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Abstract-A differential interferometer is used to provide flow visualization and measurement of the local 
heat-transfer coefficient for free convection from an inclined isothermal plate. The flow structure within 
the turbulent thermal boundary layer can be separated into a relatively constant thickness “thermal 
sublayer” and a core region that contains randomly fluctuating fluid typical of turbulent flow. The thermal 
sublayer is shown to contain “thermal waves” that traverse the surface of the heated plate and cause 
significant variations in the local heat-transfer coefficient. The frequency of occurance of the thermal waves 
increases in the transitional regime and is practically constant in the turbulent regime. The frequency of the 
thermal waves is decreased as the plate is inclined toward a horizontal position. Data for the time-average 
local Nusselt number for laminar, transitional and turbulent regimes are presented in addition to critical 

Rayleigh number values for the onset of transitional and turbulent flow. 

NOMENCLATURE 

f? frequency of occurance of thermal waves; 
h 
GA,, 

local convective heat-transfer coefficient; 
local Nusselt number; 

Ra,, local Rayleigh number (Gr, Pr) ; 
4 time; 

x, distance measured from leading edge of plate; 

8, angle of plate inclination measured from 
vertical. 

INTRODUCTION 

THE FLOW structure within a turbulent boundary layer 

is quite complex and over the last decade or so much 
attention has been focused on the behavior of the fluid 
in the transitional and turbulent flow regimes. Attempts 
have been made to further understand the factors 
affecting flow stability. Wave theory [l] has been 
applied to determine conditions that will lead to 
turbulent flow. 

Of the efforts to understand the structure of flow 
within the boundary layer, the behavior of the fluid near 
the solid surface has been carefully examined. It has 
been speculated [Z] that the thin region near the wall 
plays a very important role in the structure of the entire 
turbulent boundary layer. The ejection of low speed 
fluid “bursts” from the region near the wall are thought 

to influence the transport of turbulent kinetic energy 

into the wake region. As a result, the behavior of the 
fluid in the vicinity of the surface is important to an 

understanding of the factors which affect the transport 
of mass and energy in turbulent situations. 

Various experimental methods have been used to 

investigate the behavior of the fluid in the region 
adjacent to the solid surface. Two examples of the 
experimental techniques used are the injection of dye 
through slots in the wall and generation of hydrogen 

bubbles from a current carrying platinum wire [2,3]. 
Both methods allow the measurement of the instan- 
taneous velocity profile throughout the boundary layer. 
Other experimental studies have utilized a Mach- 
Zehnder interferometer [4] to observe the heated plume 
above a line source of heat in order to assess which 
frequencies of disturbances cause amplified oscillations 
in the plume and which decay as they are convected 
downstream in the plume. An electrochemical flow 
visualization technique is used in [5] to make visible 
flow instabilities which result in the onset of turbulent 
flow on the surface of an inclined plate. 

The investigation reported in the present paper is 
experimental in nature and it uses a differential inter- 
ferometer (frequently called a shearing interferometer) 
to provide a visual point-by-point record of the flow 
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instabilities adjacent to the surface of a heated inclined 
plate. This study differs basically from previous efforts 
in that it attempts to correlate the existance of the flow 
instabilities in the regions close to the surface with 

fluctuations in the local convective heat-transfer 
coefficient. The results of the investigation are analyzed 
in an attempt to further understand the effects of the 
processes within the boundary layer and to determine 
how these processes relate to the heat transfer from the 

surface. 

EXPERIMENTAL TECHNIQUE 

A differential interferometer was utilized to provide 
visual patterns of the heated air near the test section 

and quantitative measurements of the local heat- 
transfer coefficient. Unlike the more frequently used 
Mach-Zehnder interferometer, the differential inter- 

ferometer has not been widely applied to heat-transfer 
measurements. The differential interferometer produces 
a parallel fringe pattern in which the deflection of a 

fringe line is directly proportional to a temperature 
gradient existing in the test section. Infinite fringe 
patterns of a differential interferometer provide inter- 
ference lines that are positions of constant temperature 
gradient. Therefore, rather than using a Mach-Zehnder 

interferometer to locate isotherms and approximating 
the temperature gradient by graphical means, the 
differential interferometer was used to provide a more 
direct measure of the convective heat-transfer co- 

efficient. 

