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TURBULENT NATURAL CONVECTION IN AIR
ALONG A VERTICAL FLAT PLATE
Charles Young Warner
ABSTRACT

Extensive measurements of temperature and heat transfer
were obtained from the two-dimensional natural convection
of air past a vertical flat plate at uniform tempsrature,
for Grashol Humbers up to 1012. The design, fabrication,
and operation of an experimental facility for this case is
described.

Local heat flux measurements at twenty-four stations
along the vertical coorxrdinate of the plate are reported for
four plate temperature levels. Measureé cemperatures within
the boundary layer are presented for piate-to-probe distances
ranging from 0.0005 to 12 inches, in both the laminar and
turbulent regimes of the flow.

The temperature measurements indicate a very poor aéree-
ment with the 1/7 power law customarily assumed for the
turbulent case, and evidence is given for the inaccuracy of
the early measurements on which it was based. A strong
similarity between the inner portion of the laminar and tur-
bulent temperature profiles is noted, when plotted on natural
coordinates.

The local heat I.ux ﬁeasurements coniirxn the correlation
of Bayley:

Nu = 0.010 (Gr pr){la;



A discussion of problems and suggested techniques
relative to the measurement of the velocity field is given.
It is shown that the small macnitude of the velocities
encountered, coupled with the presence of the temperatﬁre
field and large fluctuations in all properties, puts this

flow beyond the reach of present anemometry techaiques.



To the memory of my father, Charles Arthur Warner,
whose personal dedication to principles of individual
freedom and responsibllity has been an elusive example

and a continuing inspiration.

i1



ACKNOWLEDGEMENTS

It is & pleasure to acknowledge aid reeceived from
a great many sources in the completion of this work.
To my committee: Professor Kuethe for well-timed
instrucyiohs'on turbulence, Professor Merte for special
help on instrumentation and calibration, and for his
interest and many helpful experimental suggestions, Profes-
- sor Hansen for inspiration and support, and to Professor
Arpaci, whose technical guidance and analytical expertise
has been consistently matched with selfless service %o his‘
students. Special thanks 1s due the Departmenﬁ of Mech-
anical Engineering for extra-mile financial support, and
to the National Science Foundation, National Aeronautics
and Space Administration, and Ford Foundation whose finan-
cial backing allowed the author to devote full time to
this work. To the staff of the FluidsiLaboratory a
special gratitude for friendly suggestions and helping
hands. To Messrs. Blake, Scott, and Savkar for friemdship
and for their important role as sounding-boards, and to my
wife and family, gratitude for the hardships indured in
common that our family horizons might be broader, and a
personal pledge of greater attention henceforth, as we

pursue those horizons together.

1ii



TABLE OF CONTENTS
fage
DEDICATION scoseceacecoscsosoncsssosssnsocsassoscscsonoss e
ACKNOWLEDGEMENTS o voceeveoeeseonsssonsosoncsnnssnssses 1ii
LIST OF TABLES eeveeeceoocccncscsassosssavssnssasssccs ¥V

Y

LIST OF ILLUSTRIATIONS oseoocscoscecseasssasosescaanasse Vi
IIST OF APPENDICES soeeocecoesacennnansnsancsesnsessasVill
NOMENGCLATURE oo ccseoscesnnnnvescecsnsncsscssssonsssee LX
T INTRODUGTION oeveoeevenocccassssvcssssssceess 1

IT  LITHERATURE SURVEY «eecevveveccscossscccansass '
JII  EXPERIMENTAL SETUP AND VERIFICATION ...ev.e.. 1k

A. Configuration of Heabted Plate ccecessscens 1
B. Plate Surface Preparation sececesesescesess L
C. Heating Arrangements cesecececsccsccscscse 17
D. Probe Position Control Apparatus eeeeceses 17
E. Enclosure DeSign ceeseesecsscsccncscosssss 2f
F. Boundary Layer Temperature Instrumentation 27
G. Wall Temperature Instrumentation ...cec.. 32
H. Thermocouple Calibration e.eeccseecesscsse 33
I. Apparatus Checkout and Verification ...... 35

Iv EXPERIMENTAL RESULTS sccecccocccocccascssnnse Lly

A. Temperature Profiles in the Boundary
Layer ..l'.l.l‘.....O....‘D.l......l.. L‘-S
B. Results Relative to Boundary Layer
. THLiCKIIESS eoeeececocsocscssasassvsssses OF
C. Resulbts of the Heat Flux Measurements .... 59
D. Remarks Concerning the Measurement :
of Veloci'b'y T X E N N N N N 66

v GONGLUSIONS AND RECOMMENDATIONS eeeevescesss T1
VI ~BIBI'IO@APIH ..'....-............o.........; 73
APPENDICES BEGIN ON PAGE 77

iv



Teble

Al

A2

& & E&

A7
A8
A9

LIST OF TABLES

Verification of the Two-Dimensionality

Within the Turbulent Boundary Layer .....

Temperature Field in Boundary Layser,
Degrees Fahrenheit R EEE N I I R B I I I

Nondimensional Temperature Field,
e/e'hrall ooooooooooooooooo.ooooioooo.co

Heat Flux MeasurementsS ssececcccccsccscscss
Heat Flux Data Reduction Results eeceesscss
Thermocouple Calibration Dat@ cisecesccscess
Probe Positioning Mechanism Calibrations ...
Plate Emissivity Distribution eseecscecccces
Typical Plate Temperature Distribution .....
Experimental Equipment Listing secsececceces

Page
L2
79

81
83
8l
91
92

93

101

102

\



© N o wn &

10
11
12
13

u
15
16

17
18
19

LIST OF ILLUSTRATIONS

Velocity and Temperature Profiles in the
latural Convectlion Boundary Layer c.ceee

Turbulent ?esults‘of Ecksrt and
Diagulall

S © 00000000000 0080000600080 DOES

Photograph of Emissivity Measuring
Apparatus 0.QQ'...........‘.‘....0.000..

Plate Section Heating Schematic sececscscsce
Photograph of Typical Plate Section .eeesse
Power Control and Measurement Circults ...
Photograph of Probe Carrlage Assembly .seee.

Probe Position Control: Schematic of
Carriage Mounted Equipment eeceseccccocce

Prbbe Position Control: Instrument Panel
SChematic ..0..0-0‘0...0..‘..‘.‘..Q.O...

Photograph of Positioner Control Panel ...
Sketech of Fine-Position Indication System ..
Sketch O0f EnCloSUreé .eecccsccceccscssccccac
Temperature Boundary Layer Probe Schematlc .
Photograph of Thermocouple Switching Panel .
Thermocouple Calibration Schematic essecseces

Verification Data: Laminar Temperature
Data Compared with Theoretical Profile ..

Sketch of Leading Edge Configuration ..eeee
Experimental Turbulent Temperature Profiles.

Laminar and Transitional Temperature
Fleld Very Near Wall vececcescssssccscen

vi

Page -
3

10

16
18
19
20.‘
21

23

25
26
28
30
34
36

39
140
L6

47



22
23

2l

25
26
27

28
29
Al
A2
A3

Ab

LIST OF ILLUSTRATIONS (Continued)

Turbulent Temperature Fleld Very Near Wall .

Comparison of Experimental Turbulent
with Data of Fujii(20) . ..iceacivnanens

Laminar Data of Griffiths and pavis(2L) ....

Comparison of Normalized Experimental
and POWGI"-Law PrOfileS Cees0o 0 8000 sOBPOCES

Turbulent and Laminar Profiles at
Moderate Distances from the Wall .eceeccece

Enthalpy Thickness vs. X eescessacsessenne
Experimental Heat Transfer Data ..cseecsces
Comparison of Heat Transfer Data with
Correlations and Dgta from the

~ Literature Cecesssesesscessssssssensssne
Loéal Heat Flux vs. Plate Distance, ew=‘u69F
Local Heat Flux vs. Plate Distance, Ow= 65°F.
Geometry of Tables Al and A2 cesceccccccccce
Geometry for Probe Heat Flow Analysis .....

Representation of Plate for Thermometry
AnalySi-S AR EEEREEEX RN NI NI A X BN B BRI AN J

Plate Temperature Distribution: One-
DimenSional }Jodel AR ERENEN BN E N N I I B 3 BN N ]

Wall Temperature Distribution Under
Uniform Heat Flux Conditions .ecceceeecee

FPorced-Free Convection Interaction Data
for Hot Wires (Collis and Williams( 8)).

vii

Page

L9
52

sk

56
58
61

62
71
72
78
89

95
97
100

106



LIST OF APPENDICES

Appendix ' Page
I Ex?efimental Temperature and Heat Flux Data. 77
II Thermocouple Probe Design Censiderations ... 88
III Thermocouple Fixed-Point Calibrations ...... 91
Iv Probe Positioning Mechanlsm Gélibrations ees 92
\'4 Wall Emissivity Data .cceessescccccccsccces 93
VI Analysis of Plate Temperature Variations ... 94
Vil Typical Plate Temperature Distributions .... 99
VIII Equipment LiSt eceeecccccscasoscscsssscsaceses 102
IX Velocity Measurement in Natural Convection . 103

viil



Sngol

Q UoQoeu

gl

©“ B = K P @ [1ie]

