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Abstract-Measurements of natural convection transport to air above a heated symmetric ridge were made 
with a fine thermocouple probe and an interferometer. The ridge was formed of two inclined heated plates, 
hinged at their common trailing edge. Resulting data on the thermal structure of the fow is compared with 
that above isolated inclined surfaces. Wollaston prism schlieren interferometer results are correlated with the 
data from thermocouple traverses. The plume flow shed above the ridge was probed and interferograms were 
obtained. The plume is highly disturbed for flatter ridges. This is related to the more disturbed nature of the 
upstream flows at lower inclinations. The onset of upstream flow instabilities was also investigated. Past 
investigations with isolated surfaces classified these instabilities as either separation or transition, depending 
on the method of disturbance or transport detection. We found that disturbances have the characteristics of 
both separation and transition. Our determinations of the onset of instability, asjudged by sudden growth of 
the thermal boundary region thickness, by changing heat-transfer characteristics and by flow visualization 

are discussed and compared with published data for isolated surfaces. 

NOMENCLATURE 

constants used in the heat-transfer 
correlations ; 
local Grashof number = g/?ATx3/\12 ; 
length of one side of the ridge; 
local Nusselt number = h,, s/k ; 

Prandtl number = pjk; 
local Rayleigh number = Gr, . Pr ; 
mean (time average) temperature in the 
boundary layer PC] ; 
plate temperature [“Cl ; 
ambient temperature PC] ; 
to-t, c”q; 
disturbance amplitude ratio = amplitude 
of disturbance/AT ; 
distance from the leading edge of the 
plate [cm] ; 
distance normal to the plate [cm]. 

Greek symbols 

a, angle measured from the vertical [deg] ; 
6, local thickness of the boundary layer 

[cm] ; 
8, angle measured from the horizontal [deg] ; 

% similarity variable for horizontal laminar 
flow ; = (y/x)(Gr,/5)0.2 ; 

$9 nondimensional mean temperature; 
= (f-t,)/(to-tt,). 

INTRODUCTION 

Isolated inclined surfaces have been studied in the 
past. At high inclination the transport is similar to that 
in vertical flows, even though a normal component of 
buoyancy force exists. In the extreme case, of a 
horizontal orientation, that is the only component. 
Vertical laminar transport is quite well understood. In 
the boundary-layer regime such flows eventually under- 
go transition to turbulence. Early work concerning 
horizontal and inclined flows indicated another mech- 
anism of instability, which has been called separ- 
ation. It results from the normal component of 
buoyancy. Hassan and Mohamed [I] have suggested 
that it occurs much earlier than turbulence. Pera and 
Gebhart [2] noted that separation in natural con- 
vection is driven by the buoyancy force instead of by an 
external pressure gradient, as in forced flows. This very 
much complicates any “separation” mechanisms 
which may arise. In other studies of flows inclined 
slightly from the horizontal, both terms, transition and 
separation, have been used. Here the meaning of the 
terms transition and separation are investigated and 
somewhat clarified. 

THE CHARACTERISTICS of natural convection flow of air 
over a heated ridge were measured at slopes to 30” 
from horizontal. Flows form separately on each side 
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Schmidt [3] apparently first studied natural con- 
vection boundary layers over an inclined plate. A 
schlieren system was used. Rich [4] used a 
Mach-Zehnder interferometer to measure tempera- 
ture profiles and to obtain the heat transfer from a 
plate inclined up to 40” from the vertical. The heat- 
transfer results were correlated in the form Nu 
=,f(Pr. Grcos c1), where CI is the angle of inclination 
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and interact along the ridge, in a complicated manner, 
to form a plane plume. These flows have been little 
studied at small scale in spite of their importance. They 
affect transport and cause micro-meterological pat- 
terns such as thermal and water vapor transport. 
Analysis of such transport would be extremely com- 
plicated. The first study was experimental, to first 
clarify some of the detailed mechanisms. 



from the vertical, and the Grashof number does not 
include any dependence on angle. Kierkus [j] used a 
perturbation analysis about the vertical to predict 
velocity and temperature profiles and heat transfer for 
isothermal surfaces inclined up to 45 from the vertical. 

Experiments performed in air agreed well with the 
analysis. 

