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A long path Mach-Zehnder interferometer was combined

] with:a low speed wind tunnel in order to study the couplingz'

*

4

. effect between natural heat.convi’;}on inside tﬁe'enclo-
.sure of a s1mulated solar collector and external natural
and forced conyecthn. ThlS technique permltted quallta—
tive as.well as quantltatlve temperature fleld vrsuallza;
tion of the fluld layers within ‘the enclosure between the -

hot bottom plate and cold top plate boundarles of the

.

collector, and the couleng effect of natural and forced

convectlon on the cold plate. o o o ‘

-,

The horlzontal rectangular enclosure of the simulated

solar collector was heated 1sothermally at the bottom ° ¢

. . r } .
surface and cooled at the top Surface .Both plates had v

Ca d1mens1on of 45. 72 cm by 44, 96 cm, and the helght of

Ll

-the enclosure-was adjustable. .

R ' G S .

’

Horizontal and vertical'tempEratﬁre profiles, as well
! . 3
‘as localaand ove;all heat’ transfer coefflclents were‘i
g dete:mlned for Reynolds.number from 0. O to 6. 6x104 ‘ ‘ '

Raylelgh number from 103 to 4. Oxlo v and-aspect-;ratloi 2N

N I

. o~

(length/helght) from 8 95 to 35. 46

: M ' ’ v
. .
-

A technlque was developed by whlch ﬁlnite anQ"

‘ 3
) 1nf1n1te frlnge'freld interferograms w1th‘the same “ﬁ‘
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kS boundary conditions could be produced on?the same. film N

_negatlve. The flnltesfélnge fleld.lnterferogram made . }e -

possible the calculation of the temperature fields, whlle .

the 1sotherm patterns‘of the 1nf1n1te frlnge fleld inter-
ferograms allowed the study of gonvective heat: transfer, ‘ P

R ; the vertlcal structure of the, convectlon cef‘iand the
. ) . . <

. . . érrculqt;on pattern.; \\~

*

- - - For low Rayleigh number in {he\e;elosure'(Ra < 1717)

rConduction was the predominant mode heat‘.'ansfer.‘As

Raylelgh number was 1ncreased ‘the- Benard cell helght - C

) L ' to - W1dth ratlo was decreased This increase in Raylergh -

E]

number resulted 1n "an observatlon of convectlon heat

’ v,

transfer in th central region and conductlon heat transfer

i

.

'near the horlzontal boundarles. A.reversal of the tempera4

- : b ’ ‘ :
. . o [ o X

" ture proflle‘occurred for Ra > 12f000. : S ,

. N , ’
.

ient in the enclosurej:hs : -

ndént on the heating rate ard the °

'The heat transfer coeffi

v ' ,&qund to be strongly de

v

tely dependent on the. external

e ’

:Ra§1eigh number,'and mode

F . R o
g * w1th1n the enclosure and exta:nal fgrced c0nvedtlon..The
g results were found t have close agreement with those ef
(] LY -
§ ) , previous” investigators. , -
* " oy ) \ . '_v..,
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NOMENCLATURE
= sUrface area of plate )
P ’ [
AR = aspect ratio (H/L)

A,B,C,D,E=constants used- in, polynomlal expre551on for
’ average temperature proflle in Appendlx D

0
i

p specific heat at constant pressure,
d‘ | = thickness of glazing plate
F = ‘body forces - . : -
Fgy .= fringe shift ¥ .
g' = gravitational acceleration X -
G = Gladstone-Dgle‘constant :
Gr = Grash6f~numger; _ - ‘ ' S
H = plate length ‘ a0 ' ‘
h =  local heat transfer coeff1c1ent , )
h = average heat transfer coeff1c1ent - T
K = ‘'thermal conductivity of air
L = 'plate eeparation . )
Ly = | charac;eristic‘lengéh h.
n = refractive_index . . o o
Ne = local‘Nusselt nﬁmber-(hL/K) ‘
Nu = average Nusselt number (hL/K) , -,
P =, c1rcumference of plate -
‘P =  pressure . | _ ’
br. = Prandtl number (uCP/K) ) . )
q' = local heat flux' I e

Xiv . o .



Ra,RA:

Re,RE

i

-~

Rayleligh number .

©

Reynolds number = ¥

difference between two optical path lengths

. )

time

temperature

température inside boundary iéyer
velécity in x-direction R

velod¢ity in x-direction inside houndary layer

-

velocity in y~-direction
velocity in z-directio& .
co§rdinate along piate-length H
coordinate a19ng platé-éeparatipn L
coordinate ?1ong platq.width“

thermal diffusivity

-

" coefficient of volumetric expansion

¢
momentum boundary layer thickness

thermal boundary layer thickness

temperature difference between plates

T-TCB

)
TH T

non-dimensional temperature (
’ CB

wavelength -of light source
dynamic viécosity .
kinematic-#iscosity‘
density

e

angle of tilt of solar collector-with respect
to the horizontal
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CHAPTER I

GENERAL REVIEW

.

lﬁ; INTRODUCTIQN . . .. - A

Ed

Convectiye heat_tran&fer phenoﬁena have captured‘

) . . . _ . .
the attention ofmscientists for,more than a century.

&

. . ‘g -

Meteorologlsts for years have been concerned w1§p the

effects of the’ buoyancy forces when adverse stratlfled
. »

hor1zonta1 layers of'alr play,f a domlnant roIe in °

determlnlng the atmospherlc cogkltlons . At one time,
’ £

meteorologlsts belleved that even a small gemperature

dlfference would; 1n1t1ate an unstable convgpt1ve motion
X

' o

to alter the atmospheric condlt;ons.‘ It has Jhow been

R -
. . 2

shown'theoretically, as. well .as experimentally, that

f

the alr or the fluld can 1ndeed remaln statlonary untll.

the tempera.nre dlfference between the top and bottom,J;‘

layers’ of air exceeds a crltlcal value. Beyond this

crltxcal value convectlve motion ﬁtarts ﬂue to the buoyancy
] '

forces becoming greater than the viscous forces, The -

' p01nt at whlch th1s 1nstab111ty occurs depends on the

.ls\

fluld propertles,‘the temperature élfference between the

top and bottom . layers and. the thmckness 8f the a1r layers.

2’

. = “
' R ! .

In the past few decades, englneers have been com-

- cerned with pracffial/aspects of free and f%f%e'

vection. Understanding of these phenqnena is nec ssa

»




v

) .
‘exchangers, nuclearQreactor cores,

) Dec131oni such as the choice of single, double or triple,

for estimating the trensrer‘of heat in _various. heat exéi<
changers and heating or cOoliné of strgct&res;~ﬂ?hererere
many pract;cal problems in ‘which conréctive'heet~{rans-
fé;ﬁis important. Eiamples are:. .air leyzzs-;ithin the

es and heat

building insulation, in the walls Tf furn
f

windows, skyligh#s and attic space. . R
v - '

L4 . ‘e - -

With an increased interest in solar energy in recenf

years, englneers have been partlcularly concerned with .,

mlnlm;;ang the conVectlve heat losses of solar collectors

to a‘cooler env1ron%$nt by'natural or forced convectlon.

~

The understanding of thermally induced natural convectidh’

‘e PR o = . 4 .
qﬁ air inside of a cavity of a'solar‘gollector,%where air

is heated from belowbeﬂan absorber'plate and cooled on

"the glazing Plate by combined natural and forced convec-

double or triplé'glazed‘

L

-

tion, is essential to the deslgners of solar’ collectors O

where lnterest in performance and efflclency is lmportant

the. spacing distance between the absorber and

glazin
L4 . 1

the glazing plates, flat_or}Corrugated plates} types of

plates and selectlve or non- selectlve coatlngs can maxi-

A *

' mize the efflcxency and thus minimize the. slze and the

« -

4
‘ Ve

cost of solar collectors. .~ " )
v . ( . -

\\\:

"By.far, the:most important feature of any thermal
¢ 7 . -

v
. a’

RS o

.
.

-

*
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"less of experimental ot.thebretical'app}oaches, the com--

developing correlation equatlons as "tools" to enable the

A -

convective problem is the recognition that the teﬁpera—

i

ture and the velocity dlstrlbutlons of the fluid o$ gases

" involved are' coupled. The yeloc1ty of the fluld 1é*%aused

. 8,

by the buoyancnyorces which consequently arise from a
temperature variation. Thus, one cannot consider .each .
of the parameters independent of the*other. The tempera—

ture and the Veloc1ty must be con51dered together. Indéed

~ 3

.this consideration, combined with the nonllnearlty of "the.

governing equations for motion and heat -transfer of the

£fTuid flow, makes the problem of.the thermal-coh&ective ‘

¢ “

phenomenon very difficult tq solve‘gnalyticallv Analy: .

tical models have been developed for only several spec1a1

-

geometries: most studies have been expeglmental. Regardw

P

.

plexity of the proBlem dictates-that'simplifying assump-=, ’

tions must be made with regard to the boundary ponditlons;'

Related studies, both theoretioal ana experimentarf

have been presented in thls area w1th the lntentlon of '.

design englneers to estlmate the heat transfet. coeff1c1ent

inside -and outside of a solar collector cavity. Most of

.,

;

the_inveiXEgators, to the author's hest knowledg whenw e
studying solar collectors assumed that both’ the ab

orber
and the glazing surfaces wéré-isotﬁermel._ Ingeeveralﬁ -

studies, ¥Yound -in the literature, some rese€archers assumed .

. T
. *
.




%

* physical properties of .the fluid, tilt angle,,fhéftempera4

‘,cav1ty for the natural connectlon inside the. enclosure.

-

* " constant heat flux for_the_top plate. They also have

cons}deregfeither forced flbw ovér an isothermal plate
‘. . -

to - calculate the wind related heat losses -as shown in b

. T e . S
Figure 1.}, or flow inside two differentially-heated. |

and cooled isothermal plates in a cavity; showniiﬁ 7‘;\ e
~ , . - -
Flgure 1.2, The proposed heat transfer correlatlons

1ncluded parameters such as: -Reynolds and’ Prandtl

numbérs for the forced convection: aspect ratios (H/L) ,

-
L4 M - -~ s &
.

LY

ftureﬁdifference-between the plates and the héight~of the )

, -
.

v

- - ”,

2

"' 1.2 THE SCOPE OF THIS STUDY | ' g

)“

Solar collegtors are usualiy exposed to unfavorable
"external conditions, External conbective forces on the °
-outside gla21ng enhanhce thermal heat losses resultlng froé
.-the -boundary layer. effect on the surface of the gla21ng.
The temperature dlstrlbutlon of the gla21ng plate depends
gn parameters such as the temperature of the absorber

plate, the cav1ty he}ght the radlatlon exchange and the

exterlpr forced convection.

\

The - preSent 1nvest1gat10n, Figure 1.3, is an attempt
‘fo comblne the above mentloned problems into one w1th
the intention of better 51mulat1ng the heat transfer

characterlstics of a horizontal solar collector. Parameters
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. FIGURE 1.3 Two-Dimensional Schematic Diagram.of the Model
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.

suph_aé external wind effects, variable glazing'tempera—

\

,

tures, absorber surface pemperaﬁures, and aspect ratios

will be considered. Consideration will also be given to

the formation of the Berard cell convective motion.inside

N
-

the cavity. B <
K .,

An experimental method which might achieve these
objeétives ié an interferometric technique combined with
a iow speed'wind tunnel. A model of a solar collector
is placed -in an oﬁen low speed wind éﬁnnel whiéh is inte-
grated with a long path differential Maéh—Zehnder inter-

ferometer. - The interferometer is perpendicularly posi-

tioned to the wind tunnel working section which provides

a method forqualitative as well as quan;itdtive study

of thermal heat transfer, both iﬁ the cavity

3

and on the top of the glazing. The 'unique contribution

- -

.0of this investigation would be the study and'comgarison

of natural convection in the cavity with and without

forced cooling convective effects on the tob of the glazing.

.
Pl o

It is intenaed‘that'this invesiigatién-will encom-

.

pass : oL . -]

1. The.feésibility of combining”an interferometer with-
a wind tunnel for the study of couéling natural and

forced convection heat transfer.

4

~

A




. An examination of the temperature reversal in the

. X1

- s . -
' ‘ ‘ )
~« . » .
.
“

3 . L 3
~ -

-
-

Theé establishment of an easy method for obtaining S

interferograms with both finite and infinite_fringe”

fields.
A better understanding of the formation of Benard = " Q
cells. . )

e

The influence of the Rayleigh number on the dimen-

sions of the Benard cells. -

+
.

horlzontal solar cavity.

The dqscription.of horlzontal and vert1ca1 tempera-
ture proflles in the ‘enclosure.

The rnfluenée of tne aspect ratio on the coﬁ%;ctive
coefficieays. |

A study of the Rayleigh numbar influence on the con-
vective coefficient as the f}ow cHanges from noifloQ \ .
to laminar flow and pessibly to turbu1ent.fiow con-

ditions. s
!

"A study of the effect of the thermaL houndary la;er

the enclosnrng -

on the temperature dlstrlbutlon of the cold plate. R

I3

The calculatlon of the local’and average Nusselt ~\<;
' ‘ *

numbers from the temperature profiles.

;The correlafion of the moet_relevant dimensionless

K}

grbups affecting the heat c%nvection coefficients in



.
.

.~

*divided into three séparate-sectidns. First, studies

“’n -

- -

-12. The chre%étion of the most relevant dimensionless

groupéxgg;the exterﬁal wind~related heat transfer.
> .
" Finally, the @foposed model and apparatus presented

in this investigation involVes two very complex aspects

of thermal convective heat transfer problems. One aspect

-

is the coupled thermal heat flow,K and the other is the

thermal interaction between two isothermal and non-isothermal T~

T4 —

plates of\different temperétures-qepara;ed by a fluid or .
gas.

* * The specific sections for the w1nd tunnel were de-

[

N

ees from the horlzontal.p051tlon.

1l .0 ' N .

r the tilted solar collector model
. ~ 1 / . -

4 Te remainder\of. this thesis is 6rgénized as follows:

-

gla21ng plate qxe pres nted ih Ghapter II. " Here empha51s

solutlon’of.the governing equation. The pertinent litera-

: ) . ' : e ' .
ture survey is discussed in Chapter III. This g¢hapter is .

-

-

: related to the Benaré e;ls, second,studles related to

the natural convectlon in an enclosure.followed by - studles

By i T - ‘ " )
A - . / ' . . .



rl

Q
»

- ~

related to the forcéd convéctiqn on the glazing of a flat

-

plate s?lar collector.
. , - T .

>

-

Cﬁapter v discussés the optiéai method long pgth
difference interferometer and advantages and disadvantages
of finit; and infinite fringe fields. A detailed descrip-
htion of the experimental apparatus is presen;ed in Chapter
V while the experimental methods and procedures are out-

’ i lined in Chapter VI.. The preseﬁtafion.and discussion of

tﬂé éxperimental fesults are giyen in Chapter VII.

Finally, conclusions and recommendations are set forth in

the last chapter, Chapter VIII. _ ‘ ’

-
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CHAPTER II . l .

‘THE GOVERNING MATHEMATICAL EQUATIONS

b S
2.1 THE GOVERNING‘MATHEMATICAL EQdATIONS IN THE
ENCLOSURE ’ )
In this chapter an attempt will be made to establish
a mathematical model which will describe the fluid flow .

and heat transfer for a fluid element as described in
. +« Figure 2.1. Clearly, conservation of mass,momentum
and energy must be satisfied. 'Simplifiéation of the

¢ general form of these equétions'is essential for estab-

;“.lishing the dependency of non-dimensional parameters for

- the rate 6f convective heat transfer.

e Two initial assumptions must be made.

-

-, 1. 'The fluid is.incompressible and Newtonian.

2. - The flow has constant phygical an&‘thérmal éroper;
'ties-é;cept for the temperature effect on the density
thch produceg a buoyancy force. This effect will

. ‘ ’ . . . . .
be considered using the Boussinesque approximation.

» * . | 3 .
The governing equations {n three dimensions can be
° ‘/' . . .
written as fcIlows [1,2]: *‘“;D
Continuity Egﬁaxion:'

- ‘e . . &




V‘ .
3p dU 3V 3w, _
., e trlxtawtar) =0
.
Momentum equations:,
X-Component
' 30 . a0 . .au " s
Pl * Ukt Vay t W) = -
2 2 2
+r, 42U, 2%, 2%,
x T2 2 2

Y-Component

3V 3V
plsg + Usx + Vag + Wiy

. 2 2 2
.o +FY+u_(a\2,
X

Z-Component -

aw 3w, _-ap
(3¢ ?“ U5¥ t 3yt Waz’ = 32

2 2 a2
. 99X oY 32z
Energy equatién:

3T 9T 3T 3T
Cplae * Vax * Vax * Wip)

1

. U, 2- v, 2

+ 2u[( %) + (3% +.
’ . U v, 2 3u

=K(

(

327

(2.1.1)

(2.1.2)

(2.1.3)

%2

awW, 2

22

aw, 2

* 3%

(2.1.4)

+-9—Y)]

"(2.1.5)
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-

where U, V and W are, respectively, the X, Y and Z compo-

nents of veiocity.

’ - )
The following simplifying assumptions are further .

introduced:

1. Viscous heat dissipation is negligible:

-

2. The flow is two-dimensional: ce -

3. The flow is steady: A :

4.  The pressure changes are moderate, thus compression

work .is negligible.

~ £

\ ‘g .
§

Therefoxe, the equations (é.l.é) to (2.1.5) can be reduced

) R >

as follows:

Continuity equation becomes:

Momentum equations become: , [

X-Component \ > | .
' ~ . 2 2
U 90 oP 9°U 3 U : .
Cp(USZ t VES) = - =+ F, o+ = + =) (2,1.7)
X 3y, X X %2 ay?
© Y-Component
- IV, AV ap 3%y a%v, %
i p(Uﬁ + Vw) = - W + FY + ].1(——2- + —7) (2.1.8)
S Y™ . .
Energy equation becomes: '
- .
3T | AT 321 . 927
DCP(U-a—f + Vﬁ) = 5(-8-;2-[,*' ;ry-?) | , (2.1.9)
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~

The variation of density due to temperature can be
‘expressed by Taylor series about a reference temperature
To. Neglecting the higher terms we have

IR 1)
P po +(8T

)P(T-TO) +... ' . . (2.1.10)

A

But, by definition
28y = -0 8 - (2.1.11)
3T P : ] ﬁ 1.
where B is the coefficient of volumetric expansion. By

substituting Eq. 2.1.11 into.Eq. 2.1.10 we obtain

-

e =p, = p B(T=T)) ~ (2.1.'13)

The body forces can be written as follows:

F, = 0 _ ‘ B (2.1.13)
Fy = =03 - | | (2.1.14)
WFp =0 S (2.1.15)

- Y

.

