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SUMMARY
~An optical device called the differential interferometer was

applied to free convection heat transfer in laminar, transitional, and

furbulent regimes, Heat transfer coefficients were measured over a two

foot long, vertical, isothermal aluminure plate, -Water was used as a |

transport medium for all the experimental runs. Error analysis was per-

formed for the differential as well as the Mach-Zehnder interferometer.

| ﬂ.Thé results fof-low.Gfashof nhmbe;$ are presented in graphical
fofm. A-good.agréement was_foundrwith aﬁailable'theorétical_results.
The.mhxiﬂum kﬁyléigh number achievéd for steédy staté';esu1ts was 8.79 _.
x 108, |

The resuits for-higher'Grashof-numbers wereIIOUnd to. deviate

' considerably from theoretical data due to refraction.

Infinite fringe patterns were used to Study the tramsition of ‘the

flow from laminar to turbulent. The boundary layer was found to have a

double structure where, at highest Grashof numbers, the vortices in the
outer layer controlled the flow completely. - The inner layer was affected

by 2 large amplification of the disturbance.in the -outer layer, which

" overtakes the fiow completéiy'and results in thé breakdown of the free

copvection layer from laminar to turbulent,
An analytical investigation was initiated to study various errors

inﬁdlved_in the interferometric measurements. End effect errors, as well

as refraction errors, were evaluated as a function of various parameters

for Mach-Zehnder and differential interferometers applied to air and water.
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End effect errors were found to be less for the differential interferom-

" eter than for the Mach-Zehnder interferometer. For air studies the re-

fraction error was considerably less for the differential interferometer

than for the Mach-Zehnder interferometer. However, fof.water studies,

the difference in the refraction exror for these two interferometers was

.small.




CHAPTER I
INTRODUCTION

'Free'ponvectioh has been the subject of many theoretical and

) experimental investigations for.many yearé. This.study réports on a
‘basic study ﬁf ffée'convection'in liquids from vertical surfaces. The

'-measureﬁent technique utilizes an opﬁical device known as a diffe?ential
Iinterferometer. The primary objective of this.iﬂvestigatiqn was to applyi

‘an optical technique to a heat transfer problem involving liquids, since -

very few studies have successfully achieved accurate, clear interference

- patterns when liquid is used as a tramsport medium. The secondary objec-

tive of thisxinvestigation was to study fhe detailed_structure of the
flﬁ;d motion in the layer of a heated fluid, adjacent to the Surface.;

Bésicélly; ffee convection ié a tranéport mechanism in whiéh the
flqid motion is genérated'by the interaction of'twp effécts£ 'buoyancf.
an&'gravitétibnal. Normally tﬁe'buoyanéy.effect is generatéd by a change
in the'éeﬁperature]fiela; chh3temperatﬁte*ihduced_denéity gradientg.are
obsérﬁed'in:étﬁﬁspheficICircula;ibﬁs,_b¢éanic ﬁndeﬁcurfénts, and in the
familiariroom heating systems. Free convection may further be plassified
aé lamiﬁar,.transiﬁional,'and tu?bulent.

The funﬁamental.difference betﬁéen'free and fofced convection flowé

involves the manner in which the'floﬁ is genefated. The forced convection

" flows are induced because of an external'driving erce; Free ¢convection

flows are induced due to a driving force_caused_by_flﬁid temperature




differences. .In general, solutioné for free convection ﬁeat transfé#
problems are more difficult than for purely forced convection flows., The
difficulties involved in‘free convection can be as;ribed to smhll véiéci_-_
ties enCOunte;ed which result in the same order of magnitude of the momen;
tum and thé visaéus'effécts_ Furthermbré, the vélocity aﬁd.théltempergture
fields éfe coupled and &ependent upon each Otﬁer, makiﬁg the solution to
the governihg differential equations quite involved.

Interferometers have been used often to measure the tempe:ature'

'-disttibqtion iﬁ the fluid adjacent to:glheated surface, The most fre-

quently used device is the Mach-Zehnder interferometer. Most of these

'studies_have involved measurements in a. gas, usually air. The application

of interferometers to the measurement of temperature distribution in.
liqui&s is a great deal more involved because of the scattering of light

in the liquid;.because of larger index of refraction changes fesulting

- from relatively small temperature differences, and difficulties in cdntaina

ing thg_liquid in. optically flat'surfaces which do not introduce aﬁy iﬁterr
fereﬁce_patperns-of-their own.

| * The differential interferometgr_ié an instrument which has beéomé
available recéntly even though the principle of its operation'has beén

knowu'forlseveral'decades. Its'application_to the_heat transfer research:

has been limited because of the acceptability and success of the Mach-

Zehndef'interferqmeter., However, the differential interferometer possesses
several adﬁantages that make its applicétion to heat transfer measurements
more desirablé than the Mach-Zehnder interferometer.,

Onégbffthe advantages of the differential interferometer is that it




allows the sfudy of the heat transfer.mechanism quﬁntitatively_as well és.
quélitatively ﬁith only one setting. Depending upon the insértion of the
- third Wollaston prism, tﬁe interferograms produce eiﬁher parallel or in-
finité fringe patterns, Furthermore, the'differéntial.ihtérférqgrams.baﬁ
be dirgctly relatéd-to'the_ﬁempera;ure gradiént at the heated surfacé,
'Therefore, there is no ﬁeed-to iﬁcate the_isotﬁerms.and'approximate the
temperature gfadieht# in oxder to determine the heat transfer bbeffigi-
epts.  The only.méésurement necessarf.is_the relative displacemént of an
1ndividﬁa1.ffinge line at the_Sufface. Theréfofe, the'differentialiinter-
ferometer.ﬁroﬁides a simpler means of measurihg'héatf;ransfer than does |

the Mach-Zehnder interferometer.

Statement of Problem

The.pﬁprSe of this research is to study the'abpiiéatibn'of the
differential interferdmeter to an experiméntal atﬁdy of the free convec-
tion flow over a vertical isothermal flat.plate submefged in a'liquid._”
Water wés_selectgﬂ'as_a'trahSport ﬁedium, since ité optical and thermal
properties are well documented in the literatpre. A’éimple geomefry of_

a vertical flét.plate was selected because the availability of other ex-.

perimental results in the literatuve made the job of determining the accu-

.racy of this technique much easjier.
Th? pfesegt'iﬁhestiéaﬁiOn wéé*qarried_oqt with.the oﬁjéctiVés of:
1. _Deponsfratipg the pgiéntial of.the_differentiAI iﬁtérferometer
to the measﬁ?ément qf_the'frge.EonVection'heat transfer in a'medium other
than air. Tﬁis objectivé'was achieved_by deterﬁiniﬁg.theiheat fransfgr

coefficient for the proposed geometry as a function of height as well as

Sl



the témpefature“differencelbetwéen the ambient fluid and wall.

2, Studying the structire of the boundary layer qualitatively and

'determining the frequency of occurrence of the thermal waves in transi-

tional and turbulent regimes.

3. Stﬁdying the opfical errors in the interferometric measurements’

and comparing the end effect and refraction errors for the differential

' interferometer.with'the Mach-Zehnder interferometer,

4. ﬁDetérmining the critical Rayleigh numbers which mdrk the onset'

of the transition regime.

leview of Literaturée

Over the past'several decades, heat transfer over'é'flatlplaté,'

vertical, and inclined positions and with isothermal and uniform heat

'fluxes has been a subject of many investigations. Most of this work is

on the determination of either the average heat_transfer'cbéfficients the

've10ciﬁy profile, or the temperature'distribution'ih-the-thermal boundary

layer. The following section summariies the major papefs on th;s shbject.

 Steady State--Theoretical

Even though a large amount of experimental and empifical knowledge

" 'had been acquired during the 19th century, it was only during the last

quarter of the-l?th ceptqry that an 6rganized_attempt was made to obtain
a sqution to the problem of free coﬁﬁection. In 1881, Lorenz (1) pub-:
lished_a:solution to free convection floﬁ over a vertical flat plaﬁe sur-
rounded by air. | | |
Subsequent efforts ﬁp-imprqve the anaiytiéal resuits qf Lorenz ied

Schmidt and Beckman (2) to propose the equation for heat transfer coeffi-




cient in terms of a power Iawﬁiéugh as,_Nux =-C(erPr)n. The system-of

 equations was ﬁhmerically integrated féi_air by E. Polhausen (3) using

the'ekperimgﬁtal'da;a; The resulting constants were 0,497 and 0,25 for

. C and n, resﬁectively. The power law was valid only in the laminar range

‘and could not be used for any transport medium other than air.

in’1936,'Saunders 4) performed.an ana1ysis which gave the analy-

tical solutions that were not dependent hpqh any'expérimental'values.

: Saundérs also_éampared the theoretical values with the experimental data

for'an'iSOthéfmal.veftiéal_plate submerged in water. For turbulent flow,

fhe_feéults were éqmpiied in the form of a power law, (Nux) = C(er_Pt)n.

© The nuuié:;i_cal values of C = 0,17 and n = 0.333 matched very. well féit;h thé

experimental results fbr'Br = 7.0.
In 1951,_Eckéft_énd Jackson (5) reported a theoretical analysis of

the turbulent free convection boundary layer. The method used Von Karman's

- integral momentum and energy boundary layer equations, data on the forced

convection wall shearing stress, and heat transfer from forced convection

flow. Furthermore, it was assumed that the turbulent flow initiated'froml

- the leading_edge of the ﬁlate; thus covering only the developed; fully

" turbulent boundary layer.

Apparently,'OStrach (6) was the first invéstigatOr to report an -

extensive set of values for an isothermal plate over a wide range of

' Prandtl numbers. Numerical solutions were obtaihe& to the governing dif-

ferential equations for the Prandtl numbers rahging from 0.01 to 1000.

Steady S;ate--Experimental
An experimehtal investigation'of'the free convection problem was

made by GriffithS'énd Davis (7) in 1922. The experimental apparatus




consisted of a uniformly heated-plate,-SO-inches square,_hung'vertically

in air, The results substantiated the ILorenz results that the film coef-

ficient of thé_heét transfer was proportional to. the fourth root'of the
temperature difference between the plate and the'gmbieﬁt air, In the

course of the experiment the temperature and'velocity'fields were deter-

‘mined with the help of a combination hot wire anemometer and a resistance

thermometer,
It was Sauhders_(4F ﬁho fir$E £ep6rted'an experimental value for a
fluid_ofﬁer than air. Prior to Saundgrs?:the_bnly expériments on natural

convection in liguids were those of Lorenz; who measured mean heat loss

from a plate submerged in oil, Saunders measuréd the heat loss from a

heated vertical plate in water, for lamiﬁér and turbulent flow conditions.

"The experimentai results agreed‘very”well with the theoretical pfedictions.

Dotson (8) presented a complete set of experimental :values of. local

' . heat transfer coefficients for a unifbrmly heated plate submerged in watef."

The effect of the starting length on heated surfaces was also investi- .