NOMENCLATURE
Usase

Constants with variable local meaning

Specific heat at constant pressure
Acceleration of gravity

Grashof number based on length x
Heat transfer coeffiéient

Thermal conductivity

Length

Exponent, group of variableﬁ

Group of variables

Nusselt number

Prandtl number

Local heat flux

Average heat flux

Rayleigh number based on length x

$emperature

" Veloclity parallel to plate

Velocity perpendicular to plate
Vertical displacement parallel to plate

Horizontal displacement perpendicular to
plate

Horizontal displacement parallel to plate

ix



Symb ol

S Q x 0 x> >R

=4 % K » z 4+ 0 £ o

 NOMENGLATURE (Continued)

GREEK LETTERS

Molecular diffusivity of heat

Coefficient of volumetric expansion

Boundary layer thickness

Difference operator

Dimensionless distance

Excess temperature above ambient

Dimensionless distance

'Dynamic viscosity

Kinematic viscosity

Density |

'SUBSCRIPTS, etc.
Thermoc ouple |
Wall condition
End condition
Fluid‘pfoperty
Main section

-Guard sectlion

- Local value

Critical value

“Pemperature, thermal

Enthalpy



I. INTRODUCTION

To even the most casual observer, the ‘phenomenon of
natural con;ection has empirical meaﬁing.- A plume of
cigarette smoke, rising through a short léminar trajectory, 

fdegernerates in a very visual manner into?the random
disorder to which sclentists have attached the name of
turbulence. )

The physics of laminar motion lends itself conveniently
to mathematical description in most cases of practical |
importance. The treatment of turbulence has consistently
been more difficult. Approaches of a purely analytical
nature are indeed raﬁe. Even today,‘it can be justly
said that from an analytiéal point of view, hardly a
beginning has been made upon the study of turbulence.

Being unable to grasp the whole of the turbulence
_problem, investigators have grappled with 1ts grosser
dimensions, and a structure of empirical laws has evolved
for each geometrical model; to & degree of refinement
largely dependent upon the practical importance of the
model., From this background have come not only the found-
ation for the statistical theories of turbulence, but also
such far-reaching empirical summaries as the logarithmid
1aw of the wall for turbulent boundary layers.

The historical development of the llterature of
natural convection boundary layers has been true to form.

-1-
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Although early work provided a fine, proven gheory for the
laminar case, relatively little attention hgs been glven to
the more frequently encountered turbulent layer.

The topic of turbulent natural convection has recoived
consideration from time to time over thils long historical
development. In the past two decades it has been pursued
.with a periodic vigor imposed by necessity. In the late
forties and early fifties, gas turbine applications
incited a flurry of attention, which revived itself a
decade later in response to the urgency of 1iquid rbcket
stratification and agitation problems.

Desplte the practical importance of the tqrbulent
natiral convection boundary layer, the attention devoted
to it to date has provided little basic information
‘about it. In addition to the absence of satisfactory
analytical techniques, there is a lack of complete data
relative to the local properties (and to a lesser extent
the oﬁerall effects as well). Little more than the
general shape of the velocity and temperature profiles
may be gleaned from the literature (see Figure 1).

The few authors who have published experimental data rela-
tive to the grosser effects such as the heat transfer

are not in agreement. As a result of a survey of the lit-
erature, it becomes apparent that there is room for
improvement of the experimental foundation upon which the
turbulent heat transfer correlations are based.

Accordingly, the first objective of the present work
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was that of accumulating data relative to thé me gnitude
and distribution of heat flux in the developing turbulent
layer. This was intended to be a means of ‘support for the
present literature. A basic aim was to prpvide elther
verification of one of the existing correlations, or the
‘foundation upon which an improved correlation might be
}based.

The desirabllity of having more precise information
relative to the local parameters of the flow certainly
suggests itself. Both the temperature and velocity
profiles present unique and challenging measurement
problems, however. The problem of temperature measurement
within the boundary layer gave early promise of an econom-
ical solution, whereas the velocity problem remained
formidable. Of the several anemometfy techniques which
presented themselves, none was sultable to the problem.
The combined challenge of low velocitles, poor probe-to-
fluid communication, large turbulent fluctuations, and
.large temperature gradients makes accurate velocity
measurements very difficult within the 1imits of established
techniques.

Hence the second major objective of the present work
was the accurate experimental determination of the turbu-
lent temperature profiles. Accordingly, an experimental
program was designed to determine the heat transfer and
temperature profiles of the turbulent layer in natural

convection.



A third goal of galning precise empiricél information
about the velocity field proved Lo be incapable of
fulfillment, using the tools and techniques avallable
at presentf

In the sections which follow, a literature survey
brings into.focus the dearth of experimental data now
contained in the literature, while attemptlng %o present
the essence of the work done to date. An experimental
program is described, and the results are presented and

compared with the literature.



II. LITERATURE SURVEY

The theoretical backgrouand for natural convection 1is
discussed at some length by McAdams (33) and by Jakob(27),
where are qited the works of Lorenz, Boussinesq, Polhausen,
Schmidt anéﬂBeckmann, Ostrach(37), and others. The earliest
work of any importance relative to the turbulent case
appears to have been that of Griffiths and Davis(ah), who
measured and reported temperature and velocity fields
near a vertical heated plate of uniform temperature.

In their measurements, temperatureé and velocities

were recorded in the laminar and turbulent regimes

by the use of a platinum wire exposed to the flow.

Their work remains, however approximate it may be, the
only source of veloclty measurements, and until recently
the sole source of temperature profiles in turbulent

natural convectlon. The profile data obtained is based

upon measurements at rather wide geometrical spacings,

making intrepretation somewhat difficult. The general
trend of the heat-flux data reported is correct by the
standards of later investigators; the local heat flux
being uniformly distributed in the turbulent regime.

The actual magnitudes of the heat transfer are possibly
high, however. Thelr results are called most critically
to task in the literaturse on the ground of possible
three-dimensionality in the supposed two-dimensional
flow, presumably attributable to the finite width of the

b
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heated plate used in their work, and the attendont lateral
$nflow of: cooler alr from the sides. These results will
be more fu;ly discussed in comparing them to the present
experimentiin a later section. The laminar experimental
work of many authors is discussed in the references
| cited above. Measurements of heat transfer over & wide
range of Rayleigh number were reported by Saunders (40),
His experiments, performed in alr under pressure, were
quite carefully taken. His turbulent results are dis-
cussed in detail in a later section, and quantitative
comparisons are made at that point.

McAdams(33) and Jakob and Linke (28) sumarized the
experimental work of many researchers, and recommended

correlations for turbulent flow given approximately by

() No = 043 (G D)

It has already been noted that the work of Griffiths and
Davis suggested a near-uniform distribution of local heat
flux in the turbulent regime. That this result 1s consis-
tent with Equation (1) may be demonstrated as follows.

It

(2) Nu= G (GeP)"

and by definition

cmtm— ‘ L
Q=bNukAT = § badx,
0 %
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AT %3
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the average Nusselt number may be written as

Ny = S:(Nux/x}dx

and

Thus the local Nusselt number is glven by

(3) Nux'; x.aé:(ﬁ—u) =3mC(GrPrlm
8 /
end the local heat flux is
in-1
(1) 4= 6
It is now easily seen that a value of m = 1/3 agrees
exactly with a length-independent heat flux.

The development and success of integral methods
introduced in forced convection by Polhausen and von
K&rmdn is impressive in its application to turbulent
boundary layers. Eckert and Jackson(lS) extended thils
technique to the cass of turbulent natural convection.
Using the rough profiles suggested by the data of
Griffiths and Davis (see Figure 1), and carrying over
successful relations for wall shear and heat flux from
the Blasius formula for forced convection in smooth tubes,;
they produced an analytical correlation for Nusselt

number which differs considerably from that of the earlier

'investigators. Their correlation 1is

(5) No = 0.0210 (GrPr) %5
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Figure li of their paper records this correlation and the
data chosen by them for comparison (This figure has been
reproduced in some textbooks.) It will be noted from
their figure that the turbulent experimental data 1s
somewhat scgttered, allowing a reasonable ﬁorrelation
with either of Equations (1) or (5). Following the reas-
oning outlined above shows that thelr correlation suggests

a local heat flux dependence of the form

(6) c‘(x()() = 0316/5/

which is certainly not in agreement with reported experi-
mental trends. A second look at their figure indicates
that while the 2/5 power correlation appears to agree
moderately well with the data of Saunders(4O) and that
summarized by Jakob and Linke(28) taken together, it
deviates considerably from either set taken individually,
being too steep in slope. On the other hand, both sets
of data have better slope correlation with the expression
given in Equation (1).

Later experimental work related to turbulent natuﬁal
convection inside turbine blade passages was taken by
Eckert and Diagula(lu), from flow inside a large, steam-
jacketéd pipe. Their results for two configurations are
replotted here as Flgure 2, together with.two correlations.
It will be noted from the figure that & correlation
closely resembling the one of Equation (5) is sugges ted

by the authors of the work. However, much better agree-
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ment is obtalned with the earlier recommendation of lMcAdams,
which is given by equation (1). |

In recent experiments employing a hot vertical
cylinder sﬁrrounded by liquid, Fujii(zo) showed a decrease
in local heat flux beyond the transitidn region. Thils
led him to postulate a‘"transient" turbulent regime
where a 1/l power correlation for Nusselt number seemed
to satisfy. Fujills theory(l9) for the fully turbulent
regime 1is éssentially that of BEckert and Jackson, however,
and he also recommended & 2/5 power correlation. It is
impossible to say whether this was by conviction or
convention.

In the light of the poor agreement with experimental
data, one is led to discard the 2/5 power correlation of
Equation (5) in favor of the better-verified empirical
law of Equation (1).