Substitution of Eq. 2.1.12 into Eq. 2.1.14 yiglés

R

Fy =70 g + DOQB(T-Td)( o ' | (2.1.16) .-

By taking the temperature of thé.boytém of the cold platé

TCB' as reference temperature and substituting Egs.

2.1.13, 2.1.15 and 2.1.16 into the momentum equations

(2.1.7) and (2.1.8) we have: )



s

. . oy}
Teg: A combined pressure term can be- introduced.as Co.

. -~ w * 7 b ' 1 l’
(N . 4 he I
o 3U L..3U 3P 22y 3%y T
. - ax aY » -‘.
3V oV, _ 9P . o
PVFX T VRY) = T ey T Pog e 9BI(T-Teg)
Yor ’ '
-~ e 2 2 . ’ .
’ + U(Q_g + 3_%) (2.1.18) B

. 9X .BY

Since constant properties were assumed, the choice
: - ]

of the reference temperature becomes arbitfafy. A con-

venient choice is thé bSFtoﬁ.ofAthe cold plate temperature

. v

\ ) . \
P' =P + p_g¥ .t - (2.1.19)
. o] P - -

By differentiating Eq. 2.1.19 with respect to X and Y,

>

the governing equations can be written as:

s

Continuity equations:

(2.1.20)
- apt 2. .52 ) .
=- 2o+ ud3+ 85 0 (2a.21)
oX Y : '
AN ’ :
Y-Componhent:
PIVex 2y’ ~ T Ty T P9 cg’ THY T T3 -
' \ 9xX” . 3Y" ,
\ ' - o o(2.1.22)
Energy equation: | | ' . )

[ .
\ : « v
@ .
*

. ’ " .
[N
» Ll . - - -



» - |

) ; - ’ .
gg* +,%¥;‘= o - L ’ (2.1.2%)
. _Momentum equations become &
" X-Direction
CLL . . S
cpr dUX L oga3U* L o 3P* Pr(azu* + aZum')' (2.1.26) -(l ’
MM S v R S
A r .
' Y-Direction / ) . ;
’ 4
AV V* _ S P* .. . | .
_U*'EXT + v* F = <Pr SYF f RaLPr(? TCB) A Lty
‘ 200 a2ue - .. . =
+ Pr(a{vé + 2 Vz’ (2.1.27) -
AX* Ay ‘

L, ) 2 .‘. i : - . «
2T ﬁHH\g[A\EiR A ' '
pCp Uz » V5T R+ =) - (2.1.23)

.
.

Q>

L}

[+34

-

The governing diifereﬁtial equations (2.1.20) té (2.L.23)~'

can be hade,non—dimen§iona1 by -letting

. X Y
*'= & * = L .
X¥'= 2 ., ¥Y* = = Ly
PUCLL pVEL
U* = VX = : .
‘. (8 , - IS . Y ;
. E S ochPPt
= m—m— - P*=
A Tem. uK. -

I
By |substi
i

tuting Eqs. 2.1.24 intd Egs. 2.1.20 td ~
2.1.23, the goVerning non-dimensional gifferentidi’equa—
. . - Y
" tion can be written as: . ;

.

Continuity equation becomes .
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Energy equation becomes RN guj
ur 28 4 e 88 _ 1 2% -329).~ R ‘1 28) ‘-
IX¥ Y a 3X*2 BY*Z 1
i
' CPU
where, - Pr = < is the Prandtl number and .
R - Ra; = Gr - Pr or ' ‘
o%gBL> (T-T.y) Qv e )
i ‘ Ra; = ) - . ¢ is the Rayleigh number v
) :
and a = X _ is thermal diffﬁsivity.
pCP e

The boundary conditions for the eavi
: R

“i¥e as follows:

1. for 0 < X* = 0"~

| A
(o e >
»
*
|

It
-
\

U* =v* =0 , 0

2, for 0.< X* < % P A =1

U* = V* = 0 , 6 =if(X*)

3, fof 0 < Y* < 1, X* =0 - .
.o UR=vEo= D , 6= p(xe)
4. foroii*‘gl';X*=% .
- ) b*‘= V* = 0‘, e‘= 9(&*) )

_ where,' AR = % is the.aspectfratio.
.'A ' . .,'a > ) ..
The governing differential equations. in non- - , )
- “dimensiongl'form indicate "that .the temperature distri-

- -
” .

bution in the enclosure might be a strong function of

" Grashof number, Prandtl pumber and Aspect ratio.

- - * ‘ .
e . . ' .

.




.

approximation will be invéstigated.

The boundary conditions: clearly indicate that an
advanced know%gdge of the temperature distrabutions at
. - . - AN -

the vertical walls and the bottom of the glazing plate

is needed for solving the problem analyti?ally. To

‘,simplify the prohlem, most researchers}héve assumed

", isothermal condition for the lower surface of the glazing

. plate. “In this investigation, ‘the validity of the above- .

’
»
A

2.2 THE GOVERNING MATHEMATICAL EQUATIONS FOR THE
FLOW OVER THE GLAZING PLATE -

3 -

To formulate the problem for the flow over the

e~

I

' glazing plate cbvering the cavity-we consider an element

above the glazing plate in the boundary layer, as shown

¥

in Figure 2.1. Introducing a new set of coordinates-
such as . B o '
X' =X
(2.2.1)
Y =L+d4d+Y

.where L is the height of the cavity and d is the thick-

ness of the glazing plate. Writing the governing differen-

4

tial equatibns of Egs. 2.1.20 to 2.1.23 and using the new

-

set of .coordinates, we have thai;-«\\ﬁ\\

?

Continuity equation becomes:

17
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'
* . 3u' T, 3v' - ‘ : ‘
T * 5yT < 0 ) ‘ (2.2.2)
. Momentum equations become:
X'-Direction:
2 2
v ] X v ' '
ot (v - B S - 28 2.2.3)
. _ X! 3Y'
Y'-Direction:
— A ,oV'y _ _ 3P , _
- 2., a2, - S ,
TRTLN L AR A . (2.2.4)
X! aY'"™ .
Energy equation becomes: o - o
. 2\\3&\ o
1) t t 1 -
p'CP(U'-g—gT + Vlg-;r{—,) -k (3 T+ 25 (2.2.5)
) X! - 9y’
where (') indicates conditions above the glazing plate
but inside the boundary layer.
To write the boundary conditions, there 'are two
. different cases which must be considered separately.
1. There is no forced flow on top of the glazing plate.
Thus, natural convection is the dominant- force.
2. There is forced flow on top ‘'of the glazing'plate.
Thus, forced cénvecfién,plays the dominant role.
L Lo, >
1. Boundary Conditions For No Forced Flow Case \
_at Y's d+L, U’ =v' =0 : T )
’ . ° . ' .o (2.2.6) .
! = ] ., . .
. ‘ ST = Tep (XY '
' < . » ’ . ' ‘
. _—
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T'.= T and P' - P-
. . - -, CN]

T
.

- at Y's o U=V =0 - T ’/,)
. ' L (2.2.7)

By introducing a new set of dimensionless variables

= _ s _ Y .
. X = I~ Y = T
’ c ., C
) (2.2.8) L
_ e'L U p'L g
, e VT e . 3
: L
C C
e oTrer, p'LiP' -
° S =5 = ¥ =
: CT " U Gr'

where TCT is the temperature of thg top.of'the glazing
plate, Lc is the characteristic length,‘defined as four
times the area:of the glazing plate divided-by-its wetted

perimeter, and gii is the Grashof number based on the

. c ,
characteristic¢ length . -
o 2 3 :
i p'“gB(Ton-T, LS . : ) T -
GrL = " — L . -
. C u ,

By substituting Eq. 2.2.8 into Egs. 2.2.2 to 2.2.5
it follows: ' ) '
- . P i . . . I's

- For the continuity‘'equation:

- ég + ﬁg = 0 - . ’ ‘(2.2.9)
X Y . . ) ]
Al g

For the momentum equations:

X-Direction:

@
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Gry @l 4 v—) = -2
c 3X Y ' aX

Y-Direction

Gr} (U—— + vﬁ!) = - 9P

¢ oX 0¥ . 3T "¢
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and for the energy equations:

— I 2 '2; S
orp (@25 +v 28 = 32427 (2.2.12) -
‘ c 3X oY aX™ . 9Y i ‘

By defining the stregmﬂfunctlon as follows:
N L
. t \“ .
U= ana 7=-2 . Y (2.2.13)
- oY oo S

N

and substituting, the ﬁtream :functions 1nto Egs. 2 2. 9 to -

. L

2 2, 12 the contlnulty equatlon will’ be 1mmed1ate1Y'satls—

- fled and the governing equatlons _now become- .

»

“@omentum Equatign: _ L .
. For the X- D1rect10n5
: 3, a3, -
) Gr! (.J’_ _IP_ _‘£ ___'P_) = - .@g + >-2w— + _“p)
l; c Y BXBY BX aY "X X" oY oY
. ' L I (2.2.14)
' For the Y-bireqtion: .o ,' ‘ L. .
' cap 22 3w 2%y, 55 . a3y . a3y . .
Gry "—g—_‘%"—gfb='—:+(_3.+ —>3) *+ ©
ey~ 3Y 3X 9X 9XaoY Y . 9XT 9XoY -
. . t . . ) . .
-~ . 42.2.15)"
Energy Equation: . s o .
' - »
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. . (3% 38 3y 3B, . 1 3%% 3%F .
ST . Gry (- — - —= 7)== - gil= + =) {2.2.16)
> - g e 9Y. 3X 9X 3Y X Y @
’ . o3
; -0 '%.- I . v & .
;“ ~These governing equations in non-dimensional form

1nd1cate that the temperature dlstrlbutlon above the cav1ty
when there is no forced convectlon on top of the gla21ng
"-plate-mlgbt be strongly a function of the Grashof and the

' Prandtl numbers. '

" "Again, the information.with regard to the boundary

- -

‘condition, Eqﬁ 2.2. % for the teniperature dlstrlbutlon on

top of the glazing would'be requlred for the analytlcal

~ .
¢ & ., solutions of the ‘governing equatlons, - S
" '+ 2. Boundary CondltJSFS For Forced Flow Case
. . . " . - - . ’ R N
* .- o ] A . . . .
L at Y' =0 , U' =XV’ =.0 > * , N
s . ' ' (2.2.17)
L ‘mr ' T
L .~ and T = Top (XT)
v s T sat Y =T, B =g, V=0 -
: " . _— . X (2.2.18)
e ¢ '.T' =T and P' = P_ ‘ . :
- ‘Q. ¢ . . * X i ,
s , ) .-/‘ 1. :
< If the\Reynolds nhmber i assumed tofbe sufflclently
- 1arge, the follow1ng variables can be introduced according
"ﬁ.“ N ﬁf the. boundary layer theory-' ) } =
Tk ST -~ VRei/ )
- u* =. ?. . V ' 2 . C -
) : o ' ) Um ' _ W
i * - s" " »
[ T
- \ - ’ .
DT S N Sz .
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Terr Tt
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v

whe:e-Lc and TCT

 humber is defined as

[ ]

p'UmLc
ReL = ——374—
c

Thus, by'subétitﬁging
. e .

2.2.5, the governing equat

E]

Continuity:

2=
X oY
,Momenﬁum; B

7

‘Eq.

-
ions become:.

L]

- — : 72— 2
PR, a0y
X .Y X L, 8% oY
Y-Direction:

SRR _ G
vy @ 2§ ) L1209, e
. ReL . 09X Y " Tc dY Re

c -~ c

oL (1 2%, i

Rel/2 Rep o32 °  ag2
L C A
c.
Energy«
’ b4 MY 1

.t
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(2.2.19)

’

are as defined before and the'Reynblds

2.2.19 into Eqgs. 2.2.2 to

- |
(2.2.20)
. -

A

A
(2:2.21)

(2.2.22)
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X oY Lc X C oY
‘.\ ) .
Applying the stream function as defined@ earlier y -
g- [ go.u
" The continuity equation is automatically sawisfied \
.and Egs. 2.2.21 to 2.2.23 now become -
Momentum:
. L]
X-Direction:
2 2 <. o3 s
(gg 3"y _ 3y 3 y) - ( 1 3y, 3 w)
‘ oY aXa¥  oX oy X "°p_9x%¥  aF
) . :
(2.2.24)
Y-Direction:
3 2 ” _
_ 3y 3%y Y By . _gel/2 3B .
ﬁ—c P+ 22 Y o pe/f 22
Y 3X 93X 3X3Y c 3y
Gr
¥ I;_" 8 + —7y (Rey 33 + ?_3f2) (2.2.25)
ReL ReL c oX aXa3Y .
c c .
Energy Equation ]
35 - 38 1 a%g 329 AN
w2, A Z e, L0 (2.2.26) )
oY BX X 3Y L 90X c J9Y

¢« Again, the governing equations in the non-dimensional
form indicate that the temperature distribution above the
cavity when forced convection is the dominant force is a
Q, LI . ' ‘)
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strong function of the Prandtl number, the Reynolds number

‘and.thé characteristic length. From the boundary ‘condi- ésf;

tion, Eq. é.2.17, it is obvious that the temperature dis-
tribution on top of the glaiing plate must be verified{~
egperimeﬂtally before any analytical attempt-cén-ye made.
This investigation is an attemﬁt to study the tempgrature
distriﬁution of the glazing plate which may then be‘incbrw

porated with an analytical approach. : .;v
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CHAPTER III"
LITERATURE SURVEY ON CONVECTIVE HEAT

 TRANSFER APPLIED TO SOLAR COLLECTORS

3.1 INTRODUCTION
Since the publlshed works of Thompson [3], Benard

[4] and Lord Raylelgh [5], a compendlum of research

_report!‘ both thedretrcal ahd experimental, is available

-

‘on the naturg of nﬁsﬁral ‘and forcéd convection for various

.

geometries and applications’™. Most of’the investigations
have been carried out with either is6thermal or with con-

stant- heat flux bodndaries. It is generally recognized

that the ;ate of heat transfer by natural convection de-

-

pends on parameters such as the phy51cal propertles of -

the fluld, geometry, orientation with respect-to the horl-f
A ; . . .

zontal plane,boundary oconditions and the aspect ratdo.

The -effect of some of these parameters such as geometry,

orientation and aspect ratio are still not well understood.

'Frequentiy, in the published literature there are several

, different  correlations for a given geometry and flow"

.-T)

situation.

A literature survey failed to identify any work
d1rectly~relateq to the present research objectlves.

However, in thls chapter, lndlrectly related investigations
J/ Lo
to the present study will be reviewed.!*TPhese . L

R —

)
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investigations can be categorized as follows:

1. s;udies related to the Benard cell regime:
2. studies related to the natural convection in the

cavitg*of a solar collector:; and

- 3

3. studies related to the forced convectlon heat trans-

fer on top of the gla21ng of a flat plate solar

collector. - s
s

It should'bo'noted that the above subjects-.in the bast
have been investigated separately -and it is the intention

of this study to combine them together. Each of these

categories will be discussed respectively in the sections

following thermal instability.

3.1.1 Concept of Thermal Instability

-

In the literatufe, thermal instability is often re-

forred to as the onset of natural convection. When a ~//
fluid in a ca&ity is.subjected to thermally inducod

buoyancy forces, convection currents or thermal instabi-_
lity occurs in a layer of horizontal viscous fluid. The

temperature gradient is the main driving potent1a1 It

.causes a density change in tde vert1Cal dlrectlon which

leads to a buoyancy force and hence to the fluid motion.
~ . o ?

Consequently, the velocity and temperature distributions

'are dependent and must be considered together.

27



- - .~ For a sufficiently small temperature gradient and

cavity.height,‘the fluid remains at resty even though a
thermally induced adverse stratified éemperature gradient
. — exists. In this case, heat is transferred by oonduction
:and the Nusselt number has a velue of unity. When the

temperature difference across Epe fluid and the heigﬁt

of the enclosure exceed critical values, the Nusselt

number is greater than one and the fluid becomes unstable.

This indicates a transition from the conduction regime

to the convection regime which qccurs through_e}ther

infinitesimal or finite amplitude disturbances.. The

-

motion of the fluid is primarily due to the huoyant re-

lease of the potent;al energy whlch is strong enough Uy

overcome the stablllzlng effects of viscous forces [6].

.\

T 3.2 THEORETICAL STUDIES OF BENARD CELLS

- -

The experlmental studles of- Thompson [3] in 1882
and Benard [4] in 1901 were 1nstrumental in motlvatlng a

- series of theoretical investigations' in~free convection

in an encIosure. Benard experlmentally observed convec-

tive currents in the form of polygonal cells" In his

honor, these convective flows ‘have been referred to as

-

"Benard cells". .- ‘ .

~

[}
» - -

- - By linearizing the partial differential ‘equations

-
-~

which describe . convective flows., Lord Rayleigh [5] in

- : /
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1916 established: adimensionless paraxheter which related

the buoyant and the viscous forces The Raylelgh number,
3 .

= BIATL. ' has since been recognlzed as. an

Ra = PrGr
va ——

’ lmportant erlterlon for study of thermal instability.

It predicts the onset of natural convection in.an enclo:
sure (called critical R%yleigh number) and in general the
transition from one flow pattern to enother.

