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Abstract-A thermocouple and two hot-film anemometer probes in the form of an “inverted v” were 
used to investigate the boundary region flow formed over an inchned surface dissipating a uniform heat 
flux. Temperature and the longitudinal and transverse components of velocity were measured. A single 
ion~tudinal vortex system arises. It causes a spanvnse vacation of the temperature and vetocity fields, 
which results in a spanwise variation of heat transfer. The spanwise mean-flow variation, or vortex 
system, arises first downstream for angles greater than 11”. Our local measurements permit detailed 
comparison with well-established disturbance mechanisms in vertical flows. Frequency filtering of 
periodic disturbances is again found. The beginning of transition is postulated in terms of disturbance 
magnitude. The location is found to depend on the distance from the leading edge, in addition to the 

Grashof number, in the same way as in vertical flows. 

NOMENCLATURE 
characteristic frequency = ~O$.X~/VG*~~~ ; 
specific heat of water; 
transition factor; 
frequency [Hz] ; 
non-~mensional form of velocity 
= ~.xu/“G*~ ; 
RMS value off’ variation in spanwise 

direction ; 
acceleration due to gravity; 
modified Grashof number = 4(Gr/4)li4; 
modified flux Grashof number 
= 5(Gr*/5)“’ ; 
Grashof number = gB( To - T,)x3/v2 ; 
flux Grashof number = g/3q”x4 cos O/kv2 ; 
heat-transfer coefficient ; 
thermal conductivity of water; 
Nusselt number = h~/k ; 

Prandtl number = PC/k; 

heat flux to plate; 
temperature in boundary layer ; 
temperature of plate surface; 
amblent temperature; 
characteristic velocity; 
tangential velocity component in 
boundary layer ; 
entrainment velocity; 
spanwise velocity component in boundary 
layer ; 
distance from leading edge of plate; 
distance measured in boundary layer 
normal to plate; 
distance measured in boundary layer 
parallel to plate. 

Greek symbols 

P, coetlicient of thermal expansion of water; 

9, non-dimensional form of distance in 

boundary layer = yG*/5x; 
inclination of plate surface from vertical; 
vortex wave length; 
dynamic viscosity of water; 
kinematic viscosity of water; 
non-dimensional form of temperature 
difference = (T - T, )kG*/5xq” ; 
spanwise average of #J ; 
rms value of 4 variation in spanwise 
direction. 

1. JN~ODU~ON 

NATURAL convection flows adjacent to flat inclined 
surfaces first were visualized by Schlieren, see 
Schmidt [l]. Rich [2] measured heat transfer at 
angles of inclination 6 up to 40” from vertical, using 
a Mach-Zehnder interferometer. These results in- 
dicated that the heat transfer is within 10% of the 
values for vertical if the Grashof number is multi- 
plied by the cosine of the angle of inclination. 
Subsequent studies of Vliet [3], Hassan and Mo- 
hamed [4], Lloyd, Sparrow and Eckert [5], Fujii 
and fmura [6], Viiet and Ross [7] and Black and 
Norris [S] have all supported this sugg~tion of 
Rich. 

Kierkus [9] and Riley [lo] used a perturbation 
method to solve the boundary-layer equations for 
inclinations up to 45” on either side of vertical. 
Kierkus found good agreement between calculations 
and experiments, using a Mach-Zehnder interfero- 
meter to measure temperature and dust particles to 
measure velocity. Lee and Lock [11] solved the 
boundary-layer equations numerically, for air, for 
inclination angles from 90” to -30” from vertical. 
Positive angles apply to a hot surface facing up. For 
angles up to 3W, the inclination has a very slight 
effect on velocity and temperature profiles. 

The first experiment to investigate the instability 
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of such flow was that of Lock, Gort and Pond [12]. 
A schlieren and a thermocouple probe were used. 
Waves were seen. They determined critical Rayleigh 
numbers for incipient instability for inclinations from 
60” to -80” from vertical. The results were not 
symmetric about 0”. Subsequent investigators have 
used various criteria to determine the end of laminar 
flow. 