The rather poor correlation with experiment achleved
by the Eckert and Jackson result is an indication that
something physically unsound has been introduced into the
theoretical approach. A reevaluation of the underlying
assumptions is suggested. Those whose merits come im-
mediately under scrutiny are the following: (a) carryover
of Blasius! resistance forﬁula from forced convection,

(b) the applicability of Reynolds' analogy to the natural
convection case, in spite of the mathematical.inconsistency
involved, and (c¢) the approximation entalled in the use

of the_1/7 power velocity and temperature profiles. The
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1/7 power profiles, as introduced by Eckert and Jackson,
are attri%uted to be a good representation of the Griffiths
and,Davisupata, the latter having been first reduced to

an arbitraéy scale by a similarity assumption. That the
temperature.profiles actually do not obey the 1/7 power
law will be shown in a later section.

The results of another application of the integral
theory give a very interesting contrast. Bayley(3),
improving the method employed by Eckert and Jackson,
also applled the integral procedure to the natural
convection boundary layer, but with a model which was
expanded to include a temperature profile differing
from the 1/7 power law. His temperature profile was derived
indirectly from the physics of turbulent forced convection.
Adopting as a first approximation aconstant value of
eddy diffusivity, estimated from the Blaslus resistance
formula, which he assumed to be uniformly distributed
throughout the boundary layer, Bayley was able to derive

from the integral boundary layer equations the relation

Y

—_— 4
() No = 0.0 (6rP'S

the slope of which agrees exactly with the recommended
correlation of MbAdéms glven above®. The success

achleved by Bayley in predicting the proper trend for

heat transfer must be attributed to his better representatian
of the physical model in the temperature profile used.

% Relerence Gto Figure 2 shows that Equation (7) is an
improvement over mquation (1) for the data shown there.
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The success of Bayley's model will be further demonstrated

during th§ analysis of the present experimental work, below.
| Information of value relative to the l%cal parameters

of the boundary layer was contributed to the literature

by the optipal studies of Eckert and Soelngen(16),

_ Goldstein(ag), and others. Photointerferograms published

by them give an indication of the magnltude and frequency

of the fluctuations encountered in thils boundary layer,

and thus provide insight into the nature of the flow itself.

It will be appropriate to dlscuss some of the flow \

characteristics shown by these studies in a later section;

at that pﬁiht the peculiarities of natural convection

turbulence will be in sharper focus.

Later works relative to turbulent natural convection
are primarily devoted to enclosed spaces and propellant
stratification (See Clark(7), and Viiet(53).). As no
new analytlical techniques or experimental data relative
to the most basic flat plate case is reported there, they
will only be mentioned here.

The following sections describe the apparatus used
in the present‘experiment. Thereafter follows a discussion

of results in which some of the work cited above will

again be discussed.



III. EXPERIMENTAL SETUP AND VERIFICATTON

The experlmental apparatus, test equipment, and
verificatipn procedures employed in this investigation

are discussed below.

A. Configuration of Heated Plate

The vertical test surface was constructed of a
single plate of Pioneer #901 Aluminum, of dimensions
1/2 by 24 by 1lly inches, the long side being aligned
with the vertical. The plate was sectioned by slots
3/8 inch wide by 7/16 inch deep cut from the heated
side such that the central foot of width was isolated
over the full length of the plate from the outer sectlons.
The outer sections served as stiffening and as guard-
heating areas. The central test area was further sub-
divided by similar slots cut horizontally across it,
giving twenty-four 6 by 12 inch subsections. This
partitioning of the plate allowed accurate control of
the heat transferred into each section of the boundary
layer. An analysis of the flow of heat from the heaters
into the plate and boundary layer is contained in Appendix
VI. '

B. Plate Surface Preparation

After the plate was mounted in its support frame,
the test surface was polished to a nominal roughness
of less than 15 microinches rms by a sequence of treat-

ments with very fine‘sandpapér and a cloth wheel contain-

-1l-
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ing Tripoli compound and diamond paste. The rouchness was
determined after polishing by means of an electronic
profilometer. To facilitate radiation corrections, the
emissivitf'distribution over the surface was measured by
a simple comparitive technique. As is elaborated in
Appendix V., the objective of the emissivity measurements
was to ascertain that a uniform distribution of emissivity
exlsted over.the entire surface., The mathematical treat-
ment of the heat flux data depended upon a uniform
emissivity distribution.

A radiation thermopile was exposed for calibration
to a laboratory blackbody, and then to a sheet of com-
mercial aluminum foil, both at the intended plate temper-
ature. The blackbody consisted of .a 12° thick-walled
copper cone of rectangular cross-section, artificially
blackened on the inner surfaces with acetylene smoke.
‘The cone was heated by means of electrical strip heaters
fastened to its outer surface, the entire assembly being
encased In glass-fiber insulation. The measured emissivity
of the foll was used as a qualitative check of the procedure. |
The relative output of the thermopile when exposed to the
heated plate was then a measure of the plate emiséivity.
Apparatus used in this and other phases of the experiment
ls described in the Equipment List, Appendix VIII.
Appendix V reports the data pertinent to emissivity
measurements. Figure 3 shows‘the apparatus employed in

thls phase of the setup procedure.
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Filgure 3. Photograph of Emissivity
Measurement Apparatus
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C. Heating Arrangements

Each section of the plate test area was heated by
two electfical strip heaters, together covering one-
half of the area of the section. The guard-heating section.
on either side was equipped with twelve strip heaters
which together composed a heating element extending
full-length. Heaters were wired in pairs; the current
to the pair of heaters on each six-inch test section
was controlled by an adjusteble autotransformer. The two
guard heaters for each square foot of test sectlon were
likewise wired and controlled in unison. Figure Ly, shows
a typical area of the plate with several sections and the
heaters and wiring involved. (Héaters have been shaded
slightly to aid in interpretation.) Figure 5 is a
photograph of a similar area from the hardware. The
wiring scheme and locations and lead paths of the.
twisted lead thermocouples are indicated in the figures.
Figure 6 illustrates the control wiring schematically.
The power input to each sei of heaters could be
measured individually at the wattmeter jacks. The watt-
meter could be easily switched from one plate circult
to another.

D. Probe Positlon Control Apparatus

The position of the probe was remotely controllable
in the three rectangular coordinates by means of a
carrilage designed for this purpose.‘ The complete

carriage assembly is shown in Figure 7. Probe position
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Photograph of Typical
Plate Section
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Figure 7. Photograph of Probe

Carriage Assembly
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in the y and z directions (horizontally normél to and
parallelAto the plate, respectively) was remotely adjusted
through géar trains driven by direct current elecitriec
motors. fpsition was measured using preciéion potentlio-
meters connected to the gear trains. Figuares 8, 9, and
10 illustrate the control and measurement circultry and
the control panel. In addition to the coarse measurements
provided by the potentiometer circuitry (accurate to the
néﬁrest 1/16 ineh), the y-direction displacement
was indicated on a fine scale in the inch of travel
nearest the wall. In this important range, a dial
indicator, mounted on the probe clamp outside the
boundary, layer and kept in contact with the wall through
a spring-loaded extension plunger, gave position readings.
A telescope was used to read the dial indicator, which
could in this way be interpolated to the nearest 0.0002
inch. This system is illustrated in Figure 1l1l. The
coarse position indicating apparatus was calibrated by
setbting a desired position as determined by direct
'measurement, while the corresponding indication was
taken from the panel potentiometer with the galvanometer
in null position. The position calibration included in
Appendix IV is the result of repeated application of this
process. Subsequent checks of the callbration gave a
reproducibility of batter than 0.05 inch. |

The x position was directly measurable to the

nearest 1/8 inch by visual reference to markings on
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the vliewing window attached to the plate supports.

E. Enclosure Design

To simulate, insofar as possible, a two-dimensional
flow fieldf an enclosure was constructed of light plywood
fastened to a wood and metal framework. It was parallel-
piped in shape, roughly 2 by 8 by 12 feet, as shown in
Figure 12, The inner surface was lined with reflective
aluminum foil, and the end nearest the heated plate was
joined to the plate supports by a 1l inch plexiglas
window extending from top to bottom. X-position marks
were painted on this window to allow the operator to fix
the position of the probe by alignment of the probe
carriage visually with the marks.

The end of the enclosure furthest from the plate
was provided with slots baffled with several alternate
layers of wire screen and gauze, extending over the
full height, to allow ambient alr to be drawn into
the enclosure in an orderly manner. The top of the
enclosure was open full width for approximately two
feet nearest the plate to allow the entire boundary layer
to exit without disturbing the enclosed filuid. FEnclosure
surface temperatures were recorded by means of thermo-
couples 1imbedded in the foil liner.

F. Boundary Layer Temperature Instrumentation

Consistent with the objective of accurate deter-
mination of the temperature field within the boundary

layer, local measurements were made by means of a
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thermocouple probe designed for thils purpose;<
Consideration of the physlcal situation existing
near the wall in turbulent free convection reveals a

challenging thermometry problem. The relatively high

‘temperature gradients and low heat transfer coeffioients,

combined with the large relative fluctuations in all loecal
properties of the flow in this region, constitute a
difficult set of design restrictions. The primary problem
i{s the limitation of the conduction of heat éway from
the sensitive element of the thermometer. This problem
is elaborated in Appendix II, where an analytical
épproach i1s suggested.