P

Rayleigh's imvestigations were followed and conflrmed

"by Jeffrey [7,8] and Pellew et al. [9]. Thelr studles

demonstrated that there was a critical Rayleigh number

-

for various boundary "conditions as follows:

1. For the .case of two free horizontal boundary surfaces

(1n an atmosphefe) [5]

Ra__.. = 657.51 R ) . .
crit.- - ) I

2. For the case of two rigid horizontal boundary sur-

.:feces-heated from below [8]

Ragpie. = 1707.76

3;'ﬂ For the case of one free (open to an atmospheréf’and
the rlgld horlzontal surface heated from below' [9]

" Ragpie. = 11100.65 ﬂ A ‘

-
ar

Some lnvestlgators have predlcted that the heatlng

procedures affect the onset of caonvection and have 1den-

‘ tifiedfdifferent critical Rayleigh‘numbers for various

-~

heating rates. Currie [10] found that the critical

F 4
-
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Raylelgh number was a function of thRe initial heatlng

-~

rate. For a low heating rate, he found that_Racrit =1708,
while- for a high heating rate the critical Rayleigh number

-

dropped to Ra_ ;. =1340. - .

The convection cellular motion,observed by Benard
was thought by Pearsqn [11l} to be caused by surface ten--

_sion rather than buoyancy forces. Later, Nelld [12] sug—

PR

gested that both surface tension and buoyancy forces were

the cause of .the instability of the motion.

[

.- -
P

-~

Since linearized theory failed to distinguish-between

patterns such as rolls, rectangular, trxangular Jr hexa-
n‘ -

gonal cells, Malkus et al 1131 expanded the governlng
nonlinear edquations into a set of llnear non—homogeneous

equatlons for the amplitude of the motlon and were able

~ .

to generate various flow patterns. They concluded that

-

the square cells transported more energy than any other

suggested,shapes. It was found that when Racrit.<Ra 3Racrit.

convective heat transfer was a linear function of the = .
Rayleigh number. However, Schulter et al. [14] by uslng

thre sane_technlque‘concluded that the€ heat transfer in
rolls, the‘:lmplest of convectlon motlon was more than ~
the heat transfer 1n square cells.” They also 1llustrated
that motion in the t;o-dimensional convection rolls was

stable while the three-dimensional convection. motion was’

’

-




4

unstable. For the case of Prandtl number being equal to
infinity,-Busgg [15] established é stability'curve and
discovered that the two-dimensional rolls existed up to

- . . .

Ra < 22600,

. The measurements of convection hgat transfer have‘
' ﬁostly been calculated by determining Nusselt numbers
analytically. The fesults of the various studies have
agreed for Rayleigh number: up to'2x104. Fo; example’
Chorin [16] obtained a Nﬁsselt number equal to 3.15 when
Ra = 21;104 for a fluid confined between tWo‘rigid houn-

daries with a Pr = 1.0, and Schneck et al. [17] calculated

~

a Nusselt number equal to'3.l47 for the same value of
the Rayleigh number. For Rayl?igh numbers equal to
9500, 10800 and 17000, Deardoff [18] presented slightly

lower Nusselt numbers ‘than the others. These.discrepancies
. L '

were attributed to the assumptions made by the previous

investigators. . .

[}
I

When @& "fluid moves from a stable conditionltb.an
unstable condition, the ;emperature"pfcfilg~changes from

a linear to-a nonlinear profile. This change becomes much

more proﬁodncedjdé‘thé:Ré?leigh'ﬁﬁmber increagés. As the

Rayleigh number increases more heat is transferred by

-

convection and the Nusselt number increases. Several

-

' ihveétigators‘have stated that a temperature reversal

-



.

profile can occur for various Rayleigh numbers. Veronis

-

[19] - illustrated the temperature profile "8nd streamllnes

for various Rayleigh numbers. He noticed a slight tem-"
3n

perature reversal in his calculation for Ra = 4Racrit

and concluded that th Te was no dependency of the tempera-

ture profile on the Prandtl number. However, Herring

" [20] dlscovered a small temperature reversal for large

Raylelgh number. Samuels et al. [21] reported’ the Crltl—
cal Rayleigh number dependency on both the Prandtl number
and the aspect ratio for~(l/3 < AR < 2 ‘and Pr < 1).

. -
s f s

3.2.1 Experimental Studies of Benard Cells

The first observation of natural convection in cellu-

lar patterns of a fluid,'between horizontal rigid boun-

. daries heated from below was credited to Thompson [3].

As a fluid he used soapy water. Benard [4] confirmed the’
hexagonal cellular -convection patterns of Thompson by
passing a beam of parallel 1ight through a horizontal

layer of parafin oil which he then photographeq.

During the last few decades, -much effort has been

expended attempting to explain tﬁe cellular convectioq

cells in order to predicect the rates of.heat transfer ift

-

. the preSeﬂce of natural convection motion. This has been

.met with only’ llmlted success. Many investigators have -

1njepted powdered particles into the f1u1d in an enclosure

-
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for observation and have also measured temperatures using

probes. This has resulted in the change ;f physical pro-
perties as well as distufbing the flow of the fluid in .
the cavity. Very fey investigators have ;sed opticé%
instruments such as the Mach-Zehnder interferometer‘fog e
observation and analysis. Of these’ few, Eérhadieh (6] . .
used theginterferometer and has presented an excellent
“literature survey of the pfévious investigati;ns, prior

to 1974, concerﬁing the Benardléells( in his dissertation.
Farhadieh uséd interferometer for studying:thg two-

dimensional Benard convection cells (rolls) and their

effects on formation of ice.

.

Sorokin [22] experimental1yl{nve§tigated thé insta-
/ bi;ity of the natural convection in a long cylinder of : .'W
éirculér crgsg-section with an aspect ratiq of near unity
anq‘héatedlfrom below. He used aluminum particles for

flow observdtion and noticed that there were two modes

of convectioﬁ. F;rst, there was a two-dimehsional planar
rotation above the critical Rayleigh number and squgdly

a threé-dimensional cellulér patte}n for high Rayleigh

numbers. With water confined between two rigid boundaries,
Schmidt gg_gl: [23,24]‘aiscovered the onset of natural
convectionbfor Ra_ ...
~number equal to'45006 they observed that.the cellular .

= 1770 + 140. At the Rayleigh

pattern broke down and turbulént motion ensued.

<%
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Some, researchers have been concerned with the cell

height-to-width ratio as the Rayleigh number increases.

Charidra [25] found that the width of the hexagonal cells

extended with the increase in the Rayleigh number. Aﬁ
the same time, De Graaf et al, j26] discovered the,céil

height-to-width ratio to be equal to\l/3. This c¢ontra--

dicted the original theory, since according to Rayleigh

the width of the cell was about twice the height.’ :

tr

® Various correlations have:been developed for the :

rate of natural convective heat traﬁsfe: in -a horizontal

!

cavity. . Among them are those of Van der Held [27] and-
4

Jacob [28] They both correlated the measurements given
by Mull et al. [29] but arrlved at- dlffegént results. '

.

De Graaf et al. [26] conducted a similar experiment for

air in a model tilted at various angles from 0° to 90°

.
°

w1therespecf to horlzontal axis and another set of corre-
lations was deduced. De Graaf et al. ¢oncluded that the

k . » " . ) s .‘
convective heat transfer through air layers in an enclosed

cavity would depend only on the inclination angle when

the flow of air was turbulent. Schmidt et al. [30} chose

‘ !
five different liquids and observed the dependency of .the
e . )

.heat transfer on the Prandtl number when Rayleigh number

was above 10,000. They categorized their results into

four distinct regions:

<
2 \
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N T
. ha) 'Thé»ereeping region - with extremely small fluid
» ' J ' . ‘
) velocities im the form of honeycomb cells when -

+

© 1700 < Ra < 3000: - ,
* (b) The laminar region - flow patterns in the form of
unxform strlpe cells and in whlch the Nusselﬁ number -

was a functlon of the Rayleigh number to the 1/4.

power:

(c) "The transition reglon - flow patterns ln the;ﬁpr@ ;
of disintegratea siripe cells when 8000P§%?;'¢'ka <
18000 pr0-2; _ ’ : o

(d) ' The turbulent region -~ flow patterns with a completely

N .
dlsor&ered cells and the Nusselt number was a. func—

‘ r 4
o tion of the Raylelgh number to the 1/3 power when T
Ra > 18000 Pr®-2,
) ! 4 . |
. e 0'Toole et al. [31] reécognized that the previous

+ correlation had been restricted to a narrow rahge of. data,
so they developed their Swn version of the correlatioms.
‘They utilized all the‘@vailablé data and divided the flow

" into three different regions, mainly:

1700 < Ra < 3500 ¢ initial region
3500 < Ra < 105 laminar region
. 5] P .
. | 102, < Ra < 109/ ' turbulent region

4

From their correlations it is apparent that the Prandtl

number did not affect the heat transfer in the laminar




‘region and it was imbortant in .the turbulent region. The
. . v " . " v
* results of all the above correlations are presented in
- ~ ” A . L
Table 3.2.1.. - » iy
» ' . .

For obsé?ving various patterns, Sommerscale et al.

: [32]‘conducted an experiment using oil heated from below
. '

w1th rl 1d boundaries and in some ‘cases the top boundary

- - - 3

was»removed.- They‘observed various comblnatlons of the

ganvection currents with rells and square cells in the

< -«

e 4 N , . '
laminar region. They also obtained ‘a temperature profile

N n

‘which did mot agree with the previdusfpredictions'ana

- . - -

results. - T

- . :
> - ,_,,". . . #

Oocasionallj, speoific patterns in a cavity are

formed because of the types of boundarles used.

€

. Koschmleder [63] discoverea that the lateral boundaries

determlned the sgec1f1c convection patterns. Catton et al.
/\v . * ; X . .
[34] were also concerned ith the effect of lateral boun-

darles on the convectlve heat transfer. They therefore

I

;‘“Q‘ performed an 1nvestlgatlon “for shall aspect’ ratlo.' Their

o studles conflrmed that the boundary effects had caused a

6% difference between thelr results and those of Silverston
£ -~
¢ 13sl. g

% o ‘ .

» e The .dccurrence of the temperature gradient reversal
“in a horizontal enclosure,’whefe-an inflexion point occurs,
has been-détectéd‘mostly by the‘investiaators who have

~
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‘"‘ones at Ra > 13Ra

used optical methods. Gille [36] using aMichelson inter-

ferometer obtained a vertital temperature profile in a

horizontal enclosure. The resultggshowed the temperature
» & - .

reversal fortRa = 16R6C£it . However, farhadieh et al.

[

[37] used a Mach-Zehnder interferometer and observed two-
dimensional rolls with the ﬁayleigh numbers as high ‘as
23400. - The reversal in the temperaturecpfofile’was‘deter—

mined for Ba = 3.8Ra_ ., wWhich disagreed with the results

_obtained by Gille [36].

<

ha Y
-

. One concern has been to discover the Rayleigh number

at which the transition from two-dimensional to three-

»

dimensional cpnvectioh occurs. Rossby [38], employing
water as a medium, observed that rolls lost thelr-two—

dlmen51onallty at a certaln Raylelgh number between 11000

)

and 26000, to assume.a trlangular'shape. Alsq, the size -

of rolls inoreased when the value of thé Rayleigh number

_increased Krishnamurti [39] discovered“that for water

—~ ’ =

twq-dlmenSLOnaT'Yolls were transformed tb three-dimensional
. g

crit. " In the turbdlent reégion, she

observed vatious transition. regions. “The instability of

the two—diﬁensional rolls ﬁes also considered by Busse

et al. [40], who marked the transition to the three-

dlmen31onal rolls at about Ra = 22,600, Willis et al.

- [41] measured the dependency of the cell height- to-w1dtﬁ

'rathgfqr Rayleigh aumbers between“2000.< 3§ff'3l’000'

* . P. .

.
. .
. . . - . .
I "
s T .
CRLIN Y - . L
. .
.
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_and 11560. The authors determined the ‘Prandtl number, -

d‘{l
[2

[

They coﬁpludé& that for various fluids the ratio decreased
with increasing Rayleigh numbers.

3.3" CLINED AND HORIZONTAL FLUID LAYERS - STUDIES
LATED TO SOLAR COLLECTORS
4

- ’, M . . '
With an increasing interest in solar ‘energy utiliza-

* ,‘-" . . . N -
tion, investigators made use of the similarity between a

[} - L )
solar collector cavity and the available in¥ormation .in

enclosdre cavities heated ﬁrom below.  Tabor fﬁZ]”pre-
sented a summéry bf all the préviQUB expefimentai s£udies
.in natural convectlve heat transfer in flat plate enclosed
cavities bounded by dlfferentlally/éeated 1sotheﬁpal ’
plateé. The thg period of thls rev1ey was up tb 1958, |
The studies which yereé most related to sblarvcollectors
were the ohes which were ﬂ’ESented earlier 5& Se Graaf

et al. [26] and Robinson et al. [43], The purpose of the
work by Ro%inson et al. was-to predict heééﬂlosses for

the home construction industry. The results were adapted

by 'Tabor ta the design of the solar, collector.

.

GlpBe et al. [44] conducted an experiment for wqter,;

. Mmercury and silicon?,oils in a horizo?tal cavity heated

Al

“from below with a range of Prandtl numbers between 0.2 .

effects on the average Nusselt number. Their work;was
‘ ) .
extended to an inclined cav1ty by Dropkln et al. [45].

R 4
. . ; ¢
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Frog their }esults,‘given in Table 3.2 it is appargﬁtA.
by éheir u;e qf the 1/3 éxpéngnt for the Raiieigh numbéf
that they assumed the flow.wa§ turbulent for_ all the ip-
clination angles. 'This assumptioﬁ was later guestioned

by MaéGregor et al. [46] with regard to the existence of

turbulent flow for the Grashof numbers less than 106.-

Boundary layer theory suggests that the exponent for
the Grashof 5¥ the quléigh’number shouid be 1/4 for
laminar and 1/3 for turbulent flow. This also has been®
qﬁeétioned Qy some researchers with regard to solaf col-.
Tectors. Btichberg et al. [47] recommended that for the

horizontal cavity the exponent should: never exceed 0.29.

On the other hand, Tables 3.1, and 3.2  show other

possible values for this exponent. -
. , ,

During the 1970s, the buik of‘research on heat trans- -°

’

ferfiﬁ.the solar collector has occdffeg at the University
‘of California, Los Angeles, the University of Waterloo
anfl the University of Wisgoﬁ%in. .Excelieﬁt }eviews‘éf" _
‘the works for this period have been presented by Randall
[2] and Elsherbiny [48]. All of tﬁese investigations
make one common assumpt which is that the bottoﬁ and
top plates remain -isothermal. ‘Also, the cawity éf the

?»

solar collector has been considered separately from the

v

forced'convﬁifion«dn‘top of the glazing. The majority of

b
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studies deal with ‘the reduction of the heat lossés from
the top plate. This is. accomplished by insetting honey-

comb cells inside the cavity [49 to>651, or increasing

~

the absorptlon area by maklng the bottom plate corrugated

- em

" [2,66,67]. . ‘ '- . S

-

The experlmental model at the Unlver51ty of Waterloo-

was‘de51gned by Ralthby and Hollands 168 69] and was uti-
llzed for almost all of the experlmental studles there. a
The model con51sted of two copper plates 12 7. mm thick,
w1th dimensions of 635 mm by 635 mm. The. model was “then
placed 1n a pressure vessel and the heat transfer rgte

was measured 1n the central reglon of- the cavity. Vanlcus

Rayleigh numbers were obtained by changing the vessel air.

l"pressure and-heating the bottomiplate uslng heater and

guard heater»drrangementsl The results of these studies

agreed very well with the‘previous investigations. Con-

_trary to the model at the University of California which

was limited to low and moderate aspect ratio (AK'< 15y
the model at the Unlver51ty of Waterloo was - capable of
prov1d1ng results with high aspect ratios (AR < 110) and

hlgh Rayleigh numbers. : o .
) y N 4

A Mach-Zehnder interferometer was used at the
University of Wlscon31n for their 1nvestlgat10ns. This

1nterferometry limited the sfze of the model to 45.7 cm.

e oo S o ap o gy p g e 4
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long and 10.2 cm wide copper plates. Randall et al.

{701 conducted -an experlmental study for a tilted cav1ty

between 45 to 90 degrees. The results were correlated
by an equatlon which showed that- the ﬁeat transfer was
independént of the aspect ratlo. Interferometry was also

used’by Brooks et al. {71%}. They examined the tempera-
[ R
- ture fields and the heat transfer w1th1n vertlcal 1n-.

clined and horizontal enclosure_arrangements; {t was.

‘:- concluded that some of the thermal boundary ¢onditions -
v . which had generally been assumed in'numericai'studies .-
were unrealistic. 'In thejhori;ontal_air;layers, it was

~

, also discovered that the
- -* Gr >'9.77x104¢ with a ##ick, nearly isothermal central'

1

. region and contlnuous thermal boundary layers on both -

the hot and the cold boundarles.

" ..
-

For an 1nc11ned cav1ty with respect.to the horlton-.
<ta1 ax1s, it waS‘suggested by _Hart [72] and elever [73] . —‘p
that_tKe correlation of grav1ty, g, in Raylelghnnumbers
can be replaced by g(cos¢) and also in the Nusselt nnmber

correlation equation for the fluid with an infinite e

Prandtl number and a-very largebaspect'ratfc.. Howéver;ﬁ,.“
Buchberg et al. [47] and Arnold-et al. [74] suygested.
that the results were actually yalxd only for low Prandtl

number flulds and aSpect ratlos greater than 10 and 3,

-

. respectlvelya- .




- Hollands et al. [75] investigated heat transfer in
an inclined air enclosure of high aspect ratio, heated
»

from below. The Rayleigh number range covered ‘was from

. i ' ' . - .
subcritical to 105: the.range ,of tily/anéle from the hori-

-

zontal axis was between zero to 70 degrees. Although it

was anticipated that .the results-might be identical to

the results for the'horizcntal layer if one had replaced
Ra by Ra cos¢, significant departures from this behaviour »
were: observed particularly in thg’range of 1708 < Ra cosd oL
<'104 and 30° < ¢ < 60°, where ¢ was the t11t angle. ‘A
) - ) requmended relatlonship was then dgiven for -the Nasselt
= number as a\runction df‘Ra(ccs¢).and the:rahg: of angle
.« bf 1nclination.~ Their. results and the other correlations i
:are presented in TabIe 3. 2. : These correlations have,J
..'i‘:“: been developed by Smely heatlng the enclosure 1sother—:-‘ ﬁ
.:-mally fromrbelsy and by ceolinﬁ the top plate\isothermally.

