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SUMMARY 

This 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 

objective of this investigation was to determine the applicability 

of the differential interferometer to measurement of local heat 

transfer coefficients iWfihe turbulent and transitional regimes. This 

objective 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 differential 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 instantaneous local heat transfer coefficient. The 

local heat transfer coefficient was determined by time averaging the 

local instantaneous heat transfer coefficients. Infinite fringe pattern 

photos were used to observe variation in the boundary layer to determine 

the approximate location of.onset of transition and turbulence and 

to observe-oscillations in the flow- of heated air. 

Four tests were conducted, one each at 1+5°, 60°, 70°» and 80° 
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inclinations from the vertical. All tests were conducted in air at 

5 9 
Ray lei gh numbers from 3 x .1.0 to 9 •>'? x 1.0 , 

The primary conclusions of this investigation are as follows: 

the differential interferometer can be used to measure local 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 hea,t transfer coefficients in the fully 

tui'bulent regime of an inclined plate are not dependent on angle of 

inclination or length from leading edge. 



1 

CHAPTER I 

INTRODUCTION 

Interferometers have "been extensively employed in the study 

of heat transfer beca.use they possess several distinct 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 wire anemometer, or other such device. Likewise, there 

is little inertia associated with a light ray; this promotes 

instantaneous response to rapidly changing conditions. Lastly, 

these devices are excellent in providing a visualization 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], 

display pictures of his interferograms depicting the laminar, 

transitional, and turbulent flow regimes. Gebhart, on the other hand, 

used the interferometer in stability studies of natural convection 

from vertical surfaces as treated in his article "Natural Convection 

Flows Instability and Transition"^!17]• 

The Mach Zehnder interferometer, the type, of interferometer 

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

produces fringe lines that are identical to isotherms. 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 transfer coefficients in all but 

laminar flow extremely difficult. Eekert and Soehnghen [13] stated 

that these fringe lines fluctuate quite rapidly throughout the boundary 

layer even at the solid surface and are not clearly visible in photo­

graphs taken from the flow, however,, they can be seen with the aid 

of a magnifying glass,. 

To illustrate the difficulty in measuring the heat transfer 

coefficients in turbulent 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 

a differential interferometer was used to calculate the air temper-

-3 
ature 3-51 x 10 feet normal to a 28:2°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 

caused a Mach Zehnder fringe shift "between 27 and 30 fringes 

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

visualization of the instariitaneous temperature necessary for pre-

diction'of the local heat transfer coefficient JLs extremely difficult 

with a Mach Zehnder interferometer and as a result its application 
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to heat transfer problems has been limited to measurements of heat 

transfer in the laminar flow regime or to flow visualizations. 

Unlike the Mach Zehnder interferometer, the differential 

interferometer has not been widely used in heat transfer research. 

Its interferograms produce a parallel fringe pattern that can be 

directly related to temperature gradients.. Therefore, by using this 

interferometer, it is not necessary 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 

III. The differential interferometer provides a much simpler pro­

cedure for the determination of heat transfer coefficients and because 

of this simplicity 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 convection 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 plate from the verticle, the critical Rayleigh 

number marking the onset of- transitional and turbulent flow could 

be reduced by ;;M-order of three, or more magnitudes [5l]> This meant 

that the flat plate would be shorter and lighter facilitating 
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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 little had "been done in the transitional and turbulent regimes. 

(See Chapter II) Therefore, in concomitance with determining the 

applicability of using the interferometer in measuring heat transfer 

coefficients in natural convection a secondary objective "was proposed. 

The differential interferometer -was to "be used in connection -with an 

isothermal 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. 
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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 "been conducted from vertical or horizontal flat plates, 

[1-lj., 7, 9-15, 17-2U, 27, 28, 32-3^, 37-39, H3-U5,- hi, U8, 52-5^], and 

one quickly agrees with C. G. Vliet's introductory statement: "Trans­

itional and turbulent data for heated inclined surfaces are essentially 

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

brief summary 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 [Ul]. 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.acceleration of gravity 

along the plate surface. Through experiments conducted using a Mach 

Zehnder interferometer, the analytical results for laminar flow were 

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

in most heat transfer texts [27, 3.2.]. 

D. J. Tritton investigated, natural convection from.horizontal 

and. inclined plates in 1962 [U8, k9l» The major emphasis in these 
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articles "was the flow phenomena of .turbulent free conYection and their 

variation with the angle of inclination. The conclusions of these 

articles were that slight inclinations from the horizontal did not 

alter the heat transfer from the plate 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 inclination. 

In 1968, W. T. Kierkus published a perturbation analysis on 

two-dimensional laminar free convection from an inclined plate to 

fluid with a Prandtl number of O.'JO. 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 a pH technique on an isothermal plane [*l6]. From 

these experiments it was determined that for angles greater than 15 

degrees from the vertical a cellular secondary flow is superposed 

on the natural convective flow. This secondary flow consists of 

longitudinal vortices which constitutes the first state of the laminar 

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

Schliching.w;ave which constitutes the first stage of transition on a 

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

vortices increases with an*,*increased temperature difference but the 

number'̂ of vortices is relatively- ihdependent^of, angle. 