For the purposes of this paper it is only important 
that the deflection of the parallel interference line is 
proportional to the local instantaneous convective 
heat-transfer coefficient. A complete description of the 
differential interferometer and a discussion of its 
capabilities and limitations when applied to heat- 

transfer measurements can be found in [S-S]. 
The test section selected for the study was an iso- 

thermal inclined flat plate. The plate was 1.27cm thick 
aluminum with a surface area of 152 x 25.4cm. The 

plate was heated by ten segmented electrical heaters 
attached to the rear surface of the plate. The energy 
input to each heater was varied until isothermal condi- 
tions existed throughout the plate. During each test the 
temperature of the plate was measured by thermo- 
couples, fourteen of which were placed at various 
positions along the plate centerline and two of which 
were located off the center of the plate. All test data 
were collected for a plate temperature of 140°C with a 
variation in surface temperature no larger than 0.7”C. 

The rear surface of the plate was insulated with fibre- 
glass batten material and side barriers were placed 
along the entire plate length to prevent room air 
currents from disturbing the measurements. Since the 
interferometer provides a direct measure of the convec- 

tive losses into the air, losses from the rear of the plate 
and radiative losses into an assumed transparent media 
do not affect the results. The plate was mounted in a 
carriage-rail system which allowed the plate to be 
inclined at a variable angle and moved through the 
viewing section of the interferometer so that measure- 

ments could be recorded over the entire 152 cm length. 
Measurements were recorded when the plate was 
inclined at 45”, 60’, 70” and 80” from the vertical. 

Reinforcing members of the interferometer prevented 
rotation of the plate into angles less than 45”. For this 
reason the flow differences between longitudinal 

vortices at angles greater than 15” and plane waves at 
angles less than 15” as reported in [5] could not be 
observed. Data were collected over the entire plate 
surface in the laminar, transitional and turbulent 

regions. The fluid for all tests was air. 
The parallel and infinite fringe patterns were 

recorded with a 16mm motion picture camera. The 

infinite fringe pattern provided a qualitative measure 
of the motion of the air within the boundary layer. 
Also the infinite fringe photos were used to determine 
the frequency of flow oscillations and the location for 
onset of transitional and turbulent flow regimes. The 

parallel fringe photographs were used to measure the 
local instantaneous convective heat-transfer coefficient. 

The local instantaneous values in the transitional and 
turbulent regions were integrated with time to obtain 
average Nusselt numbers. The flow visualization results 

and the heat-transfer measurements are presented in the 
following section. 

RESULTS 

One very important benefit of using an interfero- 

meter in studies involving correlations between the flow 
structure of the fluid and the resulting effect on heat 
transfer is the fact that the fringe patterns produced 
by the interferometer permit visual observations of the 

flow of fluid surrounding the heated surface. In 
particular, the infinite fringe interferogram provides an 
instantaneous photograph of the thermal boundary 
layer and the type of flow which exists within the 
boundary layer. Regions of steady, laminar flow can 
easily be distinguished from the rapidly fluctuating 
flow that is characteristic of the turbulent regime. 

The infinite fringe patterns were used to determine 
critical Rayleigh numbers which specify the beginning 
of the transition and turbulent regimes as a function 
of angle of plane inclination. The onset of transition was 
first marked in the infinite fringe photograph by a 
region of heated air that repeatedly rose from the 
surface and slowly disappeared into the outer region 
of the boundary layer. As the region of heated air 
moved into the boundary layer it was replaced by 
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another region originating near the surface. The motion “thermal sublayer” within the boundary layer that was 

of the heated air at the onset of the transitional region relatively uniform in thickness regardless of distance 

formed a triangular shaped pattern with heated region from the leading edge of the plate. A composite photo- 

anchored at the beginning portions of the transitional graph consisting of a number of individual still pictures 
regime. As the air rose from the surface it appeared has been assembled in Fig. 1 to illustrate this effect. 
in the shape of a plane wave which was pivoted about The scale of the photo has been compressed in the 
the anchor point. The waves generated in this region direction along the surface of the plate so that the 
formed the basis of the turbulent core fluid observed entire 152-cm plate length may be displayed in a single 

further up the surface of the plate. photo of reasonable size. 
While the onset of transitional flow was relatively 

easy to detect, the location of the fully turbulent 
regime was much more difficult to measure. The 

structure of the flow pattern in fringe photographs 
appeared very similar in the turbulent and transitional 

regimes. To provide a more exact method than the 
subjective test of observing the fluctuations in the fringe 

patterns, a method suggested by Lloyd et al. [9] was 
used to determine the critical Rayleigh number for 
turbulent flow. The method involves plotting the ratio 

of the local Nusselt number to the Rayleigh number 
raised to the one-third power as a function of the 

