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Abstract-Local heat-transfer coefficients along a flat plate in natural convection in air were measured 
using Boelter-Schmidt type heat flux meters. Experiments were carried out for different temperature 
differences in heating and cooling, and with inclinations varying from the horizontal “facing upwards” 
position, through the vertical position, to the horizontal “facing downwards” position. 

The results are presented in terms of local Nusselt number as a function of the local Grashof number 
“tangential component”. All runs were in the range accepted as that of laminar boundary layer flow. 
However, under certain conditions when the normal velocity component of the air is directed away from 
the surface, separated flow is indicated along the trailing part of the surface, well before turbulence sets in 
in the boundary layer. Separation starts at a certain point along the surface. This point is nearer to the 
leading edge the higher the temperature difference, and the larger the inclination of the surface to the vertical. 

In a separation region, the flux density is uniform. In all other regions the results agreed closely with 
established theories of laminar boundary layer flow. 

A leading adiabatic section, used in some of the experiments, did not affect the results. 
An appendix gives relations recommended for engineering calculations. 
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specific heat of air [kcalkg C] ; 
a factor that is a function of N,, 
[dimensionless] ; 
gravitational acceleration [m/h’] ; 
heat transfer coefficient [kcal/h m2 

Cl; 
thermal conductivity of air [kcalh m 
Cl; 
a constant [dimensionless] ; 
height of surface [m] ; 
index [dimensionless] ; 

dmw average Grashof number 
for length L [dimensionless] ; 
gpBx3/v2, local Grashof number at 
distance x [dimensionless] ; 
hL/k, average Nusselt number for 
length L [dimensionless] ; 
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hx/k, local Nusselt number at dist- 
ance x [dimensionless] ; 
pc/k, Prandtl number [dimension- 
less] ; 
N,, NGI, average Rayleigh number 
[dimensionless] ; 

NP, . NC,, x7 local Rayleigh number 
[dimensionless] ; 
heat flux density [kcalh m2] ; 
distance along surface measured 
from leading edge [m] ; 
angle of inclination of surface to the 
vertical [degrees] : positive if the 
fluid’s normal velocity component 
is directed away from surface ; 
coefficient of volumetric expansion 
of air [C ‘1; 
temperature difference between sur- 
face and air [C] ; 
dynamic viscosity of air [kg/m h] ; 
kinematic viscosity of air [m’jh]. 
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INTRODUCTION 

THE PROBLEM of natural convection is one of the 
oldest problems in heat transfer. Most of the 
work on this subject is on vertical surfaces and 
horizontal cylinders. Except for a few papers on 
the stability of the flow, all the work is on the 
determination of either the average heat transfer 
coefficient, or on the velocity and temperature 
distributions in the boundary layer. 

Contrary to this, the data on natural convec- 
tion from horizontal surfaces is scarce. Indeed, 
a large part of Jakob’s [l] discussion on the 
subject is based on experimental results on 
boiling from horizontal surfaces. The remaining 
part of the discussion quotes results of Griffiths 
and Davis in 1922, and of Weise in 1935. 
Fishenden and Saunders [2] recommend certain 
relations without giving a reference. All other 
references seem to either quote one of these 
results, or neglect the subject completely, and 
there does not seem to be any more recent 
publications on this subject. 

As to natural convection from inclined flat 
surfaces, there seems to be two papers only on 
the subject, one of them published after the 
completion of the present work. In these two 
papers, the inclination is limited to 45 degrees 
from the vertical, with conditions of laminar 
boundary-layer flow. 

The above shows the lack of sufficient data on 
natural convection from inclined surfaces. The 
present work was designed to fill this gap by the 
experimental determination of the local heat- 
transfer coefficients along flat surfaces at all 
inclinations. 

PREVIOUS WORK 

In this part, the more important publications 
that bear directly on the present work are briefly 
reviewed. 

The mathematical set-up of the problem of 
natural convection was first given by Nusselt [3] 
as the conservation equations of mass, momen- 
tum and energy. He used these relations to 
derive the dimensionless groups pertinent to 

the problem which are now known as Nusselt 
(NNu), Grashof (N,,) and Prandtl (Np,) numbers. 
Consequently, natural convection relations, 
whether local or average, could be put in the 
following general form 

N,, = N,,(N,, 7 N,,). (1) 

In particular, when the inertia forces could be 
neglected in comparison with buoyancy and 
frictional forces, the above relation could be put 
as 

NN~ = NN,,(NP,. N,J = ~~N”WRJ. 

