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SUMMARY

Thig thesis describes the application of the differential
interferometer to the measurement of local heat transfer coefficient
in the transitional and turbulent regime of natural convection. The
ijéctive of this investigation was to determine the applicability

of‘the differential interfg;oméﬂer to measurement of local heat

‘transfer coefficients in.thé turbulent and transitionsl regimes. This

objectiv? was accomplished by measuring local heat transfer coefficients
in the transitional and turbulent regimes of natural convection from
an upward facing isothermally heated highly inclined plate.

Heat transfer rates were determined by placing an isothermally
heated inclined plate in the viewing section of a dirfferential inter=-
ferometer. Motion pictures of the fringe deflections caused by the
heated air were used for local instantaneous heat flux measurements
and flow visualization studies. These motion pictures provided a
sequence of instantaneous parallel fringe deflections which could be
related to the instantancous local heat transfer coefficient. The
local heat transfer coefficient was determined by time averaging the
local instantaneous heat trensfer coefficients. Infinite fringe pattern
photos were used to observe variation in the boundary layer to determine
the aﬁproximate location of onset of transition and turbulence and
to observe. oscillstions in the flow of heated air.

Pour tests were conducted, cne each at 45°, 60°, T0°, and 80°
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inclinations from the vertical. All tests were conducted in air at
Rayleigh numbers from 3 x 105.t0 9.5 x 109,

The primary conclusions of this investigation are as follows:
the differential interferometer can be used to measure locel heat
transfer coefficients in the transitional and turbulent flow regimes of
natural convection; the interferometer also provides fringe patterns
that are an excellent means of observing the flow structure within
the thermal boundary layers; heat transfer coefficients measured by
the differential interferometer in the turbulent flow regime above
an isothermal inclined plate are in good agreement with previously
published results; and heat transfer coefficients in the fully
turbulent regime of an inclined plate are not dependent on angle of

in¢lination or length from leading edge.

S



CHAPTER I
INTRODUCTION

In;terferometers have heen extensively employed in the study
of hegt transfer because they possess several distincet advantages
over other measuring devices. The major advantages are that the
presence of a light ray does not disturb the flow as would a thermo-
couple, hot wi?e anemometer, or other such device. Likewise, there
is little inertia associated with a light ray; this promotes
instantanecus response to rapidly changing conditions. Lastly,
these devices are excellent in providing a visualizstion of the flow
field because they graphically display the thermal boundary layer
and types of flow regimes that surround a heated object.

Two of the most prominent men to employ the Mach Zehnder
interferometer to flow visualization are ERG Eckert and B. Gebhart.
ERG Eckert made extensive studies of natural convection from vertical
plates [11, 13] and .many textbooks, for example that of Krieth [32],
displey pictures of his interferograms depicting the 1aﬁinar,

transitional, and turbulent flow regimes, Gebhaxrt, on the other hand,

.used the iﬁterfbrometer in stability studies of natursal convection

from vertical surfaces as treated in his article "Hatural Convection

FlowaInstabil%;&vﬂhdJTr&ﬁBitio&&wﬂ;Tl.

The Mach Zehnder inteiferométer,'fhe*tyyqfof interferometer

used by Eckert and @ebhart, has been the most widely employed inter-
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ferometer in heat tramnsfer studies. The Mach Zehnder interferogram

produces fringe lines that are identical to isctherms. The measurement

of heat transfer coefficients requires approximating the temperature
gradient by knowing the precise location of the isotherms. This need
to accurately locate isotherms and then approximate gradients has made
the problem of determining heat trgnsfer coefficients in all but

laminar flow extremely difficilt. REckert and Soehnghen [13] stated

that these fringe lines fluctuste quite rapidly throughout the boundary

‘layer even at the solid surface and are not ¢learly visible in photo-
grophs taken from the floﬁ,{ﬁéﬁevef, they can be seen with'the aid
of a magnifying glass.

To illustrate the difficulty in measuring the heat transfer
coefficients in turbuient flow with a Mach Zehnder interferometer,
the variation in air temperature a small distance away from an iso=-
thermal plate was calculated. Details of these calculations are
presented in Appendix A. The parallel fringe pattern produced by
s differentisl interfercmeter was used to calculate the air temper-
sture 3.51 x id_3feet normsl %o a 282°F isothermal plate. The air
temperature varied from a low temperature of 251°F to a high of 260°F

during a five second interval (Figure la). This temperature variation

. cansed a Mach Zehnder fringe shift between 27 and 30 fringes

(Figure 1b). Due to the large number of fringe shifts produced,

Y

. Y
visualization of the instanﬁaneous temperature necessary for pre-
o im¥%'7 ; B S k .y
on of the loeal hesat transgér coefficiefit is extreéemely difficult
. . i i = a, .

with a Mach Zehnder interferomeéter and as a result its application
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to heat transfer problems has been limited to measurements of heat
transfer in the leminar fiow regime or to flow visualizations.

Unlike the Mach Zehnder interferometer, the differential
interfercmeter has not been widely used in heat transfer research.
Its interferograms produce a parallel fringe pattern that can be
direetly related to temperature gradients. Therefore, by using this
interferometer, it is not nécessary to locate isotherms and approximate
temperature gradients to determine heat transfer coefficients. The
only measurement necessary is the relative displacement of an
individual fringe line at the surface of the heated object. This
relative fringe displacement is directly relatable to the heat
transfer coefficient:as will be discussed in more detail in Chapter
ITI. The differential interferometer provides a much simpler pro-
cedure for the determination of heat tremsfer coefficients and because
of this simpliecity it was decided to attempt to measure free con-
vection heat transfer coefficients in transitional and turbulent flow
regimes.

In order to keep the experiment as simple as possible it was
decided that free rather than forced eonvection would be used. This
would greatly simplify construction of the test apparatus by
eliminating the need for blowers and associated ductwork. Secondly,
by inclining a flat plat.e. from the verticle, the critical Rayleigh

. E‘s-“ '
number ;n_a.rking" the onset of transitional and turbulent flow could

* be reduced by"';gji.{-_::qrtier"of three, or more ragnitudes [5I_F.. This meant

that the flat plate would be ghorter and lighter facilitating




construction and operation.

In conducting a literature survey of heat transfer work in
the field of natural convection from inclined'surfaces, it was found
that 1little had been done in the transitional and turbulent regimes.
(See Chapter II)} Therefore, in concomitance with determining the
gpplicaebility of using the interfercmeter in measuring heat transfer
coefficients in natural convection a secondary objective was proposed.
The differential interferometer was to be used in conneetion with an
izothermal highly inclined flat plate to determine:

(1) Local Nusselt number in the transitional and turbulent
flow regimes.

(2) Boundary layer thickness.