Sparrow and Husar [13] first demonstrated the 
presence of longitudinal vortices over an isothermal 
inclined surface in water. An electrochemical flow 
visualization technique was used. For angles of 
inclinations of 15” or more from vertical, longi- 
tudinal vortices were observed downstream of leading 
edge. The size of these vortices was found to be 
independent of the angle of inclination, but strongly 
dependent on overall temperature difference between 
the surface and ambient. Lloyd and Sparrow [14] 
continued these experiments to study the mode of 
instability at different angles. Below 14” waves were 
found to be the mode of instability, above 17” it was 
longitudinal vortices, and between 14” and 17” both 
were found to coexist. Lloyd [15] repeated the flow 
visualization experiments of Lloyd and Sparrow [14] 
and confirmed that the vortex wavelength is inde- 
pendent of inclination and depends on the tempera- 
ture difference. Lloyd, Sparrow and Eckert [5] 
observed spanwise mass-transfer variation in the 
transition region for angles greater than 15” from 
vertical. Recently six linear analyses [16-211 for 
neutral stability have appeared for inclined flows 
generated over isothermal surfaces. 

There have been many investigations of stability 
and disturbance growth in vertical flows. Earlier 
ones have been reviewed by Gebhart [22]. In a more 
recent experimental study, Jaluria and Gebhart [23] 
investigated the behavior of controlled two- 
dimensional disturbances. with a super-imposed 
transverse variation, in water, adjacent to a uniform 
flux surface. Interactions among these two distur- 
bance modes led to the establishment of a secondary 
mean flow consisting of a double longitudinal vortex 
system. The experimental results were in agreement 
with the stability analysis of Audunson and Gebhart 
[24], which postulates a two-dimensional distur- 
bance, modulated by a standing transverse 
disturbance. 

Godaux and Gebhart [25] made a study of 
natural transition for a uniform flux surface con- 
dition, in water. This demonstrated quantitatively 
that transition is not accurately predictable solely in 
terms of the local Grashof number. Jaluria and 
Gebhart [26] confirmed this and found that the 
beginning of transition was correlated by a para- 
meter in the form G*/x’.~. It was found to 
approximately correlate data for fluids with a wide 
range of Prandtl numbers, for both uniform flux and 
uniform temperature surface conditions. 

Most studies of flow adjacent to inclined surfaces 
have been either heat-transfer measurements or 
visualization. To better understand the nature of 

instability in such flows. detailed local measurements 
in the boundary layer are necessary. These can 
supplement and extend the understanding gained 
from past observations. This was the aim of this 
study. A uniform flux surface, quote similar to the 
one used by Vliet and Liu [27], was used in 
experiments in water. Measurements in the boun- 
dary region were made using a thermocouple and 
two hot-film probes. 

2. EXPERIMENTAL APPARATUS AND PROCEDURE 

The experiments were done in a well-insulated 
tank of dimensions 66 x 68 x 91 cm high, with glass 
side walls. The distilled water was periodically 
deareated by spraying it into a bottle maintained at 
a vacuum of 50cm of mercury. It was then filtered to 
0.2nm particles. A thermometer graduated to O.l”C 
was used to measure the bulk temperature of water. 
Any stratification in the tank was dissipated’by using 
a stirrer. Five copper-constantan thermocouples 
were placed at heights of 15, 45, 65, 75 and 85cm 
from the bottom of the tank to indicate any 
stratification. 

The uniform flux surface consisted of a 0.00127 cm 
(0.0005in) thick sheet of Inconel 600 bonded to one 
side of a Teflon impregnated fiber glass fabric, by 
heating under high pressure. The total thickness of 
the sheet was about 0.009 cm, and had dimensions of 
30 wide x 61.3cm high. This bonded foil was pasted 
on a 2.5cm thick extruded polystyrene insulation 
using two layers of 0.011 cm thick two-sided adhesive 
tape. Copper-constantan thermocouples made from 
0.0126cm (0.005in) dia. wire were embedded be- 
tween the two layers of tape. These were placed 
along the vertical centerline and also across the 
plate. The insulation supporting the foil was fixed to 
a 1.3cm (0.5in) thick acrylic plastic sheet which was 
supported in a stainless steel frame. Surface in- 
clinations were possible to 30’ from the vertical, with 
the heated surface facing up. These angles were 
measured by using an inclinometer graduated m 0.5” 
and further checked with the traversing mechanism. 
Glass plates 1Ocm (4in) high were installed on the 
sides of the heated surface, about 1.8 cm away from 
the edge, to minimize edge effects. An acrylic plastic 
plate, 1Ocm long, was placed ahead of the leading 
edge of the heated section to act as an unheated 
starting length. A similar plate was placed at the 
trailing edge. During the experiments the leading 
edge was at least 13 cm above the bottom of the tank 
and the trailing edge 17cm below the surface of 
water. The surface was heated by direct current 
through stainless steel electrodes. All plate and tank 
thermocouples used in ice bath as reference and were 
switched through a manual stepping switch. 