This is usually put in the form 

(2) 

N,, = RN’;;,. (3) 

For local values, a similar equation is used with 
the same index, namely 

N,, = KN;,,.. (4) 

Later, Schmidt and Beckmann [4] studied 
experimentally the temperature and velocity 
distributions adjacent to vertical 125 and 500 
mm high plates in natural convection. Comple- 
menting these experiments, they simplified the 
form of the governing equations by omitting 
certain terms, particularly by assuming that the 
velocity component normal to the plate is 
negligible compared to the tangential com- 
ponent. These simplifying assumptions made 
the analysis less valid in the low Grashof 
number range. In the same work [4], E. Pohl- 
hausen reduced the simplified partial differen- 
tial equations to ordinary ones by applying 
similarity transformations. A numerical solu- 
tion of these equations was carried out for 
N,, = 0,733 and compared with the experi- 
mental results. The calculated temperature 
distribution agreed closely with the experi- 
mental measurements, whereas significant differ- 
ences between the calculated and measured 
velocity fields were found. 

With the general form known, Squire [5] 
used a general third-order relation to describe 
the velocity distribution in the boundary layer, 
and a second-order relation to represent the 
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temperature distribution in the same layer. 
Substituting these into the integrated momen- 
tum and energy equations, he obtained an 
expression of the local Nusselt number in teims 
of Prandtl number and the local Grashof 
number. With more generalization* and giving 
more details, Eckert [6] obtained the same 
expression, namely 

N,, = 0.508 [N,,N,,,J(0*952 + N,,)]*. (5) 

Ostrach [7] solved the simplified ordinary 
differential equations of Schmidt and Beckmann 
by computer for the following values of Prandtl 
numbers : 0.01,0+72,0~733, 1,2, 10, 100 and 1000. 
He compared his results with those obtained 
from equation (5) and equation (4) with the index 
m - $ and the constant K = 0.411 cited by 
McAdams [S]. He found better agreement with 
equation (5) than with equation (4), although the 
latter agreed better with experimental results 
in the high Prandtl number range. 

Ostrach’s (as well as Pohlhausen’s) results 
give the local Nusselt number along a vertical 
plate as 

N - Gr N&r... Nu,x - (6) 

The factor Cp, is a function of Prandtl number 
as follows : 

Table 1. 

NP, 0.7 0.72 0.733 1 
C Pr 0,353* 0.357 0.359 0401 

* Extrapolated value. 

Rich [9] seems to be the first to consider the 
case of inclined plates, both analytically and 
experimentally. In the simplified equation of 
Schmidt and Beckmann, he replaced the gravita- 
tional acceleration g by its tangential component 
g cos LX parallel to the surface. He carried out 
his experiments on a plate 400 mm long and 

* By using the coeffkient of volumetric expansion 1 
instead of the reciprocal of the absolute temperature 

100 mm wide. Using an inferior quality inter- 
ferometer with corrections, he determined the 
temperature field for distances up to 325 mm, 
and a local Grashof number range of 106-10’. 
He experimented with inclinations a to the 
vertical of 0, 10, 20, 30 and 40 degrees. Experi- 
ments were not carried out beyond this inclina- 
tion because a velocity component in the 
third dimension became significant. 

Rich’s measured temperatures in the bound- 
ary layer were somewhat lower than predicted 
by analysis, while the local heat transfer coeffi- 
cients were in good agreement with equation (5) 
modified by using NGr,x cos a instead of NGr,x 
In general, the results show that the effects of 
the terms neglected in the analysis were not 
significant in the range of the experiments. 

Pohlhausen’s “boundary layer solution” was 
improved by Yang and Jerger [lo] who used 
it as a zeroth order approximation together with 
a first order perturbation. The perturbation 
equations needed a new set of boundary condi- 
tions in which velocities at the plate and 
“boundary layer” edges are assumed. Computer 
solutions are given for N,, = 0.72 and 10. The 
results correlate the velocity field measurements 
better, but do not much improve the zeroth 
order approximation of the temperature distri- 
bution, being already in good agreement with 
the experimental measurements of Schmidt and 
Beckmann. However, the perturbation method 
gives slightly lower Nusselt numbers than the 
zeroth order approximation. 

Brodowicz [ 1 l] studied experimentally the 
flow and temperature fields around a vertical 
hot plate 240 mm high. He found that these 
fields did not extend far upstream of the leading 
edge, although he used an insulated starting 
section in some of this experiments. Neither did 
the wake at the upper edge affect the upstream 
field appreciably. This is in general agreement 
with the boundary conditions used by Yang and 
Jerger. However, Brodowicz found that the 
flow at the plate edges and at the boundary 
layer edge is not steady. 