The probe conflguration which was adopted for use
in this work is shown in Flgure 13. It consisted of a
stiff metal tube supportihg a bakelite block into which
two 0,070 inch ceramic capillaries were cemented. Twenty-
eight gauge chromel and constantan wires from a standard
glass-wound pair were then appropriately stripped of
insulation and threaded through the tubes. These leads
were then bent through 90° and cut to form a support fork.
A sensitive element of similar materlals 0.0005 inch
in diameter was to be soldered across the fork tips.
The soldering points were sanded flat and tinned with
solder %o prepare the fork for this process. To be sure
that the probe element would be parallel to the plane of
the heated wall, the support fork was then mounted in the
positioner and brought into contact with the wall.
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Contact ﬁith the wall was determined by completion of a
simple electrical circult between the thermocuple lead
wires and the heated plate, as indicated by a sensitive
galvanometer. To ensure that both fork polnts contacted
the wall simultaneously, each probe tip was indlividually
brought into contact with a gage block tabed to the wall.,
The relative position of the two points of the fork was
then adjusted by means of a yaw\positioner until contact
occurred at the same point. The probe body was then
dismounted from the positioner and. set aside for the
mounting of the sensitive element.

The element itself was constructed of chromel and
constantan wire of 0.5 mil diameter, as supplied by
the Omega Corporation. Elements were assembled by taping
two lengths of wire to separate cardboard forks, aligning
the wires, and clamping the forks for soldering. After
placing this‘assembly under a microscope, one fork tip
was cut, and the resulting loose wire was wound around
the remaining wire. The two wires thus brought Into
close physical contact were then fluxed and soldered over
a length of aboﬁt'l/lo inch near their centers. Alternate
wires were then trimmed from either end, leaving an element
of less than 0.0011 inches in nomlnal diameter. This
completed element was stretched across the probe fork,
soldered in place, and inspected carefully. After final
trimning, the probe assembly was removed from the micro-

scope and mounted on the positioner as before. The
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positioner was carefully zerosd by bringing the probe into
electrical contact with the wall and setting the dial
indicator to zero.

Temperature readings could then be taken from the
thermocoupie by comparison to an ice bath. temperature.
A Leeds and Northrup K-2 precision potentiometer
was employed for these measurements. Temperatures were
measured within the boundary layer at the positions
indicated in Appendix I. Esch repositioning of the
probe in the vertical direction was followed by a new
electrical determination of the point at which the probe
contacted the wéll. This position was assigned the
value of y =V0.0005 inch, in accordance with the
diameter of the probe element, and the remaining
poslitlons were measured relative to it.

G. Wall Temperature Instrumentation

The steadywall tempserature was evaluated for uni-
formity by means of forty-eight copper-constantan
thermocouples. Each thermocouple was provided with an
individual ice junction, and each could be connected
independently to the Leeds and Northrup 8662 precision
potentlometer by means of switching in the-copper'path.
Thirty gauge thermocouple wire was used.

The wall temperature could be determined from this
system to the nearest half-degree Fahrenhoeit., The
positions of thermocouples 1n-the plate sections have

already been given in Figure L. Thermocouple hot jumetions
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were peened into holes in the aluminum plate, drilled
so that éhe junctions could be positioned very close to
the test surface; After the junctions were fixed in
position, the remainder of each hole was filled with an
aluminum plug. All cold junctions were thermally connected
to the ice bath by means of silicone o0il :inside a small-
diameter glass sheath.

Enclosure surface temperatures were measured with
similar thermocouples fastenad to the sides, top,
bottom, and end of the enclosure, and ambient air temp-
eratures by shielded thermocouples suspended in the air.
The geometry of these couples is shown in Figure 1l2.
The switchboard and reference junction arrangement for the
copper-constantan thermocouple system is given in Figure 1.

H. Thermocouple Callbration

The magnitude of the turbulent fluctuatlions expected
within the boundary layer suggested that very-high
precision measurements would be out of the question.

It was expected, however, to obtain an accuracy in the
time-mean temperature of the same order as that obtained
in the plate temperature measurements. A three-polnt
callbration procedure was sufficlent to meet these
requirements. This served to determine the set of

constants of the calibration equation
(8) AT= A4 BT +CT2

for each of the thermocouple materials employed. AT
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Photograph of Thermocouple
Switching Panels
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represents here the difference between the actual and the
indicated’temperaturas. The three polnts chosen were the
ice and steam points and a room temperature secondary
point. Because of the use of a Very fragile wire in
combination with a stronger support wire in the boundary
layer probe, a special calibration- thermocouple was
prepared. It is shown in Figure 15.

The ice point temperature was taken from a saturated
water-ice bath, the steam point from a distilled-water
hypsometer. The third point, measured by means of a
precision platinum resistance thermometer, was the
equilibrium temperature of a large, well insulated copper
block. During the calibration, the thermocouple outputs
were measﬁred with the same respective instruments to
be used during‘tho actual tests. Appendix III gives the
detalils of the measurements and calculations performeq
to specify the deviatlon equations. These equations
were included in the data reduction programs as
subroutines. The temperature resulits reported 1n
Appendix I have thus been corrected for thermocouple
callibration.

I. Apparatus Checkout and Verification

One of the early objectives of the experimental work
was necessarily that of a system-wide "calibration",.
Several items were opemn to question, requiring satis-
factory verification before the desired data could be
treatedlwlth confidence. Among these were the following.
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FPirst, it was necessary to determline that the enclosure
design had no appreciable effect upon the representation

of the infinite-media model which the experiment was
intended tp simulate. Secondly, several modifications

were required before an acceptable leading-edge config-
uration was found; ons which would supresé the tendency

of the apparatus toward early transition.: It was there-
fore necessary to verlfy that the laminar layer was

indeed present and stable in the ranges predicted byv

the theory. A third topic which required verification

was the assumed existence of an essentially two-dimensional
flow field over the test sections of the plate. The design.
of the alr temperature probe was a fourth point requiring
experimental support. It was necessary to verify that
the probe operated properly, particularly in the
troublesome region near the wall. These problems are
treated Individually in the following discussion.

The central goal of the verification proceﬁure was
set as a reproduction of the laminar theory in the
appropriate region. The standard for this was the
Pdqlhausen-Ostrach ‘similarity solution, already aﬁply
verified by experiment. Although the satisfactory
behavior of the experimental boundary layer in the
laminar range camnot be treated as & foolproof verifi-
catlon of the turbulent layers beyonq it, 1t does provide
necessary reassurance regarding the appropriateness of

comparing the present turbulent data with that reported



-38-
by other workers. Further, because the boundary layer
thermometer used was subject to its own forced-convection_l'
problem (éee Appendix II), its verificatioﬁ in the laminar
range 1s a highly reliable test of sultability for measuré-
ment accuracy in the turbulent range, since the convection
coefficient of the probe will be higher there.

Analytical data points for this comparison were
generated by a special Runge-Kutta computer program
based on the Ostrach solutions. The resulis of measure-
ments in the laminar range are compared with this analy-
tical solution in Figure 16. Very good agreement 1is
evident. This gave a high degree of confidence in the
thermometer system, and partial confirmation that the
flow was indeed 1amihar where it was expected to be.

With regard to the treatment of the leading edge,
early design attempts confirmed the result of Dotson(13),
which was later brought to the author's attention. 1In
fact, some evidence was found to support the proposition
that the minimum floor-to-leading edge distance data
reported by Dotson was actually subject to change with
changing plate overheat. However, no extensive investi-
gation of this was made. A floor-to-leading eége
distance of one foot was found to be satisfactory for
the present configuration., The leading edge contour
was faired %o a sharp edge by a short guard heater
as sketched in Figure 17. This was found to be

necessary after preliminary experiments with blunt
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Pigure 16, Verification Data:

Laminar Temperature
Data Compared with
Theoretical Profile
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leading édges.proved unsuccessful, Flow disturbaunces
caused bj the blunt edges led to early transition.
The entire configuration was studied thoroughly by
means of smoke Visualization techniques. These
confirmed the other indications of laminar flow, and
were accepted as sufficient proof of adhérencé to the
the laminar model in the appropriate range.

The question of three-dimensional effects was of
real concern from the inception of the project, since
similar troubles had plagued earlier investigators
(see Eckert and Jackson(15), page 6 ). Although the
overall design was based on a very conservative apprﬁxi—
mation, still the lack of any precise design data for
this configuration left room for doubt. As a means of
verification of the two-dimensionality of the flow,
temperature traverses parallel to the plate were made
at several distances from the plate, and at several
values of Grashof number. The results are shown in
Table 1. As can be seen, no appreciable difference
in flulid temperature was recorded within the center
test area. The total excursion in no case exceeded
0.03 millivolts, or roughly one degree Fahrenhéit.

. The temperature deviations from the mean are appafently
random.

One of the most commonly encountered problems in
experimental research involving boundary layers is that _

of early transition due to vibration, random curfents,
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or other disturbances in the environment., To evaluate
the magnitude of these effects, specilal trial runs were -
made with all heavy machinery in the laborafory shutk
down. The operating vibration and noise of these had
no hoticeaﬂle effect upon the transition in the boundary
layer, as verified by smoke observations. It was found
that the ambieni turbulence caused by workaday laboratory
operations had a large effect upon the air in the test
space., To eliminate ﬁhis, the entire apparatus'was
isolated from the rest of the laboratory by a speclal
partition, and readings were taken when ﬂistufbances'»
were at a minimum, The partition proved to be a
satisfactory answer to the problems introduced‘by
random currents, again verified by smoke visualizations.
After the satisfactory completion of the verifiocation
procedures outlined above, the apparatus was employed
for extensive heat flux and temperature measurements.

These are desoribed and evaluated in the following

sections.