(3) Critical Rayleigh numbers marking the onset of transition

and turbulent flow as a function of plate inclination.




CHAPTER II
LITERATURE SURVEY

A survey of literature dealing with natural convection from
upward facing heated flat plates revealed that most natural convection
studies have heen conducted from vertical or horizontal flat plates,
[1-4, 7, 9-15, 17-24, 27, 28, 3234, 37-39, 43-L45, 47, 48, 52-5L], and
one quickly agrees with C. G. Vliet's introductory statement: "Trans=
itional and turbulent datea for heated inclined surfaces are essentially

absent" [57]. The remaining portion of this chapter is a chronological

&

brief suwmmary of the articles pertinent to natural convection from
upward facing heated machined flat plates.

B. R, Rich published an analytical analysis in 1953 which
predicted free convection heat transfer rates from an upward facing
inclined heated plate [41]. The results of this analysis showed that
the Nusselt number for an inclined plate could be predicted by using
a vertical plate correlation except that the Grashof number should be
calculated on the basis of the component of accelerstion of gravity

along the plate surface. Through experiments conducted using a Mach

Zehnder interferometer, the anslytical results for laminar flow were

confirmed. This anelysis has been widely accepted and can be found

in most_heat transfer texts [27, 32].

D. J. Tritton investigated natural céﬁveétipn from. horizontal

and inclined plates in 1962 [48, 49]. The major emphasis in these

A
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vortices increases with ansincreased temperature difference but the

articles was the flow phenomena of turbulent free convection snd their
variation with the angle of inclination. The conclusions of these

articles were that slight inelinations from the horizontal did not

alter the heat transfer from the plabte or the mean temperature
distribution in the heated air. Furthermore, it was determined that
there was a marked dependency between the onset of transition from
laminar to turbulent flow and the angle of inelination.

In 1968, W. T. Kierkus pﬁblished a perturbation analysis on
two—dimensioﬁal laminar free convection from an ineclined plate to
fluid with a Prandtl number of 0.70. This method used the classical
boundary layer solution as the zeroth order approximation [31]. One
inclined plate experiment was conducted and good agreement was
obtained with the analysis.

Also in.1968, Sparrow and Husar performed flow visualization

experiments using & pH technique on an iscthermal plane [46]. From

these experiments it was determined that for angles greater than 15
degrees from the'vertic&i:a cellular'secondary flow is .superposed
on the-natural convective flow. This secondary flow consists of L

longitudingl vortices which constitutes the first state of the laminar

to turbulent transition. This behavior is in contrast to Tollmien-—

.Schliching.ﬁave which constitutes the first stage of transition on a

vertical plate. It was also determined that the number of these

numbéE?Q§ v@f%iées is relatively'Indepen&eﬁtmof_angle.

A major contribution in measurement of hegt transfer

¥
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coefficients in laminar, transitionsl and turbulent natural convection
from inclined plates was C. G. Vliet in 1969.[51]. The experimental
investiéation was conducted using a comstant heat flux plate. Most
tests.ﬁere.éonducted using water as the convective media although

tyo'tests were performed in air. In the laminar -regime Vliet's

‘results coincided with those of Rich [b1]. In transifionsl flow it

was concluded that the locatibn'of transition was stfoﬁgiy"dependent on
angie of inclination and that the span of the transitional regime

was approxitately 1.5.aorqersiof magnitude of the Grashof number. 1In
the turbulent regime it was determined that there was better correlation
between the Wusselt and Grashoef number if the actual acceleration due
to gravity was used rather than the parallel component to flow as in
laminar regimes.

Also in 1969, J. K. Lloyd and E. M. Sparrow published the
results of the experiments relating the nature of natural convection
flow instability to the angle of plate inelination [36]. Using an
isothermal inclined plane it was concluded that the mode of instability
was due to waves for angles of inclination less than 1k degrees from
the vertical and that longitudinal vortices were the mode of instability

for -angles greater than 17 degrees. Also the angular dependency of the

.‘;anleigh number characterizing the onset'of'instability for inclinations

up to 60 degrees was determined.

In 1970 K. E. Hassén and S. A. Mohamed publisbed the results

LB e e
“eoy,aﬂw§§periméntal iﬁveStigationwéf'free convection from an isothermal

inelined plate. The local Nuséélt nupmber was shown 4o be a function




of the local Grashof number modified by the cosine of the angle of
inclination for laminar fiow. However, toward the trailing edge of
the inclined plate a region of separated flow occurred which con-
tinued to give the Nusselt number an angular dependency. In all
regions up stream of the separated region the results were in close
agreement with established theories of laminar flow heat transfer.

J. R. Lloyd, E. M., Sparrow, and E. R. G. Eckert in 1971
published a paper [35] concerned with results of experiments conducted
in natural convection mass transfer adjacent to vertical and upward
facing inclined planes. Mass fransfer rates in transitional and
turbulent regimes were presented. In the {ransition regimes sign-
ificant spanwise variation in both instantaneous and time averaged
measurements for angles of inclination greater than 15 degrees were
measured. In the turbulent regime the local nondimensional mass
transfer rates correlated well with the Rayleigh number to the one-
third power.

In 1972, T. Fujii and H. Imura published the results of experi-
mental measurements of heat transfer coefficients ffom inclined
planes [16]. This article confirmed Vliet's [51] conclusion that
there was no angular dependency of Nusselt number in the turbulent
regime and, 1ike Lloyd, et al.[35], that the heat transfer coefficient
was shown to be independéﬁt of length.

3
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CHAPTER III.
TEST APPARATUS

The test apparatus consigts of five basic elements: heated
plate, plate carriage, thermocouples and potentiometer - recorder,

heaters and power supply, and camera - interfercmeter.
The heated plate was a 60 x 16°x 1/2 inch aluminum plate with a

th respect to the

e

upward facing pi&‘te. surface. The upward facing sv:ill.;u.'fa.ce of the plate
was .polished to a smooth finish and all burrs were removed from the
sides of the plate.

The plate waé heated by 10 segmented 6 x 10 inch Watlow
silicone rubber heaters which were attached to the back of the plate by
GE RVT. 116 adhesive. The reason segmeﬁted heaters were employed is
because the heat transfer coefficient shows a large variation in

magnitude from the leading edge to downstream locations. Figure 2

graphically depicts this variation in heat transfer coefficient

from a hested vertical plate. In order to obtain an isothermal plate

it is necessary to increase the heat flux close to the leading
edge of the plate and reduce it in the direction of flow.