Following the same procedure, Kierkus [12] 
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extended the method of Yang and Jerger to 
inclined plates. He included a term neglected by 
Rich. This term is unsymmetrical about a = 0 
and, therefore, distinguishes between upward- 
and downward-faces positions of the plate. He 
carried out experiments similar to those of 
Brodowicz on a square 250 x 250 mm plate for 
inclinations a = 0, & 15, + 30 and f 45 degrees. 
The flow was “completely laminar, except for 
the region near the trailing edge . .‘above’ the 
plate”. Kierkus’ conclusions are the same as 
those of Yang and Jerger in the sense that the 
first order perturbation correction for the 
temperature profile is hardly noticeable. 

APPARATUS 

The apparatus used in the experiments is 
fully described in [13] and is shown schematic- 
ally in Fig. 1 for the vertical hot plate position. 
To the left is the heat transfer surface of the cover 
plate (A) which is 200 mm wide and 504 mm 

FIG. 1. Sketch of apparatus. 

high, and dissipates the heat flux to the sur- 
rounding air. 

The heat flux emanates from a 5 mm thick 
layer of four heat exchangers (B) to which hot or 
cold water of controlled temperature and rate 
is supplied from an Ultrathermostat. Each heat 
exchanger is divided into a number of 30 mm 
wide passes. High water flow rates were used to 
limit the water temperature variation in a heat 
exchanger to about 0.6 C. The heat exchangers 
are insulated at the back by a 70 mm thick layer 
of cotton wool (C). 

The heat flux leaving the heat exchangers 
passes through an 8 mm thick electrolytic copper 
plate (D) to maintain an isothermal surface 
before the heat flux meters layer (E). Eight heat 
flux meters of the Boelter-Schmidt type [l] are 
used. Each meter is made of 200 turns of 0.12 mm 
dia. constantan wire wound around the central 
80 mm of a 180 x 19 mm bakelite strip, 1.5 mm 
thick. The wires are copper plated to half the 
width of the strip. The spaces between the heat 
flux meters are filled by strips of the same 
bakelite sheet. The whole layer is varnished and 
sandwiched between two thin paper covers to 
improve the thermal contact, and ensure proper 
electric insulation. 

The heat flux meters are used to measure the 
local heat flux densities at 17, 36, 55, 103, 153, 
230, 332 and 475 mm from the leading edge of 
the cover plate (A). The sensitivities of the meters 
used ranged from O-0723 to 0.0815 mV/(kcal 
h-’ mm2) with a maximum deviation of less 
than +5 per cent. Reproducibility tests carried 
out months later increased this maximum devia- 
tion for some of the meters to within +9 per 
cent of the original mean. The cover plate is a 
4 mm thick brass plate, nickel plated on the 
exposed surface to minimize the radiant heat 
flux. It is fitted with 24 copper<onstantan 
thermocouples to measure directly the tempera- 
ture difference between the heat-transfer surface 
and the air. Three thermocouples at 60 mm 
intervals are fitted to the heat transfer surface 
along the centre line of each heat flux meter. 
The leading edge of the cover plate is chamfered 
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.o a sharp edge and could be fitted, flush with it, this deviation was within & 3 per cent [ 131. The 
with wooden adiabatic leading sections of error due to this deviation is negligibly small. 
different lengths. Some of the experiments with hot surface 

The whole assembly could be rotated about a were carried out with an adiabatic, 200 mm long, 
long horizontal pin. Fixation is provided for leading section. 
the vertical position of the heat transfer surface, 
or any inclined position every 15 degrees through 
a full circle. 

CONDITION OF EXPERIMENT 

The experiments were carried out in a closed, 
thick-walled, large room free of air currents. 
Six runs were made with six different tempera- 
ture differences, as follows: 

Table 2. 

Temperature difference (C) Air temperature (c) 
._~~ _______-__ 

-8.05 & 0.2 28.4 f 0.8’ 
7.6 +_ 0.2 28.3 + 0.6 

15.0 f 0.4 28.0 & 0.8 
22.4 k 0.6 28.6 + 0.6 
30.5 + 0.8 27.0 + 0.4 
38.2 k 1.0 27.2 k 0.6 

* The air dew-point temperature limited the cold surface 
experiments to this single run. 

In each run, the surface inclination angle tl 
was varied from +90 to -90 degrees from the 
vertical, every 15 degrees. For inclination, a 
positive angle indicates a hot plate facing up- 
wards or a cold plate facing downwards, a 
negative angle indicates the opposite cases. 
In all hot surface experiments the sharp leading 
edge was lowermost, whereas it was uppermost 
for cold surface experiments. 