IV. EXPERIMENTAL RESULTS

Significant data were gathered relating to the local
and surface parameters of the natural convection turbulent
convection furbulent boundary layer. |

Temperature was measured at very closely;spaced
intervals, especially near the wall. These measurements
serve at least three important functions. First, they
demonstrate conclusively that the 1/7 power‘law does not
apply to the natural convection case, as 1s widely
assumed in the literature. Second, they give ample
evidence of prominent contrasts between natural and forced
convection turbulence. Thirdly, they provide a standard
against which new analytical attempts may be measured.

The_temperature measurements are first compared
among themselves and with early analyses, and ﬁhereafter
with other measurements from the llteraturse.

Aithough local parametérs of the flow are seldom
reported, much heat transfer information has been published,
as discussed above. As has been seen above, this data
is usﬁally reported on logarithmic coordinates. However,
even with the use of this smoothing process, discrepancles
nearing twenty percent are commonly found in the literaturse.
Further, very little work has been published in which it
was possible to measure the dependence of heat flux upon
distance up the plate. Both techniques of reporting are
included below, where good agreement with the analytical

Ll -
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result ofiBayley 1s demonstrated.
A. Temperature Profiles in the Boundafy Layer

Appengix I presents tables in which the measured
boundary layer temperatures are listed. Table Al presents
the measured temperature in degrees Fahrenheit, while
Table A2 giﬁes the normalized temperature, (T - Tg)/(Tw - Too).

Figure 18 shows several of the measured profiles. -
Figuré 19 gives the temperature field very near the wall.
Note that laminar, as well as btransitional turbulent
profiles are shown here. Figure 20 shbws the turbulent
profiles in the same hear-plate region. The traﬁs-
ition regime for this data can be deduced from Figure 28,
page 67, which shows wall heat flux data for the same 6w.

Fujii“u) reported tempéfature profiles on universal
coordinates resuiting from his experiments near a
verticgl heated cylinder in water and ethylene glycol.
His temberature profile is shown in Figure 21, together
with the present data at a corresponding value of Rayleigh
number. The comparison provided in the figure shows poor |
agreement of the present data with the profiie of Fujii,
This may be partly attributable to the values of Nuyg
used by Fujli in preparing the abscissa values for his
curves, Considering the possible effects of Prandtl
number, especially in relation to the onset and character
of the turbulent flow, the lack of agreement is not
surprising. Other contributory causes of this poor

agreement may be found in the highly speciallzed
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experimental model used by Pujli. His small-diamcier
cylinder and relatively small enclosure both may have
glven rise to signlficant physical departuré from the
flat plate casse.

The pipneering work of Griffiths and Davis(zu),
using a verﬁical flat plate in air, provided a slgnificant
first step toward an understanding of natural convection.
However, the scale of the graphs used to present their
data and the wilde separation between data points makes
comparison difficult. Some comments regarding their
work are probably approprlate before such a comparison
is undertaken. DBesides the possibility of three-dimension-
ality in the flow already alluded to above, the instrument
-used by Griffiths and Davis for their measurements of |
local paramsters deserves careful consideration. Both
veloclty and temperature were measured in their work by
means of & hot-wlre anemometer, the temperature being
deduced from the unheated wire resistance. The sensitive
element of the instrument was a 0.006 inch platinum wire.
The wire length was not shated.

From the discussion of probe design given above 1t
will be recalled that conduction into and through the
support prongs from the hot sensing element into the
cooler ambient air adjoining the support prongs can give
a significant error in a thermocouple probe. Certainly
the saﬁe can be sald for a platinum resistance thermometer.

Indeed, for the Instrument in question, both the design



of the support prongs and the conduction characteristics

of the sensitive element would be expected to‘éggravate

the problem. For the particular probe used by Griffiths
and Davis, conduction was certailnly important. Thals
conduction error caused a response that underestimated

the temperature, especially near the wall where temperaturs
gradients are large and heat transfer by convection is
hampered by low wvelocities.

A comparison of the Griffiths and Davis laminar
results with the Ostrach-Polhausen theory is given in
Figure 22, This indeed shows the trend to be expected from
thermometer conduction errors. The calibration of the
Griffiths and Davis instrument for both velocity and
temperature took place in a uniform-temperature stream:
The nonuniform temperature and velocity fields, signifi-
cant sources of error, although present in the actual
measurements, were not accounted for in the calibration
procedure. (The present author became cognizant of the
conduction loss errors when & simple thermocouple probe
of the type commonly employed in forced convection
measurements failed to respond properly in the laminar
range. See Appendix II for an analysis of this problem.)
The response of the probe to velocity may have been rela-
tively much improved; the conduction in that case was
somewhat simulated by the effect of overheat in the wire,

and may have been within the accuracy of the veloclty

calibrations.
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The Griffithé and Davis instrument thus undurestimated
the actual btemperatures near the wall, giving rise to a
fair agreeﬁent with the power law profiles later recoﬁ-
mendsd by other authors. This 1s strikingly illustrated
in Figure 23, where the data of Figure 18 1s compared to
thevpower law profile recommended by Eckert and Jackson(15),
Those authors apparently developed the 1/7 power profile
from experience with forced convection, and from the
data of Griffiths and Davis. The comparison of Figure 23
is based upon the equality of a quantity whlch was named

the "enthalpy thickness" for convenlience. That is the

quantity

A ©
(9) on = 'm Sa (T‘I—oo)dlé .

was used to normalize the curves. Hence the abscissa ls
} = ¥/ in each case shown. TFigure 23 gives dramatic
proof that the 1/7 power profile is a poor model for
turbulent natural convection in air,

As an extension of this study, further power-law
profiles were calculated. Satisfactory representation
of the experimental data was not given by 1/5, 1/9, or
1/11 power laﬁs, and no trend was seen that ga#e promise
of success for any similar law. It can of course be shown
that no power law is adequate at the wall. It was
concluded that local parameters such as the temperature

calculated from the power law would very probably be in -

error.,



-5~

(T‘ Ta:) /(i:v - Tw}

REDUCED TEMFERATURE.

Figure 23. Comparisoh of
Normalized Zxperimental
and Power-Law Profiles

5 7 g

b1 :_tysh

KEY D SYMBILS
o fi.54  TURA.
v 50&  TURB.
O OGLTR LA




-55-

The grosser properties of the boundary layer, on
the other 'hand, can be expected to depend only mildly
upon the overall shape of the temperature‘pfofile, and
may not respond poorly to the power-law assumption. It
may be safely concluded that thg'power-laﬁ representation’
is a poor one, however.

Filgure 2l shows a large portion of several selected
experimental profiles from Figure 18, here on a somewhat
expanded scale. A typical laminar profile has been included.
Comparison of this figure with those given earlier reveals
a striking contrast. While the expected dissimilarities
very near the wall and far from the wall are evident, there
1s demonstrated iIn Figure 2l a significant intermedlate-
range similarity in the natural coordinate y. Insofar as
can be discerned from thls figure, any one of the profiles
shown might be adequately represented by the laminar
theory in this intermedlate range.

This trend 1s evidently the result of the unique
nature of the natural convection layer. Because the
potential for flow is greatly reduced relative to a forced
convectlon layer, the contrasts between the lamlnar and
turbulent profiles would not be expected to be as sharp
for natural convection. Although large fluctuations
Were observed in the instantaneous temperatures, the time-
average temperature profile varies little from the
laminar one except very near and very far from the wall.

It appears that the primary effect of turbulence in this
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case is to transfer heat from the wall into fhe ambient,
without a:great effect on the already-established portlons
of the turbulent layer. Hence the most sigﬁificant
changes 1in the turbulent profiles with distance up the
plate are seen in the outer portion of the profiles.

This is a striking witness to the unique nature of
natural convection turbulence. Reference has already
been made to this in introducing the interferometric
results of Eckert ahd Soehngen(lé) in an earlier section.
The larger scale and lower frequencies than would be
expected 1In forced convection help.one to understand

why such abrupt contrasts can exist in the temperature
fields. |

B. Results Relative to Boundary Layer Thickness

Figure 25 shows some experimental results concerning
the behavior of the enthalpy thickness of the boundary
layer with lncreasing distance up the plate. The laminar
thickness (normalized to the experlimental values at
x = 0.67 and 1.0 feet) is shown as a solid line.

The enthalpy thicknesses predicted by the analyses of
Eckert and Jackson(1>) ang Bayley(3), transformed to the
present coordinates, are also shown. The heavy dashed
line is an estimate of the actual behavior, as exhibited
by the data points shown. Rapid growth of the boundary
layer at transition and subsequent slow growth in the
turbulent range are suggested here. The increased

agreement obtalned by Bayley over the other analysis shown
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is expected in the light of what has been seen of the
physics introduced into the two analyses, although
neither wés expected to bo acourate at low values of
Rayleigh number. The rather poor agreement obtained heré
is not too surprising, in view of the limited nature of
the analyses. Although insuificient information was
obtained to verify a general correlation of data on

this subject, it is felt that the trends shown here are
realistic.

C. Results of the Heat Flux lMeasurements

Table A3 of Appendix I records the uncorrected heat

flux data taken during these experiments. Power input

to each six-inch section of plate helight was measured
independently. Baffles and guard heating sections assured
a two~dimensional flow field over the center heated portion.
Since insulation and radiation losses were difficult to
calculate or measure‘precisely, but could rationally be
‘agssumed to be uniform over the full plate length, these
were accounted for by obtaining a regression fit of the
laminar range heat flow data to the laminar theory. This
resulted in a vertical shift of the aata to account for
the stated losses. This could be done with confidence
because the adherence of the experimental model to the
laminar theory pad already been verified, as discussed
- above. Agreement of the results with those of other
investigators further substantiated this procedure.