The large géyospdfhgck surface of the heaters was insulated with

{fgh it * ¥ =,

ar.
=

One"hQ%£finghﬁﬁiﬁgrgl“f$ batten-ipsulation to, reduce -the heat loss from

‘the back surface of ﬁhe plate.
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Figure 2. Local Free Convective Heat Transfer Coefficients from &
Vertical Isothermal Plate. 'Ref. {8].
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Because the viewing section of the interferometer was only
3 3/4 inches in diameter aend the plate was 60 inchés long, it was
necessary to mount the plate on a carriage-rail system. This system

permitted the plate to be mowed through the test section and also

rotated from an inclination of L5 degrees from the vertical to a

horizontal position. See Figure 3. The rail system alsoc had
vertical side surfaceg attached to prevent significant side flow from
occurring across the plate surface. A reference marker was fixed

to the side of one rail in the viewing section so that it was visible
in all pictures taken. Also a scale was marked on the carriage so
that plate position within the test section could be accurately
determined.

The temperature\sensing system consisted of 21 copper=
constantan thermocouples mounted from the ‘back of the plate to a
position 3/64 inchefrom the upward facing surface. Each thermocouple
bead was covered by a film of RIV 116 to insulate the thermocouples
from the A. C. noise of the heaters. BSeventeen thermocouples were
mounted along the longitudinal axis and four were mounted 2.5 inches
off this axis. A diagram of the thermocouple locations appears in
Appendix B.

Sixteen thermocouples, 14 on the center axis of the plate and
two off center, were continmiously monitored with a Honeywell Electrpnik

153 multipoint rggﬁ?ﬁgr; .E@Leads and Noﬁ%ﬁrﬁp Potentﬁgmeter was ﬁired
- . PR £ & ~

‘%into&ﬁﬁ%%ﬁﬁircu5%3in-order to chéggithﬁ.acéﬁféby of the recorder and

to. provide pwoper scsling of the recorder. (Schemstic, Appendix B).



Rail

Heated Plate

Carriage

Side Guard

Leading Edge

Schematic Diagram of Plate System.
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The air temperature was monitored by two thermocouples placed
five feet from the ends of the plate and shielded for radiation from
the plate. These were not continuously monitored by the recorder but
were measured before and after each test.

Theﬂpowerlsupplied to the heaters was regulated by seven A. C.
variacs. The first five heeters from the leading edge were each
wired to a single variac., The next two heaters were wired in parallel
to the sixth variac and the last three heagters were similarly wired
to the seventh variasc. By monitoring the temperature on the recorder,
the power input to the hester was adjusted to insure isothermal
plate. conditions.

The fifth system is the differential interferometer -camers
systems. The differential interferometer is an optical instrument that .
permits the measurement of the gradient of index of refraction in the
viewing section. Only & brief overview of its applicaiion in measuring
heat trensfer coefficients will be discussed. For a more detailed
discussion the reader is referred to references [5, 6, §].

A schematic diagram of this interferometer is shown in
Figure 4. Basically light leaves the light source and is filtered to
obtain a single wave length. It then pﬁsses thréugh 2 polarizer
‘oriented so'that the light is divided into two equal magnitude electrical
vectors. .ThESe two.vectbrs are focused on the first of three Wollaston

prisms, WPl. The¢Wbllaston ‘prism causes the rays assoc1ated with each

‘\

-r_ !ﬂ"
“electrlc vector to diverge sllghtly as- they leave the prlsm. WPl is

I.A-

gt the focal point of the first Spherlc&l minor, SPl, 80 that after

e — e ————
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Figure 4. -Schematic Diagram of Differential Interferometer.
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‘Hewton's "Law of Convection,'

16

reflection_fram the mirror the two rays have parallel ‘but slightly
different paths. After the rays pass tlrough the test section they
‘are focused on the second Wellaston prism; WP2, which is the same as
the the first prism but }otated so that the effect of the first is
reversed. Leeving WP2 the rays pass through the third Wollaston
prism, WP3. This prism produces a phase shift beﬁweenithe'two vector
cﬁaponents. After leaving thg;ﬁhird Wollaston prism, WP3; ﬁhe rayé
pass through an analyzer which caﬁses interference between the two
electric vectors. The intéﬁfgrganﬂ@attern produeed is a. series of
equally spaced parallél fringes which is commonly referred to.as a
parallel fringe interferogram. All prisms can be rotated so that
megsurements can be made in any direction.

When a heated object is located inm the test section, the two
slightly separated rays pass through regions of slightly different .
temperatures. As a result the two rays experience slightly different
optical paths which cause a deflection in the fringe pattern produced.
by the third Wollaston prism. This defleétion of an individual paraliel
fringe is proportional to the gradient of the index of refractiocn
experienced within the air surrounding the hested plate. This gradient
can be related to the temperature gradient which in turn, by using

' can be related to the heat transfer

. coefficient "h". The governing equation for this relation is:

=

oy dm 2

b= L P remne(T. L)

] m.-

‘3..-’.-& .
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Again the advantage Qf using a differential interferometer is this
direct correlation between the heat tramsfers coefficient "h" and the
fringe shift "m". Details of the derivation of this equation may be
found in reference .[5, 6, 8].

Figure 5 shows a sketch of a typlical pérallél fringe pattern
produced by free convection from a flet inclined plate. The fringe

deflection at the plate.surface. is proportionsl to the loeal free

. econvective heat transfer .coefficient.

The third Wollaston prism may be removed so that the only

‘fringes that appear are those caused by a gradient of index of

refraction in the test section. This condition produces fringe lines
which are'pr0portiongl 10 lines of constant.gradient as shown in
Figure 6.

The camera used to record the fringe pattern was a Bolex H-16
Reflex cemers which was rigidly mounted to the eye piece of the
interferometer, A film speed of 18 frames a second was used with a
shutter setting of 1/2 closed position. Kodak l-X film 7277 with an
ASA of 320 was used for all tests. Since the camera collecﬁéd all
of the light from the mercury arc source two Kodak N. D. 0.80 and
one 0.60 gelatin nutral = density filters were used to obtain proper

film exposure.
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Und isturbeﬂ Fringe

"Deflected Fringe

Figure 5, OSchematic Diagram of Parszllel Fringe
Pattern.
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CHAPTER IV
TEST PROCEDURE

Prior to conducting the experiment all ventilation :ducts in
the room were sealed with metal plates and flaps were placed arocund

all door edges to insure against outside circﬁiQ%iOn effects. Before

i+

each test was conducted the following ﬁroceﬁﬁré}%gs followed:

(1) The Honeywélllrecorder and.potentiométéé.were calibrated.

(2}, The plate dngié wvas 'set by use of plumb bob ﬁnd Pro=- -
‘tractor to lest than one—ﬁalf degree of desired angle.

- (3) The plate and interferbmetér'éiigﬁmént vere checked.

(4) A reference picture of the parallel fringe pattern was
taken. |

(5) The plate was moved to initial test position and the
angle of inclination and alignment were rechecked.