Hassan and Mohamed [I] measured local heat- 
transfer coefficients in air along an isothermal llat 
plate, inclined from+90 to--90” from the vertical in 

increments of 15”. Hot and cold surfaces facing up and 

down were investigated. The heat flux was measured 
using Boelter-- Schmidt type heat flux meters. The 
measurements were correlated in terms of local Nus- 
selt number as a function of the local Grashol 

number. The Grashof number was based on the 
component of the buoyancy force parallel to the 
surface. Their correlations all assumed Nu, = -I(/+. 
Gr,, cosr) t” in the laminar region, where the angle 

dependence has been separated from the Grashof 
number. For hot surfaces facing upwards. it was found 

that the heat flux along the plate decrcascs to a 

minimum, increases and then remains almost coil- 
stant. The location of the minimum was taken to 

indicate flow separation and occurred well before 

expected turbulence. Higher surface temperatures with 
respect to the ambient and larger angles from the 
vertical were found to cause earlier minimums. No 
visual studies were made. 

Fujii and Imura [6] measured heat transfer and used 

a shadowgraph to visualize the llow over inclined 
plates in water. The surface condition was neither 

isothermal nor uniform Ilux. From their correlations 

of Nusselt number vs Rayleigh number. they defined 
separation from a heated surface facing upward. The 
deviation of the heat-transfer data from the laminar 

trend was referred to as both separation attd 6an- 
sition. Results were compared to Vliet [?] and were 
found to be included within Vliet’s beginning-end of 

transition regime. The data of Lloyd and Sparrow [“I 
was also compared and found to be about an order of 

magnitude lower. 
Pera and Gebhart [?I performed a perturbation 

analysis for boundary-layer flow over a flat plate 
inclined at small angles to the hortxontal. The Cirashol 
number was modified by the cosine of the angle from 

the horizontal. This is the normal component 01 
buoyancy and provides the indirect drive mechanism. 
Temperature profiles were measured in air with a 
Mach-Zehnder interferometer and used to obtain heat 
transfer. The analysis predicted increasing heat trans- 
fer with increasing angle. The experimental results 
confirmed this but also showed increased heat transfer 
for Gr, > lOa. Flow separation was visualized by 
smoke injection. Separation was found to occur for 
Gr’” > 140. Artificial disturbances at the leading edge 
of the flow caused separation to occur earlier. 

A subsequent study by Pera and Gebhart [Y] 
investigated the stability of boundary-layer tlows over 
an inclined plate. near horizontal. Further flow 
visualizations with smoke were performed ott an 

inclined plate with leading and iratltng adlabatlc 
extensions and also on a ridge to inbcsttgate the e&t 
on the laminar flow and the begtnttinp c,l’ll~~~’ \cp;1! 

ation. No detectable differences wcrc I;~und. 

Jones [IO] used series solutrons. one valid neat tilt 
leading edge, another further douns~ream, to s&c ?Ire 

flow over a flat plate inclined at small ;tngles wit11 tliz 

horizontal. The two different \olutttrtts result from the 

consideratton ofthc driving tncci~a~~~~n~. in the L IUIII~! 
of the leading edge the tatlgctr~tal iotm 11as ,tv .i: 

significant etl‘ect. The llow t5 drt\ctI tt\dtrcctly by liti: 

motion pressure gradient resulttnp Iront the ttormai 

component. At large distances downstream. tlic 11u:d 

layer tttickens sufficiently enough II) gcncrate l.jngcii- 

tial buoyancy forces which dominate the pressttri. 
gradient drivtttg forces. ho e~pet-~mcttt was periormed 
to verify the analysis. 

Black and Norris [ 1 11 perihrmeti c\pertment\ I:, ;ui 
over inclined surkaces. The houndat-y-layer Ilow was 
visualized with a differenital I::tcr.ii.t-otneter \vhtch 

allowed dtrcct measurement orhc,tt iiu\ III the Iatiiitiar, 
transition and turbulent regtme\ Tile! also reported 

data on Ihe frequency of occurrcitce i)i’ lhermai watch,. 

Several other studies Itace dealt with tnclitted plates 

and the boundary-layer tlow instabrltttes whtch result. 
Most have considered plates mchned at small anglca 
with the vertical. Shaukatutlah 1 12 ] rcc’tcws these ;~nd 

provides additional d:tt;t nn the Instability mech- 

atiisni~ occuring in near \ et-ttcal lilo~~~. Siniultancous 

velocity and tcmpcrature measurcmcnls in the bound- 

ary lalcr were used to S~OM the ~~i\tcncc. xi/z. and 

growth of a longitudtnal vortc\ s~~tc’m o\‘cr a LttttIot 111 
tlux surface in water 