Some temperature stratification was always present
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in the ainant‘fluid during the experiments. This was
accounted for by treating each data point individually

in the calculation of the local wall-to-amblent temperature
difference used in the reduction of data. Measurements

of the ambient temperature near the base and top of the
enclosure were made, using shielded thermocouples. The
actual amblent temperature distribution was approximated
for data reduction by a linear model passing through these
two points. Computer programs were devised to provide
comparisons among the present data and the various suggested
correlations. The results of these computations are
presented in Table AL, Appandixll._

Of immediate interest here is the comparison on
customary terms of the experimental Nusselt number vs.
Rayleigh number results with the results presented and
correlated by others. Figures 26 and 27 give graphical
representation to these data. Figure 26 demoﬁstrates
the good agreement of the present work with the theory
in the laminar range, but gives poor representation of
the better-known correlations for the turbulent case by
the turbulent data. Figure 27 describes the turbulent
data on an.expanded scale, demonsitrating the excellent
agreement which was found with the correlation of Bayley(3).
It shows two of the correlations, together with the present
data and flat plate data for turbulent natural convection
from the literature (see Saunders(uo) and Griffiths and
Davis(lS)). The agreement with the data of Saunders is
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very good, The poor agreement with other data suggests a
need for g;eater insight into the data and their sourées.
Before.a further examination of these sourcés is undertaken,
however, it is appropriate to be aware of phe precautions
taken to asgure the reliability of the present data.

Besides thé verification tests mentioned above,
which gave assurance of a properly functloning apparatus,
reproducibility checks on the heat flux data were made.
Readings taken on different days showed less than three
percent change in the recorded temperatures and power
levels. This deviation could scarcely be detected in
the logarithmic presentation. Further, eighty-two turbulent
data polnts were émployed in the verification of the
recommended corrglation.

The natural convection phenomenon has been stated or |
tacitly assumed by most investigators to be a two-dimen-
sional flow field. Aside from the obvious_départures
from this picture introduced by random’turbulence,
further considarations regarding the mean flow, as
they affect the assumptions made by many authors, deserve
close attentlon.

Purbulence in a free convection boundary layer is
capable of encouraging two kinds of three-dimensionalitles.
The most obvious effect is that each lump of fluid is
subject to random motion in the third dimension, even
though no average potential exists to encourage a mean flow

in this dimension. By statlstical treatment of the flow,
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1t is possible to visuallze the real case in terms of
a two-dimensional model. The more subtle effect oi concern
here is the increased mixing and heat transfer that may
be expected to attend the turbulent motion.. The entrain-
ment inspired by this increased mixing has introduced
errors into some of the data reported in the llterature.
Consider a truly two-dimensional flow field. This
may be approximated in reality in several ways. (Ome of
the ways in which a péraliel two~dimensional flow 1is
commonly approximated is by the use of a vertical
cylinder of sufficlently large diameter. For the
boundary layer thicknesses considered here, this was
not economically feasible.) The most common experimental
means of approximating two-dimensional rectangular co-
ordinate flow in natural convection is by the use of a
wide flat plate. It 1s important Lo undersfand the
the effect that would be seen Lf the ratio of the
boundary layer thlckness to plate width were to become
too large. Although some of the published investigations
did not report sufficient data to allow an estimate of
this ratio, a good example of the problem is given by the
data of Griffiths and Davis. In thelr work, a vertical
sectioned plate of dimensions about two by nine feet was
used for most of the turbulent measurements reported.
The data taken indicated a thermal boundary layer thick-
ness of about eight inches near the top of the plate.

In this geometfical situation, one might expect a slze-
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eble incréase in heat transfer due to the entrainment of
cooler alr from the sides, as well as the front of the
plate.

In the opinion of the present author, this is
sufficient explanation for two things evident in Flgure 27.
First, the disagreement of Griffiths and Davis?! data
with that of Saunders and the present exporiment can be
easily understood. Second, since the lMcAdams correlation
was based upon the best avallable data of 1ts time, 1t
was also probably biased by the Griffiths angd Davis
results, aﬁd 41s understandably displaced in the direction
of higher heat transfer.

Here, as always, it is important that the obstacles
presented by reallty be properly understood, lest the
valuable work of early contributors be too much bellttled.
The cumbersome experimental geometry required for
turbulent natural convection research is just one of the
problems to be cénsidered. It is to thelr credit that
Griffiths and Davis took the trouble to sectionalize
their test surface, a justifiable inconvenience not
suffered by many less patlent researchers. (The impeortance
of a sectionalized model in.approaching the uniform-
temperature mathematical case 1is suggested in Appendix
VII.) The results of Griffiths and Davis are nothing
short of remarksble when viewed in the perspective of
their day. That they may havé overlooked something

that is plainly visible from our vantage in no way



65—

destroys the value of thelr work.

Turning now to another interesting means of comparison,
consider Flgures 28 and 29. Here is seen the advantage
of a sectionalized test surface. The actual power input
is compared with the correaltions mentioned above; The
trend of the data 1s much more obvious on this basis.
In the figurés, corrections have been made for insulation
and radlation losses, and for thermal stratification of the
ambient, as already discuséed above. Here the correlations
of McAdams, Eckert and Jackson, and Bayley have been
transformed to the local coordinates.

The agreement of the data with the correlation of
Bayley 1s perhaps even more strikingly demonstrated
here, where the smoothing effect of the logarlthmic
coordinates is absent., The degree of accuracy with
which the correlation of Bayley represents the local
heat flux 1ln both trend and magnitude lends significant
credence to its.use for natural convection boundary
layers involving air and similar gasses.

D. Remarks Concerning the Measurement of Velocity

The original objectives of this research included
the measurement of the full veloclty field. It was hoped
that in this way a rule similar to the law of the wall
for turbulent forced convection might be established,
paving the way for an analytical approach to natural
convection patterned after the work of Spalding(us).

It was for this reason that atmospheric air was chosen
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for the study; 1t appeared to be suited to velocity and
turbulence measurenents by virtue of the well-established
techniques of hot-wire anemometry.

Griffiths and Davis(zu) reported velocity measure-
ments in the laminar and turbulent natural convection
layers already discussed above. Thelr data polnts
were quite widely spaced, but seemed to reflect an
appropriate profile shape. The probe which they used and
its calibration have already been discussed. It wasl
suggested at that time that the probe was definltely Iin
error for temperature measurements. Further it is possible
to show by comparison with the laminar theory that the
Griffiths and Davis velocity measurements admlt a twenty-
five percent error in that range. The desirability of
improving the velocity data 1s therefore obvious. 1I%
1s in the anemometry problem itself that the difficulty
arises. One of the greatest frustrations of the present
work was assoclated with the realization, born of thorough
investigation, that this difficulty appears to admit no
economical solution at present. Manageable methods
for veloclty measurement are unable to provide accurate
measurements except in the vicinity of the veloclty
maxima. The reglon of primary interest very near the
wall is completely beyond the capability of any anemometer
known to the author. A full treatmont of the veloclity
measurement problem in turbulent natural convection 1s

given in Appendix IX.
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The tools reduired to make significant improvements
in the experimental data for velocity, especlally in the
critical region near the wall, do not appéar to be in
existence at present. In view of this, thé veloclty
measurement objectives of this research could not be

fulfilled.



V. CONCLUSIONS AND RECOMMENDATIONS
: i

Until quite recently, forced convection heat transfer
was consistently treated analytically by means of eilther
integral methods or direct application of Reynolds!
analOgy, with»a strong empirical flavor in elither case.

The recent work of Spalding(us) constituted a very
satisfactory step toward a more direot analytical approach,
employing a convenient summary of the physics of the turbu-
lent motion in terms of the well-known law of the wall.
Early in the present study, it was hoped that a similar
technique might be brought into focus for the case of
turbulent natural convection. This will necessarily
walt until more information can be gained about the
nature of the velocity field in the near vicinity of
the wall, which waits in turn upon the development of
a satisfactory, practicable technique for measurement
of very low velocitles. A significant contribution
will be made to the present state of knowledge about
turbulent heat transfer when the velocity field is
accurately measured.

The experimental results which were obtained in
the present study allow the following conclusions.

(1) The correlations for heat transfer recommended
by McAdams(33) and by Eckert and Jackson(15) are inferior

to that of Bayley(3) for turbulent natural convection in

-71-
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air, althdugh4that.of licAdams gives a good representatlion
of the slope of the experimental curve. f

(2) The 1/7 power temperature profile :adopted for
use in analyses of turbulent natural convection is defi-
nitely not accurate for that case. It was based upon
erroneous temperature readings.

(3) Except at the wall itself, the mean temperature
is well represented on natural coordinates by a laminar
profile over a great portion of the temperature drop.

(L) The primary effect of increased distance
up the plate upon the temperature profiles appears to
be a thickening of the thermal layer, with all profiles
taking the same basic form for values of y less than
0.2 ineh. '>

Beyond the measurement of velocity already recommended,
there appears to be a need for verification of the-estab-'
lished correlations at Prandtl numbers different than
that treated. here, with primary emphasis upon the
Prandtl number range encompassed by liquid rocket

propellants.
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APPENDIX I. EXPERIMENTAL TEMPERATURE FIELD

The following two tables present printqd listings
of the temperature field within the boundary layer.
Table Al gives the corrected actual temperatures in
degrees Fahrenheit, while Table A2 present? ratios
of exéess.témperature. Tabular values of y are in
inches, values of x in feet. Figure Al glves goo-
metrical meaning to the tabular values.