After these preliminary steps were taken the plate was heated
and power. settings were adlusted to obtain isobthermal conditions.
Once the plate had stébilized.to the desired temperature a comparison
of thermocouple EMF measured by the recorder and potentiometer was
.Cohducted,_ Room air temperature and pressure were measured at this

time, Mbtion'pictufes were taken at the desired position along the
Hﬁfﬁ?k’“ o -
plateiSurﬁgcé%&ﬁﬂbrmaily'theSe-pogitigns were spaced from four to six

P g

inches apart and pictures were taken of both the infinite and parallel
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fringe settingslét each.location. During this perioed of plate movement

the temperature was continually monitored to: insure that the plate:
temperature did not vary by more than three degrees fF&hrenheit.After
the test run was completed, but prior to.turning off the plate,
another .comparison was made of the EMF's measured by the recorder and
‘the potentiometer.

| The plate temperature was determined by averaging the .
temperature readings of all the thermocouples at five different times’
during the period of the test rur and corrected by-thé.average
variation between the recorder and potentiometer. (See Appendix D
for.plate‘tauperature data). The average air temperature was deter-
mined by averaging the five air temperature readings.

To determine the fringe shift, the reference pasrallel fringe
pattern was projected on to a screen and deflection measurements were
taken by superposing test frames on the reference pattern. Computation
of the average fringe shift was achieved by time averaging the fringe
shift of every third frame for a total of one-half second in the
laminar regicn and for a teotal of five seconds in the transitional
end turbulent regimes. It was found that there was little difference
in the average fringe shift if g period of five to ten seconds was
used.

All air property values were based on a reference temperature

which was the.awen§g§ipe£ﬁéenlambient eir-and plate temperature,
LT ' :

,?7Pr6pé¥ty5vﬁluesftabﬁlatedffromﬂreference [32,.56]

are discussed in Appendix E.
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CHAPTER V
DISCUSSION OF RESULTS

A1 tests were conducted in air, Pr = 0.696, on an .iso~

“thermally heated upward facing inclined plate at a temperature of

approximately 280°F. All heat transfer results were measured between

two and 49 inches from the leading edge of the plate. Four tests

were conducted, one each at 45°, 60°, 70°, and 80° from the vertical.

Since the primaxry objective of this 1nve=t1gat10n was the measurement
of heat transfer rates in the tran31tlonal end turbulent flow regimes,
the plate temperaturé*wés selected to insure that as large a portion

of the plate as possible would be in these réggﬁgs. This procedure

. led to the selection of 280°F as the plate fempeféture for all test

s runs. See Appendix C for details.

The discussion of experimental results will be presented in

two'septions: Flow Visualization and Heat Transfer.

Flow Visualization

One very important benefit of using an interferometer is

the fact that the fringe patterns permit visual observations of the

flow of heated air surrounding the plate. The infinite fringe inter-

ferogram prov1geSméﬁ«1nstantaneous photograph of the thermal boundary
f o

'layer.- As a result it is a relatively simple task to determine at

what distance from the leadlng"edge of the plate flow proceeds into
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the transitional and:fully.turbulent regime. Also_fluctuations qf the
flow pattern in the transitional and turbulent regime which can cause
large variations in the local heat flux from the surface can be observed
with the aid of the infinite fringe photograph. The parailel fringe
pattern can then be utilized to determine the magnitude of the variation
in the convective heat transfer COefficient._

A study of the infinite fringe patterns of the heated air
surrounding the ineclined isothermal plate was initiated to determine
several parameters which are important in the study of heat transfer
from the plate. The thermal boundary layer thicknesé ;for the 45°
inclined plate was determined for a position from the leading edge of
the plate until the thickness becamg greater than the field of view
of the interferometer. Values of critical Rayleigh numbers as a
function of plane inclination were palculated which estimate the onset
of transitional snd fully turbulent flow. Also measurements taken from
the infinite fringe photographs were used to aétérmiﬁe'the'freqﬁency
ét which waves were shed from within that position of the boundary
layer adjacent to the plate.

The onset of transitional flow was first marked on the infinite
fringe photographs by an apparent whiff of heated air which repeatedly
'rbse from the surface and disappeared in the outer regions of the
boundary layer. Lloyd and Sparrow (361 and Sparrow and Husar [46]
indicate that'Ffang%ggon on planes inélined greater than 17° froﬁ the
vep@igggﬁigﬁgau;éd by the formatien of longitudinal vortices. The

vhiffs of heated air observed im the interferograms which were oriented

—
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parallel to the plate.could be the indication of the heated air
rolling.oﬁt_qf'such.vortices. The .location where this phenomenon
.occurréd.and the measurement of the'Rayleigﬁ.number.corresponding to
this location correlated well with Lloyd and Sparrow's [36] eritical
Rax_for onset of transition, see Table 1. Also in this table are the

observed critical R&# for angles of T0° and 80° which were not covered

by Lloyd and Sparrow.

Both infinite and parallel fringe patterns could be used to

indicate the onset .to transitional flow. The infinite fringe pattern

graphically portraysvthé:flow structure and provides a visualization

of particle movement which is easy to interpret. However, it was
much easier to isolate phe_onset of transitional flow by using the

parallel fringe pattern because of the contrast préduced in fringe

lines. The'disfurbance in the fringe lines.prodﬁbedﬁaééillamiéns whiech

were easy to:observe.

'Once'traﬁsition.Obcurred_the flow rapidly took on the appearance,

_iﬁ the infiﬁite'fringe photograph, of an outer core region of

~rapidly varying mixing and a thin sub-lsgyer close to the wall of

wore steady wave-like motion. (A plictograph depieting this is showm

in Figure 6a and 6b). In the transitional and turbulent regimes,Vaves

-.occurved in the sub-layer region. These waves moved up the plate and

into. the outer core where the motion of heated air was more turbulent.:

The tops of¥$ﬂp$¢ﬁugves.appeéred to roll off of the siowly fluctuating

e T I AU, PP s A Dy 4L .
;sﬁﬁ;&qyeg and ‘on” into’ the mdre wdhdonm motion of the core fluid.

The frequencysof thesé "wave bursts" was not dependent on their
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Table 1. Compa.ri"son of Critical Rax for Transitional -
- Flow. ' C

Angle Lloyd's Mean Rax ‘Lioyd's Stand Deviation Observed.Ra.x

+0.79 x 107 2.4 x 10

=
wun
Q
|_|
e |
8-
o
=1
+

60° .7 % 107 . £ 1.6 x 10” 2 x 10°

— .

: 700 - 3 % 107

b

80° - : 2 x 10




Figure 6a.

Infinite Fringe Photo of U5° Inclined Plate at
Re, = 7.2 x 109.

Figure 6b.