ﬂThey did not‘conSider-the effect of w1nd on . the gla21ng

- ) o surface. s ,7 . .. . —
. TP -~ .. . - . .; O R e
- . . ) . : o e .‘ - . - ' - ) . .._. 3 <
< e - ﬁﬂ'~ 3.4- FORCED CONVECTION ON THE GLAZING.OF'SOLAR COLLECTORS -
- To,calculate the w1nd related Heat lpsses;on top o’ '. - .

L -1
- U of sblar collector-glaZing,tmost de51gners and reQEarchers '

-

follow Jétges (}934) equation giVen by-McAdams [76] Which

>s .
. . ‘ : -- v - Cos




4%

- a - ;
h,=a+b Vv, . : (3.4.1)

‘\x

For solar collectors, many texts and papers [77 to 80]

also recommend the following equation:

= ' 2 . ¢
hw = 5.7 + 3.8 Vw W/m“=°C (3.4.2)

where Vw is the wind speed in m/s and the data were taken
for 0.5 m2 plate. Since this equation overestimates the
wind related heat losses, it is possible«that the effects

of free convection and radiation.are included. Watmuff.

et-al. [81l], realizing this overestimation, reported that

this equation should be changed to

N

— - - 2 ,
R, =2.8+3.0V w/m®-°c . . (3.4.3)

However, Duffie aqd Beckman [82] suggest that since the

: .. ) N .
- data for the above equation‘ygre taken for the charac-

. , B '
teristic length of 0.5 m, it is not reasonable;td‘assu@e .

that Eq 3.4.3 1s valid at other plate lengths Mitghell

L [83] 1nvestlgated the heat transfer for- varlous shapes -
P ‘and showed that many shapes could be represented by a
~ L sphere when the~equ1valent sphere dlameter is the cube
: lroot of\the volume and suggested that o,
- . : '#__.:. . ~. \" . . ’. - ) .‘
- - : - . - e L - ‘- \ *
. T Nuz0.42 re?-6. . - (3.4.4)
. A . ) i - - R ' . -

-

" Tn the case‘of natural convecﬁion from & hot flat plate

fa01ng upward Lloyd et al [84] recommend»the'followrpg




e e .

< 3

* i N . B - ' . - .
R L . b . v
equations " . e ® )
- hd .

1/4

. . 'S

Nu = 0.76 Ra

H

2.6x10% < Ra < 10’

k3.4.5¥ ,

Nu = 0.15 Ral/3 7 10

10" < Ra < 3x10

- .
B

where the characteristic length is four times the area

]

divided by the wetted perimeter. For vertical plates,

: MéAdams'[76] gives - }
Nu £ 0.59 Rat/?  10% < Ra < 107
- (3.4.6)
Nu = 0.13 Rat’3  10? < Ra < 1012

.

where the characteristic length is the plate height.

<

Duffie and Beckman.[82], in their reécent book, took the
data by Mitchell [83] and reéommended the fdllowing equa-

tion. for the convective heat transfer coefficient.
- - -

L 8.6v)® o
) h =.max[5, —W—-] (3.4.7)

o]

wind

P~

where v, is in meters per second and Lc is the ctbe root
- .6f the house volume in meters. At a wind speed of 5 m/s

(Lhich is close to the world average wind speed) and a

“~

characteristicflength of 8 m, Eq. 3.4.7 yields a heat
transfer coefficien; of 10 W/mzfc, However, the authors

suggest that additional experimenﬁal evidence is needed

for thir recommendations.

4 - oy
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Recently, other authors [85 to 88] have recognized

the diversity of the problem and-have proposed the

following equation:
b ¥

R = 0.86 - Rei/z Pr

h .
\" Lo c-

where the characté;istic'dimension length LC is defined

173 wm?ec | (3.4.8)

~

as four times thegagea'divided by the wetted perimeter.
Tien [88] performed an experimentél studw to determine the
local and avéragp heat transfer coefficients and the
patterns of flugd fl;w for a square plate positioned .at
various orientations to the flow direction. A naphathélene
sublimated square (76.2 x'76.2 mm) ﬁodel plate Qas used

at various angles of attack to an pncoming air-flow in the

Ll

wind tunnel. The Reynolds number rangeé extended from

20,000 to 90,000.- The sublimation technique enabied the

‘author to determine the dimensionless heat (massf transfer =

?coefficignt, expressed in terms of the Colburn J+facter.

>

" The results were given by Sparrow et al. [87] in the form

of a non-dimensional equation (3.4.8). For laminar flow
(i.é. Reynoldé number less than 109) over a very wide
flat plate at zero apglé of attack, the analysis ofe
Pohlhaﬁsen'yields, for the same.equation, 5 convective

heat transfer coefficient of 0.94 with the same charac-

.teristic length. Tien assuﬁéd that the flow (Wind)frather'

a

than passing over the collector, is attacking the collector

A » N
- - f
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glaziné at‘aﬁlangle. It was also assumed that the glazing
of the collector remained isothermal. All the correla-

tion results on the surface of glazing related to the pre-

sent investigations are tabulated in Table 3.3.

3 :.
In the present experimental investigation Wigh the

proposed model, all three convectdwe heat tyaﬁsfer problems
are considered. First, the formatiog of two-dimensional

'
ol 5
convection cells in a horizontal enclosure containing air

48

heated from below and second, the effect of non~dimé#‘ion%l

parameters on the rate of convection heat transfer in a

simulated horizontal cavity. Finally, theé\ natural and

forced convection on the surface glazing of a simulated- -

horizontal collector will be considered. ' : .

~




TABLE 3.3 Wind Related Heat lLosses ‘Correlations .
. I /M(
S - !
0 '( l
—— e .
Referen®e Correlations ° Remarks
- . = _O
[77 30] h, 5‘.7 + 3.8 vw\ W/m
_ / 2 ..
[81] h =2.8+3 v, W/m" -
, 8.6 vO° ,
[821 h = max[5, ———] W/m"-°
w 0.4
L
e
- '
[83] Nu = 0.42 Reo'6
[85 g_g] -’_/hw\/o .86 f_ Re 1/2 1/3 w/m2-°C

49
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, " 4.1 INPRODUCTION . N ] “ : N
.,. ’! . . ' ‘ In;\erference ph%ménorgfhas had a cons:.derak')le' .
. ! : ‘ lnfluence on the deveiopment of §c1en¢e ‘in. general .
~f .,H:;i fluid flow and heat transferygn.partrcular ﬁﬂhomas
‘ :ia;?i‘t Young s, f92]° observatlon and eﬁplanation of the 1nter—
' :’ ,' fe;ence of the beams through two holeé\prov1ded the ba51s
15‘ . . for Fresnel s wave theory of light’ and the s ame experli
z\ J&'.~x ment has been used. ae the foundatlon pf modern coherence
. - theory. . iz.i 75. T o . N
,‘ . . - ) . . S ' p . "
'_ - e 1nterferometr1c ﬂechnlque, deflved ‘from the )
~ ‘rfergnce phenomenon [93i is’ now one of the 1mportant

1)

. methpds of'experlmental heat transfer ana1y51s in

‘ ! . P

;//f'. engzneerlng.~ The father Of'VlSlble Ilght 1nterferometry
"‘ * was Mlchelson, who ‘¥as | awarded $he ﬂobel prlze in phy81cs

) . e - 4n 1907 fdr "his optical 1nstruments of prec151on and the

-~

' e " ?eézﬁgacoplc and metrolog1ca1 1nvestlgat16ns he ‘has

T\\J o executs? with. them“ . Slnce hls dlscovery, many modifica-

.. - the most popular. ones are dhe Mach-Zehnder, Twyman Green#

and the iong path dlffereqce 1nterferometers.q;-

' i .
- -
4 .
B N A - '
B . . .

‘ . - . . - ) . .

©ote - . R . - .
. - ‘. * -
. v

~

tions of'interferometers have.been dedeloPed.> Among them,‘@'
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.\ . 4.2 LONG PATH DIFFERENCE MACH-ZEHNDER INTE.RFEROMETER
ﬂae Ma%:h Zehnder 1nterferometer, the most cormmon but

° also the costllest was utilized for thls study fof‘tﬁr

S - A

following reasons:; °~ -

. -
.Q; » ' _' \

1) Compared ‘with ‘other measuremen; methods, in the area:
. -

~ l
« ©

:Qg. 'of natural and forced convectlve heat transfer, it
o \; o yields-resqlts which have a cdﬁsiderable degree of " -
12 ‘ - accuracy. ) ,l o | ) o o
f;l . 2;~ The temberetnre.measurements are.free‘from distur- -
bances. ". | ‘ ) h ‘ '
' ) 3) ‘Theorapidlyushanging procésses can be accurately . '|
: * followedvsince the. 1ight beem is.consideredoes-essen—
3.= ‘ “ tially inedtialess. R L L
. . L v . . : i
s T o ¢l) It ﬁroyides a temperature map which can be recorded‘
| o _" e i‘ on d sihgle intérferogrém rather than a sing
- . | | | . (
. , Like all' ather measurement methods, snch as
’ v N .metric meagprements or thermocpuples, the interferometer.
e N 'has disadvantagestes well, The med1um¢?nder consideration
= - + must be transpérent to radiation. g The medium has to be .~
. . . )
%:; Co e enclosed with two sides of the enclosure h;urngjs gh .
: '«A .“ / . quallty optlcal flats.g Interferograms record the changes “
?A : ,}. . 1‘, ,of the medium only in. two—dlmen31ona1 cases F94] fhe .. S
AP , ' long path d;ffe;ence Magh Zehnder 1nterferometer baszcallgrﬂw

ylelds a r@fractlve index f1e1d whlch requlres subsequent

.
. “ ¥ LI -~ 3 °
oo u i A . Y K
. » .
“.'v \ ' M . , .
z . e ‘
- . .
. . M
. %,
P . .
.
.
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calculations

fgr.‘nterpréfation‘as a temperature field.

However, the disadvantages did not introduce any restric-

-

tions oh this investigation since the air was transparent -

.

and the fiow was considered to be two-dimensional. This

s -

1abt assumption, as mentioned previously, was'verified

'Y >

»

by a visual smoke test. . e,

I - .

«

A}
“

<
The long path Mach-Zehnder interferometer, at The

.

. University, of ﬁesterﬁ Ontario Engineering Laboratory’, was -

-

construéfed and devéloped in 1970 by Brown and Tarasuk
[95]. It has been adapted extemsively [90, 95 to 104].

The instrument was modified to suit the requirements of

this particular study. . ,

Tneqcomponenég of a Mach-Zehnder, shown in Figure
'4.1 consisted’of é gight sougce,~tWO/beam splitters,
iwoiglat.mirroré,\fWO.éptipal %gnses,itwo éarabolic
mirrors, two optic;l fi;ts ahdoa camera or viewlng screen.

v vy "

The point light source was monothématic and parallel

whith was didided at the first splitting plate into two

jdentical light beams. Thesé two beams traversed separate -
. . [} o

pathg, .one as a reference beam, and the other through a:

heated test model until they reachted the second splitting

.

plate. Depending on the path lengths, thé two beams

arrived at the camera oi screen either ih phase or out ,
. o C : - o
of. phase. THhHls gave rise to an interference pattern at

. ’

-
?a

B . , . .
- v 4 o . .
4 . ® » - ‘ t-
’

¢

L i dady Gl
L

52 -

. &

<




“

.« -® .

) . 4 .
FIGURE 4.1° The Long Path Mach-Zehnder Inttrferometer
jntegrated With the Wind Tunnel
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the screen. . : M

Two types of 'interference patterns were possible.

One type, the infinite frjinge field (shown in Figure 4.2), ¢’

. B consigted of a\n;‘,formly illuminated field and occu,rred'

/

) « + L4

. when all the’mirrors épi;f:?itting pfages were, parallel.

The second'type,,which eferred to as the finite fringé ’

field, consisted of a. series of bright bands separated by

dark‘bands and occurs whén one of: the plaées was rotated

slightly (see Figuré'4;3). : Lo e "..

-
L)

In this study interferogram§ with both fringes were
taken and utilized. Although each has advantages and dis-.

ad%antages, S§ using both methods details of flow visuali-~

Lk .G . .
zation and heat transfer analysis were possible.

Advantages.of the finite fringe interferogram include
. :
the folldwirg: 2 . voe

-

) ” '
1) even small thermal gradients or fringe distortions .

can be analyzed;- S o
-,2).~ }t is. applicable to irregulag objectg and larger.
' models; . _‘ | » ,
3) finige fr&nge inte;fgidgrams are eésilycobtained-and' T

a constant monitoring or adjustment of optics is not

necessary; . e )
4) thé'fringg patterns are less sensitive to minor

—_—




. / )

interferograms with Infinite Fringe Fiolds;

AR=17.7, Re=63350, Ra=8300, T, =30.1 C, T =24.
HC s B

ot

o .
. - .

.

o

‘e
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vibrational disturbances; - . B

5)° there is an overall improvement in the accuracy of

results in view of the well defined reference.
. . et

Disadvantages of a finite fringe interferogram are

as follows:

Qr

.
L]

1) The reference fringe shift must be calcdulated. : .
2) A shifted fringe field doesunot_représent an iso-
. . . ‘
therm, and ] ' ' T

¥

3 . Fiﬁite'fringes do not in -general demongffate”dieaply *A}\

the flow patterns. T

Advantége5°of the infinite~ffipge fiéld include; ‘J
1) The Shifteé fringeé in the interferpgrams represent ~ ’7 '
isotherms, or cdnétan;‘k?mpera£ufe map, and, -
3 2) The fiow{paﬁtern'of-tﬁe medium.;én bg easily recog- ' 4
Y ) nized. , ’ ‘ . ' — : o
. S Y .
X ® A list of the disadvantages of thetinfinite fringe’ '-;\m
<f field inclu&es: \ C o ‘ S

. ' P
. .

. ~ ' 1) It cannot be easily obtdinequ
] ; .

L&}

oo v :
It is very sensitive to slight vibrations.

. ,‘ : L 2) .
- 3) The number of fringes must‘be at least'moré‘than
. . ' LY U ’ .
. . “-fiv'e. o " . , ’ NN
. . , p




- - R
T - .
- . . @ ]
-, - . Rl " ’ . L 5 -
S 4) It is not as accurate as, finite fringe field.
’ A technique was developed (discussed in GChapter VI) -

‘e by which both finite and infinite fringe fieldiinterfero-
. - d . '

grams were attainable, The interferograms'with infinite

.o A

B _fringe fields were utilized £dr flow visuarizatioﬁ and ’
. g‘. .

RO . interferograms with finite fringe fields were used for

. ' . . v . R .
s analysis. %Ee mathefhatical equations related to the inter- -
i I3 o ‘0- ’ . - P
ferometry, used for calculations of the temperatures,
- . : .8
o

are given in Appendix B.

L)




e

CHAPTER V
. EXPERIMENTAL APPARATUS

s
¢ ’

.

5.1 " INTRODUCTION

It hak been shown that:solar collectors‘are usually
exposed to severe atmospnerlc win conditions. These
aconditions iﬁﬁose'a bognoary layer effect on the renoval
of heat f;o§ftﬂepolazing of the solar collectors. Thus,
any attemst to simulate’%bé neétwlosses from the top of 2a

collector would'be nore.realistic if attention was qiven'

. to the ‘effect of the extérnal flow above "the collector

e

&

cav1ty The de51red boundary layer flow should simulate

-the iower portlon of the atmospheric conditions. Spe01al

9

attention §houldibe given to the simulation of the tem-:
, . .

perature changes of the solar collector glazing.

, ~ . .

Low speed wind tunnels have been used for the simu-

lation of the ‘boundary layer effects on the roofs where

-
3

’solar collectors are generally mounted. Figures 5.1
and 5.2  [89] show possible boundary layer effects on

‘flat as well as pitched‘roofs?respectively. ' A varietyof

-

~

,anqles of attack/pltch are pog31ble.‘ Tien [88] con51dered
‘a w1de,range of angles of attack/pltch and ‘'yaw for wind

on an-: isothermal subllmated square flat plate. The re-

/ K

sults correlated by u51ng mass transfer to heat

transfer for solar collectors. _Hoyever,~1n this study_
. L : *

T 59 .

~
P
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Separation point
Outer region
Inner region -
_ 'V’Vake region
Undisturbed free stream

o Mot . 5 ”
) .

O‘O(DPU)‘

.~ FIGURE 5.1 Wind Streamlines Passing Over Buildings
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: : ,  FLOW DIRECTION .

. . ’

. FIGURE 5.2 Stages im the Development of Flow .(From Rest)
Past a°Model of a House (after Nokkentved, 1932)
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that shown in Figure 5.2 . namely, parallel to the ’ e

'collectors 1s more pronounced when the‘ulnd veloc1tj 1s

the flow was. assumed to have the condition similar to

glazing surface. '
s In most-places, such as Southern Ontarlo, 1nc1udlng :

l-" ?

the upper Great Lakes, *the -effect of w1nd on solar

. i ” "
strongest in the w1nter, durlng the day;‘when solar COiﬂecﬁ” o

P A
bperation is required. It is. weakest,ln the summer a$a
. e A

: ‘.
shown. in Table 5.1 when -solar collectors are hardly useﬁ ;
!

- : . e SR B

for space heating. ) ' - I A
. “n . ) _ v , .,/' ‘\' ,;.( ’ ' o ’ ‘ -
The above condltlon"requlres a closeb e?mﬁlatlon oi _f‘ i
':'}) /’ : ;':‘ "'
a solar collector when atmospheric condll&ons iesultlmg/, N

' '4‘.-' h o

from the boundary "layer effect.(w1nd) on’. the top. surfacq ﬁéi
AT

can be considered as_an J.mportant parametez\e o7 ']' i “.’,"
-~ * i - ' K ‘: ", '! “"‘

» " ‘ \’ . ? '. . \‘ ‘, i "4
‘. The remalnder of this chapter will flrét déscrlbe ' <

’

the w1nd tunnel lnterferometry arrangement and thén the

.
1
)

model itself. o .