A major contribution in measurement of heat transfer 
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coefficients in laminar,"transitional and .turbulent natural convection 

from inclined plates "was C. G. Vliet in 19^9 • [51]• ^ h e experimental 

investigation "was conducted using a constant heat flux plate. Most 

tests "were conducted using water as the convective media although 

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

results coincided with those of Rich •[̂ •lj. In transitional flow it 

was concluded that the location of transition was strongly dependent on 

angle of inclination and that the span of the transitional regime 

was approximately 1.5 orders of magnitude"of the Grashof number. In 

the turbulent regime it was determined that there was better correlation 

between the Nusselt and Grashof 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.- H. Lloyd and E. M. Sparrow published the 

results of the experiments relating the nature of natural convection 

flow instability to the angle of plate inclination [36]. Using an 

isothermal inclined plane it was concluded that the mode of instability 

was due to waves for angles of inclination less than lk 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 

: Rayleigh number characterizing the onset of instability for inclinations 

up to 60 degrees was determined. 

In 1970 K. E. Hassan and S. A. Mchamed published the results 

,V--i%, . "-'•,„."•"• :" -.,,«,-

^of. ah experimental invest igation̂ 'of free convection from an isothermal 

inclined plate. The local Nusselt number was shown to be a function 
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of the local Grashof number modified "by the cosine of the angle of 

inclination for laminar flow. 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 adjacemt to vertical and upward 

facing inclined planes. Mass transfer rates in transitional and 

turbulent regimes were presented. In the transition 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. Pujii and H. Imura .published the results of experi­

mental measurements of heat transfer coefficients from inclined 

planes [l6]. This article confirmed. Vliet's [51] conclusion that 

there was no angular dependency of Nusselt number in the turhulent 

regime and, like Ijloyd, et al. [35], that the heat transfer coefficient 

was shown to "be independent of length. 
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CHAPTER III. 

TEST APPARATUS 

The test apparatus consists of five basic elements: heated 

plate, plate carriage., thermocouples and potentiometer - recorder, 

heaters and power supply, and camera - interferometer. 

The heated plate was a 60 x 10l\x 1/2 inch aluminum plate with a 

leading edge milled to an angle of 30 degrees with respect to the 

upward facing plate surface. The upward facing surface of the plate 

was polished to a smooth finish and all "burrs were removed from the 

sides of the plate. 

The plate was heated by 10 segmented 6 x 10 inch Watlow 

silicone rubber heaters which were attached to the back of the plate by 

GE RVT. Il6 adhesive. The reason segmented 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 heated 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 exposed bjack surface of ,the heaters was insulated with 

one-half inch fiberglass batten.:1 insulation to reduce the'heat loss from 

the back surface of the plate. 
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Because the viewing section of the interferometer was only 

3 3A inches in diameter and the plate was 60 inches long, it was 

necessary to mount the plate on a carriage-rail system. This system 

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

rotated from an inclination of h$ degrees from the vertical to a 

horizontal position. See Figure 3. The rail system also had 

vertical side surfaces 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 theiback of the plate to a 

position 3/6U inchefrom the upward facing surface. Each thermocouple 

bead was covered by a film of RTV ll6 to insulate the thermocouples 

from the A. C. noise of the heaters., Seventeen 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 j, Ik on the center axis of the plate and 

two off center, were continuously monitored with a Honeywell Electronik 

153 multipoint rec'ofder. A\Leads and Norlhrup Potentiometer -was wired 

'"into t'nisi-circuit in order to. chefe& tfru accuracy of the recorder and 

to provide proper sealing of the recorder. (Schematic, Appendix B). 
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Carriage 

Heated Pilate 

Side Guard 

Leading Edge 

Figure 3. 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 hut 

were measured "before and alter each test. 

The power supplied to the heaters was regulated "by seven A. C. 

variacs. The first five he;aters 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 heaters were similarly wired 

to the seventh variac. By monitoring the temperature oh the recorder, 

the power input to the heater was adjusted to insure isothermal 

plate conditions. 

The fifth system is the differential interferometer-camera 

systems. The differential interferometer is an optical instrument that 

permits the measurement of the gradient of index of refraction in the 

viewing section. Only a "brief overview of its application in measuring 

heat transfer coefficients will "be discussed. For a more detailed 

discussion the reader is referred to references [5, 6, 8]. 