Velocity measurements were made using constant 
temperature hot-film anemometers. The two cali- 
brated hot-films were used in the “inverted V” 
arrangement, with the plane of V parallel to the 
surface. Calibrations were checked by measurement 
of velocity in the boundary layer with the surface 
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vertical, see Shaukatullah [28]. The separation 
between the centers of the films was 0.4cm. Tem- 
perature in the boundary layer was measured using a 
chromel-alumel thermocouple made from a 
0.00254cm (0.001 in) dia. wire. The thermocouple 
bead was located in the plane of hot films and was 
1.2cm from the center of the V. This thermocouple 
also had a reference junction in an ice bath. A 
traversing mechanism capable of traversing in the 
three rectangular co-ordinate directions was used to 
position the probe assembly in the boundary layer. 
This mechanism had a resolution of 0.001 cm in the 
horizontal plane and a resolution of 0.002cm in the 
vertical direction. 

4-6cm of the plate. The output of each probe when it 
occupied the same location was used in the data 
reduction. Detailed information concerning exper- 
imental apparatus, instrumentation and procedure is 
given in Shaukatullah [28]. 

Surface heat flux was determined from the voltage 
drop across the surface and the current through a 
Leeds and Northrup 0.010 resistance in series 
with the foil, using a digital voltmeter. Thermocouple 
and hot-film output were recorded on a chart 

1000 

i / 

Nu =0 864 (Gt)‘= 

3. EXPERIMENTAL RESULTS 

3.1. Heat transfer 
This data was first obtained with the surface 

vertical, to check the overall validity of the equip- 
ment. The heat-transfer results were plotted in terms 
of the local Nusselt number Nu = hx/k vs the 
Grashof number Gr*. The data was in very close 
agreement with the vertical laminar boundary-layer 
result. A similar comparison for the plate inclined at 
29” from the vertical, in Fig. 1 is much more 
interesting. The Grashof number is modified by 
cosine of the angle of inclination. The data agrees 

k Y= 

Frc,. I Heat-transfer data for 29”. For heat fluxes of_ 0 377 W m’, A 81 I W/m’. q 2291 W/m*, 
v 5049 W/ml, 0 7081 W/m2 -- Laminar boundary-layer solution for vertical flow at Pr = 6.0. 

recorder with four channels. Each channel had a 
recording width of 5 cm with 1 mm graduation. This 
amounts to a resolution of 24%. Data reduction 
was done with a computer program. Properties of 
water were evaluated at the film temperature, the 
average of the local surface and ambient tempera- 
ture. The properties as functions of temperature were 
determined as follows: density and specific heat from 
Kell [29], thermal conductivity and viscosity from 
ASME steam tables [30]. 

Longitudinal and transverse velocities were calcu- 
lated using the normal cooling cosine law. They were 
normalized by U* = vG**/5x where G* is related to 
the local flux Grashof number Gr,* = g/?q”x4 cos O/kv’ 
as follows, G* = 5(Gr:/5)“5. Temperature is non- 
dimensionalized as C#J = (T- T,)kG*/Sxq” where T is 
the local temperature in the boundary layer and T, is 
theambient temperature. With this form, knowledgeof 
the surface temperature is not required, except to 
evaluate properties. Distances across the boundary 
region areexpressed as r~ = yG*/Sx. Spanwise locations 
are expressed in centimeters. The numbers are 
arbitrary. They are those on the scale of traversing 
mechanism. During data reduction the spatial separ- 
ation of the probes was taken into account by taking 
spanwise traverses at 0.2 cm intervals over the central 

very well with theory for Gr* to 2 x lOlo, then it 
diverges above. Similar results were found at smaller 
inclinations. 

Upon beginning probes of the boundary region, 
we discovered that all but five of the thermocouples 
embedded in the surface, at distances of 2.5, 5, 10, 20 
and 45cm from the leading edge, were inoperative 
due to corrosion of the leads. For subsequent 
experiments the surface temperature used for 
evaluating water properties was approximated by 
interpolating between the temperatures indicated by 
these thermocouples. The output of these remaining 
thermocouples was frequently checked. They con- 
tinued to function properly. 

3.2. Temperature measurements 
Figure 2 shows typical spanwise mean tempera- 

ture measurements in the boundary layer for 0 = 19” 
and at a fixed distance y and heat flux q”, at various 
downstream locations x. A spanwise variation 
gradually arises and increases downstream. It re- 
mains almost periodic across the surface, at the same 
wavelength, about 1 cm. The peaks and valleys also 
remain at the same spanwise location. 