_ gated. Dotson concluded that if a_horizontal'sﬁrface:ig placed.eight'

inches or moré.below the lower edge of the plate, then it shouid-not have

any effect on.theItemﬁerature_distributiﬁn of the plaﬁe;._: ’ |
Tetsu Fﬁjii'(9j investigéted free-CQHVection'heat transfer frOm.a

verticgljcylindef of 3§0_mm in height énd.?ﬁ mm iﬁ diameter to ethylene:

glycol and water. The experimental results were correlated by a power

.law such as, Nu = 0.65 (Gr Pr)n, where n = 0.25 for iamiﬁar range and

Nu =.1.16-'(Gr'Pr)0'2 - 155 fer the turbulent raﬁge. The development of

the boundary 1ayer from laminar to turbulent:through transition was also '

studied. Fujii concluded that the boundary layer develops through a




: iaminat?-vortex street,.transition-turbuient; and turbnlent flow pattern
with each flow pattern having'resPective character;sties_of heat trans-
.fet. With respect to water, however, ne_distinction was found between.
transitien-turbulent and turbulent flow, |

Recently, Goldstein (10) used the Mach Zehnder 1nterferometer to |
study :ﬁe steady state and transiemt free convection boundary layer along
a uniformly heated vertical plate. Air as well as qater was.used_as a |
‘transport medium. The experimente were performed wnen the-plate'was.in—
' mersed in water. The steady state boundary layer as well as its transient
deve10pment from an 1n1t1a1 unifom temperature state to steady state
condition was investlgated wben a step function power input Was eppl;ed
to the plate, Resﬁ}ts for the.steady state runs agreed nery weil with'
theffesults of'an-analysie by Sparrow (25). .Using the experimental values
'at a distance x fof.ﬁhich.the'heat fiow is locally constant, an average
value of 0,513 was obtained for the parameter Nu/(Gr Pr)0 25.' This com~

pares with the value 0.5146 resulting from theoretical anaiysis.'

Transient Studies

The_étability of a fluid adjaeent to a heated surface has been the
subject of many recent studies. However, one_of the earliest investiga-
.tions on.theztransition'from laminar to tutbulent flew came from Saen-
.ders'(é),_who ueed-a simﬁle optical_techniqne to:determine the critical
Rayleigh number which-narks the onset of turbulence,

Interferometric studies of the same eonfiguretion made.by Eekert
(11).revealed for the first time that the tutbulenee was caused by the
amplification of'initielly small disturbances.- Recently, Szewczyk (12)

confirmed and extended the work of Eckert, suggesting that the-phenomenon'




' was not only two dimensiopal, but that spanwise effects were also impor--

tant. These effects in turn were found to cause a sublayer, under which

- concentrated turbulent_bursts are produced. These bursts increase with

Grashoff number until'completely turbulent flow results.

In 1968, Lock and Trotter (13) studied the structure of a tu:bulent"

free convection boundary layer in water. The study consisted of the local

and overall structure of the mean boundary layer in terms of the fluctua- -

tions and freduency distributions and their relationShips'to mean profiles,.

The development of the thermal bOundhry_layer, from laminar to turbulent'.
through traqsition,.was represented in terms of the temperaﬁufé-profiles
which show a steepéniﬁg as the flow becoﬁéS'progressiﬁely turbulent.

The observations led Lgck'and Trotter to conclude that the struéture of a
turbulent freé convection boundéry layer is quite different in_ﬁerms'of
scale and'iﬁtensity.from the corresponding forégd layer.,

: Recently, C;'PL Black (14) investigated.the thermél.structure of a
free convection boundary layer from an 1nc11ned isothermal plate in air.
The experiments were conducted at 0, 10 20, 35 and 40 degrees from
vertical. It was observed.that the frequencies of wave occurrences in
the tranSLtlonal regime are unstable; whereas the frequenc1es in the
turbulent-regime are quite stable. Furthermore, the'passage of a thérmal

wave was found to cause a substahtial-decrease in the local heat transfer

coefficient compared to the immediate downstream coefficient. In the

transitional as well as the turbulent flow regimés, the thermal boundary
layer was found to have a double structure. A thin thermal sublayer of
almost a constant thickness was obsérved close to the plate. In the outer

layer or the core region of varying thickness, the temperature profile was’




found to vary'rapidly. . For the vertical plate, a vortex motion near the -

interface between the inner and outer layers was also observed.

thicai Tecﬁniques

el i e . - . T el

The applications of the optical devices, especially using the

shadowgraph Schlieren, and 1nterferometric techniques applied to study

-_heat transfer in gases are quite well known. Consequently, this exten-

sive literature will-not be reV1ewed here. - However, applications of
optical devices to liquid heat transfer measurements have been'rather few.
and these papers will be discussed briefly.

Saunders (4) used a simple optical technique to determine the cri-

tical Rayleigh number which marks the onset of turbulence. The technique

consisted of observ1ng the angular deflection of a beam of 1ight. very near

_to the plate. For steady streamline motlon the deflection shown on.the

screen for any'point on the plate was cOnstant, but for unsteady flow it
varied w1th time.. |

Apparently, B. Azami. (15) was the frrst to use a Mach Zehnder
1nterferometer ‘tostudy heat transfer in lzqulds. One of the water_tanks
had a small verticalfaluminum strip which was heated- whiledthe.other
tank was to act as a compensating tank. The experimental data on the

temperature distr1bution in the boundary layer were checked using thermo-

' couples. Agreement was found within 10 to 35 percent._ However, no ate

tempt was made to evaluate the heat transfer coefficients., The investi-
-gation failed to take into account the errors due to refraction and the .
errors due to end effect were incorrectly assumed to be negligible.

R. J. Goidstein (10) studied a free convection boundary layer

using the Mach-Zehnder interferometer. End effect error and refraction



10

error were evaluated for the'experimental system. They were found to be

0,5'pereent and 1,6 percent, respectively. However, no attempt was made’

to study the transition from laminar to- turbulent flew;_

' Hhile the Mach-Zehnder interferometer has been used.quite-exten-_
sively in ‘heat transfer research the differentlal interferometer has been

used-sParsely in heat.and mass transfer research. Bryngdhal (16) used

" the differential intérferometer in the measurement of thermal conductivity_

of 1iquids; Black and Carr (17) applied the differential interferometer'

_ to the measurement of heat transfer coefficients from a vertical heated
~ plate suspended in air. The sensitivity, accuracy, and validlty of the

technique were established comparing the results with the previous obser-

vations. _A detarled description qf this instrument.and its various appli-

cations to heat and mass transfer research can be found in references

14, 16 and 19.

Application of.the differential'interferometer to heat transfer
meaeurements has been linited, and the full-potentiallof this_instrunent
in the-aree of heat transfer has not been determined yet..ione of the.eb-

jectives of the present investigation_WaS-to determine the potential of

- the differential interferometer when applied to heat transfer measurements

in liquids.
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CHAPTER II
TEST APPARATUS

The test apparatus consists of four basic elements: water tank,

flat plate, temperature measurement and power'supply systems, and the

camera and interferometer. Each élement of the apparatus.is discussed

. in detail in the sections which follow.

Wster'Tank
The tank was buiit from 0ne-half_inch“thidk plexiglass. .Twp

lateral walls of the tanmk were made of three pieces of one fourth inch

optically flat glass while one of the.side walls supported the heated

ﬁlste which was a 24 by 6 inch aluminum plate with a thickness of one
fourfh inéh.j_An'iS”'x 6.75" x 0.5" base plate Supported.the walls, As
shewn in Figure.l, a 1/4" by 1/4" groove wes milled iﬁ the bsse plate .
which receieed the l/A"Iby 1/4" tongue surfaces ﬁiiied on the.vertieal
ﬁalls.'VThe heeted aluﬁinum plate was attached between the two vertical
surfaces by 16 screws on each side and sealed with a rubber sealant.:
The side walls of the tank were bu11t w1th six 7 75" x 6" x 0.25
optlcelly flat glass panels and eight supportlng pieces. Grooves were

milled on the supporting pieces 80 that the one fourth inch thick glass

panels were supported on all four 51des.

-faces on-the supporting pieces allowed each siece.to slide between the

opposing faces of the vertical walls.

n' '

The 1/4" by 1/4" extended sur-
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The internal dimemsions of the tank were 36" x 12" x 6", The size
F . . .. ’ . -
of the tank was selected for several reasons, The capacity of the tank
was 11,22 géllons and it contained 93.45 pounds of water. It was found

that:assuming the complete dissipatioﬁ of a typical power input of 0.3 kw

- into the water did not raise the water temperature appreciably to afféct

the assumption of steady state operation. Furthermore, the width of the’

tank was selected such that it was much larger than the anticipa;ed maxi-

 mum boundary_layef thickness. The theoreticai value of the boundary léyer.

thickness was calculated using the relationship:

£=3.93 @)™ (0.952+p0)°" % (Gr . )y
Assuming the anticipated local Grashof number to be 106 and the Prandtl
number.to be 5.7, the maximum boundary layer thickness was anticipatéd to
he (,83 inch,

The test tank was constructed of 22 pieces including six'giass

panels. Therefore, there were numerous joints that had to be made water-

1

proof. Three different kinds of cement were used for.different ﬁating

surfaces. All plexiglass surfaces were joined with "Daybound thickened

~ cement." General Electric "Kwik-Seal" cement was used for all aluminum. .

. to plexiglass surfaces. The Dow-Corning 781 building cement was used to

seal the plexiglass to glaés surfaces.

Flat Plate
The test surface was a 24" x 5" x 1/4" flat aluminum plate. It

wés heid between two plexiglass walls by means of lﬁ-sdfeWS_on eéch?side,
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_ and supportéd by a pleiiglaSS-piece at the bottom., Ihe meting edge of

. the plexiglees plece wae'beveled toward.tﬁe”tack side bf the-plate.' Tﬁe

" gap between the aluminum plate and the mating ﬁleiiglase edge ﬁas.fllled -
with "K::».rik-Sestl'.I sealant' thus giving a waterproof jbint. Since thellead-

ing edge of the heated plate was mounted flush with the plastlc wall, the

Lnfluence of the leadlng edge was m1n1m1zed (20) The surface of the

'plate was pollshed to a smooth finish and care was taken to remove all

protrus1ons and burrs from the-surface-ofuthe:plate.-
Figure 3 shows the schematic diagram of'Ehe,heater'arrehgement
placed on the back of the:platex -Ae.shbwn in the diagram the plate was

heated by means of "Watlow electric” silicone rubber heetere,'attachedt_

- to the rear surface of the aluminum'plate._“Siﬁce.the heet.transfer.coef-

ficient for am isothermaI'plete decreases with the distance from-the-leadf-

ing edge,.it.was necessary telsupply're&uced éower_to“the heaters mounted
'fufther from the leading edge. This was echieved by.connecting each
heater 1ndependent1y with its own variac, so: that each heater could be
controlled separately. The ‘rear surfaces of the heaters were covered
with one half inch titerglass insulation in order to minimize the heat
loes from the Back surface ot the plate. -

.Figﬁrell depicts the.schematic;presentatibn of the test tank with
the ectual_dimensions. Figute 2is a photogreph ehowing.the.test_tank.

when positioned in the test region of the interferometer,

‘Temperature Measurements and the Power Supply

- The main components of the temperature sensing system'were copper-

constantan thermocouples, a 24 channel Honeywell strip recorder, and a

A L B T T T e a
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~Leeds and Northrup millivolt poténticmeter.  As depicted in Figure 3, a
‘total of ten thermocouples was mounted_at the back of the plate. Six

" were attached such that each thermocouple was under the center of each

heater, Two thermocouples at one half inch from the 1éading edge were

‘located two inches off the central axis of the plate. One of the remain-

ing two thermgcoupleS'was located at nine and one half inches from the R

_ leading edge .and two inches off the cehtral-axis, and the other waé_'

mounted at 21 inches from the leading edge and two inches off the central

axis., The off center thermocouples were used to determine the tempera-

ture variation across the width of the plate.

all thermoqoﬁples were positioned into the 0:035" x 0.053" grooves

milled into the back surface of the plate By means of sbot welding. This

procedure ensured a good thermal contact between the pla;e and the thermo-

couple. The thermocouples were covered with a film of RTV 16 cement in

order to insulate them from A.C. moise of the heaters, Each thermocouple

lead was brought out through the passages milled into the plate surface .

to éﬁsuré gdo& thérmal contact between the heatérs and the back surface
of the plate.