A schematic diagram of this interferometer is shown in 

Figure k. Basically light leaves the light source and is filtered to 

obtain a single wave length. It then passes through a polarizer 

oriented so"that the light is divided into two equal magnitude electrical 

vectors. These two vectors are focused on the first of three Wollaston 

prisms, WP1. The^Wollastoh prism ca;uses ̂ bhe rays associated with each 

» ' ' ' * ' . ' * < & • • • • •'• ''*"r.->~/'- **» 

ft-electrie vector to diverge s l igh t ly as, they'"le'ave the prism. WP1 i s 
« • ' • • 

at the focal point of the first spherical minor, SP1, so that after 
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Figure k. Schematic Diagram of Different ia l Interferometer. 
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reflection from the mirror the two rays have parallel hut slightly 

different paths. After the rays pass'through the test section they 

are focused on the second Wollaston'prism; WP2, which is the same as 

the the first prism but rotated so that the effect of the first is 

reversed. Leaving WP2 the rays pass through the third Wollaston 

prism, 'WPS. This prism produces a phase shift "between the two vector 

components. After leaving the, third Wollaston prism, WP3, the rays 

pass through an analyzer which causes interference "between the two 

electric vectors. The interferenc|5>"pattern produced is a series of 

equally spaced parallel fringes which is commonly referred to as a 

parallel fringe interferogram. All prisms can "be rotated so that 

measurements can he made in any direction. 

When a heated object,is located in 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 deflection of an individual parallel 

fringe is proportional to the gradient of the index of refraction 

experienced within the air surrounding the heated plate. This gradient 

can be related to the temperature gradient which in turn, by using 

Newton's "Law of Convection," can be related to the heat transfer 

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

i 2 

x m. x . 
h = [ '3^;|<!T"^"T * m 
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Again the advantage of using a differential interferometer is this 

direct correlation between the heat transfers 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 typical parallel fringe pattern 

produced by free convection from a flat inclined plate. The fringe 

deflection at the plate surface is proportional to the local free 

convective 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 proportional to lines of constant gradient as shown in 

Figure 6. 

The camera used to record the fringe pattern was a Bolex H-l6 

Reflex camera which was rigidly mounted to the eye piece of the 

interferometer. A film speed of 1.8 frames a second was used with a 

shutter setting of 1/2 closed position. Kodak h-X film 72T7' with an 

ASA of 320 was used for all tests. Since the camera collected all 

of the light from the mercury arc source two Kodak N. D. 0.80 and 

one 0.60 gelatin .mitral . density filters were used to obtain proper 

film exposure. 



Deflected Fringe—^s 

Undisturbed Fringe 

Figure 5« Schematic Diagram of P a r a l l e l Fringe 
Pat tern . 



19 

CHAPTER IV 

TEST PROCEDURE 

Prior to conducting the experiment all ventilation ducts in 

the room were sealed -with metal plates', and flaps were placed around 

all door edges to insure against outside circulation effects. Before 

each test was conducted the following procedure was followed: 

(1) The Honeywell recorder ;and potentiometer were ca l ibra ted . 

(2) The p la te single was set "by use of plumb bob and pro­

t r a c t o r to less than one-half degree of desired angle. 

(3) The p la te and interferometer1 alignment were checked. 

{k) A reference picture of the p a r a l l e l fringe pat tern 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 adjusted to obtain isothermal conditions. 

Once the plate had stabilized to the desired temperature a comparison 

of thermocouple EMF measured by the recorder and potentiometer was 

conducted.. Room air temperature and pressure were measured at this 

time. Motion pictures were taken at the desired position along the 

plate•".:surface"';̂  'Formally these positions were spaced ̂ from four to six 

inches apart and pictures were taken of both the infinite; and parallel 
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fringe settings at each location. During this period of plate movement 

the temperature was continually monitored to insure that the plate 

temperature did not vary "by more than three degrees Fahrenheit.After 

the test run -was completed., hut 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 run and corrected by the average 

variation between the recorder and potentiometer. (See Appendix D 

for plate temperature data). The average air.temperature was deter­

mined by averaging the five air temperature readings. 

To determine the fringe shift, the reference parallel fringe 

pattern was projected onto 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 region and for a total of five seconds in the transitional 

and turbulent regimes. It was found that there was little difference 

in the average fringe shift if a period of five to ten seconds was 

used. 

All air property values were based on a reference temperature 

which was the average'between ambient sir-and plate temperature, 

. T , ^ # 4 T % 'T )/2. Property values tabulated from .reference [32, 56] 

are discussed in Appendix E. - .' ; 
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CHAPTER V 

DISCUSSION OF RESULTS 

All tests were conducted in air, Pr = O.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 k-9 inches from the leading edge of the plate. Four tests 

were conducted, one each at k-5° , 60°, 70° > and 80° from the vertical. 

Since the primary objective of this investigation was the measurement 

of heat transfer rates in the transitional emd turbulent flow regimes, 

the plate temperature'' was selected to insure that as large a portion 

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

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

runs. See Appendix C for details. 