The temperature difference between the surface 
and air was measured directly by the thermo- 
couples. The construction of the apparatus 
allowed a close control of this temperature 
difference. During the experiments, the tempera- 
ture deviation along the surface centre line was 
within f 1 per cent of the temperature difference 
between the surface and air. For all the-surface, 

MEASUREMENTS 

The results obtained directly are essentially 
those of ‘total’ flux density distribution at 
different temperature differences and surface 
inclinations. The total flux densities read include 
the radiant flux densities ; they were, therefore, 
corrected for radiation. This correction 
amounted to about 10 per cent or less of the total 
heat flux density, according to the angle of 
inclination [13]. 

Two different classes of results were obtained, 
according to whether the angles of inclination 
are positive or negative. These two classes are 
represented in Figs. 2 and 3, each of which 
represents a half run. Figure 2 shows the flux 
density distribution on a cold plate facing up- 
wards (negative inclination). The maximum flux 
density is near the leading (uppermost) edge 
and decreases along the plate, except for hori- 
zontal plates where the flux density increases 
again at the other end. At a given locality, 
smaller angles of inclination give higher flux 
densities; the maximum being, therefore, for 
the vertical surface. This figure, Fig. 2, is typical 
for all negative inclinations irrespective of 
whether it is a case of heating or cooling, and 
independent of the temperature difference which 
affects magnitude only [ 131. 

Figure 3 shows the flux density distribution 
for a hot surface of positive inclination (facing 
upwards). The dashed parts of the curves show 
anticipated distributions where experimental 
points are lacking. Most of the general trends of 
Fig. 2 are present also in this case. However, as 
the inclination from the vertical increases, a 
sudden jump in the flux density takes place near 
the trailing edge. The point at which this jump 
takes place moves forward as the inclination 
increases. After a short distance from the jump, 
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Temperature difference 405kO~Z”C 

Air temperature 28.42 0.8 “C 

I \, - -*--L-./- / _ / * IOl R_, -.- * .- i 
l 

0 loo 200 300 4oa 5 3 

Distance from leading edge, x. mm 

FE. 2. Natural convection local heat flux density distribution for surface at different negative 
inclinations in pir (Cold surface, 0 = - 8.05 deg C) 

225 

Temperature difference 38.2 f 1~0°C 

Air temperature 27.2 + 0.6 “C 

* a = 15’ with a 200 mm adiabatic 

+ a= 60” leading section 

Distance from leading edge, A, mm 

0 

FIG. 3. Natural convection local heat flux density distribution for surface at different positive 
inclinations in air (Hot surface, 0 = 38.2 deg C) 
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the flux density remains practically uniform. 
This trend continues till the horizontal position 
where the flux density in the middle part of the 
surface is the highest for all inclinations; 
however, a dip in the flux density occurs near the 
edge and increases again to its highest local 
value at the edge itself. 

Some of the experimental points shown in 
Fig. 3 are taken with a 200 mm long adiabatic 
leading section. They are indicated by crosses 
and do not differ appreciably from those taken 
without the leading section. The insignificant 
effect of the starting section support the findings 
of Brodowicz [Ill, which were published after 
the completion of this work. 

The trend shown in Fig. 3 is typical for positive 
inclinations, except for the positions of the 
sudden jumps. For a given inclination, the point 
at which the jump takes place moves forward 
as the temperature difference increases [t 31. 
This could be seen from Fig. 4 which is plotted 

200 

a =60* 

160 

R "E Q 

I I I I I 
0 100 200 300 400 500 

Distance from leading edge,x, mm 

FIG. 4. Natural convection local heat flux density distribu- 
tion for hot surface of inclination c( = 60 degrees in air for 

different temperature differences. 

for an inclination of 60 degrees and various 
temperature differences. 

This gradual recession of the laminar 
boundary layer region, shows that the pheno- 
menon indicated by a jump is the same for all 
inclinations, including the horizontal position. 
Since the jump indicates separation for the 
horizontal position,* it also indicates separation 
for other inclinations. Indeed, this is supported 
by the fact that a jump is absent when the 
inclination is negative, including the horizontal 
(-90 degrees) position. Had a jump been an 
indication of turbulence in the boundary layer, 
it would have appeared for negative inclinations 
also where the flow is constrained by the surface. 

Separation was detected by Rich [9] as “flow 
in the third dimension” for inclinations of more 
than 40 degrees, but was not defined as separa- 
tion because of the interferometric method he 
used to determine the flux. Kierkus [12] 
detected disturbance near the trailing edge 
“above” his plate, which was probably too 
short to establish this as separation. 

Separation is, conceivably, due to the effect 
of the velocity component normal to the surface. 
The above results show that separation sets in 
on surfaces of positive inclinations well before 
turbulence does. 

On the other hand, for horizontal (+90 
degrees) surfaces, the flux distribution near the 
edge and its similarity to the cases of inclined 
surfaces, indicates the predominance of the 
velocity component tangential to the surface at 
its edges. 