‘The water temperatﬁre ﬁas monitored with three thefmoéouples placed
at.differént elevations in:the'water outside of the boundary 1éyér.'_Thérf
ﬁalistratification capééd'a variation in the ambient_ﬁatérltemperaturé in
thelvertiéal direction, so the bulk water temperéture was assumed to b;_
an average of the three vélués. |

'fhe powét-s#ppiy for the heaters was provided by six independently
controlled variacs, 'Figﬁre 4 éhéws thg variac-héafér arréngémént. Wich

the aid of the strip chart recorder; a constant temperature of the platé -

Y
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was achieved by ﬁarying each variac independently.

Differential Interferomeéter and Camera

There are several optical.sjstems which have been used for the

~ analysis of a temperature field in a transparent medium, Most of them

fall into the category of Schlieren,.shadpwgraph, and interferometric

techniques., Althoﬁgh the operation of ali three_depeﬁds upon the varia-

tion of the index of refraction, each one. is used to_méasure-the different

quantitiés."A quantitative analyéis of these systems and fheir advantages
and the_diSédvantages wﬁen:aﬁplied'to'ﬁhe heaﬁ transfer measurements qfe
discﬁssed in Appendix B. I |

.A_séhematié-diagram of the differential interfefometgr'is shown in

Figure 5. A coﬁpleté discussion of fhis'interferometer is.availabig in

-'reférences-lég 16, and 19, A brief summary bf its operation follows.

Light rays which leave the mercury discharge light source as shown
in Figure-ﬁ are allowed to pass through a filter._.The waveleng;h usaed in
this iﬁveétig#tion was 5461 . The reason for using this particular wave-
lengphIOf 1ight was. that thé relationship betﬁeeﬁ index of refraction and -
;emperaturé eventuglly selected was valid only for a Wavelength éf_SQGi i
(21,22). - '_;

After leavingIghe:éiitefi'thé'ge#m passes througﬁ”a'collecting _
lens and a polariz;r which is orientéd 50 thgﬁ'tﬁe light.is polarized

into two equal magnitude electrical vectors. - Both of these components

are foéused'on the first of the three Wolldston prisms, WPl, which causes

the rays associated with each componeﬁt to divergg slightly as they leave

the prism, The first WollastOn'brism is located at the focai point of the

it
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first épheriCal.mifror. ﬁpon the reflection from the'éphericﬁl mirror,
the_two rays ﬁraﬁél pargllel but siightly sépératéd paths through thé.

test section. After leaving the teSﬁ section the two fays are.fﬁcused by
 the second spherical mirror, SPZ,_which converges. them on thé seconﬂ:
-Wollascon prism, WP2. The second prism is rotated'lso degrees with réspect
‘to tﬁe fi;st ﬁollastbn prism so tﬁat'the effect of the first NbllaStbn- |
prism ié.reﬁefsed. After leaving WPZ,-the'rays.pass thfoﬁgh WP3, which
produces a phase shift bétwgéh two electric vector components.

Thé component with the electric vector, Ex,'will be-referred.po.as
-raf.x,:énd the component with ;he electric vectbr, Ey,'will_be referféd
‘to és_ray Y -As discussed~aﬁove, fay ¥ ié deflected upﬁard in the x-z
plane aﬁd.ray # is deflected downward in the x-z piane...Thé total anglé-_

- as defined_in Figure 6 is given as (24):

= zgne—no)tanei : . _-(2)

whére.(neFﬁo) is the difference'ﬁetw;en the extradrdinafy and the érai-
ﬁafy indices of refractioq of tﬂe Nbll&ston.priém maferial, and 9, is the
wedgé angle of the Wollaston prism. As the two rays travel-péféllgl but
slightly‘Sepafated paths through the test section, the separation dis-
fance3'axs; be?ween ray x dand ray y that originally formedlén incident ray
. . .

X =ow - ™
where g isﬁthe distance betweeh.W?l and the spherical mirror. By substi-
_tuting fof:g, frbﬁ equatﬁén.(Z);:éhe separation distance can be written

as
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ﬁXS = 2g(ne-n0)tanei : 4

Upon leaving.WP3, the recombined beam passes through the analyzer

which produces the interference pattern between two electrical compoﬁents.

The interference.péttern whicﬁ:reéults appears as alternate light and

- dark bands. This type of pattern is referredlro as a'parallel fringe
pattern. When the.thir&'Wbllasten prieﬁ is removed, the only fringee
which appear are those.eaueed_by a gradient of index of refraction within
the test section. This interference pettern is referred to ee.an infie

nite fringe interferogram.

When a heated object iszpleced in the test section, the two slightly

separated rays.willzexperience different 0pticai_éathe, which result in
the parallel fringe interferogram.produced by WP3. This deflection of an
individual fringe line is proportional_ﬁo the gredieﬁt of the index of
refraerioﬁ; By using Newten's law of cooling, the heat transfer coeffi-
cient is.derived as (17): | | |

k. i . | '
| h;-= [(ZIg&efeanei)J [(dn/ﬂT):(Tw-Ta)]

&)

In'the above equation, dn/dT for water was expressed in the-form'qf a

- semi-empirical expansion in temperature by Osborn (21) as:

“dn /dT = - 10‘7(118.73 + 41,.4184T - 0.02376T2 -_0.0043757T3)' (6)

The above relationship was evaluated for green light having a waveieegth

of ‘5461 X.
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Two cameras were used_ta:fecdfd thé_fringe.éhift photographs., A
& % 5" st_:i'l.l.'camera was used. at all plate positions where lamin#r flow | '
existed, ﬁhile'a 16 ‘mm motion piC£ure camera was used in tﬁe transitional
and turbﬁlent_régimes. The unspéady"haﬁﬁfe of the fluid transients.cauéed
 f1uctﬁations in the.ffinge pattern in these'regimé§. The steady state
_p:i.ctureé_; wére- f’iimed {ri_th a General Precision speed Graflex cé:qerai. The -
 film used was Plus-x-ortho kodak and was exposed fdrzdne half second.
To record the transient fringe péttern a Bolex ﬁ-l& reflex camera was
used.’ fhe'film speed.of 18 frames per second with a shutter setting of

" half open was used. .FOr all the tests a élow speed,'Kodak Plus-x film

7276 with an ASA number of 50 was used.

o R e e - i



25

CHAPTER III
EXPERIMENTAL . PROCEDURE

Theré_were several preliminary_stéps that were taken before each.

test'Was:condUCted..

1. The Honeywell strip ¢h§ft recorder and the millivolt poténti-ﬂ

' bmepér were calibrated. o . :.;;'
2._‘Th;;g1a§s panels were cieaned.bf'dust, foreign particles, and
any marks.
3. The wate;-tank was filled.with distilled wéter and the ﬁater
was stirfed'thé:ouéhly. | | |
4, Tﬁé p1éte and'the.interferbmegef werelaiigned by.plﬁcing two
aluminum pieces with ideptically'drilled holes in' them on oppbéite ends

of the test tank. When placed in the field of view with the light on,

‘the tank could be rotated until the holes were lined up so that the light

rays were parallel to the plate surface,

5. Preliminary runs were made to determine the power input set-

tings for the various heaters, in order to produce a uniform plate temper-

ature,

| _ Uﬁon completion of the above preliminary steps, éhe heaters were
tufned on and the power settings were adjustéd in Qfder to obtain iso- |
.fhermal conditions., A period §f about ¢ne to one and dne-half hoqrs was
rgqﬁi;ed for the plate to stabilize at the desired.temperature; However,

it was found that the centerline temperature reached nearly a constant
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wvalue for a period of about ten minutes, after which it continued to rise
S%owly. Furthermore, the temperature of the water at the top of the tank -

rose steadily establishing an inéréasing vertical temperature gradient in

the water due to thermal stratification. -
Once it was determined that the plate had stabilized at a desired

temperature, thg water was stirred thoroughly to reduce the effects of

thermal stratification. Interference photographs were taken about five or

‘ten minutes after stirring, which was sufficient time for the random water

currents to die down and for the plate to reach a uniform temperature con-
dition once again. The maximum témperature difference between the top:

and the boctom'tpefﬁocbupleé placed in water after the currents had died

down was found to;Be about 2°F. The water temperature was.determinéd:by

averaging thé'tﬁfeg #hermocoubleé:whibh were mountéd at different eleva-
tions. | | -

Tﬁe pléte temperature ﬁés determined in the following way.. The
méﬁimum'side to side déﬁiétioﬁ in the plate temperature at a gi#en elef
vation was determined to be about 3°F. Since three thérmocouples.were '
mounted at oné half inch from the leﬁding.edge; an ayeragg-of these three
readings was deﬁermined. The same épanwise_variatioh_{n_the temperature
was assumed to exist at the other three elevation points,_whére side ele-

"vation in the plate temperature was unknown due to availability of only

'a single centerline thermocouple. For the remaining two elevations where

the side deviation was known, an average was determined in each case.
By averaging'the temperature at each of the six elevation points, an over-
all average plateltemperatﬁre was established. A typiecal temperature dis-

tribution at the wall sﬁrface is shown in Appendix C. The'avérage plate
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temperatufe evaluated for this test was 81.01°F with a standard deviation

of 1.2°E from any point on the plate surface, and 0.76°F from the center-

line temperature at any elevation.

Interference_photographs were taken with the.stiil_camera-at ver- -

tical positions up to 12 inches from the 1eadihg edge. These pictures
were spaced from three to four inches apart, and the pictures of both
infinite and parallel fringes were taken at each location. Motion pic-

tures were taken for distances greater than 15 inches from the leading

edge of the plate. Again, the pictures of both infinite and parallel

fringes were taken at each location.

'The-discussion on the data reduction and the interferogram analy-

sis is present_éd in_.Appe'n'dix C.
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CHAPTER TV
DISCUSSION OF RESULTS

The experimental results are best répresénﬁe& in the form of the
tables and graphs. In this Ehabter the'heat-transfer corréiationé aré
plotted.iﬁ térms of familiar non-diﬁensional ﬁarameters and the experi-; 
mentally obtained_valﬁes are compared with thebretical,valﬁes;

The results are subdividéd into two main groups. Heat traﬁsfera
reéults'aﬁd fiow visualizgtion studies, Furthermore; tﬁe.steédy éfate.
.heat transferiresuits are discussed first félléwed by the_resulfs_in the

transitional regime.

SteadX'State Héat.Transfer

Figure 7 shows representative interferograms of the steady state

heat transfer at the different elevations, along the wall, _Evaiuated

values of the heat transfer data from these and others are presented in .

 Figures 8 and 9.

i

FigufeMB shows the variation of Nux/(Rax)l/é as a function of the

distance from the leading edge. Figure 9 shows the variation of Nu  as

& function of (Rax)l/a..'Bbth the results;are compafed with the theoreti- -

cal results of reference (25), As can ba seen, the experimental results

compare well with the theory. The discrepancies observed at the low
Rayleigh numbers can be attributed to the leading edge effects, and the
refraction effects that are discussed in detail later in the section.

Experimental results plotteﬂ in Figure 9 are.correlated by the
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Parallel Fringe Pattern Infinite Frince Pattern

Run la AT = 2.45°F (Marker at 1" from Leading Edge)

e

Parallel Fringe Pattern Infinite Fringe Pattern

Run 2a* AT = 3.24°F (Marker at 4" from Leading Edge)

Figure 7. Interferograms of Steady State Boundary Layer
in Water
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following best fit cUrve,.

0.25 :
Nu = 0.471.[erPr] (N

.~ The tabulated values of the data can be found in Appendix D, The criteria

for the best fit curve are also discussed in Appendix D.. The Von Karman-

Pohlhausen constant wall tempefature analysis of Sparrow (25) results in a

. heat-transfer correlation-

0.50 <0.25 . \0.25

(0.952 + Pr)

Nux = O.SUS(Pr) x

' Which.gives a higher coefficient than present water data. The quantity
[0.508 (Pr/0.952 + Pr))°*2°] varies from 0.486 to 0.489 for the Prandtl

number variation of 5-6 in the current experiment.