‘The present jtudy extends the understanding oftlow 
ober tnchncd surfaces. provtding more detatled data on 

the thermal structure i~t the I~rn~nar rcgiorl attd 
beyond These results, on .I ridge, t-elate the \irtple 

inclined plate to a more complicarcd geometry. Visual 
resuII\ crotn a Wollasto~; jjt-ism schlieren iii- 

terferometer designed by .lahn [ ! ) j_ .Ire correlated 
uith those of a fine wtre tliermt~c~~uplc. Sonic com- 
ment!, r)n the inlcraction 01 tite l\ko boundary li1>ers as 
the> JOIII arc also 111c1udcd Pcr,t and (iebhar( [Q] 
obscr\ed that. for the ridge <haped geomclry. lhe 
separated tlow from each stdc :tpp;i:‘~~ntt! met and r04c 
III a single plume. No plume mea~urcmcnis were ma&. 
Froshenko c’t ~1. [I-k], in dcscrtbtug ,tttd dcmonhtratrttg 
a modified Mach Zehnder tntcrfct-omcter. prcsentcd 

tnterfct-ogratns of ;I ridge rh,~pec! p s’conlciry. T!hc matl- 
ncr ~II WIIICII the ridge was hcntc~i HX not described. 

No conclusions about !hc Ilou wcx ~xxscnted 

Our experiment was performed cl\cr a ridge made 
up of two aluminum plates hinged at a common edge. 
They were insulated 011 the >ides and bottom. Each 
plate was 35.hcm wtde and 23 I cln long and had six 

strip heaters embedded spanw~sc under the plate. Over 
each heater was a copper- constantan thermocouple 
0.03 cm below the surface. Individual rheostats in the 
heater ctrcuits were adjusted IO ;r!laitt .tti l:i~rtliermal 
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surface condition with O.S”/; or less variation in AT 

along each side and a temperature difference between 

the two sides of less than 1%. Details on the con- 

struction of the plates are contained in Pera and 

Gebhart [2,9]. The plates were set at various in- 
clinations, which were measured with a machinist’s 

inclinometer to ) 2 min of a degree. 
A box, of polyethylene sheet on a wooden skeleton, 

was built to house the experiment and isolate it from 

the environment. The box was 2.13 m high and of 
0.22m2 cross-section. Because of the heavy con- 

struction of the plate, steady state was reached after 

about 1 h. Therefore, it was necessary to allow 
air flow through the box to prevent stratification. 

Thermocouples located in the top and bottom of the 
box were monitored and stratification was always less 
than 1% of the plate AT. The top of the box and a strip 

around the bottom were provided with layers of 
cheesecloth to damp any disturbances which might be 

present. The sides of the box were provided with 

optical quality glass windows to allow for Row 
visualization. Side walls were also constructed for the 
plate to insure a 2-dimensional flow geometry. 

Flow visualization was accomplished with a Wollas- 
ton prism schlieren interferometer. Sernas and 

Fletcher [15] and Black and Carr [ 161 have utilized 
this technique and compared measured results with 
analyses. Jahn [13] has investigated the principles 
of this interferometer in detail. Significant contradic- 
tions in the method of heat-transfer measurement 
were found in previous studies and were corrected. 

Preliminary experiments showed the Wollaston 
interferograms to be inconclusive in defining flow 

separation. Disturbances were seen over a wide range 
of downstream locations and were convected down- 

stream. Due to spanwise averaging of the inter- 
ferometer, information on 3-dimensional disturb- 

ances was obscured. Therefore, five chromel-alumel 
thermocouples, made from 0.00254 cm (0.001 in) wire, 
were assembled into a probe to measure temperature 
disturbances in the boundary layer. Simultaneous 
recording of any four thermocouples signals and 
observation of the interferometer results showed the 
disturbances to be random in space and time across the 

plate. Their scale was less than or equal to the probe 

spacing, which was 2.54 cm. The final measurement of 
temperature profiles across the boundary layer was 
done with a chromel-alumel thermocouple made from 
0.00127cm (0.0005in) wire. Details of probe con- 

struction and thermocouple signal recording are con- 
tained in Miller [ 171. 

The procedure for each run was to adjust the 

temperature uniformly along the plate and at the 
desired level. Boundary-layer traverses were made in 
the center of the span of the plate at 8-10 different 
downstream locations for each run. Approximately 20 
temperature measurements were made across the 
boundary layer at each downstream location. 

From the average thermocouple signal recordings, 
mean temperature profiles were calculated. A linear 
least square fit was used near the wall to obtain the 

slope, thus giving the local heat flux. It was not possible 

to obtain heat-transfer measurements from the electri- 

cal input due to unknown losses through the insulation 
and an uncertain radiation correction. A least square 

polynomial fit of fourth order was used to define the 
mean boundary region edge. 

The coefficient of thermal expansion was evaluated 

at the ambient temperature. Other fluid properties 

were evaluated at a reference temperature defined as 
62gg of the plate AT above the ambient temperature, as 

suggested by Sparrow and Gregg [1X] for vertical 

flows. 