RESULTS 

The results are compiled in terms of the 
usual dimensionless groups, namely the local 
Nusselt number, NNu,x = hx/k, and the local 
Grashof number, NGr,x = gp8x3/v2. However, 
in the present case where inclined surfaces are 
considered, the buoyancy acceleration com- 
ponent along the surface g/M cos a gives the 
body force in this direction. Consequently, 

* See, for example, Mikheyev [ 143. 
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a local Grashof number “tangential component” 
N G,,x cos a is used. It should be noted that the 
effect of Prandtl number, being an intensive 
property of the fluid, could not be detected by 
the present experiments because a single fluid 
(air) was used. 

In calculating the dimensionless groups, the 
fluid properties are arbitrarily taken at the 
surface temperature, and the distance x measured 
from the leading edge. The local heat transfer 
coefficient h is determined from the local flux 
density q” and the mean temperature difference 
0 for the whole surface. 

Because of the different trends detected, the 
results are represented graphically in two sepa- 
rate figures. Figure 5 is a compilation of experi- 
mental data for negative angles of inclination, 
whereas Fig. 6 compiles data for positive 
inclinations. The two plots are given on logarith- 
mic scales with ordinates NNu,x as function of 
N Gr,x cos c1 on the abscissae. Each of the two 
figures covers a range of local Grashof number 
tangential component between 1.1 x 103- 
3 x lo* which is well within the limit of laminar 
boundary layer flow of about NGI,x < 2 x lo9 
as given by Fishenden and Saunders [2] and by 
Cheeswright [lS] for vertical plates. Each figure 
compiles about 300 experimental points for 
both hot and cold surfaces that include the 
vertical position, but exclude the horizontal 
positions. The different surface inclinations are 
denoted by separate points in the two figures 
without distinction between the heating and the 
cooling cases. 

Because of its simpler form, the set of negative 
inclination angles represented by Fig. 5 is 
discussed first. As could be seen from this figure, 
the experimental points converge well along a 
line of inclination a. The points for c( = -75 
degrees, and N,,, x cos c( > 5 x lo6 deviate from 
this general line. Indeed, except for these points 
and five other points, the bulk of the data could 
be correlated with a maximum deviation of less 
than f 10 per cent by the following relation : 

This is only 3 per cent less than that predicted 
by Pohlhausen [4] and Ostrach [7] for vertical 
plates. The deviation is in the direction pre- 
dicted, by Yang and Jerger [lo] for vertical 
plates, and by Kierkus [12]. To this figure. the 
experimental points of Kierkus [12] are added. 
They are in excellent agreement with the present 
results in the range N,,, x cos CI < 106, whereas 
considerable differences appear beyond this 
range. The reason for these differences is not 
clear; it may be due to instabilities near the 
trailing edge of short plates operating with 
large temperature differences. 

Figure 6 compiles the experimental points 
for positive inclination angles. As could be seen 
from this figure, equation (7) above represents a 
large bulk of the data, even better than it does 
in Fig. 5. Equation (7) represents the following 
cases with a maximum deviation of about t-5 
per cent in the following ranges of N,,, x cos M. 

Table 3. 

M (degrees) N Gr, x cos rl range 

0 <3 x 10” 
15 <3 x lo8 
30 <2 x lo8 
45 <6 x 10’ 
60 <3 x 10h 

For angles of inclination higher than 60 
degrees, the local Nusselt numbers tend to have 
higher values than those given by equation (7) 
as could be seen from Fig. 6. This tendency, 
probably due to the appreciable velocity com- 
ponent normal to the surface, starts at c( = 60 
degrees, the experimental points for which are 
slightly, but consistently, higher than the experi- 
mental points for lower inclinations. For a = 75 
degrees, the experimental points are distinctly 
higher than the bulk of the points for other 
inclinations. For this inclination and the range 
1.2 x lo3 < N Gl,x cos c( < 2 x 106, the experi- 
mental points are correlated by 

N Nu, x = 0.348 (No,, x cos a)*. (7) N N”, * = 0.405 (NGr, x COS a)*. (8) 
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The line that represents this relation is also 
shown in Fig. 6. 

Beyond the ranges given in Table 3, to the 
end of the range, the experimental points 
deviate from the trends given above due to the 
“jumps” shown in Figs. 3 and 4. The experi- 
mental points in these high tangential Grashof 
number ranges could be correlated by relations 
of the form : 

N Nu,x = K,(NG,,.cos 4'. (9) 

The value of the constant K, depends on the 
surface inclination according to the following 
table : 

Table 4. 
________- ~____ -~- 

a: (degrees) 45 60 15 
K, (dimensionless) 0,096 0.115 0,155 

._ - 

Equation (9) with the appropriate values of 
K, from Table 4 represents the experimental 
points, except these in limited transition regions, 
with a maximum deviation of about + 5 per cent 
also. 