The discussion of experimental results will he presented in 

two sections: 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 providesr-an instantaneous photograph of the thermal boundary 

layer. "'•''As a result it is a relatively simpler-task to determine at 

what distance from the leading edge of the plate flow proceeds into 
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the transitional and fully turhulent regime. Also fluctuations of the 

flow pattern in the transitional and turbulent regime which can cause 

large variations in the local heat flux from the surface, can he ohserved 

with the aid of the infinite fringe photograph. The parallel fringe 

pattern can then he 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 inclined isothermal plate was initiated to determine 

several parameters which are important in the study of heat transfer 

from, the plate. The thermal "boundary layer thickness ..-for the k3° 

inclined plate was determined for a position from the leading edge of 

the plate until the thickness became greater than the field of view 

of the interferometer. Values of critical Rayleigh numbers as a 

function of plane inclination were calculated which estimate the onset 

of transitional and fully turbulent flow. Also measurements taken from 

the infinite fringe photographs were used to determine the frequency 

at 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 

rose from the surface and disappeared, in the outer regions of the 

boundary layer. Lloyd and Sparrow [36] and Sparrow and Husar [h6] 

indicate that translation on planes inclined greater than 17° from the 

vertical ds' caused by the formation of longitudinal vortices. The 

whiffs of heated air observed in the interferograms which were oriented 
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parallel to the plate could be the indication of the heated air 

rolling out of such vortices. The.location where this phenomenon 

occurred and the measurement of the Rayleigh number corresponding to 

this location correlated well with Lloyd .and Sparrow*s [36] critical 

Ra for onset of transition, see '.Table 1.. Also in this table are the 
x 

observed critical Ra for angles of 70° 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 portrays'the flow structure, and provides a visualization 

of particle movement which is easy to interpret. However, it was 

much, easier to isolate the onset of transitional flow by using the 

parallel fringe pattern because of the contrast produced in fringe 

lines. The disturbance in the fringe lines.produced oscillations which 

were easy to observe. 

Once transition occurred the flow rapidly took on the appearance, 

in the infinite fringe photograph, of an. outer core region of 

rapidly varying mixing and a thin sub-layer close to the waH of 

more steady wave-like motion. (A photograph depicting this is shown 

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

occurred 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 these waves appeared to roll off of the slowly fluctuating 

ŝub-layer and on' into the -more rarKiom..-motion of /the core fluid. 

The frequencyi-of these "wave bursts" was not dependent on their 
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Table' 1. Comparison of Critical Ra for Transitional 
,-,-, x 

Flow. 

Angle Lloyd ' s Mean Ra L loyd ' s Stand Devia t ion Observed'. Ra 
X .X. 

^5° 1.7 x 10 

60°. ; 7-7 x 10 

70° -

80°. mm, 

+ 0.79 x 10 

+ k.6 x 10 5 

7 2.V x lO 7 

2 x 10 

3 x 105 . 

• • • t 2 x 10 
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Figure 6a. Infinite Fringe Photo of 1+5° Inclined Plate at 
Ra - 7-2 x 109. 

Figure 6b. Infinite Fringe Photo of Horizontal Plate at 
Ra = 7 x 108. 
x 
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location on the plate, 'but the:frequency randomly varied as much as 

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

greatly effect the frequency, though the frequency of occurrence was 

highest;for the T0P 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 

much more difficult than locating the position where transition first 

occur red "because the outer portion of the thermal "boundary layer 

already appears as though a significant amount of mixing was occurring 

only inches from position of transition onset. Flow visualization 

criteria for determining turhulence should he universal 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 transitional 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 much "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 sub-layer caused the 

relatively undisturbed fringe in the outer layer to oscillate much 

moi'e?violently than had occurred invthe transitional regime. The 

initial onset of these forceful disturbances coincided quite well with 
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relatively large variations in the.local instantaneous convective heat 

transfer coefficient. These variations were characteristic of the flow-

fluctuation which .occurred', in the turbulent sirea, see Figure 10. 

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

two to three magnitudes of Ra as compared to Vliet [51] who deter­

mined the span to he of the approximate order of 1.5. There appears 

to he no conflict in these conclusions. One possible reason can be 

offered for this difference. Vliet used a-probe of copper constantan 

thermocouples for detecting flow oscillations as opposed.to an 

optical device which is more sensitive 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 

quite rapidly and was soon out of the field of view. The boundary 

layer thickness for the U50 plate is plotted in Figure 7 until a 

location at which the outer edge of the "boundary layer was no longer 

vi sible. 

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

unexpected result. Even though the outer extent of the thermal boundary!, 

layer grew quite rapidly as indicated in Figure 79 there was a sub-

.layer close*' to the plate surface wilifehin which, ̂ he temperature of the 

fluid changed quite rapidly. Interestingly enough, this sub-layer 
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Figure 8. Composite Infinite Fringe Photo of ̂ 5° Inclined 
Plate. 
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remained fairly uniform in thickness for all locations over the 

surface of the plate. The extent of the sub-layer can be seen as 

several closely spaced fringe lines that are parallel to the plate. 