A careful study of the percentage variation of the experimental
results [Appendix D] ffom‘the theoretical values shows that most of the
resﬁlts, éSpecially'those near the leading edge, arellower than the theo-

retical values. This error could have resulted from refrgction effects,

 which are predominant at higher heat transfer rates.

'An experiment was conducted to study the refraction effects under

_different temperatufé conditions. A small, carefully machined'plexi—

glass piece was mounted at a location 4" up from the leading edge. The

piece was marked with a.largé arrow and it was located so that the point

" exactly touched the surface of the heated plate. A series of photographs

was taken, such that they'represented the infinite fringe patterns of the
plate'su;face under four different temperature conditions.- Figure 10a

shows the wall.with no heat input to the plate. Figures 10b thrbugh 10d

@ y?, @
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show the plate under the identical conditions ekcept for the wall tempera-

ture which was increased to achieve the temperature difference of 2°, 4°,

.and 8°F, respectively, above the ambient temperature. The apex of the

triangle_was used as a reference to determine the effects of refraction, as

the wall tempéfature increased. As can be'séen, the apex is clearly vis- -

ible in photograph 10a; hdwever,_it is p:ogressivély bléckéd out by a dark

i

region which extendé from wall surféce at higher'temperatures. In the
Wofst case the dark region was aboﬁt:p‘OG" while the acﬁual Boﬁndéry layer
thickness was ;bdﬁt 0.12". This”&arkéned'region led to an error of about
50 perCent?iﬁ'the measurement qf.thé-boﬁﬁdaryliayér.

The heat-transfer coefficients were evaluated at_higher temperature

. differeﬁdes, and.altypiéal'set of values'is.tabulated in Appendix E. How-

ever, these values do.not reflect the heat transfer coefficients evaluated

at the wﬁll, since as discussed'above the higher temperature'gréaients

caused the image of the wall to shift considerably into the boundary layer.

Refefring to thé tabulated values of the tempefature gradient for an:iso-
thermal plate in réferénée (6}, the temperéture gradiént_for the pbsition
half wéy inside the boundar& Iayef was 33'perceﬁt of its value at the ﬁéll;
This expiains the large discrepancies obsérved in the heat transfer mea-

surements at large temperature gradients.

T:ansieht Heat Transfer

Sixteen mm movie film was used to record the interferogféﬁs of the

Lo

" local instantanqpué heat transfer coefficients in the transitional regime.

The local instantaneous values were integrated to obtain the time averaged

local heat:traﬁsfer-coefficients;

To achieve a Sufficiently high Grashof number such. that bbservations.
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-can be made in the fully turbulent regiﬁe, theaplaté:was heated up to 6°

to 8°F above the water temperature. However, due to predominant refrac-
tion effects at high tempefature gradients, the data“differed consider-
ably from the theqretical equation (5): A sét of typical experimental
data can be found inlAppendix.D. No attempt was.made to éorrelate the
local Nusselt number with the.locél Rayleigh number for these data.

In the transitional regine the'locai héat_tfansfer_cdefficient'

showed significant variation with time., Figure 11 shows a typical plot'l_

of the-locél heat transfer coefficient as a function of time at a loca-
tion 18 inches from the leading edge. The local value of Grashof number
at this point was 1.98 x_108._ As. can be seen, the heat transfer coeffici-

ent varies randomly with an unpredictable cyclic variation..

Flow Visualization Studies
' The infinite T¥inge pattérn permits a visudl observation of the

f£luid flow about the heated plate. This simplifies the probleﬁ of identi-~

fying the type of flow, which exists within the boundary layer. The lami-

_nar flow is characterized by a steady nqnflﬁctuatihg boundary layer, which :

can be easily differentiated from tapidiy osciliating flow which characf

‘terizes unsteady, transition, or turbulent flow,

Infinite fringe pattéfns'weré:studied to determine the critical

'Rayleigh number which marks thé onset of tramsition, nature of the ther-

- mal boundary layers and to determine the frequency of the wave occurrence.

From a study of ihfinite_fringe films, a number of general observa~
tions can be made. . The boundary layer thickness grew steadily and with
the exception of positions far from the léaﬂing edge, the double structure

of the boundary layer was not eviﬂenﬁ.
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Up to a height of 8 teo 12 inéhes, the interferenﬁe lines were

steady and gradually increased in thickness, indicating a slow growth of

the boundéry layer. Beginning at 2 distance of about 12 inches, waves

appeared Sporadically'which traveled_upstream.' Aé showm in Figure 12;,_
this first appearance of a wave caused only an upward bulging of the
outermost fringe lines and no rolling of the lower fringe lines in the

thermal sublayer was observed. These waves resemble closely the Tollmien-

- Schlichting ﬁaves-and they indicate the beginning of-EIOW'iﬁStability.

The critical Rayleigh number,'where the first unsteadyness within the
boundary léyer appeafed'was determined from the interferograms as
1.73 x 109.- This agrees well ﬁi;h the prévioﬁs investigations-that.showgd'f-
that the transition begins at a Rayléigh_numbet:between 2.8 x 108_(2?)
and ?.0 x 109(4).

The disturbance within'the_bound@ry,layer.which-starts out as a

single wave increases in duratioﬁ'&s_itztﬁévels downstream by building
 more waves behind itself. This contindé%éso that at about 18 inches

_ cL . e ' - . :
- downstream a considerable number of waves arrives before the fluctuations

die down. At the same time, the amplitﬁ@é of the disturbance increases
and the rolling up of multiple waves to.f;rm h_singie"vdrtex is'obsérﬁed.
Figure 12b shcﬁs Ehis proceas.__rhis type.oflvortéx-rolling up was first
demonstrated by Eckert andnSoeﬁﬁéén;(BB) for the £low over.a flat plate,

- As Eﬁé voftgx propee&s &Oﬁﬁﬁtfe&m3 a tjﬁical_double row vortex sys-

tem is observed and, as shown in Figure l2¢, one vortex near the wall is

. seen rotating in the clock-wise direction while the fluid in the outer

layer is seen rotating in the gounter.clock—wise direction. The presence

of vortices confirms the observation first made by Szewczyk (12) in water.’
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(@) ‘ ;
First Appearance of a Wave Beginning or Roll Up

(c) (d)

Vortex Street Layer Break Down to Turbulence

Figure 12. Transition of a Laminar Boundary Layer to Turbulent
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" The émaller_gnd faster vortices ﬁear_the_wall and the larger but much
slower vortices in the outer laye% maﬁ-be;the féSult of the decay of tﬁo
rows of parailgl vortices observed'by;T; Fujii (9) in the "Vortex Street

-.Layer" between théhlaminar'aﬁd the transitional Elows. “

'Figure 12d shows the bouﬁdary layer for a high wall temperature

condition used to achieve higher Grashof number., As can be seen, the
outer vortex is very strong and it influences the fluid motion in the

'inner_layer. ‘The inner layer is affecte&'by a large amplification of the

disturbance in the outer layer, which overtakes the flow completely and
results in the breakdown of the free convection layer-frbm laminar to;
turbulent. The observation that the irner wave is amplified'by'highly_

1 ‘unstable motion occurring in the outer layef is in agreement with findings

i - of Szeﬁczyk_(lZ), He observed that the described phenomena occur froﬁ
1l . . the strong instability due to inflection point in the velocity profilé
located outside the maximum velocity. The effect of inflectional stabil-

ity .is to govern the flow which devglops into the breakdown of the bound-

ary layer from laminar to turbulent.

The frequency of.occufrence of wave as a functibn of plate posi-
tion was recorded for the tests conducted in the transitiomal and turbu- - :.5
lent regimes. Unlike-similaé frequency measureménts made in air1(1§),
frequency measurements had to be made over a longef period of time.

"Furthermore, a quantitative measure of the strength of each wave was re- .

corded by assigning a number from one to five to each wave withip five
indicating the strongest wave and one the weakest. A typical set of the

. observations is tabulated in Appendix D. It was observed that a stronger

wave was usually followed by a series of weaker wéves. As pointed out
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befofé; thisibehaﬁior.leads to a rolling of #he waves to form a'VOr;ex
downstream, Furthermore,_unlike air studies the frequency of the occur-
rence was found to.vary for a lécal value of the'Raylgigﬁ number; The
-frequency of.the.occurrence of the wave increased steadily over a peridd
| of 15 minutes.. This could be attributed to a limited bulk ﬁolume.of

' water and stratification.
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CHAPTER V
ERROR ANALYSIS

‘The errors encountered in this study are of several types.

Significant errors canm be attributed to the interferogram not being a

.true representétioq of the index of refraction in_the boundary layer.

- These iﬁclﬁde end effects, refraction errors, and errﬁrs dué to misaligp-
ments and ihhomogéneities in the optical systems. .Fu;tﬁefﬁore, errors

F ' © may al#o have been caused by mnonuniform heéting-of the plate along the

'_bath of the light rays, Errors_ére also encouhteréd in the feadings and
calcuiations from the interferogramé including inaccufacy of the fringé-'

R - positions, and in'thg case of the Mach-Zehﬂder'intérferogramé due to im-

" proper egtrapolation of the temperature profile’'in the boundary layer;_;

(These errors are discussed in Appendix B.)
A careful attempt was made to align the heated plate iﬁ_the inter-

ferometer test section so as to minimize the alignment errors. Two

=TS e s e

aluﬁinum-sheets with identical holes drilled in them were mounted on each

side of the water_tank. _Thé light source was turned on and the tank was
rotated andsleveled.until-the images of the holes coincided.  When the two
iméges ove;lapped'i£ Was aésumed that the light:rays were parallel to the
- surface of the heated plate.
Two factors §hich contribute to-the systematic eriors oftén en-
Icouptéred in iﬁterférométric measureméntg are refraction-and tﬁe~end ef=

fects. In the following pages, these two errors are treated extensively
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and an attempt is made to compare these errors quantitatively for Mach-
Zehnder and differential interferometers. The magnitude of these errors

has been evaluated considering both air and water as transport media.

End Effect Errors

Theoretically the temperature distfibueioﬁ in the_fiuid is coesid-
ered to be.two_diﬁeheionel.. Normelly,the variaﬁions.in the directien of.
the_light'propagation are negiected;'.ﬂowever; due to the finite 1ength
ef_fhe-test.quect,-tﬁie.aesumptioﬁ-iSJeot valid. An additional optical

path difference between the two_separatea*rays which travel past the test

" - section is introduced at both ends of the test section. The error intro-

duced due to end effects has been analyzed in reference (28), for a eingle
ﬁbllaston ﬁriSm Schiieren interferometer. This anelysis.aiso eppiiee to
the_differential interferometer. In the sectipn.below the end effect’

error has been evaluated for air and water as transport media.

Differential Interferometer
With reference to Figure 13, the assumptions made in theé analysis
carried out in reference (28) are:

1. At both the ends of the test section the boundary layer forms

a circular arc with its center at the edge of the test section.

2. The temperature distribution in.the'boundary layer is parabolic
or;

T - Ta K 2 : : .
=1 -3/ | (9
W a _ - : o

where T denotes the local temperatqre'at a diétance.y perpendicular to

the wall,
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3. Small temperature dlfference between the wall temperature and

' the ambient f1u1d temperature is essumed such that the index of refrac-

-tlon ls-glven by:

| Cdn o R
nem =g -1y ._ (10)

With these assumptions, the fraction fringe shift error due to end

“effect as derived in reference (24) is:

(2 ) ((ax /5)(2 AX /5)) - o p _' o (11)

((1 . (Sq)) (&x )2

o ( (*ﬁe) zmsco))
whére .
5 1/2

86X is the distance between the two rays traveling through the text sec-

tion, as defined by equation 4. The values of eehd'versus'&xs/ﬁ, fer

several values of S/L are preSentedxin reference (24)._'These'resu1ts are -

" summarized in‘Teble 1 for brevity.

o Mach-Zehnder Interferometer

The end effect error for the MaeﬁAZehnder'interferometer'has been

‘discussed extensively in reference (29). With the'assumption'ef the

'identicel temperature distribution in the boundary layer,

i

T - T

. Sq :( L (gx ) ) | -_ : . -. (12) .