Infinite Fringe Photo of Horizontal Plate at
Rax = 7 x 108,

25
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‘location on the plate, but the frequency randomly varied as mmuch as

+ 30 percent. .The angle of plate inclination did not appear to

greatly effect the frequency, thqﬂgh.the'frequency'of.occurrence.was

highest :for the T0° plate at approximately 1.8 waves per second and

lowest for the 80° plate at about 1.2 waves per second.

Determination of the threshold of fully turbulent flow was

mich more difficult than locating the position where transition first

.occurred because the ocuter portion of the thermal boundary layer

already appears as though a significant amount of mixing was occurring

only inches from position of tramsition onset. Flow visualization

criteria for determining turbulence should be wniversal or at least
indications of turbulence should be the same regardless of test. But
in using the infinite fringe there was very little in the area of
suspected turbulence that would distinguish the turbulent flow
structure from the transgitional flow just slightly up stream.

Due to this difficulty in observing the occurrence of fully
turbulent flow with the infinite fringe pattern, the parallel fringe
pattern was eventually used and provided a mmuch better measure of the
onset of the turbulent flow regime. In each case the outer portion
of this fringe pattern which was not greatly deflected in the transitional
regime was forcefully disturbed in the turbulent area. The presence of
a wave bust associated with the constant gradient sﬁb—layer caused the
relatively undlsturbed fringe in the outer layer to oscillate much
mmré%vzolently than had occurred in the transitional regime. The

initial onset of these forceful disturbances coincided qulte'well with
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relatively large veriations in the local instantaneous .convective heat

transfer coefficient.. These variations were characteristic of the flow

Tluctuation uhich.occurredlin the turbulent area, see Figure 10.

The span of transitionazl regime was found to be of the order of

two to three megnitudes of Ra, as.compared to Viiet![Sl] who deter-
mined the span to be of the approximste order of 1.5. There appears
+0. be no conflict in these conclusions. One possible reasorn can be
offered for this difference. Vliet‘used.a'probe of copper constantan
thermocouples .for detecting flow oscillatidns as opposed to an
optical device which is more sénsitive.to.any rapidly changing
disturbance.’

The thickness of the thermal boundary layer could be easily

measured from the infinite fringe photograph because the region within

- which there were any thermal gradients were outlined by the presence

of fringe lines. However, this measurement was limited to regimes
near the leading edge of the plate because the boundary layer grew
guite rapidly and was soon .out of the field of view. The boundary
layer thickness for the:h5°'plate is plotted in Figure 7 until a
locetion at which the outer edge of the boundary layer was no longer.
visible.

A study of the infinite fringe pattern, Figure 8, revealed an

. unexpected result. Even though the outer extent of the thermal boundangg

layer grev qylﬁe rapldly as indicated In Figure T, there was a sub-
£

51&yer c&ose.to the plate surface within whlch the temperature ef the

fluid changed quite rapidly. Interestlngly enough, this sub-léyer
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Figure 8. Composite Infinite Fringe Photo of L5° Inclined
Plate.



P

 confirm this prediction. In Figure 6 two infinite fringe pictures 5
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remained:fairly'unifbrﬂlin thickness for all locations over the
surface of the plste. The extent of the sub-layér'can be seen as
several closely spaced fringe lines that are paraliel to. the plate..
In the laminar regime the sub-layer reﬁained very stable and uniform
in thickness except at the leading edge of the plate. In the trans-
itional regime, the occurrence of waves first appeared in the outer-
most region of this sub-layer although the average thickness of the
sub=lgyer still remained much the same as in the laminar portion of
flow. Even into the fully turbulent regime the thickhess of sub- -
layer remained constant with intermittent disturbances caused each
time a wave moved along the surface of the plate. This disturbance
and its effect on the surrounding flow pattern and on the heat .
transfer at the surface was more intense in the fully turbulent
regime than in the transitionsl regime. A plot of the instantaneous
thickness of the sub-layer is shown in Figure T.

Hassan and Mohamed [26] and Dr. Hassan in personal conver—
sations indicated that there is good reason to believe that the flow
characteristics on an inelined plate snd a horizontal plate would be

similar in the turbulent regime. Infinite fringe photographs of a

‘horizontally heated plate and a 45° inclined plate were studied to {

are shown with one illustrating the fringe pattern for a horizontal 3

plate and oﬁé'gér a plate. inclined at 45°, Both photogrephs have
R R 2 : !

7

G .J.r_‘_-él‘ i?; e R s N P .
'ﬁmj%%rikiﬁg&gimilarities. Both.shgw“gmal$ ceils next to the surface, a

vavy band of constant gradient lines spaced just above the surface,

— e




i

31

and an outer region of more thoroughly mixed fluid. One dissimilarity
can be detected however. In the7h5°.photogfaph the effect of the
bouyency force moving the wave up the plate appears while in the

horizontal orientation the flow moves primerily away from the surface.

- Heat Transfer Measurements

The parallel fringe patter produced by the differentisl
interferometer was used to.measure the local convective heat transfex
coefficient in the laminar regime and the'local instantaneous heat
transfer coefficient in the transitional and turbulent regimes. The

local instantaneous values in those regions in which the heat transfer

! coefficient varied with time were integrated to obtain time average local

"heat transfer coefficients. Data_collected in this manner was then

compared with existing results for the laminar regime and a correlation
of the form of Nu_ = C(Ra;x)n is proposed for the turbulent regime.

The length of plate under the influence of laminar flow has
been shown to be a function of the angle of inelination of the plate.

As confirmed in Table 1, the position from the leading edge to the

1

poeint of onset of transitional flow decreaseg as the angle of plate
inclination increases.

Due to the rather small percentage of plate surface subjected to
laminax flo#, particularly for the highly inclined plates, the number of

gﬁinar flow is rather small, Several of

data points %gcgrded for 1

i

theséddate points gie shown i Figupe 9 Tor“ leminar flow for a L5°

RN i g

inhglined plate.
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Vliet ,Nux=.205 Ra,

 NuZ155Ra/
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Figure 9. Graph of Nu}c as a Function of Rax for Inclinations Investigated.
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A,comparison-gf the 1ocal-Nux obtained in this experiment .
with Rich's correlation [¥1] shows a deviation of less then 10
percent eicept for one ﬁoint in the laminar regime. See Appendix F
for comparison.
- The local NuX in the transitional regimes fluctuated con-

siderably and there is insufficient data to show any firm conclusions,

but the plot of this data.in Figure 9 is quite similar to the graphical

plots of Vliet and Lui [52] for Nu_ in the trensitional regime on a
vertical plate, Furthermore, the data in the transitional regime did
tend to correlate better when using Ra_ cos d@-where o is the angle of
ineclination measured from the vertical, than when using Rax alone.
This is what Hassan end Mohamed [26] coutend. However, the present
study did not yield sufficient data to dc more than state that the
gorrelation in-the transitional regime dﬁes show some angular depen= .
dency.