In the laminar regime the sub-layer remained 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-layer still remained much the same as in the laminar portion of 

flow. Even into the fully turbulent regime the thickness 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 trazisitional regime. A plot of the instantaneous 

thickness of the sub-layer is shown in Figure "J. 

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 inclined plate and a horizontal plate would be 

similar in the turbulent regime. Infinite fringe photographs of a 

horizontally heated plate and a k5° inclined, plate were studied to 

confirm this prediction. In Figure 6 two infinite fringe pictures 

are shown with one illustrating the fringe pattern for a horizontal 

plate and one for a plate inclined at h^°. Both photographs have 
- * * \ , ' - • * • . ' " . 

/striking similarities. Both show'snfall cells next to the surface> &' 

wavy band of constant gradient lines spaced just above the surface, 
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and an outer region of more thoroughly mixed fluid. One dissimilarity 

can he detected however. In the 1+5° photograph the effect of the 

"bouyancy force moving the wave up the plate appears while in the 

horizontal orientation the flow moves primarily away from the surface. 

He at Trans fer Measurement s 

The parallel fringe pattern, produced Iby the differential 

interferometer was used to measure the local convective heat transfer 

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. D,ata collected in this manner was then 

compared with existing results for the laminar regime and a correlation 

of the form of Nu = C(Ra ) is proposed for the turbulent regime. 

The length of plate under the influence of laminar flow has 

"been shown to he a function of the angle of inclination of the plate. 

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

point of onset of transitional flow decreases as the angle of plate 

inclination increases. 

Due to the rather small percentage of plate surface subjected to 

laminar flow, particularly for the highly inclined plates, the number of 

data points recorded for laminar flow is rather small. Several of 
? '4 *' •-

- • • • . '" ' •"'•' $ - •• j o 

theses date points are shown in Figure 9 for'laminar flow for a 45 

inclined p l a t e . 
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A comparison of the local Itfur obtained in this experiment 

with Rich's correlation [HiJ shows a deviation of less than 10 

percent except for one point in the laminar regime. See Appendix F 

for comparison. 

The local Nu in the transitional regimes fluctuated con-
x 

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 transitional regime on a 

vertical plate. Furthermore, the data in the transitional regime did 

tend to correlate "better when using Ra . cos a^ where a is the angle of 

inclination measured from the vertical, than when using Ra alone. 
.X. 

This is what Hassan and Mohamed [26.] contend. However, the present 

study did not yield sufficient data to do more than state that the 

correlation in the transitional regime does show some angular depen­

dency. 

The presence of a wave occurring inside the thermal "boundary 

layer which was first mentioned in the flow Visualization 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 

A of the wave location by as much ;as 50 percent more *than those g> 

deflections down stream qf,.,the wave. Figure 10. Thus, the presence 

ofrthe waver caused increases), in the local "''instantaneous heat 

transfer ̂ coefficient of as much as 5'0 percent over%tfte imme'dYELte-.dSwn-

stream coefficient. 
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In Figure 11 the instantaneous local heat transfer coefficients 

for a given Ra in the turbulent regimes are plotted for the four 
jL 

angles of plate inclination investigated. The plot of these coefficients 

is completely random with no apparent periodic cycle. However, one 

can see the effect that the presence of a wave has, on the heat transfer 

coefficient. The times at which the heat transfer coefficient reached 

a maximum coincided with the presence of stronger waves. Referring 

to the 45° plot one can see that strong waves occurred at this location 

of interest at 1/2, 2 1/2, 3 1/3 and 4 1/6 seconds during the five-

second time interval that the flow was observed creating a variation 

of as much as +_ h-0 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 

Nu = .155 Ra 1/~1 x 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 

Fujii [l6], see?Figurer9 and\sin agreement with Lloyd, et al. [351 "who 
î . f '' ̂  * ij , .J / -* 

js -„,--*. - ^"M .,,., ' ...:.. ,̂, 

•"observed nei ther angular or lengtM^clependency for1 the "heat- traitsfer''"'•• 

coefficient in the: turbulent regimes. While Vliet [51] also indicates 



* •&*&££*^jl>'''}'' 

36 

1.6 

1.4 

n 
1.0 

1.8 

1.6 

F 
5:1.4 
O" 
w 

m 
s 
x. 

2.0 

o o 

o o o o 

° ° 
° o ° 

o 
Incline 

o 

WU I H U i n c g 

Rav=2.67X!03 
o 

o o 

"V 
70 Undine 
Ra=4.5lXt09 

o o 
o ° o o 

——- h, 
o o 

o o o 
O r, 

O 

"V 

m 
1.6 

5 O 

1.4 

1.2 

o 
o o 

h, o 

60 Incline Q o 0 

f Rax
=4.84Xl08 o o 

o 

1.6 

1.4 

1.2 

10 

I ° o 
t 9. r 
) n 

X O 
o 

- 45 Incline 
RaJ=5. 

c?y** "* 

O 

o ° 

— — 4 — 

o ^ o 

o o 

Sec 

Figure 11 . Plot *of Instantaneous Heat Transfer Coefficients. 