Table A3 réports the data used for computation
of the heat flux values reported herein. Tables Alja to
Alid present the results of the Nusselt Number-Rayleigh
Numb er computations. In these tables, the headings
LNUM, LNUT, and LNUD represent the logarithms of the
Nusselt Number values for McAdams'! correlation, Eckert
and Jacksons! correlation, and the experimental data,
respectively (see references 15 and 33). The symbol
Gr!', as used in these tables, refers to the Grashof

number divided by the numerical value 1010,
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TAMB

10.625

o 11.12% 0

11.625

S 12.125

130,000

80, C0CN0

F.COOD

13,1000
12000
10,0000
G0N
B.ANON
He 2N
Q,3C000
Ge2BNEC
Q. 40TN
CdHabGAD
Q.6CTC
G 200G
G.20N0
Q.,20200

9.4C0C

Q,2500

£.GRGN0
9.15C"
B.7500
B. 8500
B.7CN0
g.4000
B.6500
Q.8000

147.5700
77.5000
10,5900

POWER

13.559¢
S Tatale
8.150C
S 8.10060
7.4500
AR50
7.4500
8.8000

G.3000

9,0500

9.2000
3.93C0C
543000
B.7300
B.4000

R,3000

8.4000

83.3000

8.3900
2.1700
2.1080

74200

74000
1¢.6020

TABLE A3. HEAT FLUX MEASUREMENTS

194.7C00

86,0700

oG

10,01
INPUJTS,

28,0000
15,4070
13,8000
12.6200
13. 46000
13.2000
1441202
18.5000
18.2000
17.0000°
L6.2000
15.9000
15.2000

14.8900

14,7000

15.CC00
14.9000
14.Nn1200

14.3000 77

14.9000

12.7000

20,2000

S 15.3000

195.”2000C .
86.70N0

1C.000C

WATTS

24 .5000
15670070
13.5n00
T12.4000
13.3C00
13.6000
13.8000
T17.5980

- 17.9000
T16.700C
15.9000
15.70C0°
15.2000
“14.500C
14 .5000

“15. 8000 15.5000

14.9000
 14.8000
13.8000
13,1000
13.3000
13.2000
12.6000
S 19.7000
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APPENDIX II. THERMOCOUPLE PROBE DESIGN CONSIDERATIONS

The following simplified one-dimensioqal analysis pro-
vides a eriterion for éssignment of values to the dilmenslon
parameters of a temperature probe.

Let us adopt for the mathematical representation of
the sensitive element of the probe a one-dimensional fin
with insulated ond and a base temperature 8y, equal to
the maximum expected temperature gradient multiplied by
the distance b (see Figure A2). The analysis then pro-
ceeds as follows:

(1) Calculate

From the severest gradient near the wall

) U= Y o) 2010 ()

, = 0.1 35%) C.’1;)
6o = bg/o =0‘4/,{,7__ﬂ7_/£:r//3(73720)4/3

(2) calculate the relationship among the properties,

So.

the length £, and &b .
g o b
—_— - = m= I
G A =
bl)= b, B0)=0, l4)- 4,

50

&
be = , sk m?
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(3) After specifying the 1limits on 6% , calculate £ .

98 { éﬁe‘max)

L= 7[41@(@/7{0 th (1 ‘”/

f elimax)

The computational procedure is then as follows:

(1) Recognize constraints

(2) Temperatures of wall and fluid,

(b) Desired probe diameter (b, Fig. A2),

(c) Fluid and solid properties,

(d) ‘Allowable temperature variation, é@amuu.
(2) Calculate £ilm coefficlent, h . | |
(3) Calculate f from the equation derived above.

Using this procedure, a length of 2{=1 inch was
estimgted for the natural_convection case, with

d= 0,0005 inch and b= 0.2 inch, and with Oimui0.5CF.



APPENDIX III. THERMOCUPLE FIXED-POINT CALIBRATIONS

The converted temperature indications of the copper-
constantan and chromel-constantan thermocouples used in
this study were corrected by the equations developed below.,
The deviation equations are based upon measurements of
known temperatures, taken with thermocouples constructed
of the same matsrials end spools as those built into
the apparatus. The following table gives the pertinent

baslec data.

TABLE AS. BASIC THERMOCOUPLE CALIBRATION DATA

Data Point | Referencs Temperature rosponse

and sourc cu-Co Ch-Co

/////////////////////7////////////// LN 8662 | 1IN K-2
1 Room temperature:

Plat Resist Therm 0.810 1.2225

T =70.707°F.

2 Steam Point Hypso-

meter. Pgyiy = 29.225",

Ts = 210, 5o, L,255 6.2888
3 Ice Point: Distilled

water lce bath.

- 32.00F0 0.0 . 0.0

The following deviation equations were derived from this

DEV, o= = 03621 Tc+ 18441407 T2
DEVey-o = (6.378 Te — 1.2903b Te2) 4076

data,
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APPENDIX IV. PROBE POSITIONING MECHANISM CALIBRATIONS

Position calibration data for the probe positioner
in both eléctrically controlled directions ‘is given in

the following table.

Table A6. Position Calibrations

y, inches Reading Yy, inches Reading
0.0 to ~ (not used: 3.5 228
1.0 {directly L.o 251
read L.5 274
1.0 118 5.0 297
1.25 - 128 6.0 3%2
1.50 139 7.0 307
1.75 151 8.0 h32
2.00 162 9.0 L77
2.25 173 10.0 522
© 2.50 18 11.0 566
3.00 20
%z, inches Reading z, inches Reading
5 70 -1 L27
i 128 -2 86
3 188 -3 546
2 248 -l 606
1 307 -5 666
0 366 -6 725
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APPENDIX V. EMISSIVITY DATA

Table A7 presents the emissivity measurements

recorded at various positions on the polished plate.

. The average wall temperature during these'measure-

ments was 275°F,

TABLE A7. PLATE EMISSIVITY DISTRIBUTION

x, £t Emissivity of Surface

------ mean | z=-5 z=-3 zm O z= 3 z= §
11.5 226 | .237 .22l 221 .230 .2h3
9.5 .229 |..237 .230 .227 .231 234
7.5 e223 | 246 .223 .219 .228 .230
E.S .232 | .228 231 .231 236 «236
«5 222 | 223 .219 .218 228 .231
3.5 221 | .219 217 .219 .226 222"
2.5 217 | .215 .213 215 .222 .225
1.5 215 | 217 215 214 « 217 21l
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APPENDIX VI. ALLOWABLE PLATE TEMPERATURE VARIATIONS

Tw§ assumptions upon which the experimental results
are based have to do with the temperature variations which
exist within the heated plate. These are discussed here.
First, as a criterion of the deslign, 1t was necessary to
know what proportion of the back surface of the heated
sectlions needed %0 be covered with electrical heaters
such that the plate temperature itself within that
section would not vary too much. Secondly, for the
desired acouracy of heat flux readings, a tolerance on
section-to-section temperature difference was needed.
Since the first result depends upon the second, they are
.treated here in reverse order.

Because the theoretical heat flux due to convection,
and hence the total theoretical heat flux (other losses are
uniform in x) for a constant temperature plate reaches its
minimum shortly before transition, this 1s the most oritical
fegion for measurement accuracy. If all measurements of
heat flux are wanted to be within t%, then the maximum
allowable loss from any section 1s equal to t# of the
local heat flux qumat incipient transition.

Each plate section may be represented as a two-
dlmensional slab as shown in Figure A3, The amount
of heat lost to the guard section of the plate per unit
length per unit time is given by

Yo =k 2 (T Tug
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whereas the heat loss by convection from the plete surface
is
: C@C - h Lc (TW "T&J)‘

From the Ostrach theory .
l'\* Nu k; _ 041(0(6(9/) —‘375kF

}(
Thus, i.t the local convection 1osses are to be held within
b I Tees Twel ¢ & (905K Ll
(WJ"Tm) 400 k b

For the present case, a 2% error 1limit at an operating

temperature difference of 100°F requires

[TQM‘JZQS/ 4;0'4‘7;
(Note that this is perhaps a supercritical test of accurady
in the turbulent range, since the relative magnitude of the
heat transfer due to convection is much larger there.)

The second phenomenon requiring investigation as a
design oriterion was the distribution of temperature over
the plate sufface Inspired by the relative slze and orien-
tatlon of the heaters affixed to it. An estimate of these
requirements may also be obtained from a one-dimensional
model. Figure Al illustrates the geometry of this model.

' If we assign P=7w-To , the formulation of this

model becomes a/fg . 0/ X>/0
Z[L'Mﬂ:"” / = /V;XQD/
where /)
”,,’l.: A

kb’
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. i
and N: q/&b

The boundazgy conditions are
- d8 r _
e (eL)=0, 60)=4,, OLL)~ b

’ \
Actually, this system is most conveniently handled as two
fin problems, matched at the center (x = 0).

For x7 0,

Do = A eoshmy * 8 sink my,
5%13V = O cayéxvql

and for x< 0,

01_ = C ca.sé /11}]1- Rs/)zémf + M/ﬂ"
O (8) = Njp (1- tod n5)+ 0, eshm3

Since at the center 9,_ —Q/z s We may write

- Do coshmls = Mz [4- c%/zm5]+££ca;/zmb
- (G- Be) /,% =7 [4‘4/005/1”)[1]

Inserting the values 2.0, 120., and 1/24, for h, k, and
b, respectively gives m = 0,3165, and

(%-00)/, =2(1-095%) = 0.1°F
The thermocouples used in this study were accurate to
within 0.5°F. It is reasonable to require that the
maximum temperature fluctuation within a sesction be of the

same order of magnitude as the allowable difference aoross

an isolation groove. This is satisfied by the design.