The ranges of applicability of equation (9) are 
necessarily those of separation. The upper limit 
for these ranges is certainly not restricted by the 
range of the present experiments. Indeed equa- 
tion (9) should be applicable to any point on 
positively inclined surfaces beyond the ranges 
indicated by Table 3. 

The index 3 of equation (9) shows that the 
heat transfer coefficient is independent of posi- 
tion along the plate as indicated by distance X. 
This fact is shown graphically in Figs. 3 and 4; 
and in itself, is an indication of separation. 
Indeed, recent experiments by Coutanceau [16] 
on vertical plates give a higher index of 0.41* 
when the flow is turbulent. As mentioned 
before, this is a condition that would not be 
reached for positive inclinations unless the 
inclination is very small. 

* Coutanceau used the dimensionless group (gx’/v*) 
instead of the local Grashof number in his correlation. 

Experimental points of Rich [9] and Kierkus 
[12] are shown also in Fig. 6. All of Rich’s 
points, and those of Kierkus in the range of 
N Gl,x cos a < 3 x 106, are in excellent agree- 
ment with the present results. Beyond this range, 
Kierkus’ points indicate higher values of the 
local Nusselt number. This may be due to the 
same reason mentioned above in connection 
with Fig. 5 for negatively inclined surfaces. 

Considering a horizontal surface, the case is 
different from that of inclined ones because the 
flow is three dimensional. As mentioned before, 
tangential velocity components occur near the 
surface edges. This shows the importance of the 
surface’s aspect ratio. General relations could 
not, therefore, be obtained from the present 
experiments. However, taking the central part 
of the plate to represent natural convection 
from very large plates where the edge effects 
could be neglected, the following relations are 
recommended. 

For hot plates facing upwards and cold plates 
facing downwards (a = +!N degrees), the fol- 
lowing equation represents the experimental 
data to within + 15 per cent. 

N,, = 0.12 N$,, (IO) 

For this case, Fishenden and Saunders [2] 
recommend a relation of the form of equation 
(3) with an index m = 4. When a value of 0.7 is 
used for the Prandtl number of air, this relation 
gives values that are higher by less than 4 per 
cent of those given by equation (10). 

For hot plates facing downwards and cold 
plates facing upwards (a = -90 degrees), the 
following relation represents the experimental 
data to within f 10 per cent 

N,, = O-06 N&. (II) 

The relation recommended by Fishenden and 
Saunders for this case uses an index of i, which 
increases to less than 3 at high values of Rayleigh 
number. According to the reasoning used here, 
this would be mainly applicable to fairly narrow 
plates where laminar flow prevails near the edges. 
However, Jakob [l] cites the results of Gritliths 
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and Davis for the heat flux in this case as 50 per 
cent of the heat flux from vertical plates under 
similar conditions. In comparison, equation (11) 
gives values that are 55-58 per cent of the 
average for the corresponding vertical surface 
case. 

CONCLUSIONS 

Experiments were carried out to determine 
the local heat transfer coefficients along an 
inclined flat surface in natural convection. They 
showed that along the surface, and well before 
the boundary layer turns to turbulence, separa- 
tion of flow takes place along the trailing part at 
positive angles of inclination. In other localities, 
and at small inclinations, the results agree 
closely with those predicted by modem analyses 
of laminar boundary-layer flow. 

An adiabatic leading section, used in some of 
the experiments, did not affect 
significantly. 

the results 

1. 

2. 

3. 

4. 

5. 

6. 

7. 
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APPENDIX 

Engineering Relations 

The results of the present experiments may be extended to 
other fluids by using the form of equation (4) with a value of 
0.7 for the Prandtl number of air. Further, integration of 
such an equation along the length of the plate gives an 
equation of the form of equation (3) in which the average 
Nusselt number, N,, based on the total length L of the 
plate, is a function of the Rayleigh number tangential com- 
ponent, N,, cos CL, based also on the plate height. Integration 
of equation (4) for 0 < x < L gives 

N,, = (K/3m) (NRo cos a)“. (12) 

Laminar flow prevails on the leading sections of inclined 
plates in the regions given in Table 5. It should be noted that 
in this table, the limit set for the -60 < a < + 15 degrees 
positions is that for the start of turbulence on vertical sur- 