37 

that there is no angular dependency in the turbulent regime, he did 

find a slight length dependency of 

Nu <* Ra ' , 
x x 

However, in the range of Ra investigated there is good agreement 

"between experimental data collected during this study and Vliet's 

curve, Figure 9• 

Furthermore, recalling Hassanfs conversation concerning the 

similarity between flow in the turbulent regime from inclined and 

horizontal plates, a comparison was made between the present data and 

McAdams* [39]-Nu equation 

1 /? 
Nu = ,lk (Ra) ' 

for free convection from an isothermal horizontal flat plate. The 

present results predict a Nusselt number that is 10.7 percent higher 

for a given Ra than that which would have "been obtained from McAdams? 
x 

equation which is also plotted in Figure 9* This variation is well 

within the 20 percent accuracy that Krieth [32] claims can in practice 

he predicted hy experimental data. 

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

jf'^ X 

as a function^Ra^ to indicate; a range oft/Rsft over which the flow can he 
•rii.',. "V i t •' • IT. ' 

S&" -'5 ^ ••;! J...,,.. *' >A $ . 

assumed^toVhe fully turbulent for mass t ransfer ' f rom^a,^f la t , inclined'. .. 

p l a t e . By following a similar procedure, one can determine the range of 
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Ra for which the flow from a heated inclined plate "becomes fully 
A 

1/3 turbulent. If the dimensionless parameter Nu /Ra is plotted as a 
.A. X 

function of Ra , 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 he used to approximate 

regions of turbulent flow. In the studies of Vliet, Lloyd and 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 results appear in Figure 12. From this figure 

two observations can be made: Nu for all angles of inclination 
x 

approach a similar dependency on Ra :) and that the critical Ra which 
x x 

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 Ra,. measured by this method is 

indicated in Figure 12 and tabulated in Table 2 where the Ra 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 

accurate 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 
sns. '• K 

J^\\ -' iSj) 

four, points were| less than 2^[percent. Comparison i s given in Appendix I . 

^%-Arf; attempt was made to check -*the pi ate 4 temperature yby ^integrating 

the area under a deflected fringe with the aid of a 'planimeter. 
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Difficulty arose in the'measurement of small 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 lines from a measurement 

of temperature gradient to one of measurement of temperature by 

integrating areas under the deflected fringe lines. However3 it is 

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

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 reasonable 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, transitional, and turbulent regimes of natural 

convective flow. 

In the turbulent regime the heat transfer coefficient showed 

no apparent dependency upon angle of inclination or length from leading 

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

experimental data provide a relatipnship of 

1/3 Nu = 0.155 Ra J 

x x 

for the fully turbulent regime at angles of inclination of 45° to 80°. 

The instantaneous heat transfer.coefficient in the turbulent 

regime fluctuated randomly and did not show a predictable cyclic 

nature. Typical local instantaneous heat transfer coefficients in 

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

was due to "wave busts" observed In the flow. 
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CHAPTER VII 

RECOMMEM)ATIOIS 

The method of heating the plate by using segmented electrical 

heaters to achieve isothermal conditions worked very well and was 

simple to.construct and operate. However, warm up time took approxi­

mately four hours to insure that the plate was at the proper and 

stable temperature. 

The rail system was not designed properly and consideration 

should he given to employing wheels or hearings between carriage and 

rails. Also any future design should attempt to eliminate flexing 

that was present in the rail system. 

Further investigation should he 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 portion of the 

heat transfer has occurred at a relatively*uniform distance from^the 
{ 3 " • • 

surface, independent of flow regime. 
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APPENDIX 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 interferometer, a 

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

test data that appears in Figure IX for ̂ %pl%fee inclination. The 

calculations show that the number of the Mach Zehnder fringe shifts are 

about four to six times the number of differential interferometer 

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 approximation was made that 

h (T - T )• * - k £- I (1) 
s a s Ay ' 

where "AT= T - T. and Ay is the ray separation in the direction normal 

pto the heated surface caused by the first Wollaston prism. In this 

-2 
case Ay = .315 x 10 feet. Therefore 

«**' h(T - 4H). 
„$. = T - f - v r ^ Ay . *{2} 

Ay s s k ' • * ., ' 
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For a Mach Zehnder interferometer the fringe shift is deter­

mined by the equation 

m = ' RX [T7" - I"3 (3) 

Ay a 

assuming constant atmospheric pressure and ideal gas surrounding the 

plate [57]. 