;——-—i_.— a-smt R O
3 I




the end error derived in reference (29) is,

e . =12/3

“end

§
L
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- (13)

- A tabulated value of end efféct error is pfesented in Tabie 2 as a func-

tion of §/L.

_Table 1. End Effect Error as a Function of AX /8
: and §/L for Air and Water -
A
_fﬁ €end (percent)
8 Y _
- 0.005 0.010 0.015 0.020 0.025 0.03
b 0.05 0.081 0.163 0.245 0.327 . 0.408 10.490
| 0.10 0.131 0.262  0.394 0.525 . 0.657  0.788
| 0,15 0.169.  0.339 0.509 0.678 0.848 1.018
0.20 0.200 ©  0.401 0.602 0.803 1.004 1.205
0.25  0.226 0.453 ©  0.680  0.907 1.133 1.360
Table 2; ‘End Effect Error as a Function of G/L-
: for the Mach-Zehnder Interferometer
?ehd 5/L _
) | 0.005 0.010 .. 0.015 0.020 0.025 0.03
0.333 0.667

1.000

1,333

1,667

2,00

errer is a function of ray separation.

Comparing Tables 1 aﬁd'2; the following conclusions can be drawm.

1. In the case of the différential inteffefqmeter, the end effect

2. 'Considering the identical ratio of the boundary layer thickness

to the width of the test'section,'it can be seen that the end effect error
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1s larger for the Mach-Zehnder 1nterfer0meter than for the differential
interferometer.
3. The error, as calculated for the Mach-Zehnder and the differen-

tial interferometer, is always positive. That is, the temperature or a

_ temperature gradient larger.than the true values would be indicated if no

.cerrections were applied.' For.the differential interferometer this re--
sults in a higher-uelue of the heat transfer coefficient.at.the wallhthanm
the correct velue}- | |

_4{ In the case of the-differential interferometer;'an error in the
fringe shift measurement 1eadslto-an error in the heat transfer measure-

ment. However, in the case of the Hach~Zehnder interfercmeter, an error

'"in the fringe shift:is related to am error in the tempersture'messurement.-

From the error in the temperature'as a function of the distance from the

conv

plate, the error in (q/A) = - k(dG/dy)y=O needs to.be cslculsted.,'

A detailed discussion on this calculation can be found in reference (10)
In an experimental study, Goldstein (10) determined that the maximum end
effect etror for water resulted in a heat transfer coefficient'measure-
ment.thatfwas off by as much as 1.6 percent. This'error is‘greater than
the end effect ‘error present 1n a differential interferometer for the
predicted prism angles and the test section size. o

5; PFor the present-investigetion,_the.maximum end effect errur

in heat transfer measurement was found to be 0'2 pertent. This error

' value is based on 2 Wollaston prism angle of one degree, a test section

width of five inches and a maximum boundary 1ayer thickness of 0 54 inch.

'The boundary 1ayer thickness value was typ1ca1 for water with a Rayleigh

number of 3.44 x 108.

T SIS
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Refraction EBrror

Another important.error eﬁcountered_iﬁ the-iﬁterferometiic systems
.is the refraction error. fhe.graeiept of the deneity, aed therefore the
gradient of refractive index notﬁal to the light tay, may be iarge'enough
to produce an epprectable curving or refractlon of the light rays. As a
result, the temperature or the temperature gradzent dlstribution evaluated
from the interferograms on the assumption of unrefracted light reys may
1eaa to an error.

The refraction errot has Been treated quite.extensively in.refer- 
ence (SO) fer the Mach-Zehnder interferometer.. With reference to Figure
14, the assumptlons made in this reference’ are. |

1. The 1ndex of- refractlon 13 assumed’ to be constant in the direce
tion of the travel of the light ray.

2. The index of refraction can be expressed bf a power seties.

With reference to Figure 14, the index of refractieh is, -

n/na =1+ bW+ bW -+ b3wW + ... L (1)
whete.wg is the distance measured perpendicular to the plate and repte-..
sents the locus of the refracted light ray in the mediﬂﬁ,' WW can be ex-
pressed in terms of the coordinate along the width of the plate as

W o=a +a ; razt 4 I (15)
Here al, az, 1 and b are arb;trary constants.;

With the above essumptlons ‘the change in the. opt1ca1 path of the
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__light_rey passing through the medium due to refraction is (30),

Blres = b1 {k;ﬁ - %)+ b, (- aﬁ ¥, - 1/5) e

+ b b (OQ -.3/2 Q% + i/4 o« - 3/28)]}

where
@ =L/L © (16a)
and _ .
by =0, = 1/n0 [
- (16b)
2" bwz:lw =0 [bW3 W ==0

Lf is the distance of the focal plane from the end nearest to the camera

. ‘and L is the width of the test section.

Differenfiel Interferometer

In the case of the differential interferometer, the interferogram

results from the interference between two rays, one which travels along

- the surface of the heated plate, and' the other displaced by a distance

equal to. the senaration distance from the:eurface of the wall. Each ray

-is independently affected by refraction which produces an independent

change in the optlcal path length. Since dark interference fringes are

obtained due to destructive interference between these two rays, the
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effective chaﬁge in thé.optical_patthength due to reffaqtiOn will be,

Al ¢ = ALref/y=0 - ﬁLref/&=AXS (1?)
and the nondimensional refraction error will be,
AL . AL L o |
- ref/y=0 " ° ref/y:ﬁxs o _ (18)
ref ( : o

- n__ae JL
y=f() y——ﬁx s

Comblning equatlons 16 through 18, two separate formulas have been
derived for the refraction error when the 11ght ray passes through air
and water .

Refraction Error, Air, _Wheh_the light fays pass through_air,.the

" index of refraction can be related to' temperaturé by the Dale-Gladstone -

relationship; Accordingly, .

=1+ k/T, - | " - Q9

which leads to

(T"T‘I‘XS')'.‘ . | o ..('20)

Combining equations 16 through 20, thé'error due to refraction

would be, .
[ L T Taxe
ke

e"”e.f. =
- Td'i'.e -

<+ (s'\ﬂ(m) Q ‘) [(610\1.:;') (..&\ﬁqm-) Chb\ﬁ'ﬂs) (_éabaa'xssh

].{Fﬁxu{) Q-"—”-% [(a\mm*sl—- .,C;E,b.'\hus_??l 21)
Tw .

W () U—‘) }_cab‘mf c.é\om) cabmg)caban@ \
41 Colm) ("/6) L(ab,cha b-auzﬂ Cébmm) Cébaﬁ*s}l}'



_wher'e, Flaw) = (Rw ‘;-‘/Lj

G CD(NB = C“'OC:; -.-|- o(m - \/s)

(21b)

. . a- . . : . - .
o ! C“m) = (- ;/3°<w *+ 4fq°<w -4 {C.a-'é) . (21c)
g Qa{w) ('qu; _.-‘%,_Lo(w x '3/4 ) -_ Bfag) .(21d)

For the present analys:.s,- a sunple parabollc temperature profile '

! _in the boundary layer_ was assumed. Again, combining equations 9 and 16,

" ome can show that:

T-T,

'T"’-:"T—‘ (1 - y/&) _ o (9
W .
&nd’ _
Sbiw = [ 2k }[ «nﬂ[ Ay | o)
£ - |
SRR I PR ER AR R

&??b%b; = l;—qk]l:'fm][qw TQJ [ ][\-m \l"m .

l (22¢)

and

L o . - . _ (21a)
. - | : | a

o o s b
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dbraxg= 1‘. Taxsl[ Tm;:: ] L\'*_ 'L%? ]

| (23a)
2 o
Srace {L St e o
L . TIfr;:i:‘] ‘}
gf’b?’ﬁ‘&.s :{['1‘5][—]—_ ][T‘H Ta., . . x .. |
. ) 'ﬁﬂ- Tars TAKS ] l.l 22 (23¢)

PRI, “T,::m “ﬂj

Equations 22 and 23 can be 3ubstituted into équation 2] to give a
final expre331on for the refractlon error as é function of the dimension-
o 1ess_parameters, AXS/G, S/L, and.qw._ These errors are tabulateq in Table
3. - Figure 15 ﬁhows'ﬁhemalérrors pldtted'as a fﬁﬁcﬁiph of the above di-
- mensionless parameters.

Refraction Error, Water. When the light ray passes through water

. it experiences an appreciable curving due tb'large variations in the re-
fractive index with temperature. The index of refraction has been related
to temperature differences by Tilton and Taylor (23) in a relationship

such as

6.3669(T-20)> + 2364.81(T- 20)2 + 76.735. 3(T- 20)
(T+65.7081) x 107

0= 1.33446615 - (26)

" Combining equation 24 .with equations 17 through 23, the error due to re-

‘fraction would be

g e o b ek



Table 3. Rgfraction Error fbr'DifferentiaI Interférbmetér
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Applied to Air (Percentage Error x 102; BXS/S = 03005)

e ——

| T - T,
o e et
0.05 .10 9,20
0.00 0.209 0.126 0,087
0.25 0.0525 0.0316 - 0.0215
0.10 0.333 . - =0.00 = 0.00 = 0.00
. 0.50 - 0.150 - 0.0633 - 0.0433
0.667 - 0.221 - - 0.126 - 0.0858
1.00 . 0.420 - 0.253 - 0.168
10.00 0.0525 0.0316 0.0215
| 0.25 © 0.0131 - © 0.00795.. 0.00535
0.20 - 0.333 >~ 0.00 =~ 0.00 = 0.00
. 0.50 - 0.0262 - 0.0158 - 0.0107
1.00 - 0.105 - 0.0632 - 0.0426 .
0.00 0.00841 0.0056 0.003%
0.25 0.0021 0.00126 0.00085
0.50 0.333 =~ 0.00 ~ 0.00 = 0.00
' 0.50 - 0.0042 0.00253 10.00171
0.667 - 0.0084 0.00506 0.00342
1.00 0.01012 0.00689

- 0.0168




© 20,0

- = 0,005

"1'000 y

-20,01
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Fof thé:preSent analyéis; a-simplefparabolic profile.as.given b&
equation 9 was asSuﬁed. ihe refraction errors as a funcpion of'gxs/a;
"S/L, énd o, are-tabulated in Table 4. These errofg ate aigo plotted aé a
function of the above nondimensional parameters in figure 16.

- Mach-Zehnder Interferometer

'Refracﬁion effects for the Mach Zehnder interferoméfer have been
considered by .Ecker't and Soehngen .(31), ﬁy Howes and Buchele .(_32),- and by
Goldstein (10). In general the effects of the.higher order terms in the
governing equatidn wéfe heglectéd in the analyses.' In tﬁe present aﬁaiyg_
sis,_the effect of those_higher order terms is included.

. In.thé ca;é of the. Mach-Zehnder interfe&ometer, the refraction
error is given by _

- Fpes S B
Cref aneL . ’ ' o (26)

where L.¢ is'given'by'equéinnnléw Combining équations”iG l20 and 24
.glves two separate formulae for air and for ‘water as the tranSport media.