As inclination was increased keeping q” constant, 
it was found that spanwise variation arises earlier, 
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FIG. 2. Changing spanwise temperature distribution down- 
streamaty=0.151cm,q”=790W/mZand#= 19”. 
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FE. 3. Spanwtse temperature variation across the bound- 
ary region at x = 20cm for 4” = 2294 W/m2, G* = 406 

and 0 = 29”. 

08 

06 

and also remain almost spanwise-periodic with a 
constant wavelength. Further downstream the peaks 
and valleys shift in spanwise direction. During each 
measurement the thermocouple output at a given 
location was steady. Thus there were no periodic 
two-dimensional disturbances and the transverse 
pattern did not change with time. The same spanwise 
temperature variation is shown in Fig. 3 at various 
locations across the thermal region. The data were 
obtained at x = 20cm, for fI = 29” and at higher flux. 
The variations are seen to extend to the outer edge of 
the thermal region, note the data at q = 2.24. The 
amplitude increases greatly as the surface is 
approached. 

This time-independent pattern implies that 
stationary longitudinal vortices have been generated. 
They were first visualized by Sparrow and Husar 
[13]. The temperature peaks are positions between 
two adjacent vortices where the hot fluid is being 
expelled out from near the surface. The valleys he at 
the intervening locations where the vortices are 
entraining cold ambient fluid. Thus, there is a pair of 
counter-rotating longitudinal vortices. Figure 2 im- 
plies a spatially stationary vortex pattern. However. 
at the larger angles they appeared to merge 
downstream. 

Mean temperature distributions were determined 
across the thermal region at peak and valley. Data at 
three downstream locations are compared with the 
Iaminar solution in Fig. 4 for H = 19”. The agreement 
at .Y = 2Ocm substantiates the practice of using only 
the parallel component of buoyancy force in the 
Grashof number. Further downstream the tempera- 
ture profile changes. We note that at x = 40cm the 
thermal region has become relatively thick at a peak 
and thin at a valley, consistent with the interactions 
with the ambient medium referred to above. These 
vortices are expected to also cause a locai variation 
of surface temperature. 

3.3. Velocity measurements 
Typical measurements of the boundary region 

distribution of the streamwise velocity component, U, 
plotted as f’, are shown in Fig. 5. The conditions are 
again those listed in Fig. 3. The spanwise variation is 

0 I23 0 I23 
r) 77 77 
(a) (b) (c) 

FIG. 4. Temperature d~strlbutlon across the b~~~ll~d~ir~ layer at C’ peah. A \~lley, 0 = 19 is) \ = Xcm 
andG*~412;(b).~=30~and6*=578;(c)~=40cmandG*=71~ Boundary-layer solution 

for vertical Row at Pr = 6 0. 
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2 cm 

FIG. 5. Spanw~ae \arlallon of the longltudmal Leloclty 
across the boundary layer Condltlons are the same as in 

Fig. 3 

again periodic. It is in phase with the temperature 
variation, and is further consistent with the foregoing 
interpretation of vortex motion. The fluid moves 
outwards at peak and inwards at valleys. 

The velocity profile across the boundary region, at 
a peak and valley are shown in Fig. 6 for the same 
conditions as in Fig. 4. At .Y = 20cm the data are in 
good agreement with the laminar solution. Deviation 
arises further downstream. Again, there is the same 
thickening and thinning seen in Fig. 4. The profiles 
have shifted out and in at a peak and valley. 
respectively. This is again consistent with a vortex- 
ambient interaction. 

Of greater interest is the distribution of the 
spanwise mean velocity component W. The distri- 

1485 

2 cm 

FIG. 7 Spanwise variation of the spanwlse velocity across 
the boundary layer. Cnndltmns are the same as III Fig. 3 

butions seen in Fig. 7 are also spanwise periodic. 
However, at about q = 1 there is a change in phase 
across the boundary region. This is seen very clearly 
in Fig. 8 where w is plotted across the boundary 
region at several spanwise locations. Each distri- 
bution is once positive and once negative across the 
flow layer. This is conclusive evidence of a single 
vigorous longitudinal vortex system in the boundary 
region. 

Sparrow and Husar [13] had observed a single 
row of vortices over a uniform temperature inclined 
surface. Yet addltional support for a single me- 
chanism IS the shifting of velocity profiles at a peak 
and valley. as noted in Fig. 6. However, the outer 
part of the mean velocity profiles does not show the 
steepening and flattening which is associated with a 
double row of vortices, see Audunson and Gebhart 

0 2 4 6 2 4 6 

(a) (b) Cc) 

FIG. 6. Longltudmal velocity dlstrlbution across the boundary layer. Conditions are the same as in FIN. 4 
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FIG. 8. Distrlbutron of spanwise velocny across the 
boundary layer at different spanwise locations. Conditions 

are the same as in Fig. 3. 