From equation (2) and (3) the fringe deflection for the Mach 

Zehnder can be determined by the differential interferometer for the 

same conditions. Tabulate below is the instantaneous fringe shift, 

-m, and the instantaneous temperature, T , calculated from the 

instantaneous heat transfer coefficients obtained in Figure 11 for 

the k5° case. 
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Tahle 3 . Calcu la ted Data for Figure 1 . 

T; for a Per iod of Five Seconds a t a T = 282°F 
Ay x 

-'243.3 232.8 226.0 236.0 234.0 214-0.5 238.6 251.0 250.2 

-245.8 238.4 244.0 243.4 234.7 229.8 235-9 241.5 242.1 

237.2 226.7 236.0 238.it 238. If 238.4 226.0 230.4 230.4 

237.2 247.1 236.0 

Fringe S h i f t , -m, a t Ay from Surface for Corresponding T. . 

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 2 8 . 1 0 . 2 8 . 1 2 . 26.36 27.03 26.96 

;27.97 29.29 27.-77 

Fringe Sh i f t a t t h e P l a t e Surface -m = 33«;74 

238.it
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'APPENDIX B 

Schematic diagrams of heated plate; and temperature monitoring 

system are shown in Figures 13 and 1.4, respectively. 
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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 maximum 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 described in 

this appendix was used to select the plate temperature to insure 

transition to turbulent flow at a minimum distance from the leading 

edge of the plate. 

The Grashof number is the dimensionless group that is used to 

determine the type of flow structure in free convection. The Grashof 

number consists of fluid properties,, the length along the surface, 

and the fluid excess temperature, or 

Gr ='-(£f)(AT) x3 

v~ 

For a given fixed Grashof number corresponding to the c r i t i c a l value, 

the p la te temperature which wi l l yield a^minimum value of x wi l l be the 

one'which wi l l maximize^ the^value, of the product 
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Sf (AT). 
V 

This product is not maximized by simply selecting a maximum for AT 

"because the property parameters decrease with increasing AT. 

Therefore9 a graphical procedure was used to select a plate temperature 

to minimize', the extent of the laminar area on the plate. 

Optimization of Grashof number was accomplished using a T = 
a 

7QpF and 

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

T == T + AT/2. 
r a 

(2) Determining a Gr/x from the calculated T . 

(3) Dividing Gr/x" into the assumed critical Gr . 

(k) Plotting the results. A sample calculation: Assume 
o o 

AT = 2l+0°F then T = 190°F and us ing re fe rence [32] Gr/x = 2.02 x 10 
Q ft 

feet . The assumed critical Gr = k x 10 for transition. Therefore, x 

Gr 
x = I.96 it3 or x = 1..25. feet 

Gr/x3 

This approach was applied to both the critical Grashof number 

for turbulent and transition and a plot of x critical as a function of 

wall temperature was used, to determine approximate surface temperature, 

Figure 15 shows the ̂resulting pl,ots and the fact thati a plate surface 

temperature in the neighborhood^^ 300°F will result in transition to 
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turbulent flow in a minimura distance from the leading edge of the 

plate. For this reason the plate temperature was selected to be 

approximately 280oF, a value which was held constant for test runs. 
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i 

APPENDIX D 

PLATE TEMPERATURE DATA 

A complete tabulation of typical temperature data for the plate 

inclined at k5 degrees and all pertinent results for the other 

angles are shown in the tahles "below, 

"""V 
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Table Ua. Thermocouple EMF Data for 1*5° Inclined Plate 

TC Time 1 Time 2 Time 3 Time k Time 5 Air 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 . 6.11+6 6.177 6.127 6.130 6.150 1.030 

3 6.1^0 6.171 6.100 6.117 6.137 1.085 

h 6.129 6.16k 6.105 6.100 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 

7 6.162 6.19*+ 6.1U2 6.123 6.1V7 

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 properly 

12 6.132 6.18U 6.132 6.108 6.137 

13 6.1̂ 2 6.186 6.108 6.080 6.127 

Ik 6.150 6.203 6.1U2 6.105 6.136 

15 6.159 6.193 6.156 6.108 6.133 

16 6.125 6.150 6.11.5 6.0996 6.1281 

average 

6.11+27 6.1765 6.1179 6.0996 6.12181 1.01*25 

corrected average 

6.1502. .. 6.l81+0; 6.1251* 6.1011U 6.1356 1.01*25 



57 

Table Vb. Average Plate Temperature for .All Tests. 

