 Tennoo6MeHa 6nnoTb no 6onburnx 3HareHdi wcna Penen. AaHHoe wcneao- 

name cTatwn0 caoeR uenbi0 ycTaHoenetwe 83aw4ocww4 Mexny pa3nw4nbww paHee npenno- 
,KeHHblMH KpHTepHSIMW 803HHKHOBeHHI TenJIOBOrO HeCTaUHOHapHOrO pe%WMa H BblRllJleHHe npMCy- 

LUHX nepexoay XapaKTepHblx KapTHH TeqeHHR. HalineHo. ‘IT0 B OCHOBHOM 60nbuJwHcTeo KpHTepwee 

cot3nanaeT. 3a HCKnloYeHHeM HeCKOnbKHX. VT0 06bRcHReTcR pawwweM El MeTOJSfKe np0eeneHwn 

3KcnepwwetfTo6. CooTBeTcTBeHHo Ha6ntonaeTcn pacxomnew4e B cpenH~x npoQwnx H 3Haqewnx 

BemwH nepenoca. KpoMe Tore, HeKoTopbie H3 Ha6JItOJIaeMblx npH nepexone 3t$&KT0~ ~0x140 

OnHCaTb Ha OCHOBe pe3yJIbTaTOB HaUlHX H3MepeHHfi C nOMOUlbl0 CpeLlHHX npO+‘MJletl II 3HalteHllR 

I10 Tennoo6uetfy. nOJIyYeHbl npo&inn nepeHoca npH nahwHapHow nepexonHor4 H Typ6yneHTHoh4 
Te’leHwX. B nepBoM cnyqae naWHble no nepeHocy corJlacykoTcR c TeO~TtiWCKW.Iti pe3ynbTaTaMw. 

a II nocnenHeM C 0606ULeHHMM COOTHOWeHHeM BnatieTa H flliy [I]. CpeilHHe paCn~ReJleHlW TeM- 
nepaTyp npw nOnHocTbto pa3eHTOM Typ6yJIeHTHOM pertaMe OYeHb 6nw3Ko COBnanalOT c pe3ynb- 

TaTahw HOEOR Teopw nepewca, npennorreHHoA &uopmeM H K3nnoM [2]. 