FIG. 9. Distrrbution of spanwise variations of temperature 
and velocity across the boundary region. 0 = 19”, B .Y 
= 30cn1, G* = 578, 0 Y = 4Ocm, G* = 715. ~ f,, ~-~ 

[24] and Jaluria and Gebhart [23]. The single 
system merely shifts the velocity profiles in and out 
from the surface. 

3.4. Distribution and growth of spanwise variations 
Typical root mean square values of spanwise 

variation of the temperature Fz and longitudinal 
velocity f; are shown in Fig. 9 for two downstream 
locations in a given flow. The maximum temperature 
variation occurs near the surface and the peak moves 
out downstream. The disturbances also penetrate 

I 
‘0 

I 
10 20 30 40 50 60 

X cm 

Fm. 10. Growth of spanwise temperature variation at y 
=0.15lcm. -.~ O= 14”, q”=2250W,‘mZ, -- Q= 19”. 

-~- 0 = 29”. q” = 2303 W,m2. 

further out. Similar behavior is also observed for the 
spanwise variation of velocity. 

The downstream growth of spanwise temperature 
variation gz is shown as the solid curves in Fig. 10, 
for 8 = 19” for four heat fluxes, at 4’ = 0.151 cm. This 
is plotted as the ratio of RMS variation to the 
spanwise spatial average value ;6. The initial growth 
rate is exponential and then tapers off downstream. 
Similar trends and growth were found for velocity. In 
Fig. 10 we also show the growth rates at approxi- 
mately the same flux for different inclinations. The 
growth rate is seen to increase with inclination. 

3.5. Vortex wave length 
The experiments of Sparrow and Husar [13] 

indicate that the longitudinal vortex wavelength in 
flow over an isothermal surface is independent of the 
angle of inclination, but depends on the difference 
between the surface and ambient temperature. Lloyd 
[15] found this dependence to be of the form 

Ia (To-Tm)-o”g. 

With a uniform flux this temperature difference is not 
constant along the surface, but increases as To - T, 
a x0.’ in laminar flow. For our uniform flux surface 
we also found that wavelength was independent of 
inclination. However, it depends on heat flux as 1 
= l.27q”-0.r2 with a root mean square deviation of 
3% in the range 362 <q” < 7094W/m2. The wave- 
length of the vortices also does not change down- 
stream. Recall Fig. 2. 

Our measured wavelengths are tabulated in Table 
1 and also plotted as points in Fig. 11 on the 
stability plane of Haaland and Sparrow [18], 
calculated for an isothermal surface and Pr = 6.7. A 
similar plant for uniform flux boundary condition is 
not yet available. For flow generated by a vertical 
surface, subjected to two-dimensional disturbances, 
Knowles [31] has shown that the neutral stability 
curve for an isothermal condition is contained within 
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Table 1. Experimental values of beginning of spanwise 
variation and vortex wave length 

I, 

x /I 
I9 cm Wyrn’ cm Pr G* 

14” 
14” 
14” 
14” 
19” 
19” 
19” 
19” 
29 
29” 
29. 

42.0 797 
31.0 2250 
18.0 5127 
13.0 7094 
40.5 362 
31.0 791 
17.2 2268 
9.8 5147 

22.8 363 
173 790 
9.4 2303 

0.55 6.2 
0.50 6.1 
0.48 5.4 
0.44 5.1 
0.70 6.3 
0.56 4.4 
0.53 6.0 
0.48 5.7 
0.63 6.7 
0.57 6.4 
0.53 6.1 

592 
581 
473 
403 
483 
452 
364 
282 
288 
281 
220 

0 50 100 150 

G tan8 
FIG;. 11. Neutral stability diagram from Haaland nnd 
Sparrow [IX]. 0 Present data. Shaded areas are the data of 

Lloyd [IS]. 

that for uniform flux. Perhaps this also results for an 
inclined surface. The stability plane in Fig. 11 is 
plotted in terms of 4nx/lG vs G tan 0 where G = 
2(2)‘/‘[g/3(T0 - T,)x~/v’]~ ‘j. We convert our values 
of G* to G using relation G* = 1.28G given in 
Knowles [31] and Jaluria and Gebhart [26]. Our 
data points are in the unstable region, and in close 
agreement with the collection of the data of Lloyd 
[15]. Note that Haaland and Sparrow have used the 
wavelength of spanwise disturbance variation in 
their analysis. This is twice of vortex wavelength. 