Rayleigh number. The dimensionless ratio Nu,/Rai/3 
should show no variation with Ra, in the turbulent 
regime which is an indication that the heat-transfer 

coefficient is independent of distance from the leading 
edge of the plate. Since this behavior is indicative of 

turbulent flow, this criteria was used to determine the 

critical Rayleigh number for turbulent flow. 
A summary of the critical Rayleigh numbers for the 

onset of transitional and fully turbulent flow as a 
function of surface inclination from the vertical is 
summarized in Table 1. Data for transitional critical 

The fringe pattern is steady and consists of only the 
relatively constant thickness sublayer in the laminar 

region near the leading edge of the plate. In the 

transitional regime the exterior portion of the sublayer 

separates from the plate and grows rapidly in thickness. 
The thermal sublayer, however, remains practically 
constant in thickness throughout this region. The outer 

layer or core fluid shows a strongly turbulent behavior 
which has randomly fluctuating velocity components 
while the sublayer shows only minor fluctuations with 
time. 

Table 1. Critical Ra, for onset of transitional and turbulent 
flow regimes 

In the turbulent regime the thermal sublayer 
continued to be practically constant in thickness. The 
thickness of the sublayer for a plate inclined at 45” was 

within the range of 0.5-0.8cm over the entire plate 
surface. The only significant variations in the thickness 
of the sublayer occurred when a “thermal wave” 

traversed the region separating the thermal sublayer 
and the core fluid. The disturbance is referred to here 

as a thermal wave because of the similarity between it 

and the appearance of wave motion in water. The 
severity of motion of the thermal wave became more 
significant and the degree of turbulence in the core 
fluid was much more apparent in the turbulent regime 
than in the transitional regime. 

Observed Observed 
Angle 6 Transition transitional turbulent 

(from vertical) Ra, [51 Ra, Ra, 

45 1.7 x 10’ 2.4 x lo7 1.5 x lo9 
60 7.7 X 105 2.0 x lo6 6.2 x 10’ 
70 - 3.0 x lo5 2.8 x 10’ 
80 - 2.0 x lo4 1.0 X lo8 

Rayleigh numbers for plates inclined at 45” and 60” 
from [5] are included in Table 1 for comparison 
purposes. Critical Rayleigh numbers for turbulent flow 
and transition at high angles of inclination were un- 
available for comparison. 

The infinite fringe photographs were also used to 
determine the thickness of the thermal boundary layer 
surrounding the plate. The outer extent of the boundary 
layer grew quite rapidly and except for positions near 
the leading edge of the plate was always beyond the 
field of view of the interferometer. However, there was a 

A single photograph of a thermal wave is shown in 
Fig. 2. The wave appears as a local thickening of the 
sublayer fluid. The extent to which the wave leaves the 
sublayer region increases as the wave moves further 
along the surface of the plate. Eventually the wave is 
forced from the sublayer region by the buoyancy forces 

which causes it to move into the core region. A portion 
of the thermal wave in Fig. 2 has moved into the core 
region and it appears as a distorted “smoke ring” which 

is being acted upon by the buoyancy force which 
attempt to move it vertically upward and the viscous 
forces of the bulk fluid which are attempting to move 
it in a direction more parallel to the surface of the 
plate. The light line in the photograph is a vertical 
reference and the two marks appearing in the lower 

portion of the photograph were set 2.54cm apart for 
scaling purposes. 