%

5.2 "WIND TUNNEL DEéCRIPTION ‘ h S

f

The wind tunnel was deSLgned and constructed,by

‘Allen [90] and was modlfled to meet the SpeCLflC needs of

- » +

this 1nvestrgatlon. The wind tunnel has a closed working"

-

sectlon and closed return sectlon. The wind .tunnel has a

worklng section that has a 30 50 cm. by 45;70 cm r"tangular‘
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‘cross-section. Tlfis cross—sect-io-n dictates a wind tg,nnel .

N ~ | length of approx:.mateiy 6 meters. The maximum vefoc;ty

.é - in s:]:le test sectlon, w1thou>t the. lmer*tlon, of any honey- )

o comp flow stralghtener, is atprox1mately.18 m/s w;th no

test modeI.In place.q UpstreaT‘Pf ¢he test section is a

. o c;ntraction which reduces the crosseeectiona%‘aﬁea bg he =

“tunnel by, a factor of four. This .re.duoes ,the' Il‘eve_l of ' - .

W '4 ‘tﬁrbulénoe in the WOrhiﬁg'section and decreaeee the bo;er"

R
~consv.tmpt10n of the‘tunnel by permlttlng a lower veloc1ty

PR G . “

"in the return circuit @Qf the tunrel. for the. case 0f closed ' .
-c113:u1t ar.rangelpent. A 10 2cn; ’t.h:l.c}g.sectlon, of alumlnum - -
honeycomh is’ locatefi' at th.e eritrance to the :contract'i'on.‘ .
- The hbﬁéy,com_b _se%veé) aﬁ- a. flo.v;';‘s‘tra'i_ght.e'ne“r ‘émd b.reaks..
‘§ up the large scale ‘ed'di‘es at}_nat i:oﬁle.'é:ff the. fan. Vanes -
'a_rei mounged in the four corhers of theii ';'m;nel"q to ensure aj'f\/‘—;
o . " . ‘e,

s ]

smoot.(h flow at. these; points.. These vane‘s were éesighed
ad. s = - . . * 2 ., N °
‘w0 'accordlng to- acgepted wind tunnel oonstruct‘:l.on pr:.n-c:.pg

O | E The ,angle of d:.vergence of the diffusing Bectlans is al-

o waxs Iess. t.han 6 dggrees go prevent‘S‘Fpii}atlon of the flow

- " » from t.he walls of the dl’ffusers. . s @ | : e

- L} -
. N A ¢ “ T 2 o'
, M w .8 - . . K Lo .
»” . - b . '
. . . -_“ ] < . '

e t‘t_mne,l is; powered by a 61 CIn dlan{eter, tube—ax:.al

N . '

. ozl -:, . f; av1ng four lad$ ‘of aerofo:.l de51gn. The- fan ;.s

‘,., b ~afiven by s hyd'raullc mp £or- no#inted outsz.d;'the veind .
VTI.“'#’::.' . ’i:unne!' ! Tﬁ;s was done'. o avoid the transfer of heat from voet
&;a '.‘thmo the air.g__ culating in the turmel. E;n §. _' - *
',,7‘:-2"‘ :: v . ' : * e ’ - ". S :K ..." ~ .



L4 ) [ -
. speed is varlable from zero to approx1mately 1200 RPM by

8
adjustlng the vqlume of flow from the pump unit to the

4
hydraullc motq';

' The-modification of the tunnel included the following:

1 4

’ L.. Raising of the working section to allow for the ‘ad-
. B 4 4, - ' . 4 -
o ‘ N justment of the bottom plate of the model. This
< . . - ) 0. ‘ 4 . L
' permitted various changes in the aspect®ratio of' the ’

- N ;.

cavity. i S

’ .q. . - : : ' ' . .

2.  Changing the upstream rigid section which 'jo# to _
. : ! . » N . . ’ ’

7/ ‘ ‘the w%rking section to allow the accommodation of a

. v, . S

horizoﬁtally oriented solar collector or model.

S L Also, a varlety of tunnel sectlons were constructed

- * - -

'_? .(' \>; f L4 to allow the tllt angle to be changed in 15° incre-
.K;

_,ments~from 0°{jhor1zpntal) to 60° as shown in

e N Figure 5.3 : | ; S,

)
. .

3.  'Ihsdrtion of honeycomﬁs'S'OB an thick to sZrve as
Vo7 . flow Strarﬁhteners and to break up the large scale

9 o eddies gené&ated by the fan. .. A

»

Changrng the tunnel fréh a closed loop to- an open
A

4.
‘ ; , é- 1oop system since‘the temperature of the c1rcu1at1ng "
B s, -~

AR "9" M alréln the tuhnel was changlng constantly becaqseégjf,
N - . . [ . » - .. . . ' . « . . ’
Y L . 'the heat loss from tle top of the model.

; Ty . v T L » ¢

. 5. ‘Installatlon of two flexlble ducts 40.64 cm in dla-
N Cey e ’

}L.‘ . o meter Wthh mixet the return and suppIy airx 1n an.,
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e g :
,* + adjacent room. This prevented any large scale turb
© " 1
lence from dlsturblng the optlcal system of - the

1nterferometer. B

6. A minimizing of the vibrations transmitted to the

interferometer which were generated by* the wind tunnel.
. ]

This was accomplished.by the use of flexible codplings
. e

- in the wind tunnel and by’ the 1nstallatlon of pneus °

.-' g.\ [ 4
mat1c~a1r sacs for support of the fan-hou51ng, the
D% ,
) motor and t 1nterferometer C > ,
e
’ . . . .\ . ~
LI 5. 2 1 Vé@oc1ty Dlstrlbutlon'Measurement in the
Wind Tunnel Test Section -
~
t " The honeycombs in the upstream s$ection of the wind
tunnel were adjusted to ascertain the uniformity of the
- - flow passing qver the cold plate of the mode'®. ; .

. Y-
- . : . .

The veloc1ty Measurements were made u51ng a plane

S rake. Tpls conslsted of a matrlx of, 48 1mpact tubes and

" 6 static pressure tubes, wh1¢h was de51gned by Craze [91r

The 6perat1ng conflguratlon is’ shown 1n Flgure15.4 ' w1th

LN d @

close—up_views of impact tubes in Figuxe_S.S. s,

o L ) . ) 1

~ . N '
'h B . S LI ‘e .
v 4‘-. The tubes were made from 16 gauge stalnless steel -

e, hypoaermle thblng an&xprotruded/g 31 et (25 tube dlameters)

!
i ,upstream with respect.to the1r supports. The impact tubes

f .
Ny
L ]

7"7'.f‘ were flrst filed and pOllSaﬁd with emery cloth in a lathe

'*; S chuck then e%éctrochem;cally etched in a bagh’ of . ’

- o . S L. ‘ . . R
Lt -7 ‘ . & .- . ‘ . . -

. » N - . »
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v

“econcentrated nitric acid to produce .a razor sharp entrance

" tion and was measuﬁfd by a pitot tube. A Scanivalve multi-

69

.
»
-~

- -

’ .
~ .

’
lip. the diaqeter of these tubes was about 1.5 mm. The

-

static presshre"pbes were made by first plugging one ené

with epoxy resin and rounding to a hemispherical shape. %

-

Four holes, equiepaced circumferentially, were then
drilled with'a'No. 80 drill, about .33 mmf approximately
¢ N " W

4 tube diameters from the nose. : ~ o

The hypodermic tubes were solderéd to the brass'rake\;

. ’ .
frame with appropriate airfoil sections ensuring consis-.

. tent orientation of the tubes normal .to the plane of the

frame. The rake was then positioned on the downstream

section of the.wind tuhhel. .

P}
.

N The reference air velocity was chosen to be at the

position upstream on the.centreline'of.the'WOrking sec-

- t

pressure transducer and an integratingvoltmeter furnished .

t difeetureédings of the ﬁ}essure differentials across the

two pressure t@ps from the pltot tube and 51m11anly across

_ the taps from the plane rake. A typlcal dlstrlbutlon -

/

: of veloc1ty 1n the w1nd tunnel is givén in Flgyfe 5.6. \

3 .
The w1nd tunnel was’ p081tioned so that he air flow .
in the tunnel test sectaon was perpendlcular to the .j.
~. 0

'1nterferometer reference test beam and to the test beam

L
p&ssxng through, the model The reference‘beam ‘was directed

' . LS
.. .- %. ,l . 1." . -
.

-
. . M s : .
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thyxough a 0.635 cm diameter aluminum pipe to prevent any

disturbance by the air flow. Another important feature
. [
of -the tunnel test section was the inclusion of two ’

» optical flats 15.24 am ciiameter, 2.5'4 cm thick, mounted
on the 1. 27 cm thick perspex vertlcal walls whlch housed
- ¢ the moael The interferometer test beam passed undis-
‘ turbed through these optically finisHed flats. ' The wind

" tunnel was then set on pneumatlc a1r sacs to 1solate the
. ) . ‘.
tunnel' from any building vibrations : ’
. - . . -
A - : .

~

. ».. 5.3 LONG PATH MACH-ZEHNDER DIFFERENTIAL INTERFEROMETER - -

" The schematic diagram of the . long path Mach-Zehnder”
' differential interferometer used in this investigation’ .
. . i
is skown in Figure 5.7.° Various -light sourée'lasers

N were testeg and a 7 mW Hellum-Neon laser (A) was used as’
¥

the llght source. This emltted the‘best un\phase mono-

. chromatlc wave front llght beam yrequired for this study. \

. ,Beqeuse of the single  light frequency,‘bhe entire lasgr

output could be ugbd'without the need for filtration.

_The laser behaved as an ideal p01nt source, whlch 51mp11-

fied imaglng 0 the source on thé plane of 1nterference.

‘ Bl and 82 were 92.54 cm dlameter semi-silvered beam—
< splitters, mounted in 'such a way that they rotated about

vertical and horizontal "axes. ’Dl snd D, were ‘double convex

. lenses, 6 mm in diameter and 7.6 mm in'focal'lénéth. El

and E, were two‘parébolic mirfbrs of 31.75 cm diameter
) I P R Al .

. . . . , o
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and 254 cm focal length, mounted in such a way as to per-

mit rotation about verﬁital apd'ﬁérizontal axes. C, and

were two plane elliptical mirrors.

&

. C2

I 8 i '

All the components of-this 1nterferometer were mounted

on a 640 cm lonq,‘20.32 x 30.32 cm wide flange I-beam.
The I-beam was filled with poncrete.and was supported at

. 13 ' . . : i 3 .
four points on concrete pillars in sandboxes. Ppeumatlc'

. - L]
air sacs were used between the’ I-beam and the concrete

pillars to minimize floor and wind tunnel vibrations.

Later, another set of these concrete pillatslin eang

was added. The mounts for mirrors E, and E, were bolted

) "1 2
. 9
g e I N .
ohto the I-beam. The,o;her«optles B1"Bz' Dl’ Dz, ;1

and C, were mounted on en-optical support that permittea

2

translation of these individual components. + Vertical
and horizontal rotations of the laser mount permitted
. ! ( .
an-accurate beam alignment. L«

. 2 . -

1
| ) | (
5.4 DESIGN AND CONSTRUCTION OF THE MODEL o -

The desxgn of the experlmental set—up had to 1ncor-ax

. 7

porate the chanqes of parametexs such as Raylelgh number,'

’

‘aspect ratlo for plane ‘enclosed gas layers and the T
’ »
.Reynolds number in the wind tunnel, all over a sultable

range of values« Randall [2], Mull et al. [29] and
Agnold et al. [74] have all shown that the w1dth in an
enclosure has very little effect on the heat transfer

. ‘ .
- B \
. s




rates by natural convection. Thus, a variation of the
l 4

width was not considered necessary.

The test section, as shown in Figure 5.8, consisted

essentially of two parallel plates, a hot cepper plate
? ' ) S :
and a cold lexan plate with provisfbn for keeping the hot

pléte at constant isothermal temperatures. The tempera-

ture of the cold plate.was not controlled. The.cold

0;’

temperature depended on the temperature of the hot plate,

theadistahce between the two plates and the effect of

*

. external cooling (the Reynolds number). This provision
. ) ¢ . . ,

' approximated "the actual conditions'of a solar collector
~. . . - :
.. where the coupling effect between the forced convection .
|/‘~ .
ousside the glazing and the natural convection inside the

. cayiéy dictate the tempeiature.distribution of the cold
R e , ' ' -» [}
" plate. ' . R

. o ‘ .,

The -height of the air layer was varied in the experi-

‘ment obtaining various aspect ratios. This was "accomp-
N !

lished by the desiart of fouribolted 1égs which supported -
~7 ' -~ ’
thé hot plate. This plate was easily adjusted to various

heighté to provide a selected aspect ratio. The aspect.

ratios covered in @his iﬁvestigatioinere 8.85, 11.80,

17.7 and 35.40. The adjustable supporting legs. and the

L

'assembly‘of the model are also shown' in Figure'5.9:;.
.T‘l"_l_is asse'mb_ly oA‘xot‘ and cold plates was placed in
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4

a box made of two opposing opaque vertical walls con-

\\structed from Ewo plates, a 1.27 cm thick insulating teflon'_i

~

plate and a 0.635 cm thick aluminum plate for rigidity.
The other two opposing vertical walls of the.enclosure

were constructed from 1.27 cm thigﬁ transparent Perspex,

LY

onto which were mounted 'two 15.24 cm diameter,+2.54 cm | {‘
thick optical flats, with both sides optically ground

to within ‘one tenth of oné’wavelength of visible light.

PN

Two strips of Perspex were also fastened pé{pendicularly e
to the bottom of the side walls where the Box was posi-
. . ¢

tioned and could be moved. ' The Perspex side walls acted -

as an observation window as rell. ,

o

.

" The 15.24 cm diameter opticgflats and the 44.96cm length
of the mode1 required that tts’test apparafus be sﬂifted ~
four tiheé. This was - attainable b; %ncérporating an
attached crank-shaft to one aluminum side of the vertical
wall of the model and attaching three %x;ct‘dimension
.acrylié étrips to the sides of the cold plate. Wﬁenlthe

i

model. required shifting, an-afrylic strip was removed
. . A Y ;. ! >
from one side of the model, the assembly{yas then relocated

by the crank-shaft.-and the strip was placed SB the other .

s ; . ;
side. The top of %helcold plate and the three strips of -
acrylic were flashed into the floor of the w}nd'tunnel.

The cavity was mounted below, exterior to the working sec-

tion floor of the wind tunnel. f ot

»
" .

-




. S . ) .
) 5:4.1 Hot Plate  AsseWMbly - . B '
2 ’) hd . . B K] . ol . N
The hot plate a§83mbly, shown in Figure 5.10, was

h 1

3

made of a'copper plate[ﬂtWO aluminu% plates and auTeflon”’
. o :

A a
A ]

* fnsulating plate. The copper plate was 45 72 -cm ‘'wide,

. © . 44.96 cm long and_; 27 cm tthk Fastened to the bottom

. 0

gf the\copper plate were two O 635 Ccm tthk aluminum plates

Sa

' L w1th the same dlmen51ons. In tﬁe lower alumlnum plate,
grooves were machlned to aciept ansulated nlchrome heatlng

> @ Wires of 1q.go m in total length. - Prov191on yas made to

connect the three w1res in’ parallel for better isothermal

) . _heatlng. The fourth wire was plaiﬁd close to thg four e

,L ' Bdges of the plate, to a?t ds ay edge guard heater. The

¥ -constancy of temperature of the &opper ﬁiate was achleved
* : W1thout€u51ng the guard heater. Good thermal contact wa's 2
LY - * N .’" f

- attained by applylng s:Lllcon heat s:.nk compound betWeen the-
grooved alumlnuﬂ and copper plates. An 1nsulat1ng Teflon

plate 1.27 c® thick was fastened tq the bottom of the'

& .
-

> aluminum plates to prevent-heat-losses. P&wer‘was

\supplled to th% heatlng wires by a warlable D.C. power !
. {
° - dource. .o o
. ! 1 . <A
‘l’ : . , e ) . '-’j
’ The surface temperatures of thé copper'plate were
. o j ’ " ‘

: ./ measpred by means of 29, 28 gauge [o pper constantan

thermocouples.~ Each th ocouple was gargfully fltted

i

- ‘ Lnto a copper pipe hayl g an outsadé\dlameter of 3. 175 mm,‘

( & e
) )

v .7 v -
* v . N N . ™
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L . © an inside diameter of 2.032 mm and\a 9.525 pm'lendﬁh;
' The ins%dg diameter was reduced to 0.762 mm'on‘the top

where the thermocouples were soldered to the pipes and

. ‘mechanically ¥itted to the drilled holes on top of.the

- . cbpper'plate. All the thermocouples were then tested fory

+

acciracy and consistency., 'The top of the copper plate

was then hlghly polished to mlnlmlze the'lnfluence of

o . ;?dlatlon in the transfer. of heat to the cold plate.
4
e . . : . < . . N .

The thermocouple rgfdings»yere recordedfﬂy a Doric
Digitrend 220 automatic reqo?der._ The Digitrend was -
. capable of';fcording up to loq'thermocquples, and‘pflnling
.fl‘(/’j | . two per secpndkwith an dccuracy'of_i 0.4%.

5.4.2 Cbld Plate AsSemblx . ‘

The cold plate, shown in Figure 5. ll, was constructed 2t
» \ '
L
- o from two plates of polycarbonate plastlc called Lexan,

45.72 cm wide and 44.96 cm long w1th twao dlfferent thlck-

\

L ) " nesses, 0.317 cm aﬁd'0.635’cm. - The. thicker plate was grooved

-

v

to allow for the installation of thermocouple wires. The

therchbﬁplgs, after passing through the grooves, weré in-

R L

sérted’into 0.762 mm holes to record the surface temperatures

.- : : § o . L
of the top and bottom of the cold plate assembly. There were

R :

15 therﬁcouples'on each side. A thermal conéact.comayund,

R

A i S e LN

‘ . ‘ ) U - -
. Dow Chemical type 732, witq'the‘same thermal gonductivity

‘as Lexan, was used to fill 55;’§f00ves'and provided good ,

bl .
“ -




thermal contact between the two Lexan plates.