Refraction Error, Air. COmblnlng equations 16 20 and 22 the re-

 fraction error formula for air can be shown-to be
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Table 4. Refraction Error for Differential Interferometer
a ' Applied to Water (ﬁXS/B = 0.005, Percent Error)
' " ' | T‘t-.' - Ty
. . W
0.05 0.10  0.20
0.00 1.10 2,204 408
i ' 0.10 0.333 0.0042 0.0048 - 1,2303
I - o ©0.50 - 0.560 - 1.130 - 1.236
i 0.667 - = 1,134 - 2.75 - 3.913
; 1.00 : - 2,301 - 5.310 -28.04
I!li . . .
| o | : |
: _ 0,00 : 0.292 0.699 _ 1,299
i ' - 0.25 : 0.071 : 0.179 0.373
! 0.20 0.333 0.0232 : 0.0218 _ 0.0234
' 0.50 - 0,141 - 0.355 ' - 0.710
] _ - : - 0,667 - 0,284 - 0.716 - 1.45
i © 1,00 - 0,571 - 1,14 ) - 2.845
0.00 0.045 . 0.114 10.237
_ 0.25 0.013 : S 0.028 0.0597
HE " 0.50 : 0.333 = 0.00 = 0.00 = (.00
o S0 0.50 - 0.023 - 0.057 - 0.119
al . 0.667 - 0.095 - 0.115 - 0.238
i ' .1.00 . = 0,091 ' : - 0.230 - 0.478
t
t
o
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Figure 16, Refraction Error for Differential-Water System _
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_whers the temms in ths brackets are identified by equations 22a fhrpugh
.22c. | |
The tabulated valqes of.the rsfractioﬁ errors as a function of
dimensionless parametefs,_y/&, 8/L, and qw are given in Table 5, Figure
17 shows thsss errors as a function of y/é and @ for.a typical.value of
v/8 observed in air.

Refraction Error, Water. The refraction error for water was ob-

‘tained by combining equations 16, 22, snd 24,

eﬂ”"-’é' = . —_‘_"'_] {(.-E)it.%b\)a'ﬁ:co(m) '
AR LS &7 7 : _ (28)
| + & Q) € % )4' (Bord (Eva)
+ C-L.g\,ca [Qam)‘f’“tébaﬁl_t\@@ |
(B S LS. 5‘)' I c«@j}} |
The terms in ﬁhe brackets are identified by equations 22a th;ough 22c;_
The tabulated values of the refraction error for this system are
.lisfed in Table 6 as a function of the nondimensional parameters; v/8,
~ 8/L, and %, Figure-lS shows these.values plotted as a function of the
aboﬁe parameters for a typical vslue of 9/5.
:Siﬁce tHe primary objectiﬁe of tﬁe present_ahalysis was to compare
._the réfrastion errors involved_in the differential intgrfefometer'snd the
Mach-Zehnder intsrferometer,'tﬁe tabulated values are used for the com=~

parison. Tables 7 through 10 show the refraction errors involved in the

m——————
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Table 5., Refraction Error for zunr1mmfnamn Interferometer

Applied to Air mwmunman;mHHONV v/8 = 0.005)

_ ,H.._s - T,
@\H. Q.fq | = .H.S__
0.05. . 0.10 0.20
0.00 0.264 - 10.185 0.331
0.25 ' 0.0613 0.0415 0.083
0.10 0.333 =~ 0.000 = 0,000 = '0.000
. 0.50 - 0,122 - 0.093 - 0.166"
0.667 - 0.245 - 0.186 - 0.332
1.00 - 0.491 - 0.373 - 0.647
0.00 0.0613 0.0465 0.383
0.20 0.333 >~ 0.00 ~ 0.00 > 0.00
R 0.50 - 0.0306 - 0.0232 - 0.041
0.667 - 0.0613 - 0.0415 - 0.083
1.00 - 0.122 - 0.0393 - 0.166
0.00 0.00981 0.00745 0.0132
m 0.25 . 0.00245 0.,00186 0.0033
; 0.50 0.333 == 0,00 = 0.00 ~ 0.00
W y 0.50 - 0.0049 - 0.0037 - 0.0066
w 0.667 - 0.0093 - 0.00745 - 0.0132
? 1.00 - 0.0196 - 0.0149 - 0.0265
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L]

0,005

= 0.05 = ¢

10.0

o

Error x 1022
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Table 6., Refraction Error for Mach-Zehnder Interoferometer

Applied to Water

61

.0.20

].-00 -

0.105

- 0.468

) Tw - Ta
. W o Ty _
0.05 0.10 0.20 -
0.00 1.280 5.41 19.32
L 0.25 -0.336 1.430 5.034
0.10 0.333 N 0.040 0.0486 0.
Rl 0.50 - 0.648 - 2.81 -10.09
- 0.667 - 1.310 - 5.78 -22.75
1.00 - 2.667 -12,07 - -48.94
0.00 0.326 1.430 5.62
0.25 0.082 0.363 - 1.45
0.333 = 0.00 0.0030 - 0.025
.0.50 ' - 0.164 - 0.724 .- 2.871
- 0.667 _ - 0.328 - 1.460 - 5.83
1.00 - 0.66 - 2.95 -11.92
0.00 0,052 0.233 0.931
0.25 0.013 0.058 0.234
0.50 0.333 = 0,00 = 0.00 . = 0.00
0.50 - 0,026 - 0.116 - 0.467.
0.667 - 0.052 - 0.233 - 0.936
- 1.
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Table 7. Refraction Error as a Function of y/8, for Mach-
' - Zehnder Interferometer Applied to Air
v/6 0.005 0.010 0,05 - 0.10 - 0.7 1.0
e, x 10° 1.5 L5 1.4 1.2 0.10  0.00
“ref. - _ E :
(%)
' Table 8. Refraction Error as a Function of AX /5, for Differ-
' ential Interferometer Applied to Air
BX_/8 0.005 - 0.010 0.05 0.10 0.75 1.0
e up * 107 0.013 0.026 0.14 0,31 . 2.3  0.077
%) -
Table 9. Refraction Error as a Function of y/§ for Mach-
Zehnder Interferometer Applied to Water
y/% 0.005  0.010 .0.05 . 0.10  0.75 1.0
eref 0.082 0.0813 0,075 0.068 0.005 0,00
@ : . :

R
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Table 10. Refraction Error as a Function of AX /8 for Differ-
: ential Interferometer Applied to Watér

8X /5 - 0,005 0,010 0.05  0.10 0.75 1.0
s 0.071 0.071 0.07  0.07  0.068  0.068
- | B _ _

. fringe measurements, These errors are tabulated for the identical tem-

perature and geometric31 c0nditions which existed in the current study,
The above analysis leads to the following_conclﬁsions._
1. Even though the higher order terms invoiving.qb are considered,

the refraction error is minimum at o; = 1/3 for all four cases. This

confirms Wachtell's observation for the first approximation for o, = 1/3

 that in the first appfoximation evaluation of an interferogram focused

oﬁefthird-the way in from the exit window will give the true density or
temperature distrihution even though-refractioﬁ is not taken into account.

2. The ref;acfion error increases rapldly with increase in the
fatio 1/s, or fo: theslower values of 6. This agrees well with the condi-
#ion set by thhte11 that the dimensionless quaﬁtity.c = (L/b)(k(p_po))O.S
should be less than 0.70 for thé refraction formula.to be valid.

3. This report'is in agreement with the cdnclusion of.ﬂgchﬁell
(BOj} who repbrted minimum error ét Oh = 1/3. Coﬁsidering the second and

higher order approximations, the error involved in the measured tempera- .

ture gradient distribution ié_mfnimﬁﬁ and less than %bout 0.05 percent if

thé interferogram is focused at onecthird the wéy in from the exit window,
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| 4, .For the thin boundary 1ayer such as existed in “the water
studies, it was found that the refraction error is sometimes as large as
1,000 times'as'large as existed in air studidss Ihis“resdlts in an ap-
preciable error in_the temperature_or the.temperature gradient measure-
meht made in the liquid ﬁedia. ﬂ |

5. Tebles 7 end 8 depict the percentage.refraction errors in-

velved in the evaluation of.the differential interferograms and the-Mach;
Zehrider ieterferograms, reepectively. For the quentitativeecomperison,
it wes assumed that both interferograms were photographed for'the identi-

E cal boundary layers in air. As is evident, the ﬁercentage error in the

fringe measurement is higher for the Mach-Zehnder interferometer than the

percentage error involved in the differentiai interferOmeter. However,
in the case of the Mach- Zehnder interferometer,-the error is much less
~ at the.points away from the surface wall (given by higher values of y/a),
and the error reaches-zero at y/a = .ﬁ.' It_should be noted thet most of
‘the .temperature or. the temperature gradient measurements are taken at
.points near the surface well. |

6. In the case of the water studies, as depicted in Tables 9.and
10, the Saﬁe trend is observed for the refrectien errors. However, the
dlfference between the error involved in the dlfferentlal 1nterferometer
and the Mach-Zehnder 1nterferometer is not as much as that in the case of
the air studies. |

7. In the ease of the differential-interferometer, an errer in
the fringe shift itself leads to an error in the heat transfer measure-

ments. However, in the case of the Mach- Zehnder interferometer, an error
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ih'the'friﬁge shift is related to en error in the temperature measurements.
From thé error in the temperdture, the error in ﬁhe heat_fransfef param-
eter needs to Eeﬁcglculated. A detailed discussion.of these calculations
can be found iﬁ reference (10). Goldsteii calculated the refraction error
for the extreme case to be 0.5 percent for his experimental stud&. . Fhese -
results were based on the3assumptioﬁ thaf the interfefograms were focﬁsed
at one third from the exit win&ow.

8. For the present investigation, the maximum refraction efrﬁr
in the heat transfer measurements for the extreme case of a very thin
poundéry léyer (L/ §= 10.0), and for a Wollagton pri$m ang1e of one de—l
gree, was calculated to be 0.525 percent. The above calculation is based
on thé assumption that the interferogréms were focused at the location,_- 
one third from the exit window.

9. It.should be noted that thé refraction error mentioned.in.
Chapter IV is not the same error evéluated_here._'ln the present anélysis,
it is assumed that under the influence of refraétion, the light ray pasé-
Iing along.the surface was traveling along a different cqrvéd_path énd .
introduced the error iﬁ the fringe shift. The error referred_fo in Chap-
ter IV, on the other hand, was caused by benaing or refraction ofzthe
light fays away ffom the heated surface leaving é black region next to
the surface whe;e no infermation on the tempefaturelgradient.cgn be ob-

tainead.

e -
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CHAPTER VI
CONCLUSIONS

The differential interferometer provides an excellént_means of
flow viSualiéation in liquids. It is also a reasonably good device for
the measurement of heat trahsfer cdéffi#iﬁnts at 10w5temperature.gradients

in liquids. At higher temperature gradients the acéurate.measurement of

. heat transfer coefficients'becomés-comﬁlicated due to .refraction effects.

The flow visualizatibn study of thq'flow structure in. the transi-

tional regime shows that a double row vortex system arises and the outer

layer controls the development of flow and impresses its_effects'onto

more stable inner layers close to the wall. The frequency of occurrence

| of the thermal wave was found to be unstable, The frequency inpreased_

gradually over a longer period of time resulting in a_continuous burst

‘of waves.

An error analysis which considered end effe@t.and feffaction errors
showed that the differential interfe;ometer waé'capable Sf meaSuring fhe
heat tfénéfer coefficient more accurately than the Mﬂch-Zehn&et_intgrfér-
ometer.. For the differential interferometer, all measurements were madei
at the héated suffacé. Therefore, é.shift.in the image of the wall into
tﬁé bdﬁndary layer due to refracti@n can limit the applicability 6f the

differential interferométer when measurements are made in 1iquids. “How-

- ever, the differential interferometer provides an excellent means of mea-

‘suring heat transfer rates.

el
el 4
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CHAPTER VII
RECOMMENDATTONS

- The technique of segmented heatersfwbrked'well to achieve iséthérm31 
conditions along the plate. However, the spanwise temperature -variation

was considerable; therefore, segmented heaters could be used across the

plate width to achieve a more vniform tempef&ture condition.