RESULTS AND DISCUSSION 

Temperature measuremerlts. 
(A) Mean temperature projiles. The accuracy of the 

experiment and instrumentation was assessed by com- 

paring measured temperature profiles at various down- 
stream locations with the calculated profile of Pera 

and Gebhart [2], for both surfaces horizontal. For 

small distances downstream the profiles agree well, 
especially near the wall where the heat-transfer data is 

taken, see Fig. 1. The profile for Gr, = 1 x 1 05, where s 

1.0 [ 

i 

0.6 

0 2 4 6 
t 

FIG. 1. Mean temperature profiles over a horizontal surface, 
AT = 11.7”C, ~ theoretical profile, Pera and Gebhart [?I. 

= 4.3 cm (1.7in) already shows steepening near the wall 
and thickening in the outer region. The increased slope 

at the wall results in increased heat transfer, in 
agreement with the results of Pera and Gebhart [2]. 

A similarity solution does not exist, in general, for 
inclined plates. Therefore, the mean temperature pro- 
files were reduced in terms of the physical distance 
normal to the plate. Figure 2 shows the thermal 
boundary region thickness in centimeters, vs down- 
stream distance x/L (L = 24.1 cm). The y locations 
of the mean isotherms in the boundary region, at 5,10, 
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y(cm) - 

8 = loo 

FIG. 2. Effect of in&nation on mean boundary region 
growth, AT = 17.X”C, in terms ol’ mean temperature distri- 

bution c/l. 

and NY), of the plate AT above the ambient tempera- 
ture, are shown. The 5’!,, isotherm is taken to represent 

the edge of the boundary region. The rapid thickening 
indicates hot fluid escaping from the boundary region. 

Visual observations confirmed earlier findings by Fujii 

and Imura [6] that these elements of hot fluid do not 
necessarily rise vertically, but are instead convected 
along outside the boundary region. The 20”,, isotherm 
location is seen to be approximately independent of 

angle and never separates, in the mean sense, until the 
two boundary layers interact and are forced to begin to 
rise, at r/L = 0.9. 

(B) Temperature Jiuctuatior~s. Increasing AT in- 
creases the frequency of the occurrence of disturbances 

but does not change the average first downstream 
location of their appearance. When a disturbance 
became noticeable it was seen to be convected down- 
stream. Another disturbance would then appear 
behind the first. The point of apparent origin of 

disturbances moved about with time. The range of 
motion was as much as 50”,, of the total length of a side 
of the ridge. Characteristic infinite fringe in- 
terferograms are seen in Fig. 3. The effect of increasing 
inclination in stabilizing the Aow is very apparent. At 
higher angles the disturbances are smaller and remain 
closer to the surface. They blend together to form an 
outer layer. 

The unfiltered analogue thermocouple signals were 
analyzed for the amplitude of the temperature disturb- 
ances in the boundary region. The downstream 
variation of T’, defined as the ratio of disturbance 
amplitude to the total AT, is plotted in Fig. 4, for 6 = 0 
and 30”. These amplitudes are determined at the 50”,, 
mean isotherm, the temperature center of the bound- 

ary region. That is, at 4 = (I -- I, )!(to --1 .,) = 0.5. 
Surprisingly, we see that the imposed AT level has no 
progressive ell’ect on T’. Disturbance amplitude IS seen 

first to grow rapidly downstream and then become 

constant. A least square polynomial fit of the data, at 
each inclination was also determined, but IS not shown, 

Distributions of the temperature disturbance 7‘ 

across the thermal boundary region. plotted apainsr 
y,!ii where ci is taken as the thickness at 4 = t).?, are 
shown in Fig. 5 for 0 = lO‘.The70”,, mean isotherm W;LS 

seen to represent normal boundary regiongrowth, since 
separation effects have not changed the mean profile 
there. Disturbance amplitude increases vrith m- 

clination. A very similar effect for constant angle and 
increasing s/L was found, as seen in Fig. 5 

Figure 6 compares the thermocouple analog output 
of T’ with a corresponding mterferogram. We set that 

an interferogram, which is a spanw~se average, may bc 
very deceiving. The probe location IS indicated m ihc 
interferogram. The probe shows temperature disturb- 
ances for which T’ = 0.4, when mjthing is visible in 

the interferogram. 

(C) Ttwperuture measuremwt.~ I/I rw plww Ylle 

shed flow region was scanned for AT =- 1 .X, 1. / ad 
523°C at 0 = N’ Traverses were tnadc vertically above 
the apex of the ridge and also horizontally across the 
region above the apex. The analog results indicated 

that the plume was somewhat like that from a line 
source. Two characteristic disturbances were seen $11 
the analog record. One was of Hugh amplitude and 

short duration and was similar to those observed !n the 
ridge boundary region. These were thought to be those 
convected along 1x1 the attached boundary region ilow. 