Table 5. 
___-- 

a (degrees) N,, cos a 

-75 G5.5 x lo6 
-60to +15 G2.2 X lo9 

f30 G2.2 X 10s 
f45 G6.5 x 10’ 
+60 G3.3 X lo6 

_-_____ 

faces [2, 151. The limit given for the + 30 degrees position 
is the upper limit for the present experiments where there is 
evidence, though not conclusive, of the onset of separation. 
For the large inclinations, separation sets in at the limits given 
as determined by the present experiments. For the conditions 
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of Table 5, equation (7) gives a plate with a = -75 degrees is not clear at present. it is 

N,, = 0.507 (Na. cos a)*. (l 3, 
assumed that equation (16) is applicable for inclinations of 
- 60 to + 15 degrees only. It is conceivable that an unknown 

Foraninclinationof + 75degreesandN,,cosa d 2.2 x 106, upper limit of N,, cos a for the applicability of this equation 

equation (8) is applicable and gives exists for positively inclined plates beyond which the flow 
is separated. For the range of inclinations mentioned, the 

NNu = 0.59 (NRo cos a)*. (14) following form of equation (15) is recommended 

For surface regions downstream of the above values, the N,, = 110 + 0.021 (Ng: - 6150) (cos a)“‘4. (17) 
flow is either turbulent or separated. In either case, two flow 
regimes exist along the surface, each with its own constant K For positively inclined plates, separation sets in before 

and index m. In such a case, integration along the two parts 
turbulence and should continue for ah values of N,,cosa 

of the plate gives an equation of the following form 
higher than those given by Table 5. Consequently, equation 
(9) rather than equation (16), is used to determine the 

N, = (K1/3m1) (Ns,,, cos x)m* constants of equation (14) for positive inclinations. This gives 

+ (&/3m~) 0% - NZ, M) (cos a)m2. 
an index tn2 = f, and the following constants 

In this relation the Rayleigh number N,,,, < N,, is the 
intermediate value at which the flow changes form. Its 
value may be taken as that given in Table 5. The above 
relation could he put in the following general form 

N,, = K, + K,(N;: - Ks) (cos a)m2. (15) 

For the negatively inclined surfaces, separation is not 
expected and the flow would change to turbulence at a 
certain critical value of N,, cos a. However, data on turbu- 
lence is available for vertical surfaces only, for which case 
Eckert and Jackson give a relation quoted by Warner in 
[15] as 

N N” = 0.021 N;$ (16) 

It is not unreasonable to extend this relation to negatively 
inclined plates, and plates of slightly positive inclinations. 
This could be done by using N,,cosa instead of N, in 
equation (16). Since the nature of disturbance detected along 

Table 6. 

a (degrees) K, KS K, 

+30 62 0.1 600 
+45 455 0.11 400 
+60 21.6 0.13 150 

For large horizontal plates where the edge effects could be 
neglected, equations 10 and 11 yield the following relations 

For a = +90 degrees 

N,, = 0,135 Ni, (18) 

For a = -90 degrees 

N,, = 0,068 N&, (19) 

CONVECTION NATURELLE PAR DES SURFACES PLANES ISOTHERMES 

R&urn&Los coefficients de transfert thermique local le long d’une plaque plane pour une convection 
naturelle dans I’air ont Cte mesurb a l’aide de fluxmetres du type Boelter-Schmidt. Des experiences ont 
tte realisees pour plusieurs differences de temperature au cours d’tchauffement et de refroidissement, avec 
des inclinaisons variant depuis la position horizontale, face orient&e vem le hauf a la position horizontale, 
face orient&e vers le has, en passant par la verticale. 

Les resultats sont presentb a I’aide du nombre de Nusselt local fonction du nombre de Grashof local. 
Tous les essais ont Cte conduits dans le cas d’un tcoulement a couche limite laminaire. Dans certaines 
conditions, ou la composante principale de vitesse de I’air est dirigee vets I’exterieur de la surface, I’tcoule- 
ment s&pare est observe bien avant I’apparition de la turbulence dans la couche limite. La region ou se 
fait la separation est d’autant plus prb du bord d’attaque que la difference de temperature est grande et 
que I’inclinaison de I+ surface par rapport a la verticale est forte. 

Dans une region de separation, la densite de flux est uniforme. Dans toutes les autres regions les r&hats 
sent en trb bon accord avec les theories de I’bcoulement laminaire de la couche hmite. 

1 Jne section amont adiabatique, utili&e dans quelques experiences n’a pas affect6 les resultats. 
En appendice sont don&s des relations recommandtes pour les calculs d’engineering. 