3.6. Beginning of transition 
Many earlier investigators [2, 4-6, 8, 121 have 

attempted to locate the point where the laminar flow 
ends. Each of these authors have given a location of 
the point where laminar flow ends, according to their 
criterion, in terms of Rayleigh number. Lloyd and 
Sparrow [14] have compared these values from all 
the studies previous to theirs. Such data was found 
to be scattered about a decade on either side of 
theirs, except for that of Tritton [32], which was four 
decades lower. We note that Tritton’s experimental 
configuration was more like a channel. Subsequent 
investigators have compared their data with that of 
Lloyd and Sparrow [14] and found it to be within 
the scatter of most data. 

The criterion of Jaluria and Gebhart [26] may be 
expressed as 

/ ..2 \ 2/15 

E=G*(,+) 
The value of E from their experiments on a uniform- 
flux vertical surface was found to be 13.6 and 15.2 for 
the beginning of velocity and thermal transition, re- 

t P 
L 

500- 

b 
/ 

200- 
+ 

tool III II 

2 3 456 8IO 20 3040 

X cm 

FIG. 12. Beginning of spanwlse variation for angles 0 29”, 
A 19”, fl 14”. Also shown are results of Hassan and 

Mohamed [4] at 60”. +. 

spectively. Transition data from other studies were 
within an E range from 12.6 to 24.0. These data are 

for gases and liquids, over a range of Prandtl number 
from 0.7 to 11.85, for both isothermal and uniform 

flux surface conditions. 
In this study we specify that transition has begun 

locally downstream, when the root mean square 

value of spanwise temperature variation becomes 5% 
of the mean value. The values of x where picked 

from plots such as Fig. 10 and are plotted in terms of 
G* vs x in Fig. 12. Data are shown for 0 = 14, 19 
and 29”. The lines match very well the trends of the 
data. The resulting average values of E was cor- 
related by E = 880-“.65, where 0 is in degrees and in 
the range 9” < B < 30”. 

During these experiments it was possible to locate 
the conditions wherein time-periodic disturbances 
arose. They were determined as the point where peak 
to peak value of these disturbances becomes 5% of 

. the average value. These were correlated in the form 
E = 21 (1 -o/120) where 0 is again in degrees from 
vertical. The data and these two correlations suggest, 
for inclinations greater than about 1 l”, that spanwise 
variations occur first and then are followed down- 
stream by time-periodic disturbances. The differ- 
ence between these two locations, in terms of E. 
decreases with angle. At around 10” the two levels 
occur simultaneously. For isothermal surface, Lloyd 
and Sparrow [14] found that the two coexist 
between 15 and 17”. 

Most of earlier data for transition in inclined flows 
is reported in terms of Rayleigh numbers. Seldom is 
enough information provided to calculate E factor, 
for comparison with our results. The exceptions are 
the data of Vliet [3] and Hassan and Mohamed [4]. 
The latter data is for an isothermal surface in air and 
detailed data is given for inclinations to 60” from 
vertical. Their data for transition, according to 
their criterion, are also shown in Fig. 12. Grashof 
numbers were calculated and converted to G* by 
using the relationships given in Knowles [31] as G* 
= 1.12G for air. The resulting average E is 15 and 
the trend is similar to present data. 

The transition data of Vliet [3] at inclinations of 5, 
15, 30, 45 and 60” were also plotted as in Fig. 12. 
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However, a similar regular ordering did not arise. 
There was large scatter and no definite trend of G* 
variation with x was found. This may be explained 
as follows. We have shown that the presence of 
vortices on an inclined surface causes a substantial 
spanwise variation of temperature in the flow. This 
results in a spanwise variation of surface tempera- 
ture, for a uniform flux surface. The surface tempera- 
ture at a peak will be higher than at a valley. Vliet 
[3] measured the surface temperature along the 
physical centerline of the surface, independent of the 
pattern of the flow. If vortex entrainment of cold 
fluid happens to occur there, then the surface 
temperature will be lower than average. Thus, a 
single local measurement cannot give a reliable 
indication of transition. Hassan and Mohamed’s 
data, on the other hand, was averaged over the span 
of the surface. 

3.1. Disturbance frequency 
Experiments and analysis have shown that a 

vertical natural convection boundary-layer flow 
filters disturbances for essentially a single, or charac- 
teristic, frequency downstream, see Gebhart and 
Mahajan [33]. Data from the present experiment, 
with the surface vertical, was shown by these authors 
to be within +_S% of predicted values. We also have 
frequency data for time periodic disturbances which 
appeared in our inclined flows. The frequencies, 
locations and conditions are collected in Table 2. 