APPENDIX ﬁII. TYPICAL PLATE TEMPERATURE DISTRIBUTIONS

A. Results of Constant Heat-flux Test

Becaﬁﬁe the majority of the research reported in the
literature @eals with self-heated one piecefplates, for
which a uniform temperature was assumed, the following
data was gatﬁered. It was hoped that this data would
glve basls for evaluation of the uniform-temperature
assumption. The plate heaters were adjusted to a unifbrm
heat input, such as might be expected to exist in a one-
section test surface, and the resulting plate temperature
distribution in xxwas recorded. As may be seen from
Figure A5, the distribution of temperature is far from
uniform. The impact of these temperature distributions .
upon the resulting heat transfer data would make an inter-
-esting study. |

B. Constant-Temperature Plate Data

Table A8 shows a typical distribution of thermooo;ple
readings as they appeared during a heat-flux test in the

present study.
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TABLE A8. TYPICAL PLATE TEMPERATURE DISTRIBUTION
Station Temperatures, Cu-Co milllvolts

------- Left Guard Main A Main B Right Guard

12 2.69 2.69 2.68 2.68
11 2.68 2.68 2.68 2.69
10 2.69 ~ 2.68 2.69 2.69
9 2.68 2.68 2.68 2.68
8 2.69 2.69 2.68 2.69
7 2.69 2.68  2.68 2.69
6 2.68 2.68 2.68 2.68
5 2.68 2.68 2.68 2.68
L 2.68 2.68 2.69 2.68
3 2.69 2.69 2.69 2.69
2 2.69 2.69 2.69 2.69
1

2.68 2.69 2.69 2.68 -

(Data from Run of 12 Apr 66 - 2000 hrs)



APPENDIX VIII. LIST OF EXPERIMENTAL EQUIPMENT

Tae following table reports pertinent data relative

to the major experimental equipment used in the measurements

reported in the text.

TABLE A9. EQUIPMENT LIST

Itom & Mfgr Model Serial # Range Acouracy
Portable 8662 1151909 O - 79 mv. 10 micro-
Precision volts
Potentiometer
(L & N)
" ' -
7552 752431 0 - 0.1 vde %OT%oro
Galvanometer 2430C 1329831 25 ohms 3.9 pa/m
(L & N) o
" " 1654526 500 ohms 3.5 pa/h
Resist. Therm. 8163 1639558
(L & N)
Bridge (L&N) 8069 1605421 100 ohms 1 milliohm
Wattme ter DW 955527 200 watts 14 rs
(SenResIns) _
Std Cell (Eppley) 661279 1.01926 v. 0.01 %
Thermopile 81070
(Cenco) ‘
Dial Gage 0 - 1inch 0.0002 inch
(Federal)
Miller Telescope 3 - 10X
(R. Helser) "
Galvanometer 570 20y 0 - 6ouv
(GMI)
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APPENDIX IX. VELOCITY MEASUREMENT IN NATURAL CONVECTION

The following is a brief discussion of the problems
involved 1n accurate measurement of local fluid velocities
in turbulent natural convection. It is presented in four
parts, vis. (1) The requirements placed upocn any anemometer
by the physics of natural convectlon, (2) the low-speed
limitations of the hot-wire anemcmeter, (3) comments on
‘some other possible techniques, and (l) recommendations
regarding the measurements in question.

A. Natural Convection Anemometer Problems

The éxperimental challenge presented by the measurement
of wveloclty in natural conveotion 1s composed of several
separate problems. Primary among thesé is the magnitude
of the velocities to be measured. The general shape of
the natural convection velocity profile 1s well known
(consult Figure 1 of the text). It is significant that
for laminar natural conveotlon in ailr, the maximum veldcity
measured has been on the order of 0.5 feet per second.
Approximate early measurements in the turbulent regime
(Rayleigh Number of 1010) indicated a velocity maximum f
in the vicinity of 2 ft/sec. (24) Te low relative
potentials thus constitute a significant challenge to .
measurement, in and of themselves.

The problem is further complicated by the changing
direbtioﬁ of the averagé total velocity veotor with dis-
tance through the boundary layer, due to the combined in-

=103~
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fluence of the u and v velocities. A satisfactory instru-
ment must thus be capable of directlonal discrimination.

The sﬁperposition of the temperature profile further
complicates matters. The desired instrument must also
separate its velocity and temperature responses in some way.

For accurate measurements near the wall, the inter--
action of wall and instrument must be, at least, capable of
mathematical correction. Wills(Bu) describes and discusses
thls problem and its solution for é particular class of
instruments.

Perhaps the most significant problem in the turbulent
regime of the flow is the turbulence itself. The fluctua-
tions introduced into all measurable variables present an |
added burden upon the instrumentation: it must here be
capable of discriminating between mean and fluctuation.
This is particularly severe in the case of natural con-
vection, where fluctuations are relatively large, and-
frequencies are small,

The sum of.the problems listed presents a formidable
obstacle, especially in the turbulent case. Because of
its widespread success in forced convection, the hot-wire
anemometer seems at first to provide the obvious solution.
As will shortly be seen, some subtleties of its heat

transfer physics also preclude its use.
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B. Obstacles to the Application of the Hot-Wire .
Anemometer to Natural Convection

The majority of the problems mentioned above have
been successfully attacked by hot-wire anemometry in
the case of%forced convection. By the emp}oyment of two
or more wires in speclal geometrical and thermal config-
urations, the various effects of crossed velocity and
temperature fields may be singled out. Although fluct-
uations greater than 20% of the mean would require & new
data handling technique to allow the measurement of inten-
sities and correlationé; mean velocity should be easily
within the range of capablility. The real challenge of
turbulent natural convection is rooted in the magnitude
of the veloclties themselves. At Reynolds Numbers below
one the sensitivity of the hot-wire anemometer decreases
rapidly to zero (and actually becomes negative in the
limiting case). This is due to the lnteraction of the
forced convection problem caused by the velocity fleld
to be measured with the frse convection problem inspired-
by the overheat in the wire. This problem has recelved
thorough treatment in the experimental work of Collis
and Wiliiams(s).> Their data for this interaction problem
is partially reproduced here as Figure A6. For the
experimental case described in the text, (Re)% = 0.2
corresponds roughly to a cooling velocity of 0.l feet
per second. As is shown in Figure A6, the lower limlt of
sensitivity ihoreases with overheat. Further information

from the paper indicates that it also increases with

1
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wire diaméter. Thé same effects were noted earlier by
Simmons(uB). |

Compaf}éon of the instrument limitations with the
expected veloclty magnitudes, as discussed above, reveals
the difficulty olearly. Even for an isothermal case, only
velocitles near the maximum would be capable of accurate
measurement by this technique. The presence of the temp-
erature fleld renders the highly temperature-sensitive
hot-wire useless as an anemometer in this low-veloclty
range.

In view of what is now knownabout hot-wire physiecs,
the ‘velocities measured by Griffiths and Davis(24) ape
indeed suspect, and although no better measurements have

besn published to date, we accept them with reservation.

C.Other Anemométery Posslbilitles

With a full awareness of the limitations of the
hot-wire anemometer, methods which previously seemés cumb -
ersome and unnecessarily complicated are seen in a moré
favorable light. :

The pioneering veloclty measurements for the laminar
case were made with the quartz-fibre anemometer. Thls
instrument is thoroughly discussed by Tritton(52).
Although cumbersome in application, 1t has the advantage of
a very low sensitivity to temperature changes, and thus
sufficed for the laminar case. The reference cited gives

a good bibliography for laminar applications. This initial

recommendation to its use for turbulent flows is rather
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forcefully counterbalanced by the greatly complicated
procedure required for its application to the fluctuation-
ridden measurements characteristic of those flows.

A search of the literature suggested the following
alternative§: (1) a hot-therimnistor anemometer(32),
(2) timed observations of smoke or particle trajectories,
(3) a pulsed hot-wire, or pulsed-spark anemomster.

Experimental trials of alternative (3) suggested
a very poor sensitivity to low velocltles here as well.
It would be surprising indeed to find a different heat
transfer behavior in the larger, hotter heated thermistor
than in the hot-wire anemometer. The interminable
observations which are suggested by the particle-trajegtory
technique for low-frequency, flucectuating fldws appears to
rule out alternative (2). The remaining possibiiity
within the stated scope 1s that of the quartz-fibre anemo-
meter. The extensive investigation of this instrument
made by Tritton(52) shows that it can probably be adapted
to turbulent‘flow, but at high cost in terms of opfical
instrumentation and observation, compilation and
interpretation labor, since all data must. be taken visually.
Moreover, calibration is a very exacting and troublesome
process, slnce the natural frequencies of each element
must be separately determined for proper interpretation 6f
results. The sum of these precluded the use of this

1nstrument in the experimental program reported in the

text‘
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As a result of the study outlined above, 1t was
concluded that measurements of velocity were beyond the
scope of the present study.

D. Recommendations for Velocity Measurements

It is recommended that the fibre anemometer and
particle-trajectory technlques be further investigated.
The use of one of these methods to obtain information
about the fields of velocity in turbulent natural
convection would constitute a valuable contribution

to the literature. | : ’ \