F 
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NATURLICHE KONVEKTION VON ISOTHERMEN EBENEN FLACHEN 

Zusammenfassung-Mit einem Warmestrommessgerlt vom Typ Schmidt-Boelter wurden die ortlichen 
Wiirmestromkoelfiiienten entlang einer ebenen Platte bei natilrlicher Konvektion in Luft ermittelt Die 
Experimente wurden ausgeftihrt fiir verschiedene Temperaturdifferenzen bei Aufheizen und Abktihlen 
und fiir verschiedene Plattenneigungen von der horizontalen Stellung mit nach oben gerichteter Heizfllche 
tiber die vertikale bis zur horizontalen Stellung mit nach unten gerichteter Heizflache. 

Die Ergebnisse werden dargestellt in Ausdriicken ftir iirtliche Nusseltzahl als Funktion der “tangen- 
tialen Komponente” der ijrtlichen Grashofzahl. Alle Messreihen lagen in einem Bereich, fiir den laminare 
Grenzschichtstriimung angenommen wurde. Unter bestimmten Bedingungen jedoch tritt, wenn die zur 
Platte senkrechte Geschwindigkeitskomponente der Luft von der Oberflache weggerichtet war, im 
hinteren Teil der Obertlache Ablijsung auf, noch ehe in der Grenzschicht Turbulenz einsetzt. Die Ablijsung 
beginnt an einem bestimmten Punkt der Oberfllche, der urn so nlher an der Anlaufkante liegt, je hijher die 
Temperaturdifferenz und je grosser die Neigung der Oberfllche zur Senkrechten ist. 

Im Ablosungsgebiet war die Warmestromdichte einheitlich. In allen anderen Gebieten stimmen die 
Ergebnisse gut mit vorhandenen Theorien tiber laminare Grenzschichtstromung tiberein. 

Ein adiabater Abschnitt im Anlaufgebiet der in manchen Versuchen verwendet wurde, blieb ohne 
Einfluss auf die Ergebnisse. Im Anhang werden Beziehungen fur Ingenieurberechnungen empfohlen. 

ECTECTBEHHAH KOHBEICIQIFI HA IISOTEPMIIYECKOII 
IIJIOCICOM HOBEPXHOCTM 

~~HHoT&lJHSI--C noMOWblo AaTWKOn TGIIla t;O.2bTepa-~Mll~T3 LI:JMepRJIMCb JIOKaJIbHbIe 

K03@$RL&ReHTbI TenJIOO6MeHa BHOZIb IlJIOCKOti IIJIacTMHbI npll WTeCTBeHIiOti KOHBeKIJllll B 

Bos~yxe.3KcneplweKTbI npoBonnnMcb npn pa3nnuaux nepenasax TeMnepaTyp npH Harpese 

Pl OXJla?K~el!HH C pa3JIWIHbIMII IlOJIOH(eHI4RMH IIJIaCTMKbI: rOpH30HTaJIbHOM (VJItl~OM BBepXs), 

BepTHKaJlbHOM H rOpM30IITaJIbHOM (UIPiQOM BHW). 

Pe3yJIbTaTbI IIpenCTaBJIeHbI B BMRe 3aBHCPiMOCTM '411CJIEl HyCCenbTa OT VTaHreHlJHaJIbHOh 

cocTasnfilo~eit9 Yncna Ipacro$a. Bee 0nbITbI npoBoaHnkicb B pewwe naruiHapHor0 norpa- 

HwiHoro CJI~R. Onuano, npn 0npeaeneHabIx ~C~IOBHRX, Koraa Kophianbrrafl cocTaBnfno~az4 

CKOpOCTH BO3AyXa HanpaBJIeHa OT nOBepXHOCTti1, OTpbIB HakIIOfiaeTCFI B KOpMOBOit o6nacTn 

nOBepXHOCTki HaMHOrO PaHblIle B03HHKHOBeHHR Typ6yZIeHTHOCTH R nOrpaHWlHOM CJIOe. 

OTpbIB B03HHKaeT B OnpeaeneHHOti TOYKe Ha nOBepXHOcTH. :jTa TOYKa paCnOJIOmeHa TeM 

6JII4xte K nepeaHet KpOMKe, YeM 6OJIbIIIe pa3lIOCTb TeMIlepaTyp II '4eM 6OJIbIIle OTHOCHTeJIbHO 

BepTklKaJIH HaKJIOH nOBepXHOCTP1. 

B o6JracTu OTpbIBa IIJIOTHOCTb nOTOKa O/JMHaKOBa. HO BCeX ApyrllX 06JIaCTRX pe3yJIbTaTbI 

xopomo cornacyrorcn c unnecTubr~r4 TeOpHRMll naMwapwor0 norpaawtaoro CJIOR. 

B HeKOTOpbIX 3KCIIepHMeHTaX C a~Ma6aTWU?CKOii nepegHeti KpOMlEOti OHa He OKa3LdBaJIa 

BJIARHRR Ha pe3yJIbTaTU. 