The other type were of large amplitude and long 
period. Bill and Gebhart [ 191 report similar disturb- 
ances in the plume above a heated wire. Simultaneous 

tlow vlsuahLation wlth a Mach Zchnder :r- 
terferometer showed these disturbances to be due 10 

the swaying of the plume normal 1~) the plant ai 

symmetry. They considered the maximum measured 
temperature as representative 01‘ the centerline tcni- 
peraturc. Our plume was far more complicated, be- 
cause of interaction with the many disturbances shed 
with the boundary region Rows. There was no charac- 
teristic maximum temperature. Wr: might expect that 
higher inclination, which might result in a more stable 
boundary region flow, would result in il more ordered 
shed plume. See also, as other rildications 01‘ the 
properties of shed flows. the vtsuahzations of Pcra and 
Gebhart [N] on an inverted i.1 geometry and tire 
detailed measurements of’ Jaluria and Ciebhart [Zl) 
above a hemisphere with the base horizontal 

An interferogram of the shed plume above the rtdge 
is seen in Fig. 7. The center fringes show the merging 
Interactions. which rise in a single plume. The plume 
sways, which was seen in the large amplitude and long 
period disturbances detected bq the thermocouple 
probe, On the right side of the ridge are two large 
disturbances. seen as sharp bends III the fringes. By 
relating similar disturbances to the thermocouple 
analog output. we determined that fl~zse dkiill~kXlJKXS 
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FIG. 3. The effect of inclination on boundary region flow, for 0, 10,20. 30” inclination. AT = 2 7.8 “C. 

were the source of the short duration, high amplitude 
disturbances in the plume. They were found to be very 

random. 
Nevertheless, the shed flow was contained in a 

relatively well defined plume. This is in accord with our 
earlier observation that, for an inclination of 30”, the 
disturbances do not leave the boundary region. They 
are convected along it and entrained back into the 
boundary region. 

(D) Heat tramfir. A linear least squares fit was 
performed on the mean temperature data near the 
surface. Approximately ten data points were available 
in the approximately linear region of each profile. The 

slope of the fit at the surface was then used to compute 
the local heat flux, in terms of Nusselt number, Nu,~ 
= h,x/h. Figures 8 and 9 present typical results vs local 
Rayleigh number, Ra, = (gx3/3AT/v2)Pr, for in- 
clinations of 0” and 30”. All of the data followed a 
linear trend in the lower range of Ra,. However, it 
diverged upwards in the range of Ra, = 106-IO’, 

depending on angle. This effect is much less pro- 
nounced at 30”. As in the results of Fujii and Imura [6], 
the divergence was taken to indicate a significant 
change in flow behavior. 

The data before divergence is here referred to as the 
laminar trend, despite the presence of high disturbance 
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FIG. 7. Interferogram of the Bow shed from the ridge. B = 30”. AT = 27X”C. 

0 41.7 
0 22.3 
A 34.2 

11 
103 10' 105 10" to7 

Rax 
FIG. X. Local heat-transfer data for 0 = 0” at various values of AT. The laminar trend correlation found here 

is also plotted. 

ably due to the short attached flow region and early 
appearance of distllrbatlces, for incIinations near 
horizontal. 

The cosine of the angle of inclination was initially 
included in the local Grashof number, since the 
analysis of Pera and Gebhart [2] showed this to be the 
appropriate component of buoyancy for flows at small 
angles from the horizontal. However, it did not 
collapse the fow Rayleigh number data at various 
inclinations. Hassan and Mohamed [I] found that the 
tangential component of buoyancy, as indicated by the 

cosine of the angle from the vertical, correlated heat- 
transfer results very well for plates inc&ned more than 
30” from the horizontal. However, their data at 30” 
showed a trend away from this behavior, and data at 
15” had to be correlated separately. The present 
correlations thus do not include any angular de- 
pendence in the Grashof or Rayleigh numbers. The 
value of the exponent, B, increases with increasing 
inclinatjon. For 30” it is essentially that for vertical 
surfaces, 0.25, and that value was used. 

Our data above the Rayleigh number limits for the 
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l Wollaston prism 

FIG;. 9. Heat-transfer data for 0 = .10 along with our laminar correlation. Sohd symbols arc from Wollaston 
prism schlieren interferograms. 