The differential interferometer research should be extended to
study. in detail the formation of vortibes;iﬁ the free convection transi- .

tional and.turbulent boundary . layers. Such studies could bring new in-

.sight to a peculiaf'phenomenon and aid.in the extension of current theo-

ries on free convection at high Rayiéigh-humbérs.
The refraction error evaluated analytically dﬁ?ihg-;he present

investigation should be verified experimentally as a function of various

parameters.



" APPENDICES -

69



70

* APPENDIX A
PROPERTY VALUES -

~ The physical.properties 6f the aluminum plate were used for
_pfeliminéry'désign calculations, and very accurate valﬁés were not neces-
' séry._'The ﬁalues.of theﬁnal and electric@l conductiﬁities and specific
.heSt.wére obtained from reference (33).

The proﬁérties'of water were much mote imﬁoftant in calculating
the final'results._.The valﬁes of density, dynamic.viscosity; and
_ specific heat .fo'r_ water weré obtainéd from reference (34)'; The. values .
 of the the?mal conductivity of water in tﬁe range of interest did'nofl
vary appreciébly. Linearly interpolated vaiues were used from fefefence
(34)+ |

The values for the refractive index of watér'as a function of
temperature_ﬁere obtained from reference (21). The-equétion useé was
ISemi-émpiricﬁl.and valid-for the entire fénge of_temperatgres at a wave=
lengtﬁ_of 546? L. The governing equation is |

2

dn/dT = - 1077 (118.73 + 41.4184T - 0.02376T° - 0.0043757T3) (6)

" Tilton and Taylor (22) obtained values of the -index of_réfraction

for water experimentally and interpolated the complete set of values over

the_temperature'range of 0°C to 25°C by the equation
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6.3669(T-20)> + 2364,81(T-20) + 76,735.3(T-20) (26)

n = 1.33446615 - -
(T+65.7081) x 10

" Comparing the values obtained from equationm 24 with those cbtained by

~ Osborn (21), it was found that the values of Tilton and Taylor are

slightly higher, This was attributéd_to the fact that the.values defined

_by'Tilton and Taylor are the ratio of the velocity of.light in air to the

™

velocity of light in ﬁatef ﬁoth-being at the same temperature rather than
dsbqrn's ratio of the velocity of light in vacuum to the vel@city.of
light in wﬁtér. |

_Thréughout this investigatioﬁ equation 6 was usgd for the index of
refraction in water, since it directly gives the value of the temperature
gradient which ié of importance here. | |

There are two references {35,36) which discuss the reference tem-
perature to be_used in ofder tonevaluata hondimensional_péfameters for
héat transfer éélculatidns in air. However, for water it is not evident
what, if any,_reference temperature‘should be used. Since throﬁghout'the
present investigation the maximum temperature difference between the ﬁlate
and the free stream was only 8°F, it seemed quite reasonable to evaluate
all of the propertiés at thé.aﬁeragéd.film tempgfatﬁre, T, = (TW + Ta)/2'

1t was calculated that, at thé bottom of the tank,_the'maximum
water gaﬁge_pressure was abo#t 0.15 atm. 'Since the effect of pressure
variation on the index of feffadtjon at pressures less than qne:atmospheré

is pegligible (3?);Ithe pfessure effects were.neglécted.
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APPENDIX B

QUANTITATIVE COMPARISON OF VARIOUS OPTICAL SYSTEMS

There are several optical systems which have been used for the

. .measurement of temperature

distribution in a transparent medium. Most

of them fall into the broad category of Schlieren, shadowgraph, and the

interferometric techniques. Although all of them -depend on variation of

index of refraction in the

quite diffefen; quantities

‘tems measure the variation

‘refraction. Schlieren, as

sureé the first-derivative

iﬁterferometers'permit the

medium to produce an interference pattéfn,
are measured in each one. Shadowgraph sys- -
of the second derivative of the index of
well as the differential-interferometer; ﬁea-
of-the index of refraction. Hachnzehnder

direct measurement of the change in the re-

fractive index, and as a result they give the information on the tempera-

ture distribhtipn directly.

Optical measurement

of the temperature field has many advantages

~over other temperature measuring devices, The most important one is the

.absence of an instrument probe which could influence the temperature field.

The following section evaluates the sensitivity of each device in

terms of various nondimensional parameters.

Schlieren Systems

To stu&y the Schlieren systems, the path of a light beam in a

medium whose index of refraction is a function of position must be ana-

lyzed. Considering Figure

19, the relative intensity or'cqntrast is (29),



I

T .
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Figure 19. A Typtqal Schlieren System
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o | : - _
£
0 k'a oY _ . ' _
For gas as a transport medium,
-D—rl = - ‘ED—T. . . : -
oy Toy ' _ (30)
. .
AL - 2 k T :
3 "+ L E;” (31)
0 "a 2.y

'To evaluate the co@g;ast qﬁantitatively, the following typical

values for the parameters of the systémwwére assumedﬁ

i

£, = 3.28 ft

L

il

0.328 ft
= 3. 9% -3
a = 3.28 x 1007 ft
For convenience, & parabolic profile for the temperature distribu-

tion was assumed. The profile is givén by equation 9.

For water as a transport medium, equation 32 modified to,

F R .
AL, 2 . [on 2T S _
'Io_" * a,n, L [0T DY (32)

Tables 11 and 12 show the contrast as a functiom of y/s and Lfsx

when measurements are made in air and water, respectively,




Table 11. Relative Contrast, AL/I
with Measurement in Air

Ou

for Schlieren mwmnmi
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_ _ T,-T,
L/s y/8 g = 5=
. W
0.05 0.10 0.20
0.005 3,89 3.11 6.25
0.01 3.87 3.10 6.24
10.0 0.05 3.75 3.03 6.18
* 0.10 3.58 2.92 6.08
0.75 1.07 0.95 2.36
1.00 0.00 0.00 0.00
0.005 1.94 ; 1.55 3,12
© 0,010 1.93 1.55 3.12
5.0 0.050 1.87 1.51 3,09
* 0.10 1.79 1.46 3.00
0.75 0.53 0.47 1.18
1.00 0.00 0.00 0.00
0.00 0.77 0.62 1.25
0.01 0.77 0.62 1.24
2.0 0.05 0.75 0.60 1.23
o 0.10 0.71 0.58 1.21
0.75 0.21 0.19 0.47
1.00 0.00 0.00




Table 12. Relative nolnﬂmmn, DH\H , for Schlieren System
with Measurement in Water S

1.00

. - T
L/8 y/% =
: W

0.05 0.10 0.20

0.005 4.34 11,8 : 23.6

_ 0.01 4.32 11.7 23.4

10.0 10.05 4,13 11.2 22,4
0.10 3.91 10.63 21,16

0.75 1.06 2.88 5.50

.. 1,00 0.00 0.00 0.00

0.005 2,17 5.90 11.8

0.01 2,16 5.87 11.73

5.0 0.05 2.06 5.62 11,22
* 0.10 1.95 5.31 10.58
0.75 0.53 L.b44 2.75
1.00 0.00 0.00 0.00

0.005 0.86 2.36 4,72

0.01 0.86 2.34 4.69

2.0 0.05 0.82 2.24 4.48
' 0.10 0.78 2.12 4,23
0.75 0.21 0.57 1.10

0.0¢ 0.00 0.00
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Shadowgraph Systems

In the shadowgraph system, the linear displacement of the perturbed
light is measured rather than the angular deflection as in the Schlieren
'systéms. With reference to Figure 20, the relative contrast can be ex-

pressed as (29):

3
AZ SLon _
For Air .
A ' y - ~ 2 ¢ 2 . \
8r L 8L [ak (R¥Ny_ k3T  (333)
To e, -3 =Y T a2
For Water .{
Ax - S5SL "'Ih 1) % . o :
=0 T m LR B ¢ )

To evaluate the contrast quantitatively, the followiné_typiégl
parameters wer?.assumed:‘hs = 100L and L = 0}328 ft.
- For convenience, a pé;abolic prdfile for the temperature-distribu;
tion in the bounda;y.layer was assumed,

T-T, o, |
T = (- y/® o | (9)
woo a ) B o

Tableé 13'and 14 show the contrast as a function of 6 and v/6 for

air and water as transport media.




.

Deflected Rays

y . ' Screen

Figure 20. Schematic Diagram of a Shaddwgréph System

8



Table 13. Relative Contrast, M/IO’ for Shadowgraphs with
Measurements in Air o ‘
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: T - T
L/ y/8 §=—F—
W
0.05 - . 0.10 - 0.20
0.005 -2.39" -1.01 B - 3.12
_ 0.01 -2.49 : -1.019 - - 3.25
10.0 - 0.05 -2,54 _ - -1.09 - 4.62
0.10 -2,72 -1.18 - 8.67
0.75 -5.90 _ -3.01 S =12.19
1.00 -6.4 ' -3.39 _ -20.47
.0,005 -0.214 . -0.143 : - 0.233
0.010 -0.214 C o -0.144 - 0.236
5.0 0.05 -0.218 _ -0.149 - 0.258
: 0.10 -0.223 -0.156 - 0.288
0.75 -0,271 = -0.231 . - -.0.809
1.00 -0,276 -0.239 - 0.955 !
L
0.005 -0.029 -0.02 - 0.031
0.010 -0,029 o -0.02 : = 0.031
5.0. - 0.05 -0.029 . -0.021 - 0.034
: 0.10 -0.03 -0.022 - 0.037
0.75 -0.035.- -0.031- - 0,071 .
1.00 -0.035 -0.031 - 0,084 il
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T

Table 14, Relative Contrast, AL/I

0’ for m:mmmsmumvrm with
Measurements in Water . B :

| _ T -1,
L/s _ 5 : == —
\ v/s ¢ T
0.05 0.10
0.005 | 4.6 - -12.51
0,010 4.6 . _12.51
100 0.050 -4.57 12,47
* O.HO le.me IHN.N—N
0.75 -4.27 -11.60
1.00 24,25 -11.50
0.005 _ -1.15 _ 3,13
0.010 -1.15 - 3.12
s o 0.050 “1.14 : 2 3,11
. 0.10 -1.13 - 3.105
Ol“m ) . -HQO@MW To- Nom
HOOO -HQO@HW - N.mﬂ
0.005 . = -0.18 - 0.5
0.010 -0.18 . -0.5
’ 0 0.050 3 -0.18 . - 0.49
. 0.100 0.18 - 0,49
0.750 o -0.17L - 0,464
1,00 0,17 | - 0.46
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ﬁach-Zehnder Interferometer
The third optical device for the measurement of temperature is the
interferomeﬁer which is often used for quantitative studies. Interferom-
etry, uuiike Schlieren and the shadowgraph systems, does not depend upon
the deflection of the light beam to deterﬁine the dénsity distribution.,

In fact, the refraction effects are usually of second order and undesir-

able in the interferometers as they introduce deviations or errors in

the evaluating equations. These errors have been evaluated in Chapter V.

5 - S ! o
" In this section errors due to reading the fringe shift and calcu-

lations obtained from interfercograms including thé_inaccuraéy of fringe

positiéﬁs'and improper extrapblatioh have been evaluited.

The Mach-Zehnder interferograms répresent Ehe temperatﬁfe distribu-
tion field in the test section. However, to evaluafe the heat transfer
coefficient at.fhe surface.of the haated surface, the temperature gradient
at the wall must be determined. Theoreticaliy{ it.is necessary tp approx~
imﬁté the temperature distribution by passing a polynomial through all
avaiiable'pﬁints pear the surface wall and then detérminipg a temperature
gradient'to this polynomial at the wali. For steady étate.studies, the
temperature variation wifﬁ distance measured perpendicular to the wall is
oftén alﬁosf linear. Theréfqre, a stxaight iine passing through these

points near the wall is regarded as the temperature gradient at the wall,

This leads to an error in the heat transfer evaluations.