The presence of a wave occurring inside the thermal boundary
layér which wags first mentioned in the flow visualizstion section

could be observed in the parallel fringe pattern. The general trend

‘during the observed presence of one of these waves was an increase in

the deflection of the parallel fringes immediately below and up stream

~of the wave location by as much.gs 50 percent more.than those

deflections down streen qﬁmthe wave, Figure 10. Thus, the pfesence

r

transfer%coeff1c1ent of as much £5 50 percent oven»the 1mmed@ateadown-

stream coefficient.

&% s
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In Figure 11 the instantanecus local heat transfer coefficients

for a given'Rax'in the turbulent regimes are plotted for the four

angles of plate inclinaticn investigated. The plot of these coefficients
is completeky'random with no apparent periodie cycle. However, one

can see the effect that the presence of a wave has on the heat itransfer
coefficient. _The times at which the heat transfer coefficient reached

a maximum coincided with the presence of stronger waves. Referring

to the L45° plot one can see that strong wavés.occurredlat this location
of interest.at 1/2, 2 1/2, 3 1/3 and % 1/6 seconds during the five-
gecond time.interval that the flow was observed creating a variation

of as much as + 40 percent in some cases and a variation of + 26

percent and - 30 percent from the time averaged heat {transfer

_coefficient for the five-second interval shown in Figure 11.

Experimental results from all time averaged local instantaneous
heat transfer coefficients in the turbulent regime indicate that there
is no length or angular dependency in the heat transfer coefficient
for a plate inclined between 45° and 80° from the vertical and

N /3
Nux = .155 R&x

provides a best fit for this data. (Appendix H gives criteria for

best fit curve}. This result is within 3.5 percent agreement with

Fu¢1% [16], rﬁzﬁaflgureﬁQ and%ln agreemgpt Eith Llcyd et al. [35] who
L T f
bserved Heither angular or length“&%pendency ‘For the "heat trafsfei -

coefficient in the turbilent regimes, While Vliet [51] also indicates
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that there is no angular dependency in the turbulent regime, he did

find a slight length dependency of

.316

However, in the range of Ra investigated there is good agreement
between experimental dabta. collected during this study and Vliet's
curve, Figure 9.

Furthermore, recalling Hassan's conversation concerning the
similarity between flow in the turbulent regime from inclined and
horigontal plates, a comparison was made between tﬁe present data and

McAdams* [39] Nu equation
Nu = .14 (Ra)1/3

‘for free convection from an isothermal horizontal flat plate. The
preéeﬁt regults predict a Nusselt number that is 10.7 percent higher
for a given Ra.x than that which would have been obtained from McAdems'
equation 1gu_fhit:h is alsc plotied in Figure 9.. This varietion is well
within .the: 50 percenf ‘accuracy thet Erieth [32] elaims can in practice
be predicted by experimental data.

Lloyd, et al. [35] employed a technique of plotting the Sh/Ra 1/3

) #
es ?.? function-r'Ra to 1nd1caté% a range offéﬁ’éig% over. which the flow can be
: ﬂ»M & % g

‘ﬁk aggumcéﬁto’be fulily turbulent for mass transfef fromﬁa»flat‘lncﬂlned

plate. By following a similar procedure, one can determine the range of



furbulent. If the dimensionless parameter Nux/Ra.x
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Rax for which the flow from a heated inclined plate becomes fully
1/3 is plotted as a
function of Rgx, regions where the data points lie along a horizontal
line indicate that the heat transfer coefficient is independent of

distance from the leading edge of the plate. Since the behavior is

indicative of turbulent flow, this criteria can be used to approximate

. regions of turbulent flow. In the studies of Vliet, Lloyd snd Hassan

mentioned previously, this approach has been used to.determine the
onset of fully turbulent flow. This technique was used for the
present study and.the resﬁlts appear in Figure 12. TFrom this figure
two observations can be made: Nux for all angles of inclination
epproach a similer dependency on Ra_, and that the ‘éritical Re, which
locates onset of fully turbulent flow decreases as the angle of
plate inclination increases. Figure 11 was used to identify the onset
of the:turbulent.regime. The critical Rax measured by this method is
indicated in Figure 12 and tabulated in Table 2 where the Rax denoting
onset of transitional regime is repeated for completeness.

Four data points in the transitional-turbulent regime were

reevaluated to insure the technique of reading fringe shifts was

.accurste and to assure reproducibility of data. The same portion of

the film strips were used, but data was not collected from the same

portion of the film., The difference in fringe readings for these

four p01nts w%gziless ﬁgan é%&ercent. Gﬁmﬁarison is given in Appendix I.

wag m‘“*-i '} 5’
ﬂ?Aﬂ attempt was-made . to checltmthe plate@%emperature byfintegratlng

the area under z deflected fringe with the aid of a*planimeter.
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Table 2. Critiecal Ra_ for Onset of Transition

and Turbuleht Flow.

Angle Bax Transition

Rax Turbuwlent

60° 2 x 10

80° 2 x 10

450 2.4 x 107
| 6

700 3 x 10°

b

1.h5 x 109

6.2 x 108

8
8

2,8 x 10

1.0 x 10

. .'{f.
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Difficulty arose in the measurement of smell -areas under the fringe
with the result that the calculated wall temperatures varied by + 50
percent when compared to actual temperature measured by means of thermo-~
.couples embedded in the plate surface. This result suggests that the
differential interferometer has serious limitations if one wanted to.
convert the intended function of the fringe line.s from a measurement

of temperature gradient to one of measureﬁent cf temperature by

integrating areas under the deflected fringe lines. However, it is

possible that the figure of a 50 percent error in temperature weasurement

could be reduced by more careful integration techniques and a better

method of projecting the fringe pattern so that the area to be inte-

~grated is of reagonablé size.
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CHAPTER VI
CONCLUSIONS

The differential interferometer can be employed to determine
the instantaneous local and average local heat transfer coefficients
in the laminar, transitionsl, and turbulent regimes of natural
convective flow.

In the turbulent regime the heat transfer coefficient showed
no apparent dependency upor angle of ineclination or length from leading

edge for angles of inclination between 45° and 80°. The results from

-experimental data provide a relatipmship of

= 1/3
Nux = 0,155 Rax

for the fully turbulent regime at angles of inclination of 45° to 80°.
The instantaneous heat transfer coefficient in the turbulent

regime fluctuated randomly aend did not show a predictable cyelic

nature. Typical local instantaneous heat transfer coefficients in

the turbulent regiﬁe varied by as much as + 40 percent., This variation

was due to "wave busts" observed in the flow.

v
W

Vst
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CHAPTER VII
RECOMMENDATTONS

The method of heating the plate by using segmented electrical
heéters to.achieve isothermal .conditions worked very well and was
simple to construct and operate. However, warm up time took approxi-
mateiy four hours to insure that the plate was at the proper and
stable temperature.