P l a t e Average T s . 
Average high T Average Low T s Average T a 
Average high T Average Low T s 

1*5°. 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 

80° 280.8°F 282.1°F 279-9°F 77-0°F 

'H. 
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APPENDIX E 

PROPERTY VALUES 

The following property values were constant for all angles 

X = 5̂ 61 A 

An = .009165 

G = 3.6257 x 1 0 " J f t 3 / l l b m 

L = 10 i n . 

g = 1 m 

0 = 0.05236 Radians 

R = 53.35 ( f t - l b s ) / ( l b m - ° R ) 

Pr = O.696 

The fol lowing p r o p e r t i e s v a r i e d with each ang le : 

angle. T °F r 
P . p s i a 

v / B t u • • • •,. y 

r l h r f t °R ; 
,Btu 

s l h r ft.'' Gr /x 3 1 / f t 3 

U5° 180.8 lU.OO 0.01758 0.01992 1.998 x 1 0 8 

60° 179.3 1^.28 0.01758 0.01990 2.011+ x 10 8 

70° 181.0 111.38 0.01761 0.0199U 1.975 x 10 8 

r80° 178.9 1^.27 0.01758 0.01990 2.038 x 1 0 8 
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APPENDIX F 

COMPARISON OF NUSSELT NUMBER FOR LAMINAR FLOW REGIME 

A comparison "between Rich's equation [Ul] for h-5 degree 

inclination and experimental results is shown in the table below. 
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Table 5« Laminar Data Comparison. 

x ft. Ra Wu Wu (Rich) % variation 
X X X ' 

.13281 3.26 X 105 10.827 10.157 6.6 

.l6lk6 5.85 X 105 12.U51 U..76O 5.9 

.19010 9-55 X 105 13.882 13.2:93 3.9 

- .23698 1.85 X 106 15.662 15.681 -0.1 

.2U870 2.1U X 106 16.713 16.259 2.8 

.25130 2.20 X 106 l6.33l| 16.387 -0.3 

.2799^ 3.05 X 106 17.887 17.769 0.6 

.32U21 k.lh X 106 20.715 19.836 k.k 

•.U271 1.08 X 10T 27.2 23.958 13.5 

.1*661 1.1a X 107 2k. 7 26.036 -U.6 

.5599 2.kk X 10T 31.1 29.877 U.8 

.6523 3.8U X 10T 36.5 33.VTT 9-2 

• 7357 5.5k X 107 1+0.3 36.682 9.9 

* In the region c )f onset of transit ion. 
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APPENDIX G 

TABULATION OF DATA FOR FIGURE 9 

Tabulation of all data plotted in Figure 9. 

^ 
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Table 6. Experimental Data for Figure 9« 

Ii5° P l a t e 60° P l a t e 

x f t . Nu Ra x 10 x f t . Nu Ra x 10 
X X X X 

.1328 10.827 .3258 .1823 13-74 .8492 

.1615 12.I151 .5853 .2560 17.09 2.352 

.1901 13.822 .9553 .3568 23.82 6.367 

.2370 15.662 I.851 .4635 3li.6o 13.96 

.2I187 16.713 2.139 .5677 38.78 25.6I1 

.2513 l6.33l| 2.201 .7318 58.92 5^.91 

.2799 17.887 3.051 .9320 68.59 113.8 

.3242 20.715 4-739 1.190 97.21 236.3 

.4271 27.200 10.80 1.442 123.1 420.9 

.4661 24.700 14.1.0 • 1.747 149.0 747.9 

.5599 31.000 24.40 2.172 182.2 1427 

.6523 36.30 38.40 2.513 201.8 2225 

.7357 40.30 55.40 2.859 218.6 3277 

.7487 50.30 57.50 3.279 265.5 4940 

.8997 68.2 101.0 3.503 294.8 6023 

1.022 78.1 148.0 3.721 292.O 7224 

1.233 99.0 195.0 4.096 314.0 9635 

1.439 122.3 4l4,0 

1.776 153.6 779.0 

2.072 170.8 1240 

2.391 211.4 1900 

2.658 216.5 2610 

3.013 2 3 6 . 3 ,,*r 3800 

^3?30% 260j.9 jl 5030; 

3.5g7"""'' 286.7 ' < 6420 

3.793 301.8 7590 
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APPENDIX H 

DETERMINATION OF BEST FIT CURVE 

Determination of "best fit curve for the turhulent data points 

was computed "by using Nu values for Ra exceeding the critical values 

for fully turhulent flow listed in Table 2. The remaining data 

1 /3 values for Nu were divided "by Ra ' " to ohtain a factor c. . An x x l 

arithmatical average was calculated. The variance "between the 

arithmatic. average and the data points, o , and the standard 

deviation, a, were also determined. 

The results of these"calculations are: 

c = 0.155 

p -k 
a = 0.3587 x 10 

o = + 0.005986 

with a maximum var ia t ion "between the curve and a l l data points of 

+5.81 percent and -0.9 percent. 
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COMPARISON OF REPEATED DATA 

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

were repeated. The results are as follows: 

Table 7« Comparison of Repeated Data. 

Angle Position x ft. Average m Average m^ % variation 

45° 1.11 5-230 5.202 0.5 

45° 1.36 5.518 5.519 0.0 

80° .79 5.032 5.083 1.0 

80° 1.-24 4.904 4.912 1.6 
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