]

Lexan was selected because of\:he similarity of its

thermal conductivity to that of glass, as well as its
widely accepted use as a glazing for solar qollectors.

Propertles of the Lexan also made lt p0551b1e to attach

- - L

the thermocouples, whlch recoﬂl surface temperatures, in

a,way wh1ch wauld cause no disturbance to flows inside
. - e . '
or outside of the cavity.
. e, - S v
Y ) . ’ . ) . . .
For the above arrangement of equipment. it was ob- .

et
-

Served.that: . : e

N a) Tunnel ve%ocities of 0.0 m/s to 2.3 m/s were possible.

b) ,'Vihration effects were important for velocities

beyond 1.7 m/s and one datum was recorded beyond ,

o o this.region." - .

~ .

c) The isothermallpeated surface could be maintained to

within 19 for plate temperatures up to 909C. .

d)' The temperature differeﬁtiais across the collecting-

cavity could'be varled from zero to a maximum of 45°C.

'e)' The aspect ratzo as eae&}y altered to 8. 85 ll 80,

. - 7. 70 and 35, 40.

) Tilt angle could be changed from 0° to 60° with res-

‘ pect to'\the. horizontai, and ¥inally o . . '

g) interferograms_df adequate uality were attainable, | hR
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_V6.l OPERATING PROCEDURE AND MEASUREMENP%E

vibration free conditions. 'Therefore, it was necessary

.tion of the apparatus is'déscribed'separatgly and problems'

. o _ ) -
‘egcountered in making essential experimental measurements

_ pneumatic air sacs,¥the’pressures,in the air sacs required

.working section. This\adjustmen% also adjusted the cold’

in unattainable interferograms. This was resolved by

. ~
.

CHAPTER VI

*

EXPERIMENTAL METHODS AND PROCEDURES :
. . Y -
”’ . . . -~ ]

- By far, thé most difficult-ﬁgsk in this investiga- ‘ . :
ﬁion was the alignment of the wind tunnel, the interfero- .
metér, aqd’thé model; Thé adjustment of one of the above
consequently required the adjustmeh;-of thé other. two.

It was imperqtiVé that the'expérimént be conducted under

to examine each part of Ythe apparatus individually before

’

any actual data were taken. In ‘this chapter, each sec- o

are discussed.
. N : “ A

6.1.1 THE WIND TUNNEL

. Since the wind tunnel was pf&ded on some twenty

careful adjustments in order to provide a-horizontal

surface of the model. S | N

The, preliminary tests in.the tunnel indicated exces-

Sive'andnundesirable levels of vibration which resulted




£
.
E."f
A
?
g ')" '

s

.'roéi—ayxthe other. The” legs were de51gned adjustable for

-the future study of the model, when it would be requlred

The plate§¥{fre pos1tlon d on air sacs in order to pro-

vide suppo

regulating the pressure in‘ the air sacs. Both the wind

' tunnel motor and the fan were lubricated as often as re- -

experlments. The flow temperature 1n91de the tunnel and

. the room temperature outside of the tunnel were measured

.Inc., Type 590D). All the static tubes were conriected

A 2
¢ 3 . %
L 5

designing an assembly witﬁ four vertically adjustghle legs, with

pPlates at_one.end»and hushings with 1:27 cm diameter, steel

v

to tllt ‘the model and th:>work1ng,sectloﬂ'of the tunnel. .

O o

s for the section and to mlnlmlze the v1bra-

[

tionsl _ The bushlngs were fastened to,the bottom of -the .
section to enable the model to be tilted at various tilt
angles with respect to the_horirontal axis. The assembly

R . -
was then adjusted tO an exact . horizontal position by

- . , ’ . .

f » . ) ' . '
quired for smooth operation and to minimize vibratioms.

;,‘A desired air'velocitygin the tunnel was attainable
by adjustlng the flow veloc1ty control on the motor. The L

velocxty was then kept constant throughout each set of -

and recorded by the Dlgltrend thermoc0uple indicator.

The pressures-1n51de.the working sectlon, behind the test .

model, were measured by using the Scanivalve,system
integrated to a Barocel pressure transducer (Datametric

.




4

in parallel to the reference éidp of the transducer.'

-

’ -% For all of the égperiments,'air at atmospheric pres-

»

sure and temperature was -used as the cooling fluid.~ The “'”

5

air tempefature'in the room adjacént to the laboratory.

. . - X . - . -’
( : s T 3 : . . .

. from which the air was drawn and exhausted, was kept -

constant within a maximum of 1°C for_the'duration of each

 individual experiment. . : cot : ' S

.

6.1.2 The Interferometer Alignmeﬁt I

As was mentloned before, ‘since thé 1nterferometer
.could not tolerate an excessive v1bratlon caused.by the :

bulldlng and the wind tunnel, another sandbox w1th con-

crete pillar and air sacs was added under the heavy I—beam

LN

which supported the 1nterferometer.. This greatly reduced

- the level of vibrations transmltted to the 1nterfekometer.
. . | ‘ v oo * _
’ . To facilitate the alignment of the interferometer,
. the following steps were takenr“
".

1. TheﬁI—beam‘was'horizontally,adjhsted such that the

. o ) L . .
-\\vhi:teijerometer was perpendicular tq the air-flow in
e .wind tunnel working section. . LT )

“' .
2. The laser tube'(A),‘(see Figure 5. 7' ), was_horizon-

tally aIiéhed such that thelllght beamﬂpassed'through'

the twoheamlspiitt'ers}(Bl and B,).
' . N oL




e ot W et -
.

8.

: ceptred on the parabollc mirror (El),

L} -
- .

'rhe eXpandlng lens (D ) was removed from the path

of the beam ' The beam splltter (B ) and the plane

\
mirror (C ) were ad}usted so that the test beam was

The 1en§'yas mdved back intonthe path of the beam,

~(B ) and (C ) were ad)usted to centre the expanded ‘

L d

beam on (El) '

The paraholic mlrror (E ) was adjusted so that the

. horlzontal expanded beam passed throggh the test

model~and was centred on the parabol mlrror (E ).

The parabollc ‘mirror (E ) was adjusted .80 that the

s reflected beam wds centred. on the plane mirror (C ).

The. plane mirror (Cz) was adjusted'such that the re-

- flected beam was centred on the beam splittEr (B ):

. the 1nterferometer was subjected to vxbra ional dis- .

and passed through a shutter ontg'the screen of
camera (F). | e
The expandlng lens (D ), the plane mlrror (C ) and .
the'parabollc mxrror (E ) were ad3usted‘so that the

reference and'the test model beams 1nter$ected ‘on

o the ‘side of (Bz) fac1ng the ‘laser 1lght source.

'When thls was achleved ap 1nterference pattern was

Q
attalnable on- the scréen. Thls could not occur 1f

..‘ . R

~ .
.

turh\ances. o ," - .

S




S At this* tlme, the 1nterference pattern in the form
" of an 1nf1n1te frlnge fleld was possible by flne tunlng

of Ez, C2 and_Bz. A method was developed and" used

throughout -all the experimental testing hy{which a fast
R . . - ° . . <
. transition from*an infinfyge fringe field to a finite

frrnge fieid‘and‘vicevversa was possible; It involved
rotatinglthe parabolio‘mirror (E') about ite.verticai'axis
whlch changed the fringe spac1ng and agaln rotatlng (E ) |
about the horizontal axi: hlch in turn rotated the'
frlnges to any de51red angle. The reversed prodedure was

applled for returnlng to the orlglnal 1“f1n1te frlnge

‘ fle;d. The‘procedure, Whlch took approx1mately one minute
. . [ 4 M '

made it possible to obtain two interferograms on the same

negative film. - After the Eirst interferogram was‘taken,

~the proper adjustment was made, then the £ilm holder was

»rotated by 180°. before the second 1nterferogram was ob—

Durlng thls'perlod the cdmera was not moved.'
For th ana1y513, 1nterferograms w1th the finite fringe.

PR 1]
. flelds were_used. Infinite frxnge-1nterferograms.were

pe 55/posit1ve negatlve. The 1nterferograms wefe taken




¥ o
»

-

' Type B sensitization films with a‘negative

‘cferograms were taken durlng nlght hOurs when ‘the ventlla-

S
ST

‘removed. The focussing was accomplished by e interfero-

meter optics. The interferograms were Panchpomatic,

gesolution of

<

150 to 160 lines per mm. For best results,

speed was always set at 1/125 second. purilg the two ex-
posures of infinite and finite f¥inge field
A

to the hot plate heating w1res, the p051t10 of the cav1ty

~

Appfoximately one thousand interferograms with both -

fields were taken at four different heating \rates. The’
. w .

.-air velocity in the tunnel was varied: from zero to-approxf!

mately 2.3 m/s for each hehting rate.- The length and .
thé width of the model were-kept constant, but the aspect

-retio‘has varied from’8.85 to'35 40. Most of the inter- /

.

“tion system was lowered and the bulldlng v1bration dis- .

- . -

turbances were at a mlnlmum Two dehumldlflers'Were.operating

L

" in the laboratory to ;cemove excess:.ve moisture frem the ».

air. They were turned off durlng the perlod when 1nter-

"ferograms were taken. B e . - : - »
. The‘interferograms were set in a jig'attached to*a’

‘ »

travelllng mlcroscope.‘ vVarious locatlons with: respect to

the cav1ty edde dn each set of 1ntdrferograms were

’ .
. e
.. . P



-

: mlcroscope and comparlng the value to .the known height. . r;

PR
o @
H Lt

was measpred'to the nearest + 0. l mm by a Vernler Callper

‘at sgveral.ioéetions within the enclosure. Overall

»

-

vertically:scanngd in the enciosure_from the hot plate

’
to the cold plate. The location of the fringes was
X O ;

detergined by setting the crosshairs of the eyepiece-on

the centre of the white fringe of the interferograms and

recording their values. For determining the edge effects

'in the enclosure,~three poihts close. to each wall were:

scanned The locatlons of each horizontal boundary on
the hot. and cold plates weré also'recorded. The travelling

. . L
microscope was accurate to + 2.5 microns. The scale

factor was determined by traversing the height of the-

cav1ty between ‘the hot ‘and cold plates with the travelllng

The helght of the encLosurevwas~measured by a Vernlerr

R4

Caliper to the nearést.O;l mm.

- A .d .

6.1.3 .Poéitiohing the Test Model ' "

- In order that the model could be shifted upstream

. ) . k ) '. . s
QF downstream the optical glasses were removed and the
. - ‘." ' LS

modei éssembly was moved to a proper location,. After the«
¢

cold plate was checked to be horlzontal the hot plate

was MQved ‘up -or down by the four supportlng legs to pro-

vide a desired spacing from tHe cold piate. The height

’

&

spacing was estimated to be within + 0.5 mm of the




®
’
%

24 * . .

nominal width.

[ *

: The following procedure was used to make sure that
Ly ' *a horlzontal parallel llght beam passed through the cav1ty

of the model ~After the 11ght source was turned on, a

td

very thin ci¥cular-cylinder was placed 1n51de the enclo-
.jff *sure, next to. the walls. and the resolutlon of the c1rcular
. . -m.,_ﬁ
ends was checked on the screen. Also, before any 1nter-

ferograms were taken, a thin transparent paper -was placed
\ . . . .

‘behind the model to ascertaln the presenpe of.the parallel

and horizontal beam.

‘ .o * - After the alignment was co@plete, the optical glasses
. - : . ..
were,reinstalled. ‘A smoke test was condqcted for any
- possible air‘leaks in'the'enclosure which would disturb
the two dlmens1onal effect- necessa;y for a good 1nterfero-
M L]
gram, The enclosure was llned on the two opp051te ends

¥

with a th1n soft rubber for.a continuous fit along the -

optical flats and the working section walls of the wihd'

. tunnel to adequately seal the enclosure.
- ‘ L . ‘

of the~tavity was 44.96 cm, the test model had to be moved

. : ' four times for a:completé scan. For advancing the test

model, the two opposite sides of the tunnel had to be

opened slightly. Thls was achieved- by remov1ng two heavf\\

1

C-clamps holdigg the sides. The floor sections of the

-

88

Since the optical glasses were 15.24 cm and the length _
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e
. . . N . . ..

a3

wind tunnel on each side Qf the test model were made of

Perspex sections which were bolted together.. These sec-

.

tions were designed in .such a manner that, for advancirng

v . . -

the deel one could easily be removed from one side and - -

A

after the advancement it could be—placed on the other R

31de of the model .Thus, always an eqlal movement of "n

the test model was~atta1nab1e thrbughdut the experlment.

- -

Interferograms w1th f1n1te and infinite frlnge flélds

‘were taken for each Sectlon”separately ﬁor the Qame boun*y'
. - : M ) ¢
dary conditions. t ' N "o

'.- : ) “,. . . ’~.
s : 6.2 DATA RECORDING PROCEDURES

S

. , ‘After all of the abpve procedures were fellowed; the
test model.mas‘moved ba;h to ﬁhe.finst.seefien,

o f&he;e the ;ﬁermal'bbunéary layer on the Surface ofvgla;iné
starts with ‘the forced qonvectiog'en the surface of the

glazing as shown in Figure 1.3. | The hottom'hot plate
! ." : . )
was gradually'heated; o a desired bperating temperature

by a Hewlett Packard 6443B DC pQwer‘supply and-the-inter-' 4'
o ‘errometer was set.at infinite frlnge fleldz as’ was des- |
) crrbed in sectlon 6. 1.2, . It toqk approxlmately two to |

. . | .three h;ursebefore‘any steadf state condltlon cqgﬂd.be

establlshed.' ‘This wds acCompllshed by monltorlng the

temperatures antll they stablllzed The steady state

-

o | ~cond1t10ns ‘Were assumed when the temperatures d1d n vary

e ., . * . ) . .

Pl




Q .
by pore than 0. 1°d in a flfteen minute perlod An inter-

. ® ¢ - . - L I . -'
. ferogr was’ then*taken with infinite and f1n1te frlnge '
g ! .

. fields for processing. ‘ E o ' -

- - .

The, temperatures of the hot plate, cold plateﬂ the'

‘ v101n1ty of the enclosure, the flow 1n51de the w1nd tunnel e
. -’ E
‘ . and tﬁe room were measured and recorded Thevtemperatures

-+

" '? . 4”,of the hot plate remalned 150therma1 to w1th1n + 1 0°Cc
for the hlgh heating, rates but droppecf to + 0. 2°C for :
- the~low_heat1ngzrates. ?t this tlme, because of the con—_

'SLStency of the Lsothermal hot plate, 1t was dec1ded that

the heatlng guard he;eer %as not requlred v Consequently,

it was not used duf!bg the course of thza.experlment. ' T

4w, . /

- " The temperature of-the cold plate “was never lsothermal

.
» . . P ¢ %

as expecfed. " The temperature peaked at the centre pf theﬂ

plate and decreased to lower values towards the edges fdﬂ

. ho flow dbndltlons. The temperatures of the cold plate
showed a dependency on paraﬁeters such as the height of
th; enclosure, t‘he temﬁrature of the hot plate and the o
exterlor Reynolds number.z The hot plate temperature dis-'
trlbutlon is 1llustrated in Flgure 6 l whlle ‘the average- .
_temperature plots ‘of the cold plate, along the wmdth, !

) perpendlcular Yo the forced dlrectlon are presented 1n Figures

g ;' 6.2 and G. 3 Due.to the.thermal boundary layer effect,

. the plate is cblder at the leadfhéaedge ofithe boundary

‘

Yay®er where there is less-thermal resistance to heat




- FIGURE 6.1 ‘Temperature Distributions in HOt Plate
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)
t;an§fer. ‘As the thermal boundary layersgets thicker on
the plate, theré is more thermal resistance to heat
. / - . .

. 4 R . .
transmitted to the top flyid. This would result in a

higher plate temperature.

e

The room pressure, the.véltage-and:thé current input

‘.to the tes% modgl were reéorded; For each interfefogram,

a record was haintained of ﬁhe_test section temperatures,
fhe flow'veloci;ies in the wind tunnel and the aspect

-ratios. o .

94

The ;est‘model was then advanced to the next section. '

: £ .
A period of at least thirty minutes was required before

' ’ [} ) N . ’ ‘.
the next interferogram could be taken. The procedure of

. .,che first section was then repeated for all subsequent

..
v

sections.’ _ . -
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7.1 INTRODUCTION -

Lo
“~

'parameters, given in Table 7.1, such as’ the bottom hot '

- . .

CHAPTER VII
PRESENTATION AND DISCUSSION OF ¢

EXPERIMENTAL RESULTS

.

*

- A long path difference Mach-Zeknder interferometric

. z

study was conducted on the natural convection heat transg-
-fer phenomena in horizontal, enclosed air layers. The

bottom plate boundary was heated isothermally and the

non-rsothermal exterior of the top plate boundary was

exposed t7 a surface air flow in a wind tunnel . Various
14

N ¢«

plate temperature, asPect ratlo (length over helght) and

Reynolds number in the. wrnd ‘tunnel were considered.

Durlng the course of thf;>1nvestlgatrpn, the dength

- (44. 96 cm) and the wrdth (45 72 cm) of the model wereg kept

-

constant at all tlmes. : ‘ . o e

L

As mentioned 1n Chapter II, the llterature survey,

thedextent of this study deals w1th three major natural

.and ‘forced convection heat transfer problems. In order

’ ;o N
'to obtain.an overall understandlng of.the present ihvesti—

gatlon, the results are also presented in the sanevorder

as in Chapter 11, . First, the results related to the

Benard cells.are considered.. Secondly, the result%!of the

total.horizontal enclosure‘and finallyithe‘?orced canvection
, - ‘ ] . ‘ .

KR - 95
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TABLE 7.1 .Range of Nominal Values of Parameters
. .. \‘ .
. L ‘
— A . o
Air Layer Thickness (cm) 1.27 1.91 - 2.54 3.81 5.08
Aspect Ratio 35.40 23..'60, 17.70 11.80 8.85
Hot Plate Temperature,°C 30 50 70 90 *
N ' 4
Reynolds Number 0 - 6.6x10
: ' . T3 5
Rayleigh Number > 1.0x10" - 3.27x10
) »
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- ° on the.surface of a horizontal piate,are discussed.
PO .
L 2 CELLULAR CONVECTIVE MOTIbN (BENARD CELLS)-
‘A dlmen51on1ess parameter descrlblng the ratio of
. convective heat transfer to viscous forces is defined by.
] .