The appearance of a thermal wave is a result of an 

integrated effect across the heated surface in the 
direction of light propagation. The three-dimensional 
longitudinal waves observed by Lloyd and Sparrow [S] 
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could not be observed due to the integrating effect procedure used to convert fringe deflections into heat- 

although the observed thermal waves are felt to be an transfer coefficients is detailed in [S]. 

indication of heated air rising out of the longitudinal In the transitional and turbulent regimes the local 

vortices. heat-transfer coefficient showed significant variations 

He oted surface 

Thermal sublayer 

Terminology 

FIG. 1. Thermal boundary layer for 45” inclined plate showing thermal sublayer and core regimes. 

Heat transfer with time. Figure 3 shows a typical plot of the local 

The parallel fringe pattern produced by the differen- heat-transfer coefficient as a function of time at a 
tial interferometer was used to measure the local location 51.5cm from the leading edge of a plate 
convective heat-transfer coefficient in the laminar inclined 70” from the vertical. The heat-transfer coeffi- 
regime and the local instantaneous heat-transfer coeffi- cient varies randomly with an unpredictable cyclic 
cient in the transitional and turbulent regimes. The test variation. 
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The minimum values h, were observed to occur at a 

FIG. 2. Infinite fringe photograph showing thermal wave. 

time in which a thermal wave was moving past the 
local position on the plate. The frequency of wave 
occurance correlated well with the number of maximum 
values of h, per unit time. In general the crest of the 
thermal wave coincides with a local region of decreased 
heat transfer. The wave crest causes a local thickening 
in the thermal boundary layer which results in a 
decrease in heat transfer in the vicinity of the wave. 
Immediately behind the wave as it moves up the plate 
is a region of increased heat transfer as is shown in 
Fig. 4. This curve is typical of the variation of heat 
transfer near the region of all thermal waves with the 
region of higher heat transfer being pulled along behind 
the region of low heat transfer by the motion of the 
wave. Typically the increase in h, immediately behind 
the wave is relatively abrupt and the value decreases 
gradually further behind the wave until it reaches its 
minimum value near the location of the next thermal 
wave moving up the plate. 

FIG. 3. Variation in local convective heat-transfer coefficient 
for turbulent flow. 

The frequency of thermal wave appearance at a local 
position on the plate surface was recorded for the four 
angles of inclination. A wave was counted at a given 
plate location each time a disturbance such as the one 
shown in Fig. 2 appeared in the infinite fringe photo- 
graph. Typical wave frequency data are shown in Fig. 5 
for the first 1OOcm of a plate inclined at 70” from the 
vertical. Regions of laminar, transitional and turbulent 
flow are also shown on the figure. No thermal waves 
were observed in the laminar region because the flow 
structure was steady. In the transitional regime the 
number of waves per unit time at a given location 
increased gradually until in the turbulent regime the 
frequency of wave occurance became constant. As a 

8=60° 

Region of thermol wove 

A I I I I I I 
52 54 56 

X. cm 

FIG. 4. Variation in local convective heat-transfer coefficient in the region of a 
thermal wave. 
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8=700 

I I I I 
0 20 40 60 80 100 

X, cm 

FIG. 5. Frequency of thermal waves in the three flow regimes. 

12 r 

x’ 85700 

a= 800 

20 40 60 80 

X, cm 

FIG. 6. Frequency of thermal waves for various plate inclinations. 
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+60° 
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*a, 
FIG. 7. Time-averaged Nusselt number for various plate inclinations. 
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result it appeared that more waves originated in the 
transitional regime than dissipated there and an equili- 
brium rate was reached in the turbulent regime where 
for each thermal wave which originated near the surface 
one left the sublayer and moved into the core fluid. 
Two sets of data are shown in Fig. 5 to give an indica- 
tion of the scatter from one measurement to the next. 
Most of the scatter can be attributed to the appearance 
of numerous relatively weak thermal waves which may 
be counted as a wave in one test but not in the next. 

standard deviation of all data points of f 5.9 x 10m3 
and a maximum deviation between the curve and all 
data points of + 5.81 and -@9 per cent. For all 
angles of inclination, the curve is about 10 per cent 
higher than the correlation for a horizontal plate, 
indicating that for turbulent flow over a plate inclined 
at 45”, the use of a horizontal plate correlation will 
result in a reasonably small error in the heat-transfer 
coefficient. 