In the absence of adequate experimental results, Goldstéin's (10)

calculations for rum 05 and run R9, respectively, for air and water, were

~used for comparison. The evaluated values of § as a function of the dis-

tance perpendicular to the wall were approximated by a third order poly-
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nomial, The gradient to this pdlynomiai gt the_wall was taken as a
reasoﬁablyfgbod approximation to the true value of the temperature gradi-
ent at thelwall. Tﬁis value of.the temperature gradient waé ;omparedlto
the valug of the témperature gradient evaluated by Goldsteih. The dif-
ference expressed as a peréentage of the_tfue heat tranéfer coefficient
at that location was eﬁaluated'ag the efror_dué to iﬁproper extrapolation,
For ruﬁ 05,.this error was calculated tc be 3.7 percent.and for run RY,

this error was 3.0 perceﬁt.

Di fferential Interferometer

The differential interferome.l‘:ler permi.ts' the fﬁeasu.rem_en;:s of the
fringe shifts which are directly rélatéd to heat transfef measurements.
:-Thergfore, efrors due to improper extrapolation do not exist for this type
'of_iqstrument.. Howéﬁer, due to the dbﬁble image inherent in.differential
intefferograﬁs,.the fringé shift obtained is the frimge shift that réferé
to heat Fransfer conditions at a distance,;ﬁxs; away“ffom the surface.
rather than those exactly at the wall,

In order to ﬁompare'the evaluation éfrors obéerved in the Mach-
Zehnder and diffefenfial interferometers, tempefgture'profiles inéide'the
boundary layer identical to those selecte&.by Goldsteiﬂ'were'assumed. |
The evaluation error was expressed as a percentage of the true heat trans-
fer coefficient for the identical geometrical configﬁration.as_used in
referencé.(IO), This error wﬁs”found to be 0.76 pefcént for air gtudies"
and 2.03 percent for water studies.

‘The analysis of various optical systems leads to the-following

conclusions:
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1. -Shadowgraph; Schl;eren,'and intérferometfic measurements are
essentially integral one§ in.that they integraﬁe the*quantity measured
over'thélléngth of the light beam. Hence, they are_Best suited for

. : C AN
measurements in one or two:dimensiOnal fields whgré there is no variation

in the refractive index in the direction of travel of the light beam with

the exception of variations that exist at the entrance and exit regions

of the test section.

2, Considering the Séhlieféﬁ'ghd SHédowgtaph'sysﬁEms, the rela-
tive contrast is highé? for longer tést sécfions."The}same'tréhd is ob-
served when these s&stems_agg aPplied ;oiboph ai;_aﬁd;ﬁatér; The.sensi-
tivity is'highgr'for'water studies than fpr ait studiesQ_ |

3. Thé sensitivity for the Schlieren gystems_as given by equation
3i.is-either'positive-or negative depeﬁdipg upon thé position of the
knife edge. Changing the pésition of the_ﬁnife edge revérses.thé dark

and light images on.the.screen.' The brighter areas of the image represent

' regions in the test section where the density increases in the direction

away from the knife edge. Dark areas represent regions where the density

_increases in the direction of the opaque side of the knife edge.

4, Because the_minimum'value of'the.contrast'that can be easiiy
evaluated is of the ofder of 0.05, the shadowgraph systems cannot Be ef-
fectiveiy'empldyéd for_quantitaﬁivé heat transfer measurements.

5. 1In the case of the Mﬁch—Zeﬁhder'interfefométef fhe evaluation
error éap be reduced by selecting a more aécufate_aPproximation equation
fof the temperature profile. Thié leads to afbétte; extrapblation to,&b-
tain 6 and  k f/hx.” | | |

6. Comparing the evaluation errors in heat transfer measurements
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for thé Mach-Zehnder and differential interferometefs{ it is obse;ved

that the e:ror'is less by 79_petcént for air studies and by 33 pefcent for
water studies for the differential interférométer than the Mach-Zehﬁder
interferometer. This suggests using the higher potential ﬁf the differ-
ential interfe:omefer to predict éccurate-ﬁeat;tfansfer cﬁefficiqnts for

gases as well as liqUi&s.




8% -

APPENDIX C
INTERFEROGRAM ANALYSIS AND SAMPLE CALCULATION

The fringe Shift_and thus the opticél péth difference between:rays

passing thfough the test section may be obtained directly from the paral-

lel fringe interferbgram.- Figure 21 shows a sketch of a_typiéal'parallei

fringe pattefn-prdduced_by-ffee convection from a flat plate. The fringe

 shift at the surface is a di:éct measurement of the local free convective

heat transfer coefficient.
All of the stéady state_interferbgrams were analyzed uéing a metal-

lurgical microscope. The microscope had a movablé-bed_with a vernier

_least. count -of 0,00é"inch. An'e&epiece,with a vertical cross hair and a

mégnifipafion fagtdxrqf 10X was used. The film was'ﬁttgche& to the moving '
Béd and was aligned 36 thaﬁ the movement of theﬁbed_was parallei to the
plate Surface. |

Usuélly the.déstructive fringés were-uséd\fﬁf'the a#alysis. A dé-
;ired fringe was located aﬁd its shift was traced under_tﬁe microsédpé

until the tail of the fringe merggd-with'the plate surface. The number

~of the'fringe shift was recorded. The distarce of the fringe from the

- pointer was recorded. To -determine the scale of the:negative, the width

of the scale-factor strip was also recorded.

For the infipite fringe pattern, the friﬁgé‘reprESents_the lines =

 of the constant temperature gradient. The distance from the pointer and-

the scale factor were also determimed.
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Deflected Fringe

Figﬂfe'Zl.

- Undisturbed
Fringe

Schematic Diagram of a Parallel Fringe Pattern
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Sﬁmple Calculatibn
Table 6 and Figure 22 sﬁcw the temperature aistfibution on Ehe
pléte for_#uh 3a. Théjvertical bars in Figure 22 at céftaiq locations
shoﬁ'the chssﬁise temperature distfibutidn_at that.elevétidn.._Aé de-
scribed in'bhap;efilll,_thé.average:plate'temperatUre was cﬁicﬁlated td
be 81.01°F, The aﬁefége water'temperatufé;waéi78.01°F;

The following interferometric parameters were constant for all the

.l'l.ll.'l.S.-
A = 5461 &
An = 0.009165_ |
L = 0.4167 ft
g = 3.280 f£
9; = 0f01745 radians
dn/dy = 0.004095 x m 1/ft

The temperature gradient of the index of refraction was calculated’
from equation 6:

7

dn/dT = ~ (118073 + 41.4184T - 0.02376T° - 0.0043757T) x 107/
= - 1140.49 x 1077 1/°C
k. = 0.3536 Btu/hr-£t-°F

Substituting'the above values into equation 6, the'folloﬁing'reld-
tionship for"hx was obtained :
h, = 7.64 xm, Btu/hr=£t°-°F =

The magnifibation_ﬁactb: for the film was 1.116 from wﬁich the

- exact location'of'ﬁhé”fringe_was.QeféEﬁined to béfb.8056"ft.




Table 15. Plate Température Dita for Run 3a
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T.C. # M.V °C °F
1 1.062 - 26.8 80.24
2 1.096 ©27.6 81.68
3 - 1.075 27,1 80.78 . -
4 1.095 27.6 81.68
5 1:090 27,5 81.50
6 1.076 27,1 80.78
7 1.095 27.6 81.68
8 1.087 - 27.4 81.32
9 1.079 27,2 80.96
10 . 1.09%. 27,5 81.50
I . 1.023 25,8 78.44
12% _' . 1.020 25.8 78.44
13% - 0.995 25 77.18
' *Représent_ the ambient water t.emperatqres' -




Temperature of the Plate,

75.0

°F

e

80.0

0.0 0.5 R LT

x, Distance up the Plate

Figure 22, Temperature Distribution on the Plate for Run 3a
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It'emper'ature was 5.07 x 16°.

.90

From the par&ilel fringe. photograph the friﬁge shift was deter-

mined to be 4,12, This gave the local value of the heat transfer coeffi- '
" cient ‘s 31.4768 Btu/hr-fc”-°F and the local value of the Nusselt number

~as 71.535. The local value of the Rayleigh number evaluated at thé £ilm-

8
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APPENDIX D

| HEAT TRANSFER RESULTS

 Table 16, Data for Figures 8 and 9

1.0915

x ft Rayleigh Experimental : -Théorefihal Percent
. Number ' Nux/[Rax]o'25 Nuk/[Ra*]szs Variation -
' Ref. (25)

' 0.1590 3.61 x 10° 0.448 0.488 . - 8.10.
0.2502 1.4 x 107 0,461 0.489 - 5,72
0.2779 2.5 x 100 0.456 - 0.486 TNy
0.3680 1.04 x 10° 0.430 0.483  -11.0
0.677 4.09 x 10° 0.494 . 0.488 + 1,02
0.6773 4.097x. 10° 0.493 ©0.488 + 0.86

' 0.6820 4.9 x 10° 0.443 0.483 - 8.20
0.7210 4.96 x 10° 0.489 0.488 4 0.05
0.7217 4.97 x 10° 0.470 0466 +0.85

" 0.7300 6.17 x 10° 0.443 0.460 - 3.6
0.7800 17.31 x 10° 0.486  0.484 + 0,41
0.8036 5.07 x 10° 0.476  0.484 - 1.60
0.8070.  8.02 x 10° . 0.497 04492 40,962
0.8720 879 x10° . 65000 0.488 v 112
1.0915 1.73 x 10° 0.510 0,489+ 4.2

.2.85‘x 9 .

[
o

0.461 R 0.487 - 5.3
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Table 17. Heat Transfer Results at Higher Temperature
Conditions Where Refraction is Significant

Cx ft T -T_ T Experimental Theoretical  Percent
o oy - 10,25 40,25
(°P (°F). Nux/[Rak] * Nux/[Ra#] * Variation
| | Ref. (25)
0.159 2,45 84,25 0.448 0.488 - 8.10
0,169 3.78  88.88 0.214 0.488 -56.1
0.1827 4,73 . 96,13 0.158 0.488 - -67.6
0.278 3.24 84.02 0.494 0.488 + 1,02
0.3076 4,25 92,47 0,226 0.486 -53.5
0.3061 6,91  97.87 0.109 0.486 -77.5
Table 18. :HeatITransfer Results in Trdhsitional and
. Turbulent Regime - C
x ft Tw-Ta' .Iw . Experimental Lo§31 Ray;.
' (oF) (OE) NU'X lelgh Number
1.065 © 3.04 79.88 134.8 1.16 x 10°
1.071 8.23 98.13 36,91 4.85 x 10°
1.5316 13,015 81.095 153.96 4,91 x 10°
1.5474 2,14 91.205 141,33 3.75 x 10°
 1.5844 3.015 81.095 148.24 © 5.40 x 10°
1.6833 4.710 99.83 49.025 1.14 x 10%°
1.520 7.93 105.93 71.90 '1.63 x 10




Table 19. Freqﬁency Measurement Data
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4=4

Time Strength Noo of  Tj = (TL+1-Ti) £ = 1/T§
Min (Ti) Waves : - :
0.00 4. 1 0.00
5.40 3 1 5.40 £ 0.186
18:50 - 8:55 2 2-3 3.10 - 0.32
10:27 3 1 1.7 0.58
15:32 - 15:40 3-2 3 2.7 0.37
17.5 - 17.75 Bewn2 & 2.1, 0.47
1 19.10 3-3 2 1.6 0.62
20.5 o 3 2 1.4 0.71
21.16 - 21.5 ) 4 0.8 1.25,
23.16 - 23.3 b---3 3 2.0 10,31
25.4 44 2 1.75 0.57
26.75 ' 3 1.35 0.74
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