FIG. 10. Comparison of heat-transfer data with some published results. present laminar trend 

correlations. - vertical and ~~~ horizontal boundary-layer calculations, Gebhart [IS] and Pera and 
Gebhart [2]. ~~ Hassan and Mohamed [I], EII developed region heat transfer 
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laminar trend agrees well with a single correlation for 
inclinations of 0,lO and 20”. The flow appears to have 
suffered a kind of transition and to have become 
developed, in that there was no further dependence on 
x, i.e. B = l/3. The constant A is also given in Table 1. 
The data at 30” lies slightly below that at lower 
inclinations and closer to the laminar trend as seen in 
Fig. 9. This is probably due to the increased thermal 
stability of this flow. It is still in a transition regime. 

Our correlations, as well as other published results, 
are summarized in Fig. 10. All are bounded by the 
trends for horizontal and vertical orientations. The 
results of Hassan and Mohamed [I] are lower than the 
present results for 30” and higher for IS”. The differ- 
ence is small however and may be partly due to their 
adherence to an exponent of B = 0.25. Also, our data is 
for a ridge. The interaction of the two sides may also 
have had an effect. 

Jahn [13], has corrected the formulation for 
measuring heat transfer with a Wollaston prism 
schlieren interferometer. Such computed heat transfer 
results are also plotted in Fig. 9. They agree well with 
those from the measured profiles. However, there is 
considerably more scatter. This is due primarily to 
flow fluctuations which caused the fringes to shift 
slightly when a large disturbance passed the fringe 
location. 

CONCLUSIONS 

In the past, investigators have described the in- 
stability phenomena in natural convection boundary 
layers over nearly horizontal surfaces as either separa- 
tion (Pera and Gebhart [9] and Hassan and 
Mohamed [l]) or as transition to turbulence (Fujii 
and Imura [6] and Black and Norris [ 111). The present 
study has shown that the flow beyond the so-called 
laminar regime has characteristics suggesting that 
both phenomena are occurring simultaneously. 

Flow separation occurs in the sense that some 
elements of warm fluid leave the boundary region. This 
separation is largely limited to the outer portion of the 
boundary region, however, since the 20% mean iso- 
therms remain very near the surface. At inclinations 
near the horizontal, the escaping fluid rises nearly 
vertically. As the inclination increases, these elements 
of warm fluid are convected along the surface and are 
even entrained back into the boundary region. This 
characteristic was detected by Pera and Gebhart [9] in 
their smoke visualizations which showed the 3- 
dimensionalnatureoftheflow.Thesmokeshowedwhat 
appeared to be rapidly developing longitudinal rolls. 
This outer region was also detected by Black and Norris 
[l l] who referred to it as transitional flow. 

The rate of heat transfer has been found to behave in 
a manner characteristic of transport in a transitional 
flow by virtually all who have made measurements. 
That is, the heat transfer follows a trend as predicted by 
laminar boundary-layer theory and then increases and 
becomes independent df downstream location. 

The downstream growth rate of temperature disturb 
antes was found to be exponential and then to 
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FIG. 11. Onset of flow instabilities vs angle of inclination 
from the horizontal. - Average location of disturbances 
initially leaving the boundary region, as detected by in- 
terferograms (present results). m Mean boundary-layer 
growth (present results). EZZ?lDeviation of heat transfer 
from laminar trends (present results).mVisualization by 
smoke injection (Pera and Gebhart [9]). ------- Deviation of 
heat transfer from laminar trend (Fujii and Imura [6]). --- 
Differential interferometer flow visualization (Black and 
Norris [ll]). 0 53.3cm plate cellular instabilities (Rotem 
and Claassen [22]). 0 30.5cm plate cellular instabilities 
(Rotem and Ciaa&en [22]). n Plow visualization (Lock, 
Gort and Pond [24]). 0 Plate temperature variation (Vliet 
and Ross [23]). * Minimum heat-transfer rate (Hassan and 

Mohamed [l]). 

approach nearly zero. Similar trends were found by 
Shaukatullah [12] in flows in water, inclined up to 30” 
from the vertical. 

The major difference in reporting these phenomena 
has been in the criteria used to evaluate their effects. 
Figure 11 summarizes results of past investigators, as 
well as the findings of the present study. The coor- 
dinates are Ra?” vs angle of inclination from the 
horizontal. Thi present study used the following 
criteria: the beginning of rapid growth of the boundary 
region, in terms of mean temperature isotherms, recall 
Fig. 2; the deviation of the transport rate from the 
laminar trend; and the average downstream location 
where fluid was first seen to leave the boundary region 
in the infinite fringe interferograms. 