The increase in wave frequency in the transitional 
regime and a constant frequency in the turbulent 
regime was typical behavior for all angles of inclination. 
A compilation of wave frequency for the four angles of 
plate inclination is made in Fig. 6. The frequency of 
thermal waves decreases with increasing inclination 
indicating that the most probable origin of the thermal 
waves is due to the shear forces caused by the faster 
core fluid rolling air over the slower moving fluid 
adjacent to the plate. This conclusion is basically the 
same as presented in [lo] where the generation of free 
convection turbulence from a vertical plate is stated to 
be shear induced and the turbulent generation is stated 
to be governed by a strong outer generation region 
located away from the wall. Fewer waves occur as the 
plate is inclined toward the horizontal position since 
the shear forces are reduced and because those waves 
that are formed are more likely to be removed from the 
surface region by the buoyancy forces as the heated air 
attempts to move vertically upward. 

The local instantaneous heat-transfer coefficient in 
the transitional and turbulent regimes was integrated 
with respect to time to obtain a time average local 
Nusselt number. Results appear in Fig. 7. The correla- 
tion for constant heat flux of Vliet [ 111, the correlation 
for horizontal isothermal plates of McAdams [ 123 and 
the data for inclined isothermal plates of Fujii [13] 
are included in the turbulent regime for comparison. 
The laminar data are also compared with the 45” corre- 
lation of Rich [ 141. 

The differential interferometer provides a method of 
examining the free convection flow structure in the 
transitional and turbulent regimes. Furthermore it 
allows a simple method for measuring the cor- 
respondance between the fluctuations in the flow 
structure within the thermal boundary layer and their 
effect on the instantaneous heat-transfer coefficients. 
The occurance of thermal waves in the region near the 
plate has been shown to greatly influence the heat- 
transfer rate in the vicinity of the wave. The region 
near the wave is a location where the convective heat- 
transfer coefficient reaches a minimum value. The 
thermal waves are first generated within the transitional 
regime where they grow in number. In the turbulent 
regime the frequency of waves traversing the plate is 
relatively constant with the number of new waves 
generated adjacent to solid surface approximately equal 
to the number of waves which are removed from the 
thermal sublayer and move into the turbulent core fluid 
by the buoyancy forces. 

1. 

2. 

3. 

The data in the transitional regime showed some 

dependence on angle of inclination and they did corre- 
late better when a Rayleigh number modified with the 
inclination or 

4. 

(Ra,) cos 0 5. 

was used instead of the unmodified Rayleigh number. 
The data in the turbulent regime were insensitive 

to plate inclination and distance from the leading edge 
of the plate. The best fit curve in the turbulent regime 
was 

Nu, = 0.155 Rail3 

6. 

I. 

8. 

where the Rayleigh number does not include the 
dependency on 0. This correlation resulted in a 
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CONCLUSIONS 
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STRUCTURE THERMIQUE DE LA TURBULENCE EN CONVECTION 
NATURELLE POUR DES SURFACES ISOTHERMES ET SON INFLUENCE 

SUR LE TRANSFERT DE CHALEUR 

R&m-On utilse un interftromttre diffirentiel pour visualiser l'&xmlement et mesurer le coefficient 

de transfert local, en convection naturelie sur une plaque isotherme inclinke. La structure de l’&coulement 
dans la couche limite thermique turbulente peut &tre siparte en une “sous-couche thermique" d'epaisseur 
& peu p&s constante et en un noyau qui contient les fluctuations d&ordonnCes typiques de la 
turbulence. La sous-couche thermique contient des “ondes thermiques” qui traversent la surface de la 
plaque chauffke et qui provoquent des variations sensibles du coefficient de transfert local. La frkquence 
de ces ondes croit dans le regime de transition et est pratiquement constante dans le regime turbulent. 
Cette friquence dkcroit quand la plaque est &cart&e de la position horizontale. On priisente des rksultats 
relatifs au nombre de Nusselt, moyen dans le temps, pour le rirgime laminaire, celui de transition et le rkgime 
turbulent, ainsi que les valeurs du nombre de Rayleigh critique correspondant h l’apparition de la 

transition et de I’&oulement turbulent. 