‘the Rayleigh number; this can be-written as

pa o 9BATL’ L S
va ) . .
. . - -. .
Thts\parameter is important in an enclosure for any geo- .

. . ' . ’
.metri\j:ere natural convective motion occurs. Its magni--

tude de ermlnes/the onset of natural convectlon and the

;) ' ) natureKof the flow. The numerical value forothls condi-
Lo \/_
tion is- called the crltlcal Rayleagh npmber and . the value

varies for'dlfferent geometrles and boundarles, as dls-A

: : e cussed in Chébter'III. "For Ra < Racrlt . .the flow is

called stable and heat 15 transfirred only by conductlon.

In thJ.s ‘case, the Nusselt number is unity If Ra > Racrit '

then convectlve currents occur and heat is transmltted

o . AR by ‘natural’ convectlon. In this case, the Nusselt~number ]

&8s greater than one. The magnltude of the Raylelgh numberA

#

1ndicates the strength of the convebtlve motlon 1n the_

T . .fornLof ‘cellular currents called Benard cells, as, shown ‘
. a . ‘
, “in Figure 7.1. ' '
e - ) o
s ’,A,sequence'of interferograms are illustrated in
> . -, - Pigures 7.2 to 7.4, with finite frlnge fields on the

.:.-‘
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(a)

. Sequence of Interferoqrams W1th Finite Fr:mges
for Analysis and Infinite: Frlnges Showing I
Isotherms in Test Sections; for a & b Re=0, Ra=077 "~

for-c & d Re=0, Ra=1390; fot e & £ Re=50680,
Ra= 1543 :




v - . ) ~
" ..

left-hand side, and’the correspépding lnfinite fringe T '
4 . - \\\>fr

‘flelds on the rlght-hand 51de. iﬁn’these intefferograms,

the two dlstlnct heat transfer ré%&ons, separated by the T

-

top and bottom boundary plates, are clearly defined. Teo

Figures 7.2a and 7.2b "are interferograms taken witﬁ“‘:

no temperature difference between theftop and bottom
plates. In Figure 7.2a, the stralght frlnge field

1ndlcates a uniform- temperature field., whlle in Figure .-

L]

7,2b . the uniform temperature fieid 1§ shown as an * ° o
. ‘  interferogram with no fringes’ Figqres'7.20 and 7.2d .

' illustrate shifted frinbes and isothefms respectively
.when a temperature variation is imposed on the fluid ~

- S -

inside the cavity. These fringes. and isotherms are A/

equally spaced.' Fringes which are straight-lines indi% .,

cate that no convectlon is taklng place (Re
Ra = 1390) Up to thls p01nt the critical Rayleigh .

: j.a_ number has not been achleved in the enplosure. On the~
..~ . surface of the cold - plate, natural convection is 1nd1-
cated by the sh1ftéd frlnges and the 1sotherms near tol
the plate reSpectlvely. Forced convectlon ‘on the surface
of the top boundary is shown in. Flgures 7 2e and -

. 7. 2f ‘ where Re = 50680 and" the bottom plate temperature
’; : ' /(' - was kept’ the same.as c and d. ~Be¢ause of the ¢oupling

- effect of the forced,conVection,vthe Rayleigh ‘nuniber

A}

inside the'enclosure has been increasea from'Ra’='1390 «

L

°®

0 and ST



- s -

LTS b
P

. to Ra 5_1543. Agaln, stralght llnear*fr;nges 1nd1cate
) ¢ that there:-4s no~natura1 convectlon,bocurrlng in the .
~ ) “ . . P B » . -
T er cavity. - o X . PO )

Figures 7. 3a and?7 38 1liustrate t@at shlfted

v : frlnges are no longer stralght or«llnear. ThlS is an

indication that. the crltlcal Raylelgh number ‘has" now, been

~

exceeded (Re = 0 and Ra =.1882). The formatlon of t e

.
. ® L

N~

.

two—d1mensronal convectlon Benard cells are shown'ln

’, L

- Figure 7.34. The 51nusordal patterns;of the‘lhotherms

indicawe, the direction of the fluid flow. When the

I . - N

- frlnges (1sotherms) are conca&g downwards (peak), WArRm

4 . - ¢~
air moves upward where there is heat transfer to the top

-

* boundary (cold plate). At thlS point the. flow moves

JLlaterally and Beoomes colder (more dense). .The downward

Flow is demonstrated by concave upward (trough) isotherms.

. ‘ -« The flow is then lateral alonq’tﬁe:hot surface opposite

to the direction along the cold plate, Where'the air gets’
warmer (less dense) and moves upward ' Thﬁs} the ¢ircu~
I%tion pattern is a olosed'cell Cin 1ong1tud1nal rolls

. . between the bottom and top plate of the cav1ty. The non-
- 11near f;nlte_frlnges 1n Figure 7.3c” lndrcate-that .
'S; ) jz~.;i . 'convection heat transfer is ‘taking piaqe._ As the Rayleigh

number was increased further;'two distinct .modes of heat

N .'  transfer became apparent and these can be seen in

-
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7.3. Seguence of Interferodrams With Finite Fringes

. for Analysis and Infinite Fringes;Showing

tT Ra=1882; for c & d Re=0", ‘-Ra=2167; for ¢ & f Re=0, -~

ISotherms in the Teét‘Sectidns; for a & ‘b Re=0,

Ra=2676

1ol



-Ra = 23789. The central region. isotherms (§onvéction

Figures 7.3e, 7.3f, 7.4a and 7.4b. In the inter-

- ferograms with infipite_ fringe fields, isotherms are_‘

e -

strajght, horizontally cpncentratéd'ngar the plates and

are separated in the central regions. | This indicates
N ‘

heat conduction near the surface of the plates, with a TN

»

low velocity cellular convection flow in the central

region. The distance away from the plates where the con-

.

- duction .took place was approximately 1/4 of thé total

»

height from each ho;izontai boundary. This phenomenon °
occurred at about Ra = 2500. Eiédres 7.3a to.f and

7.4a and b illustrate the natural convective motion

on the surface of the top boundary (the cold plate), *

-

while Figures 7.4c .to f show interferograms with forced o
convection duye to the wind tunnel-air flow over the sur-

face of the cold plate. The aépeét ratio for all the

-9
-

interferoérams shown was 35.40 except Figures 7.4e and f,
where i? was 17.70. As the Rayieigh numbér increased,
it was suspected'tha? the'éengrd cells moved from two- . .
diﬁénsional to three-dimensional form. This is illhs— )
frated in Figures 7.4e -and f with.Re = 65054 and

-

fegion) shown in Figure 7.4f werejno'longer stable, but

the isotherms near the horizontal boundaries (conductior

L

regions) remained stable. This phenomenon occurred at

about Ra = 23000. ' _—

- ~
P -
.



FIGURE 7.8 Sequence of Interferograms wlth Finite PFringes

for Anaiy51s ‘and Infinite Frlngeé Showing
Isotherms in Test. Sections; for a & b Re=0,

Ra—3521 for c‘& d Re=32709, Ra=4332;

for e & f
Re=6'5054 , Ra=23789 '
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7.2.1 Non-DlmenSLOnal Temperature Proflle 'For the Benard

The 1nterfero§rame with finite and infinite fringe

. . . ' ; . I
1.'9elds were examined at the same scanning positions for

L}

' purposes of plotting the‘température,profiIes.fAThe re-
sults appeared to be identical. infinite\fringe inter-
‘ferogrums were not used for such plots since the Jhori-

zontal’ bouhdary was dlffldult to accqrately p&ont Thus,

—

only the 1ntenferograms with finite frlnge fleld were

} utillzed for analy515 to plot the temperature proflles.

~ ’

Figure 7.5 o demonstrateS’a plot of non-dimensional
. . ) - ) " , 4
‘vertical temperature profile of Figure 7.2c, with six-
$ . o '

horiéontal locations as shown See Chapter I for a

deflnltlon of the nomenclature. The linéar temperature

b -

.
proflles 1nd1cate a conductlon regime, as expected since

“

‘ the Rayleigh'number is 1ess than the crltlcal Rayleigh

“:number. As was mentloned in’ the state of pure conduc-

-

.tion the frlnges both flnlte and 1ni1n1te, are parallel

:and equally spaced. In thls caSe, although the fluid.

flow 1s thermally 1nduced the 1nstab111ty does not occur

unt11 tﬁe critical Raylelgh-number is reached. The.
-temperature profiles after the onset of natural'conveC-

'tlon, when Ra > Ra is shown 1n Flgure 7.6. -

o

Crlt.

‘When the Crltlcal Rayleigh number 1s reached, the tempera- ot

'turé\profileq are no longer linear.‘ They'appear as a

»




1 KRNI BB I WD e Amae s 1

rg.z'@— S e,

&

° L)
aen ot opmesres nall

LY

(T=TCB) /7 (TH-TCB)

0.8
L

A

6

0.
L

2

0

NON-DIMENSIONAL TEMP.

4L

TH, =32.51
TCB=24.70
AR =35.10
RE =0

RA =1330

X7H |

eX+bE

] l Ll

0.2

N §

NON-DIMENSIONAL DISTANGE (/L)

l LI

1.0

. FIGURE 7.5° Exﬁerifnental Vertical Temperature Profile
in the Cavity s S )

’

»

106

0.8

0.0




6

(T=TCB) / (TH-TCB) -

R R
NON-DIMENSIONAL TEMP.
0-2' ’ M 0-4‘

RN g e ’ 5 )
L4 _,.3;{*,.;‘-4.5,&@2#4:,,.;,‘ 'n,‘\-{; e 0w - R . -~
R S e, M ’

107

0.8

oX+pB0E

-0

1

TH =38.40
TCB=27.15
AR =35-40
RE =0. -
RA =1862

f‘ . L

3

ol

'Y (' b—r | y ]' -r o § ) 1 T ' )
0.2 0.4 0.6 0.8 1. g
* NON-DIMENS IONAL BISTM‘CE : (Y/L) S 1
%IfIGURE 7.'8. E.xpe.r';ypntal. V'Iert:ica‘:‘l Tg;iperatqtg ?ro’file

in the Cavity

&



aoo o 108

sinusocidal pattern in the infinite fringe field. As the
v Rayleigh number was increased, the nonlinearity of ‘the

. 3 ’ <
temperature profile became more pronounced. This is shown

in E}gure 7.7 which is information proceséed from
the interferogram of Figure 7.4c. As the Rayleigh .
"pumber was further ingreased the temperature profiles,

in the central regioh,'baeame reversed. This §s due to v

tﬂ; fact that when the hot air moves upward it does ‘not

have,sufficiept time to ;gansmit the energy td théaéir‘~'
layers_in'the éonductiqn reéién adjacent to.thg:cold
-surface: thﬁs, this wérm'Air flows late;aily and then
downﬁard. The same analysis holds EOr-thé'air moving
] :&own'and'aloqg the b&ttom plate. ,There is insufficieﬁt
~ time'fo; traﬁéfér of the méxiﬁum‘poésible heat from the
"'hot biate. Tﬁis results in an.inqﬁeasé_of air rétation
I buf in a reduction in the overall heat flux. Figﬁre
7T8 - 1illustrates the femﬁerétg;é reversal in the

enclosure-.

-

Eor.al} the.temperature érofiles, the- slopes at the
horiionﬁal boundéries are negative. The tempefature
grédiénts near the hot and cold boundaries are gpqﬁ; in
Figure 7.9. In this figﬁfe, the témperatures.df -
upflow, éownflow.and mid-éeli-are also sho&ﬁ, As- the
Rayle;gh number inc%eased, the negative élppes_becamg

R
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much more¢pronounced Also as mentloned and it is’

)
S

apparent from the 1nterferogram in FIgure 7.4b, rota-"
tional flows are predomlnant in the central regloq {con-
véctive reglon) - In thlS region, the slope is negatlve
- .at,low Rayleigh numbers and increases to zero at about

. . . T
‘ Ra~- 12000 This is seen'in Figure 7.8. ‘The slope
becomes p091t1ve for_about a Ra > 12000 This phenomenon

in the central reglon of the enclosure is known as the

temperature reversal. As the. Raylelghjgumber and the -

' . strength of the rotatlon increased, thﬁ-temperature re—

versal became morée pronounced. : %5 B .-

- - : . ' AR
s

From the interferogramsé of Figures ? 3d and,7. 4f

rlt 1s apparent that the cell- helght to wrdth ratio was .
decreased as the Raylelgh number 1noreased Thls agrees
with Farhadleh [37], Willis [41] and dlsagrees with the ‘i .
- h .. ,vlcalculatlon of Schneck {171 who" assumed the celi-helght

= < -
. to width ratio to be 1.0. . - '

-

° -
-

The results of thls 1nvest1gatlon 1nd1cate a’ rever—
- * r‘ ..
' sal® 1n the temperature proflle occurrlng at about -

. Ra/Ra > 7. O,-1n the central reglon of the enclosure,

- crit.
where ‘the’ natural convectzon 1s 1mportant. However,

- - -
+

these results are in dlsagreement WLth the prev1ous studlesr

0
’v

ﬂof Veronis [19], Earhadleh (37] and Gille [36] who d1s—'
. ‘ ] ,covered reversal in the temperature profile at '
' A . : .

»

no.
:
P
'g'.
"
3
3 s
’
¥,
£

. é,'

B e
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of the form .

Ra/Racrit: > 4, 3.8 and 16 respectively. - [~ , |

(3

. ’ . R .
v . N 7 . a
4 N .

7.3 HEAT TRANSEER BY NATURAL CONVEQTION IN THE
ENTIRE ENCLOSURE

To establish the heat transfer by natural convection

in the entire enclosure, it is important to 'determine

1

the critical Rayleigh number for the qaset‘of Metural

-«

~

convection. - The straight line equation developed by
H?Lsharbiny [106],.1is .

Hollands et al. [lOSj and used by
) _"‘ . . S

This equatlon was then applled to the data of the prev1ous
seetlon. The results were plotted w h (Nu —‘1) Vs’ l/Ra.
Figure 7.10 -1llastrates these results wheﬂ“TﬁG - 1) was
plottedlagainst'(10000/Ra). Theacriticai Rayleiéﬁ qpmbér

-was determined'by the intersection of a least square

’ method (a stralght llne) through the data’ p01nts and the

L

horlqpntal ax15. The crltlcal Raylelgh number was then

obtalned and found to be Ra crit ='1717. ThlS value

4

agrees well w1th the expected theoret1ca1 value [106} ,

of Racr £ = 170? wrthln 0.5%. U I - -

7 3.1 Conductxon Reglme

. Typlcal 1nterferograms of the conductlon regime’,

3

for the entire cavity,vare shown in Figure 7.11.

L] - - .
- ' L. .
" S ‘ L

¢
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'FIGURE 7.10 Determination of the Critical Rayleigh Number
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In these finite fringe interferograms, the two distinct
. e .
heat transfer regions, separated by the top and bottem

plate boundaries, are clearly defined and shown in Figure

o &

7ﬂlla. The flow direction on the surface of the cold’

. _Pplate, the.toe bohndary, is illustrated where the flow

passes over the sections (a,b,c and d) respectively.

In the enclosure, the fringes are straight’ and

equally spaced. As discuseed in section. 7. 3, this indi- °

. cates that the heat transfer in this regxon is predomlnant—

ly conduction. A closer examlnatlon of the 1nterferograms

° . .(7.11a and d). Lndlcate shifted frlnges at the two ends.

Foxr - these end effects,.a sllght degree of natural con-
vectlon is taking place; This mlght be: due to the boun- .

dhry layer effects on the vertlcal walls and by the fact

that these boundarles are hotter ‘at the bottom and colder

b ' i
“at -the top. ~ '

0

IEEEL N The‘fqrced convection on the surface of the top
plate is illustrated by e\sliéht fringe shift close to
L | ' the.bcundaEQ. However,wéway“from this boundary, fringes
o ere‘straight'and‘equally spaced'wﬁich ihdicates a uniform’

free stream temperature.

. Vertiecal and horizontal temperature‘profiles in the
. ». :

' enti;é enclosure of the interferograms of Figure 7.11

T Sy are given in Pigures 7.12 and 7.13. 'In Figure '

S F]
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M . } ":" TEMR RS L Loy

'The vertlcal p051t10n, ¥Y/L = 0 05 to 0.95, for each

e

7.12, ‘ ghe results of fourteen temperature proflles .

- a © b V"’-\\ N
scanned at various horlzthal p051t;ZZ§\are presented \\
o Y

These 1nclude for Flgure 7 11 flve scans for 1nter—'

feragram (a) for X/H = 0.0075 to 0.1775, two scans for

. . . o
the interferogram (b) for X/H = 0.3175 and (0.4325, two

scans fcr interferogram (c). for.x/ﬁ_=-0}§675 and 0.6825,
and five scans for interferocram (d) for X/H = 0. 8225;

to 0’9925 The enqheffects are shown by the nanllnear
temperature proflles close to the two vertical boundarlese
Also, for each lnterferogram, the average temperatures

of the,hot‘platévan& cold plate bdﬁhdarles, the aspect
ratioy the Reynolds'number and the Rayleighvnumber are
shown respectlvely Procedures for the temperature~cal-ﬂ

culation® from the shifted frlnges are glven in. Appendlx
. ¢ ' ,',’ " . .
B. | ' SN
¢ . . ! . ‘.’ > =

b :

Figure 7. l3 describesrthe‘horizontal teﬁperature

'proflles for the same 1nterferograms. Because of the "

conductich reglme, these proflles are equally spaced -and ©

effects of the vertlcal boundarles are clearly deflned
&

' horlzontal temperature Plot 1s given on the_;lght hand

side. . : . DTl o
. > . K ' a-a B" ’ .
> The 1oca1 Nusselt numbers were\calculated from the

E3
s

'_close to llnear except near the,vertlcal walls.-ﬂTheuedge.
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‘vertical temperature profiles, as given in Appendix C.
Figure 7514-' is a plot of the local Nusselt numbers
calculated from the vertical temperature profiles of

Figure,?.lz.- The Nusselt numbers were determined

: ' . N
-!;om the ‘slopes of the temperature ‘profiles near the hot

« . . T w - 9.
and cold plate boundaries respectively. . The average

Nusselt numo?rs were calculated from the local’ Nusselt

2

numbers, as glven in Appendlx C For Ehegconductlon:
regime, the average Nusselt number was found to be unity.-

7.3.2 @onvectien Regime

"
<

" For the Ra&leigh;number greater than the eritical

- - . Rayleéigh number,'Racrit = I7l?,_tbeimotion due to

. : ‘. : o o~ : -
. natural convection in the form of cellular rotational 4

or Benard célls,-occurréa in the enclosure™ This fegime,

whlch occurs in the entire enclosure,'ls 1llustrated in

'

Figure,?.ls. : In these interferograms, the two dis-
- v ] .