The present data, by all three criteria, is seen to be 
bounded by the results of Fujii and Imura [3] above, 
and by those of Black and Norris [l l] below. From the 
trends, we see, for small inclinations, that the rapid 
growth of boundary region thickness occurs before the 
heat transfer deviates from its laminar trend. As the 
inclination increases, both effects occur at approxi- 
mately the same downstream location. This may be 
partially due to the disturbances leaving the boundary 
region at small inclinations, and being re-entrained at 
larger inclinations. Therefore, at small inclinations, the 
inner region is not as affected by the disturbances as is 
the outer region. 

Both the data of Rotem and Claasen [22] at 6 = 0”, 
and of Pera and Gebhart [9] for 0 = O-12”, show the 
onset of instabilities to occur at higher Rayleigh 
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numbers. Their criteria was, “the onset 01 cellular 
convection”, and apparently relates lo a further dc- 
veloped state. The criterion of Hassan and Mohamed 
[I] for separation was the occurrence of a minimum 
local heat-transfer rate. Only one of their points lalls in 

the range of the present data. However, their data. 
which includes angles near the vertical. show\ ;I 
smoolh trend towards values typical of !lC.n+\ III 
transition for vertical surfaces. The single data pcxnt ol’ 

Vliet and Foss [2i] arises from a similar crltcr1ol:. 
That of Lock. Gort and Pond [73] was determined l-11 
visualization. 

In vertical Rows it IS hydrodynamic instablhtb which 
eventually causes transition to turbulence. f,or hori- 

zontal flows, a thermal instabilily. as in the classical 

Benard problem, also arises and is the more probable 
effect which destroys the attached laminar Ilow For 
inclinations in between it may be variable com- 

binations of both modes. Our results. at these III- 

clinations, suggest that separation and transitIon arc 
one and the same, as far as most characteristics 01 the 
flow are concerned. TII nearly horizontal flowh. neither 

term. transition nor separation, with their defimuons. 
apply. Transition is well established in vertical Itows. 

There is clearly a change-over of mechamsms. with 
increasing inclination from the vertical. Surprisingly. 
the present data shows greater uncertainty of the 

location of events for higher inclinations from the 
horizontal, as indicated by the wider bands tit t.‘~g. 1 i 
This suggests that the two modes of instability may hc 
becoming comparable. 

This data, on the onset of Ilow instabihtles. provides 
a better understanding of the fluid mechanics of near 
horizontal ilows. It emphasizes the need to hc specific 
in defining criteria used to detect changes in llou 

behavior. Depending on its use, OIIC criterion may bc 

more applicable than another. What is clearly needed 

now is a detailed study of local fow quantities to 

determine the physical nature and behavior 01’ the 
disturbances. This will be a very difficult stud\ 

~~k,lowlecigm~lc~,it The authors acknowledge the hat~onal 
Science Foundation support for this research undcl- the @ra!lt 
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ETIJDE EXPERIMENTALE DE LA CONVEC-IION NA’TlJRELL.1~ 
SUR LINE CRETE DAYS 1’41R 

R&m&--Des mesures sur la convection naturclle de l‘dir SLIT une c&c symetrique chaullc cwt cte faites a 
l’aide d’une fine sonde d thermocouple et d’un intcrferometl-c l.;i c&e est formic par dcu? placlues inclince\ 
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jointes a leur bord de fuite. Les resultats sur la structure thermique de l’ecoulement sont compares a ceux 
relatifs a une surface inclinee. Les resultats donnes par l’interferomttre a prisme de Woliaston sont relies a 
ceux donnes par le the~ocouple dans le panache au dessus de la Crete. La panache est fortement perturbe 
pour les c&es les plus plates. Ceci est lie a la nature plus troubiie des ecoulements ascendants aux faibles 
inclinaisons. On etudie aussi I’apparition des instabilitis de l’ecoulement ascendant. Des etudes anterieures 
sur des surfaces uniques ont classe ces instabilitis en separation ou en transition selon la mtthode de 
perturbation ou de detection du transport. On trouve que les perturbations ont a la fois les caractiristiques de 
la separation et de la transition, Les determinations de la mise en place de l’instabilite jugee sur la croissance 
soudaine de l’epaisseur de la zone thermique, sur le changement des caracteristiques du transfert thermiqueet 
sur la visualisation de ~~coulemen~ sont discutees et comparees aux risultats pubii~spour les surfaces isolies. 