Table 2. Experimental values of beginning of time-periodic 
disturbances and characteristic frequency B* 

X 
I, 

I 

e cm Wyrn2 Hz Pr G* B* 

14” 40.0 2250 0.36 6.0 715 0.74 
14” 25.0 5127 0.55 5.4 620 0.70 
14” 20.0 1094 0.67 5.0 575 0.69 
19 35.0 2269 0.43 6.0 664 0.63 
19 25.0 5147 0.60 5.5 606 0.74 
29 25.0 2303 0.33 6.2 477 0.73 

The resulting values of B* are remarkably close to 
the values of B* = 0.675 for vertical flow and Pr 
= 6.7 given in Gebhart and Mahajan [33]. 

3.8. Some additional general observations. 
For a vertical surface, the entrainment velocity v, 

is near horizontal. Taking typical values of G* = 800 
and x = 3Ocm, we calculate from laminar theory 
that v, is of the order of O.OScm/s in water. 
Calibrations of a hot-film at low velocities when the 
flow direction is near horizontal have shown that 
there is a lower limit of velocity below which a single 
heated sensor may not be used. See Shaukatullah 
[28]. In addition the direction of flow must in 
general be known for flow at other angles, because of 
the mixed convection effect. The lower limit for near 
horizontal flow for the,film probes used in this study, 
was found to be 0.22cm/s. Thus, our velocity 
measurements at the edge of the boundary layer are 

not expected to be very reliable. In fact we found 
that as the probe approaches the edge of the 
boundary layer the output of the anemometer 
becomes less than with zero velocity. This effect of 
flow direction is explained in [28]. 

The size of the vortices found in this study were of 
the order of OScm. The two hot films spanned 
almost this distance. Since the vortices were 
stationary and the flow was steady upstream, it was 
possible to account for spatial separation by cor- 
rectly located traverses in the spanwise direction. 
However, such a probe configuration cannot be used 
to measure fluctuating components of velocity in 
vortices of this size. The measurement must ap- 
proach instantaneous values at the same location. 
This is not even approximately achieved by our 
configuration. 

4. CONCLUSIONS 

Our detailed temperature and velocity measure- 
ments have indicated conclusively that a single mean 
flow longitudinal vortex system arises. It sub- 
stantially modifies the distributions of temperature 
and velocity. The spanwise variation is almost 
periodic upstream. Its consequence is a spanwise 
variation in surface temperature. For angles greater 
than 11” the spanwise variation occurs first down- 
stream, followed yet further downstream by ap- 
preciable two dimensional periodic disturbances. 
At about 10” inclination both disturbance forms 
appear at about the same location downstream. For 
angles less than 9” the spanwise variation does not 
become appreciable. 

For our uniform flux surface the wavelength of the 
spanwise variations is independent of angle but 
depends on the heat flux level. Although there has 
been no stability analysis for a uniform-flux surface 
condition, our results are qualitatively in agreement 
with the analysis for an isothermal surface condition. 
Initially the amplitude growth rate of these vari- 
ations is found to be exponential. An analogous 
phenomenon, known as Gortler-Taylor vortices, 
occurs in forced flow on a concave wall. There it is 
found that the vortex wavelength is nearly inde- 
pendent of free stream velocity and depends on the 
radius of curvature. See Tani [34]. 

The location of the beginning of both spanwise 
and two-dimensional disturbances was found to 
depend on x in addition of G*. This interdependence 
was correlated by the E factor of Jaluria and 
Gebhart [26], which arise for vertical flows. The data 
of Hassan and Mohamed [41 on inclined surface also 
showed similar trends. 
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ETUDE EXPERIMENTALE DE LA CONVECTION NATURELLE 
SUR UNE SURFACE INCLINEE 

R&sum&Un thermocouple et deux sondes anemomitriques a fil chaud en forme de V renverse sont 
utilisbs pour explorer l’ecoulement sur une surface inclint% dissipant un flux thermique uniforme. On 
mesure la temperature et les composantes longitudinale et transversale de vitesse. 11 se forme un systemme 
de tourbillons longitudinaux. Cela occasionne une variation laterale des champs de temperature et de 
vitesse, et done du transfert thermique. La variation latbrale de l’ecoulement moyen, ou du systeme de 
tourbillons, apparait pour des angles superieurs a 11”. Des mesures locales permettent des comparaisons 
dCtafll&es avec les mecanismes bien itablis de perturbation dans les ecoulements verticaux. On trouve 
encore le filtrage en fr&quence de perturbations periodiques. Le debut de la transition est postule en 
termes d’amplitude de perturbation. La localisation est trouvb dependre de la distance du bord 

d’attaque, en plus du nombre de Grashof, de la meme faGon que dans les icoulements verticaux. 