The rail system was not designed properly and consideration
should be given to employing wheels or bearings between carriage and
rails. Also any future design should attempt to eliminate flexing
thet Was:present in the rail system.

Further investigation should be conducted using the differential
interferometer to determine what visual criteria can be used to
guarantee the existence of fully turbulent flow. Infinite and parallel
fringe patterns produced during this investigation give an indication
that fully turbulent flow is based on the intensity of the mixing which
was visible by the oscillations of the parallel fringes. Further
investigation is needed in this matter.

Secondly, an investigation should be conducted to determine if,

as the infinite fringe pattern indicates, the major portidn of the
g ; Py

heﬁg_transfér'%asﬁgpcurred at a relativelffunifbrm distahce from.the
§ VL es® LY : ’ o

‘surface, independent of flow regime.
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AFPPENDIY A
TEMPERATURE APPROXIMATION A SMALL DISTANCE AWAY FROM THE WALL

In an attempt to explain why turbulent flow heat transfer
coefficients are so difficult to measure with a Mach Zehnder inter-
ferometer and relatively easy with a differential interfercmeter, a

calculation of the Mach Zehnder fringe shift is made for the same

- . i

test date that appesrs in Figure 11 for h5§;£ié£é iﬁ;iinétiéﬁ.' The
calcuwlations show that the mumber of the Mach Zehnder ffinge shifts are
about four to six times the number of differential inﬁerferometer
fringe shifts making interpretation of the Mach Zehnder interferograms
potentially more difficult.

In order to determine the temperature a small distance away
from the plate an spproximaticn was made that

= (1)

h (T = Ta) 2 . ks Ny . i

=3

where AT= TS = T, and Ay is the ray separation in the direction normal

Ay
4o . the heated surface caused by the first Wollaston prism. In this

case Ay = .315 x 1072 feet. Therefore

Ly T ey, o
RS L s Tﬂy - TS - k —_— s Ay . I J{(2 ) :
, 5 . - . )
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For & Mach Zelmder interferometer the fringe shift is deter-

mined by the equation

L2 B
BT T,

(3)

assuming constant gtmospheric pressure and ideal gas surrounding the
plate [57].

From eqﬁation (2) and (3) the fringe deflection for the Mach
Zehnder can be determined by the differentiai interferometer for the
same conditions. Tabulate below is the instantaneous fringe shift,
-m, and the instantansous tempersture, T&y, calculated from the
instantaneous heat transfer coefficieﬁts obtained in Figure 11 for

the 45° case.



Table 3.

Caleulated Data for Figure 1.

by

T for a Periecd of Five Seconds at a T = 282°F

Ay x
e43.3  232.8 226.0 236.0 234%.0 240.5 238.6 251.0 250.2
2h5,8 238,k 2kh.0 243k 23L.7  220.8 235.9 241.,5 2421
237.2 . 226.7 236.0 238.h 238.4 238.h 226.0 230.% 230.4
237.2  2h7.1  236.0
Fringe 8hift, -m, at Ay from Surface for'Corresponding Tay'
28.90 23.37 26.39 27.78 27.50 28.37 28.17 29.78 29.71
29.10 28.10  28.87 28.79 27.63 26,91 27.77 28.50 28.64
27.97 - 26,48 27.77- ¢ 28.11 28,10 28.12 26.36 27.03 26.96
27097 - 29.29  2T.7T
Fringe Shift at the Plate Surface -m = 33.7k

gg.- "
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APPENDIX B

Schematic diagrams of heated plate and temperature monitoring

system are shown in Figures 13 and 1k, respectively.



o ke e >
3 5 TC 12
Mo AT€) 2 3 4 5 7 8 3 W uoon “n i _
ot
£
N LCUN
3

Heating . :

Elemet No 1 2 3 4 5 6 1 8 9 10

L Insulation
Heating Elemenis
Aluminum Plate
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APPENDIX C
OPTIMIZATION OF GRASHOF NUMBER

Since the primary objective of this study was to determine if
the differential interferometer could accurately and easily measure
the .convective heat transfer coefficient, parameters were selected

to ensure that a maximm portion of the plate surface area was in the

turbulent flow regime. One of the parameters that could be easily

varied was the plate surface temperature and the scheme deseribed in
this appendix was used to select the plate temperature to insure

transition to turbulent flow at a minimm distance from the leading

.edge of the plate.

The Grashef number is the dimensionless group that is used to
determine the type of filow structure in free convection. The Grashof
number consists of fluid properties, the length along the surface,

and the fluid excess temperature, or.

= (E8yra 3
o, = (D a) <

For a given fixed Grashof number corresponding to the critical value,

the plate.temp;rature whieh will yield a minimum value of x will be the

bl .

oné®pich will maximize: thevalue of the product
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This product is not maximized by simply selecting & maximum for AT
because the property parsmeters decrease with increasing AT.
Therefore, a graphical procedure was used to seleﬁt a plate temperature
to minimize: the extent of the laminar area on the plate.

Optimization of Grashof number was accomplished using a Ta =

. T0°F and

{1) Selecting a AT which results in a reference temperature

T =T + AT/2.
r a
(2) Determining a Gr/x3 from the calculated T .
(3) Dividing Gr/x3 into the assumed critical er.
(%) Plotting the results. A sample calculation: Assume
AT = 2L40°F then T, = 190°F and using reférence [32] Gr/x3 = 2,02 x 108

feet>. The assumed criticel Gr, = b x 108 for transition. Therefore,

G
X

3

3 = 1.96 £~ or x = 1.25 feet

Gr/x

This approach was applied to both the critical Grashof number

foftturbulent and transition and a plot of x critical as s function of

wall température vas used to determine approximate surface temperature. '
T . “h

F@%ﬁ%%ji5 gﬁowgithqigeéultiﬁg plgts and the faet that a plate surféce

B e

. temperature in the neighborhood.of. 300°F will result in transition to

. urTae
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turbulent flow in a minimum distance from the leading edge of the
plate. For this reason the plate temperature was selected to he

approximately 280°F, a value which was held constant for test rums.
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APPENDIX D
PLATE TEMPERATURE DATA

A complete tabulation of typical temperature data for the plate
inclined at U5 degrees and all pertinent results for the other

angles are shown in the tables below.