EXPERIMENTELLE UNTERSUCHUNG DER FREIEN KONVEKTION 
VON LUFT UBER EINEM BEHEIZTEN PRISMA 

Zusammenfassuog-Es wurden Messungen bei freier Konvektion von Luft tiber einem beheizten, 
symmetrischen Prisma mit einem diinnen Thermoelementfiihler und einem Interferometer vorgenommen. 
Das Prisma wurde aus zwei geneigten beheizten Platten gebildet, die gelenkig an der gemeinsamen 
Abstromkante verbunden waren. Die gefundene thermische Strbmungsstruktur wurde mit Ergebnissen 
verglichen, die an einzelnen geneigten Piatten gewonnen wurden. Messungen mit einem Wollaston-Prismen- 
Sch~erenint~rferometer wurden mit den Thermoelementmessungen in Beziehung gebracht. Die Striimung 
ttber dem Prisma wurde untersucht und in Interfero~~men dargestellt. Die Str6mung ist umso 
turbulenter, je stumpfer das Prisma ist. Des weiteren das Einsetzen von Str~mungsinstabilit~ten untersucht. 
In friiheren Untersuchungen mit Einzelfllchen wurden diese Instabilitlten entweder als Ablbsung oder aIs 
fibergang bezeichnet, je nach der Art der Stlirung oder der Beobachtung. Wir fanden heraus, dat3 die 
Storungen sowohl Ablosungen als such Ubergange sein kiinnen. Das pliitzliche Anwachen der thermischen 
Grenzschicht halten wir fiir die Ursache des Einsetzens der Instabilitiit, unsere Untersuchungen dariiber 

werden verghchen mit veriiffentlichten Ergebnissen, die fiir einzelne Oberflachen gelten. 

3KCIIEPMMEHTAJIbHOE MCCJIEAOBAHME ECTECTBEHHOH KOHBEKHMM B 
B03,QYXE HAA HAIPETOH KPOMKOH 

~HO~~~ - c nOMO~h~ M~KpOTep~Onapbl II ~HTep~pOMeTpa npOBO~~RKCb nCC~e~O~H~~ 

ecTecTBeHHOg KOHFIeKUAA 803RyF.a Hail. HarpeTOti KpOMKOZi. KpoMKa 06pa30BaHii llByMR HtlKllOHeH- 

HblMU YI I.UIpHI(pHO COe~UHeHHblMH B MeCTe KOHTaKTa HarpeTbIMll IIJIaCTHHaMII. nOJly’ieHHbIe 

pe3ynbTaTbl ITO paCnp’?JNIeHtikO TeMIlepXl’)‘p B IIOTOKe CpaBHHBaMTCR C pe3yJIbTaTaMH LWl OTAeIIb- 

HbIX HaKJIOHHblX nOBepXHOCTek MHTep@epOMeTpHYeCKwe pe3yJlbTaTbI H3MepeHdt COBIlanatOT C 

pe3yJlbTaTaMH A3MepeHk0-I T‘2pMOIElpOk OTMeWHO O’ieHb CHJlbHOe BO3MyUleHtre BOCXOJVflltel-0 

nOTOKa Ilpki IlJIOCKOii XOMeTpMM KPOMKW, ‘fT0 06arrcmieerca 6OJlbiIlHM HCKaXCeHWeM BepTHKkWIbHbIX 

IIOPOKOB np%i ManbIX yrJiaX HaKnOHa. Tame ~CCne~OBa~OCb BO3HnKHOBeH~e HeyCTO~~~BOCTn 

BepTiiKaJIbHOrO KOH~~~BHOrO DBAXeHU8. B ~pOBOnKMbIX B IIpOUlfIOM trCCJIeitOBaH~5iX Ha 06OCO6- 

JIeHHbIX IIOBepXHOCTSiX 3TH HeyCTOi%iBOCTK KJlaCCH~H~HpOBiiJlHCb HJlK Z’Ke KBK OTpbIB IIOTOKa BJlii 

nepexon B 3aBACHMOCTH OT MeTOLla BHeCeHUII BO3MymeHWsl HJIU cnoco6a perwcTpaluiH. B AaHHOGi 

pa6oTe HaliJIeHO, ST0 B03MymeHHII I(MeIOT XapaKTepLiCTHKH KaK OTpblBa, TaK 11 I’IepeXOna. PesyJIb- 

TaTbI II0 B03HAKHOBeHAlO HeyCTOiiYHBOCTM, nOLITBepWaeMOfi MrHOBeHHblM yBeJlHYeHHeM TOfllUHHbl 

rennoeoro norpanureoro cnost, ASMeHeHSfeM UHTeHCIIBHOCTR TeIXIOO6MeHa H Bti3yanH3aLWefi 

nOTOKa, o6cyxufaKfTcfl H CpaBH~Ba~TC~ C O~y6n~XO5aHHbIMn ~aHHblM~ &lJlSI OT~enbH~~X 

noBepxHocTeii. 