HUSSAIN SHAUKATULLAH and B. GEBHART 

EINE EXPERIMENTELLE UNTERSUCHUNG DER STRGMUNG BEI 
FREIER KONVEKTION AN EINER GENEIGTEN OBERFLACHE 

Zusammenfassung-Ein Thermoelement und zwei Hitzdrahtanemometersonden in Form emes 
“umgekehrten V” wurden benutzt, urn die Stromung im Grenzschichtbereich zu untersuchen, die sich 
iiber einer geneigten Oberflache bei gleichformiger Warmestromdichte ausbildet. Temperatur, Llngs- 
und Querkomponmenten der Geschwindigkeit wurden gemessen. Ein einzelnes Wirbelsystem entsteht in 
Langsrichtung. Es verursacht eine abschnittsweise Variation des Temperatur- und Geschwindigkeits- 
feldes wodurch sich eine abschnittsweise Variation der Warmeiibertragung ergibt. Die abschnittsweise 
Variation der mittleren Strdmung oder des Wirbelsystems entsteht zuerst stromabwarts bei Winkeln 
grol3er als 11 Grad. Unsere Grtlichen Messungen erlauben einen detaillierten Vergleich mit 
wohlbekannten Stijrungsmechamsmen bei vertikalen Striimungen. Die Frequenzhlterung von period- 
ischen Storungen wurde wieder beobachtet. Der Beginn des Ubergangs wird als von der GroBe der 
Stiirung abhangig vorausgesetzt. Es wird gefunden, da13 der Umschlagpunkt, dnlich wie bei vertikalen 

Stromungen. auger von der Grashof-Zahl such vom Abstand von der Anstriimkante abhangt. 

3KCfIEPMMEHTAJlbHOE MCCJIE40BAHME CBO6OflHOKOHBEKTMBHOl-0 
TEqEHMR HA HAKJlOHHOfi I-IOBEPXHOCTM 

AHHoTamin-&In HCCJleDOBaHHR Te'IeHWl B nOrpaHH'iHOM CJlOe Ha HaKJlOHHOit PaBHOMepHO Harpe- 

saeh+oii nOBepXHoCTH ucnonb30aanricb TepMonapa ri nsa nneH09Hblx TepMoaHeMoMeTpa B BcfLIe 

nepeBepHyTok 6yKBbl V. M3h4epnnucb TeMneparypa. a TaKme npononbHafi H nonepeqHan KoMno- 

HeHTbl CKOPOCTM. B 3KCnepHMeHTe Ha6nIoaanocb 06pa3oaaHHe eLWiHHYHOic CHCTeMbl npOL,OJlbHblX 
BHXpei?, KOTOpaR BblJblBana H3MeHeHHe nOneti TeMnepaTypbL H CKOpOcTA n0 UIrlpHHe nOTOKa, 'IT0 

BCBOK) o',epeL,b npHBOLW,O K H3MeHeHMK) TenJ,OOTna'+H n0 nOBepXHOCTH.CRCTeMa BCrXpeh B03HW- 

Kana nuaqane B HAxHeR SacTH nnacTI(Hbl, Korna yron eT: HaKnotta npeebwan II”. Jloranbtrbie 

H3MepeHHR n03BonwIH IlpOBeCTH LleTaflbHOe COnOCTaBJleHHe C XOpOUlO pa3pa60TaHHbIMH MeXaHH3- 

MaMH Bo3HWKHoBeHHR B03MyLUeHHti npe 06TeKaHHH BepTHKanbHbIX noBepXHOCTefi. nO,lTBepWeHa 

'IaCTOTHaR &inbTpaUHR nepWOIWIeCKHX B03MyUleHHfi. 06HapymeH0, 9ro HaYan nepexonuoro 
pewiMa CBIISaHO c EWlWUiHofi BO3MyUleHHfi. KaK II npS4 06TeKaHLiH BepTAKaJlbHO PaCnOJlO~eHHblX 

nOBepXHOCTeh MeCTO BOJHHKHOBeHHR nepeXOna 3aBLiCHT OT wcna rpacro$a H paccTonw4fl OT 

nepenHeR KPOMKH. 