v -,
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Table 4a. Thermocouple EMF Data for 45° Inclined Plate
TC Time 1 Time 2 Time 3 Time L Time 5 Aly in mV
no. in mV in mV in mV in mV in mV
1 6.120 6.152 6.091 6.082 6.092 1.073
2.  6.1h6 6.177 6.127 6.130 6.150 1.030
3 6.140 6.171 6.100 6.117 6.137 1.085
L 6.129 6.164 6.1.05 £.100 6.133 1.037
5 6.118 6.165 6.123 6.122 6.132
6 6.120 6.159 6.116 6.11k 6.131
T 6.162 6.194 6.142 6.123 6.147
8 6.126 6.173 6.108 6.100 6.118
9 6.136 6.103 6.110 6.101 6.118
10 6.118 6.167 6.090 6.078 6.102
11 not operating properiy
12 6.132 6.184 6.132 £.108 - 6.137
13 6.1h2 6.186 6.108 6.080 6.127
1L 6.150 6.203 6.142 6.105 6.136
15 6.159 6.193 6.156 6.108 6.133
16 6.125 6.150 6.115 6.0996 6.1281

average

6.14h27 6.1765 6.1179 6.0996 6.12181 1.0425

corrected average

6.1502 . 6.1840°  6.1254  6.1071h  6.1356 1.0425
4.7.-%“ ST . . rf:'.‘?%n, S A e

o M J.ﬁ'.h..

B - - et " e i
e v . .
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Table kb, Average Plate Temperature for All Tests.

Flate Average TS

Average high Ts Average Low 'I'S Average Ta

hso. 281.7°F 282.5°F 280.7°F 79.9°F

60° . 280.0°F 280.9°F 279.1°F 78.6°F

70° 281.7°F 282.5°F 280.8°F 80.2°F

8o° 280, 8°F 282.1°F 279.9°F 77.0°F
=Y S

2

-
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APPENDIX E

PROPERTY VALUES

The following property values were constant for all angles:

A= 5461 &

An = 009165

G = 3.6257 x 107> ft3f1bm :
L = 10 in. i
g=lmn E
6 = 0.05236 Radians |
R = 53.35 {ft-1bs)/(1b -°R)

Pr = 0.696

The following properties varied with each angle:

' Btu : Btu 3 3
3?51?- _ TrOF Ppsia kr (E;_§€_3ﬁ’0 ks (hr ft*JR) Gr/x~ 1/t
45° 180.8 1h.00 0.01758 0.01992 1.998 x 108 .
60° 179.3  1k.28 0.01758 0.01990 2.01h x 108 ' :
70° 181.0 14,38 0.01761 0.0199% 1.975 = 100 !
2 780° 8

178.9 1k,27 - 0.01758 0.01990 2,038 x 10




APPENDIX F
COMPARISON OF NUSSELT NUMBER FOR LAMINAR FIOW REGIME

‘A comparison between Rich's equation [U1] for U5 degree

inelination and experimental results is shown in the table below.
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Table 5. Laminer Data Comparison.

x ft. | ' Rax _ 'Nux qu(Rich) - % va:iation.
.13281 3.26 x 10°  10.827 10,157 6.6
16146 5.85 x 10> 12.451 11.760 5.9
.19010 9.55 x 10°  13.882 13.293 3.9
'.25698 1.85 x 106 15.662 15.681 -0.1
.24870 2.1k x 10°  16.713 16.259 2.8
.25130 2.20 x 10°  16.334 16.387 -0.3
L2799k 3.05 x 106 17.887 17.769 0.6
.32h21 L.7h x 10° 20.715 19.836 I
4271 1.08 x 107 27.2 £23.958 13.5
L4661 1.4 x 107 2h.7 26.036 =4.6
.5599 2.4k x 107 31.1 29.877 4.8
6523 3.84 x 107 36.5 33477 9.2
.7357 5.5 x 107 140.3 36.682 9.9 #

# In the region of - onset

of transition.

ot
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APPENDIX G

TABULATION -OF DATA FOR FIGURE 9

Tabulation of all data plotted in Figure 9.

o SR
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Teble 6.

Experimental Data for Figure 9.
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45° Plate

60° Plate

x Tt. Nu Ra, X 10_6 x ft. Nux. Ra, x 10-6
.1328 10.827 .3258 .1823 13.7h4 . 8492
.1615 12,451 .5853 .2560 17.09 2.352
.1901 13.822 .9553 .3568 23,82 6.367
.2370 15.662 .1.851 14635 34,60 13.96
2487 16.713 2.139 L5677 38.78 25.6L
.2513 16.33h 2.201 .T318 . 58.92 54.91
2799 17.887 3.051 .9320 68.59 113.8
.32h2 20.715 b, 739 1.190 97.21 236.3
A7l 27.200 10.80 1.442 123.1 420.9
L6611 2L.700 1k.10 1. THT 149.0 T47.9
. 5599 31.000 2L . 4o 2.172 182.2 1427
.6523 36.30 38.40 2,513 201.8 2225
L1357 Lo.30 55.40 2,859 218.6 3277
. TH8T 50.30 57.50 3.279 265.5 4oho
.8997 68.2 101.0 3.503 294.8 6023

1.022 78.1 148.0 3.721 292.0 722}

1.233 99.0 195.0 L.096 31L4.0 9635

1.%39 122.3 41k, 0

1776 153.6 779.0

2,072 170.8 1240

2.391 211.4 1900

2.658 216.5 2610

3.013 236.3 - 3600

Pt 26%61. 9 %‘ 5030° .~
U osseTT 286.7 % 6h20
3.793  301.8 7590
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APPENDYX H
DETERMINATICN OF BEST FIT CURVE

Determination of best fit curve for the turbulent dats points
was éompu‘ted by using I\IuX values for Rax exceeding the eritical values
for'fully turbulent flow listed in Table 2. The remaining data
values for NuX were divided by Raxl/3 to obtain a factor c,. An
arithmatical average was calculated. The variance between the
arithmgtic average and the_dgta poiﬁts, 02, and the standard
deviation, o, were also determined.

The results of these caleculations are:

ol

= 0.155

-

o~ = 0.3587 x 10
o = + 0.005986

with & maximm variation between the curve and all data points of

45,81 percent and -0.9 percent.



W

65

APPENDIX X
COMPARISON OF REPEATED DATA

Four data points, two each on the 45° and 80° inelined plate

were repeated., The results are as follows:

Table 7. Comparison of Repeated Data,

Angle Pogition x ft. Average my Average m, % variation
L50 1.11 5.230 5.202 0.5
k5@ 1.36 5.518 5.519 0.0
80° N -1 5.032 5.083 1.0
8o° 1.24 4,90k h.912 1.6
S !%33% e % ,"?i, El . r Nﬁ%:&?@w\- éi‘l‘r'.\""_”‘-i'e*"m &
i g " i T R ¢ :
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