DIE THERMISCHE STRUKTUR DER TURBULENZ BE1 FREIER 
KONVEKTION AN GEGEIGTEN ISOTHERMEN OBERFLACHEN 

UND IHR EINFLUSS AUF DEN WARMEUBERGANG 

Zusammenfassung-Ein Differential-Interferometer wird fiir die Sichtbarmachung der Striimung und die 
Messung des iirtlichen Wiirmeiibergangskoeffizienten bei freier Konvektion an einer geneigten isothermen 
Platte verwendet. Die Striimungsstruktur innerhalb der turbulenten thermischen Grenzschicht kann 
aufgeteilt werden in eine “thermische Unterschicht” von verh&nismaDig konstanter StPrke und in eine 
Kern-Region, die regellos fluktuierende Fliissigkeit-wie sie fiir turbulente StrGmung typisch ist- enthllt. 
Es wird gezeigt. dafi die thermische Unterschicht “thermische Wellen” enthiilt, welche die Oberfllche 
der g&&en Platte ii&r&hen und deutliche Unterschiede des Grtlichen Wlrmeiibergangskoeffizienten 
verursachen. Die Frequenz. mit der die thermischen Wellen auftreten, nimmt im Bereich der Uber- 

gangsstriimung zu und ist im turbulenten Striimungszustand praktisch konstant. Die Frequenz der 
thermischen Wellen nimmt in dem MaDe ab, wie die Plattenneigung sich der horizontalen Position 
annlhert. 

MeDwerte der zeitlich gemittelten ixirtlichen Nusselt-Zahl bei laminarer, turbulenter und iiber- 
gangsstriimung werden mitgeteilt, ebenso kritische Werte der Rayleigh-Zahl fi.ir den Beginn der 

tibergangs- und der turbulenten Strtimung. 

TEIIJIOBAR CTPYKTY PA TY PEYJIEHTHOI-0 IIOrPAHMYHOI-0 CJIOEI 
n PM CBO~O~~HO~~ K~HBEK~MM HA HAK~~O~HO~~ M~OTEPMMYECKOGI 

nOBEPXHOCTM I4 EE BJlMJiHME HA TEnJIOOFiMEH 

AnHoTauHn-c nOMOUlbH)~~~~epeHU~~bHOrO~HTe~~e~OMe~~an~OBe~eHaB~3ya~~?aU~~nOlOKa 

M H3MepeHMe K03~&,UMeHTaJTOKaTlbHOrO TenJIOO6MeHa OT HaKnOHHOii A3OTepMMYeCKOtir,naCT‘SHbl. 

C~py~~ypy TeqeHMfi a ~enxot3oM Typ6yJIeHTHOM norpaHwmoh4 cnoe MO~HO npeacTaawb B mine 

((Tenilo60rononcnos)) n0~~0~~~0ii~0~~l~~bI~fl~~pa,coc~o1l~ero~36ecnop~~o~~ony~bc~py~qeii 

~KM~KOCTM. TM~MYHOB anrr Typ6yJIeHTHOrO TeYeHMa. nOKa3aH0, YTO -rennosoZi noncnoti coflep2wi-r 

ccrennosbre aonHbl)>, KoTopbre nepeceKawr nOBepXHOCTb HarpeToB nnacTwHb1 H abi3bmator 33Hawi- 

TeJlbHble M3MeHeHMR K03I$@WieHTaJlOKa.IlbHOrO T'enJIOO6MeHa. qaCTOTaB03HCIKHOBeHMR TenJtOBblX 

BOJIH 803paCTaeT B WpeXOLIHOM peN4Me M UpaKW’ECKM nOCTOIlHHi3 B Typ6y,TeHTHOM peW4Me. 

%CTOra Ten."OBblX BOJIH yMeHbLllaeTCR C yBeJlM'ieHMeM HaKJlOHa n."aCTMHbl. Kpoiwe 3HaVeHMii 

KPHTM’ieCKOrO YMCJla hlefl, IIpil KOTOpblX BOPHMKatCV rlepeXO,lHOe M Typ6yJIeHTHOe TeYeHMII, B 

pa6oTe JrpMBORSITCSl CpeflHMe II0 BpeMeHM JIOKanbHble 9MCna HyCCeJIbTa Ll,lfl JlaMLiHapHOrO, Flepe- 

XOflHOrO M Typ6yneHTHOrO pCWiMOf3. 