. . A
tinct heat transfer regions, separated by the top and .

bottom plate boundaries, are cleariy defined_and shown

in Figurg 7.15a. The finite 1nterferograms,‘for‘the
“f“‘*., same physical and boundary condltlons slmliar to Flgure
7.15, are shown in quure 7.16. As expected,

1 [

because of the natural convection in the cavity.and on
the surface of ‘the top plate,‘the shlfted frlnges are no

longer linear. However, the sl;ghtly‘shlftedvfrlnges

(4

.
.
.
.
i
e
)
§ .
L9 L
7
r
!
3




LOCAL NUSSELT # (HL/K)

2-0
L

6.0

4.0
1 .

1

m HOT WALL
% COLD WAL

7

—T T — T T ~T " T
-0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

NON-DIMENSIONAL_ DISTANCE (X/H) .

.
.

-r

'l

FIGURE 7.14 ‘Local Characteristic of Nusselt }vumbe'r

'




FIGURE "7.15

Infiqité,Fringe Interferograms for Free

Convection; AR=]7.7, Re=0.0, Baave=8357,

‘mg%iao .24, TCB_ =24 ,41
o ' . »
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‘seen in Figure 7.15. N

P . O TS RN TR e T e e
- hal- TR
ol .

| 124

near the top surface become linear further away from the
top surface. This is due to the fact that near the top
surface there exists.some natural convection and that

the free stream temperature-is uniform. This can also be -

- e :
. .. . e
The forced convection on the top. surface boundary
for- the safgﬁiSbthé}mal_bottom boundary condition is

illustratgd.in Figures 7.17 and 7.18. The infinite fninge

= —

' 1nterferograms shown in Figure 7 17 have the same phy81ca1

boundary condlglons as the finite fringe 1nterferograms in

Flgure 7.18. To illustrate the.coupllng effect of the: °

exterior forced convection on the natural convection in

_the enclosure, the bottom plate temperature was kept

: . ' o I S ) R
constant for all of the interferograms shown in Figures

"7.15 to 7.18.' As the Rayleigh humbef increasedr .the con- o

. vectlon heat transfer also increased -and thls is shown on

Figures 7.19 and 7.20. Flgure 7.19 1llustrates the

- wertical temperature proflles in the enclosure‘fpr the

interferograms of Figure 7.16 with no forced COnveetion'on .

‘éhe top surface. Figure 7.20 shows a plot of vertiéal.'

A .
temperature proflles withln the cavity for the 1nterfero-A

grams of Figure 7.18 where there is exterlor forced

convection. . ~ . T b : .

. \ ) . . . . ;

s,
> -
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The temperature distfibutidn within the cavity’was
also plotted horizontally for the comvection regime.

Figure 7.21 is a\typlcal plot of horlzontal tempera—

S tupg for equal Vertlcal spatial increments while Figure

7.22 "is a plot of the same 1nterferograms with equal .

horizontal'temperature'increments. In“these figures,

because of the nafural‘convection"regime within the

@

ca&iﬁy, the temge}ature profiles are no longer equally
‘:epaced.; In Figure 7.21, ; ;pe tempera%ure profiles are
EOncentratediin the central region which indicate smaller.
temperatu;e gradients;'thus, there ié less heat transfer.
'ﬁowever} closer to the horizontal boundar%es, tﬁeltem-
peretﬁre-profiles are fafther:apart which ind;cate'
gréa;er'tempgrature gradients: thus,,thereii% mo;e heat’

tfansfe;.‘ The same argument holds for Figure 7.22.

The gradients of the’?értiqal temperature profiles

near the two_ﬁorizqntal boundaries were eS\ablished and

L 4

then were used to calculatefthe local Nusselt numbers.
.The average Nugselt number'waS'calcuiated from the local

Nusselt numbers. A typical plot of the local Nusselt

. w ¢
.numbers is" given in Flgure 7 23. . -

Figure 7 24 shows the infinite‘frinéeﬂpattern e ‘

) -l .

for natural convectlon In the cavity where two dimensional Benard

" cells no longer exist. The flnlte frlnge 1nterferograms

1
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- FIGURB 7.24. Infinite Fringe Interferograms for Forced
o . . convection; AR=11.8,.Re__ _=1770I, Ra_ _=75560,
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for .the same figure are shown in Figure 7.25. The
! temperature reversal ‘of the vertical and horizontal
,profiles for the same interferograms are given in - - ' ¢

o - Figuresf%.zs‘ and 7.27 . respectively. The plot
" - - ..
of local. Nusselt numbers is presented in Figure 7.28.
. /'J ’ /./
A - 7
7.3.3 LCavity Data Correlation
. o ! 'y - - R
/ As it was shown in Ch%pter II, from the non-dimensional

[ . /

go'ernlng mathematlcal equatlons, the heat transfer 1n an

enclosure dependi_éndparameters such as Grashof number,

randtl number ani/90551bly aspect ratlo.

. / For the eonduction regime within tM enclosure, when
/ , .

- //'Raylergh number is less than the critical Ra§lei§h number,

Ra -i}?l?, the averagehNusselt gumber was found tof

crit.
‘be unity, Nu = 1. However, for the convection rotational

. a

E: : TR g reglme, when Raylelgh number is greater than the crltlcal

.{ C o / Rayleigh number, Ra > 1717 the experlmental data revea;gd'.

..f : ) /. a strong dependency of the average Nusselt number on the
¢ Raylelgh number. A statistical computer analy31s program,

called FASTFIT‘ from System Analys;s, Control and DeSLgn

>
ia

I . : Acf1v1ty (SACDA), The Unlver81ty of Western Ontarlo, was

used for flndlng “the data correlatlon equatlon.‘ The re-

t
°

. ' / ' o gresslon of the data by the. program prpvided-the following

A ..eguation: C : o N -
/ P § : .3 T o - ) .

/. . Na=+0.714 Ra ¥ L
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S, SEC. ,mc T6B ' AR- REY- RAL X/H
: SN 17 Bugr B8 11.90 17718.3. 7956 m %
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with an average pércent error of 5.1.  ~ " - e
A;piot of this equation is compared with the Tésults

rd

of other investigations in Figure 7.29.

7.4 FORCED CONVECTION ON THE SURFACE OF GLAZING PLATE

The temperature of the gla21ng ‘surface depended on

__-. [ Y -~

parameters suéh as the temperature of the bottom plate

boundary,gghe-height of - the cavity and forced convectlon

w—--

in the w1nd tunnel The surface temperature never'seemed,

to be isothermal: In the case of natural convectlon, the

temperature peaked at the»centre of the ‘pPlate and tapered

-

off toward the'edges._ However,‘for the. case of forced

£ -
-

convection, the plate was’ cooled more’at the leading edge -

P

- of the thermai"boundary layer on the surface.’ Asnthe

boundary layer got thlcker, due ‘to the fact that there

was more resrstance to the heat transfer, the temperature

-

drop was not as pronounced at the "leading edge.,‘
' , S 2 Y
.Figure 7.15 illustrates the naturalrconvection

on the‘surface of'the glazingt- The exterlor forced con-

- -

vectlon is shown 1n~Fxgures 7. 17 and 7. 24. _The

L]

forced convect1on had a coupllng effect w1th the natural

convectlon inside the enclosure by 1ncrea51ng the Rayleigh

numher,w1th1n the cav;tx._ The average Nusselt number
A 3 g ~ .

below the glazirgy surface was used for calculat;ng the
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heat losses through the top boundary of the cavity. The

. ’ )
_procedure is described in Appendix C.

N

7.4.1 Forced Convectiéi Data Correlation ' .
ln.ChaRter II, the non—dimensional‘mathematical govern-
.1ng equatlons of heat transfer by forced convection over

the surface of the glaz1ng were introduced.. From these

"

- ' A

equations, 1t'was concluded that the rate of heat transfer

by forced convection was"depehdent on‘nbh-diﬁensional-'
parameters such as the Prandtl number and the Reynolds
number, 51nce the - Prandﬁl number was .constant durlng ‘this
anvestlgatlon. -The-Reynolds-numbers were correlated w1th

-the results of the forced Cbnvect*’g film’ coeff1¢1ent§,

- calculated from ‘the’ heat losses through the top houndary,, -

Iy

_Ehe coid plate, as dlscussed in Appendlx D. The statls& "7.‘“

tmcal computer analysls program, FASTFIT; prOV1ded the

- -

~follow1ng regress;on equatlon for. ‘the w1nd related heat o
transfer coeff;crent:ﬁ,:f P "Lf;?‘.rﬂ.--zwl LTt
L By, - 039 Reg YL Cew o S R L
BT SU , 2 e €T 'g—-, e ~~£.' - s
. L4 PR . .“i". .—"‘5 0 ‘ N . € - . -

wath an. average percent error-of'2 4 wn’?e L ré .the . -

r

- . .-

chargcterrstic length of the surface as: deflned before‘ i

Thrs equatlon can be written 1n a non-dlmensronal form h

et

* o : ! < . ) °




) ] 14%
L] .e"
.. Na=0:731 rel-36 ; (7.1.2,2)
. c .
presenting this’equation in the form“of Ramsey's [85]
equation. The following equation can be obtained:
"By, = 0.820 & Re)" 36 pr1/3 (7.1.2:3——
. c . ‘ ‘ |
or in a non—dimenagcnal form, it becomes
W3 = 0.820 Re % 436 p 1/3 ¢ T (7.1.2.4)

.

The data was also correlated for ReL/2 Pr /3Vas was-
: Lo ; \/

assumed by Ramsey. The follow1ng equations resti?@d

&

- .. 0.414 X 1/2 Pr /3 ‘ . (7.1.275)

1

I Lc Lc

with. an average percent error of 3.9. In a non-dimensional

form this equation becomes

Na =%.414 Re}/? pri/3 | (7.1.2.6)
C L ',N _ . .

* The present correlation iS'compargd with the"équation

7given by Raﬁééy in Figure 7.30." The results of the

-

* Pl computer programs are glven in Appendlx B.

- -~ - A '
. .
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CHAPTER VIII

CONCLUSIONS AND RECOMMENDATIONS

- The cogpled convective flow éhenomena in hofizontal
‘ehclosed air Ieyers with two oppesed horizontai/’ -
" boundaries at different temperaturest where the bottom\
plate is iéqthermal.agg.the tép piate is.exposed to

exterior forced convection, are of ‘a complex nature.

The parameters such as the.bottom plate temperature,
the thickness and the thefmal_conductivity of,theitop
plate boundary, the mature of the flow and the exterior””

Reynolds number: the leading edge of the surface thermal

boundary layer and the film coefficfent near tge bbttdm
of the top plate boundary dict;te the temperature dis-
tribution of the top plate. This is not &n easily de-
fined or predicted bouﬁdary. ‘Cogéequently, the coupled-

convectivecflow characteristic is highly complex and . .

not easy to model or solve analytically. .

A.combiﬁed loné éath MacﬁiZehnder interferometef-
low speed W1nd tunnel’ was employed and proven to be
satlsfactory for SLmulatlng and studylng some of these
uparameters affecting the solar colleotor performance.

~ ‘The apparatus and the model utlllzed in thls 1nvest1ga—

r\ e ’ b
~ tlon prov1ded acdciurate, rellable and consxStent

' ™
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interférograms within the ehclosuré as well as on the

N ' : o .
surface Qf’tgé\top boundary with natyral and forced

convection. The interferograms yielded acéﬁraﬁe tempera-

8

£ . :
ture fields from which the {%cal and overall Ngsselt

bl

numbers were‘éttainable. In light of the experimental

~ . \ % ! L4 )
Liéktations, the following results andm%on lusions can

1. A technlque was developed l;y\which 'interferograms
with finite and infinite frlnge flelds, on the séke s
film negatiye; having the same boundary conditions
were possible. T 'interﬁerograms with finite

. fringe field proved to be more pkectical for analy-
.sis'oﬁ tempereture érofilee while interferograﬁs
with.infinite fringe field. were utilized for flew'
visudlization. The tecﬁﬁiqpe also proved to bg
.practicef aqd time osavin' when st\{dy‘ingi the ebgpleg‘d_.

'conveqsive heat transfer in the solar test model..-.

v . M

A/crltlcal Rayleigh number (Racrlt. = 1717) was -

- establlshed for the onset of ‘convective motion within
 J ' _ . .

_the enclosure in the form of Benard cells. This

Jgumeric value aéreedAWith the.pfedicted Rayleigp

number.with;n 0.5%.

3. For Rayleigh number less than the critical ‘Rayleigh

number , -heat transfer by conduction was,pfedomihant.

L] .
o °




[

However, near the vertical boundaries, a weak con- .

vection was observed.. For Ra > Ra_ three .dis-

rit.’
tinct -heat transfér regions were observed, mainly

two conduction regions near the horizontal boundaries
and one convection region in the centre of the

: cévity.

The horizontal and veitica1~tempereture prq{iles
within the cavity wége plotted which showed the-
'regions-of heat t;aﬁsfer. fhe’slgpeé'of the verti-
calttehperature profiles near the horizontal«houn—

daries were negative and became progressively flore
! : > . - .
negative as the Raylejgh number increaged._ However,

in the'central region whefe convectionh or flow

° ¢ .

rotation was predomlnant the slg?é changed from

-

negative to p031t1ve -at about Ra > 12000 (see

"Figure 7.8?_9 _This,phenomenon is known as the

temperature reversal within the enclosure.’

'As the,Rayleigh number ‘increased, the Benard cell-
CAs T : . , '

height to.width ratio decreased (see Figures

-

7.3d and 7.4£).
-The temperetufe of the cold surface bbundaiy was at

no tlme 1sothermal " The temperature distribution

-was a maxlmum at the centre and had lower values

':near the edges The tempet‘%ure of the hot plate




) ; f ) . i ”\# o . . \§§ :
. B L e {
| ; reﬁatnéd 1sotherma1 to within’ + 1.9°C fpr the hlgh o~
heatlng rates and dropped to + O 2°C for'the low «'- -
heatrngvra‘es (see Flgures 6.1 and 6.2).‘ T
T - e i .c T s ) ° ¢

q

‘7:_ s the Raylelgh number 1ncreased due to thé tem- .
o o v . L3
i..perature reversal withln the enclosure, convectlve '

v
s . L}

rotatlon in the central reglon 1ncreased : However; ot

¥ the overall heat-flux through the horlzontal boun- IR

L ‘ dar;es sllghtly decreased (see seetlon 7. 2 1).
e T . ‘ : ' ‘ ..
8. The convectlon heat transfer—equatlon wuthln the .
[ ' n‘

: -enclosure (see, section 7.3.3) was found to be - -

: . . e -
- 2
- . cL . . -

b . 4 . .
v v Nu 2 0.714 Ra%”149 R R
with an average'percénﬁ error of 5.1.

‘ ! ’ . B '\Jv‘"‘ .

hd .’ >

. [

"~t9. The exterlor forced convectlon on the surface of o :

;he top boundary affected the temperature dlstrlbu-
taon of the plate. The ﬁemperature at the leadlng } .

s . et v

edgé’of the thermal boundary layer on the surface
&

2 ’ . '» et 5
dropped more and ‘as the boundary layer got thlcker, e

the temperature drop was less pronounced (see

.o . Flgure 6. 2) .o S oy e . y
. " . ~, o .. K ’ ’ ‘e . : * e :

: ld;‘ The coupling effect of fbrced convectlon he t ansé’:_"

. L

H.’-; fer on the top surfaee boundary was, found to mode- Coe T

rately affect the natural convection within the ' ',f L '.‘. 1

v .,' . . , “
. . . ELIY
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\\ “° T .. e
N : " _ enclosure. This is seen in Fi'g»ures_ 7.2c,d,e and ‘
- 1, f and .Figures 7.15 to 7.18. - . . . .
N .-+ 7 11. The heat transfer ‘eguatibh by forced convection
L0 . over the.top surface was .found to be o ‘ 2
, 2 - i . ; . . . ‘ . )
~ S JHy = 0. 039\Beg 436 (for Pr=0.7) DR
’ i s g > ‘ - ;
) . ‘or in a _non-dimehsignal form as .-« °
el ) M -r. . . . .““ ) . . . L}
. - o731,1tg43'6 L
' :< - fe]
'i_{ , with the average percent error. o,f.' 2.4 (rsee section .
L8 U dam. g D
SETN . o ‘v’_, . , ' ‘
e 6 . . .' . . . . i 4, ¢ . v
P ‘ ’ . .The following recommendatifns are suggested for -
54 . % .. future etudzies: o Tty 8
«‘ i . . - . ‘ , .. . : , . . .
o ° 1. The b 4 nge .of .p‘arame%ers su as the win X tuh’nel 'J‘
.i <. . - s W ~o A ;
SE D , Reyn lds number, the aspe t ratzo and t_e glaza.ng a
L" . '.‘- - .
‘ - ) ' thermal and 'physz.cal characte gtics should be ex- .
3' - 3 i " *
T ) . tended to llke'Iy deeign valyes. . ’
2, ‘rhe nature of the’q exterlor flow ikely :Ln'fluences
o the oa‘erall heat transfer from the c; vity.‘ Further.
study 1s necessary to establzsh the cavity response_
. T : 5
[ e to unheated startlng 1engths .and -f—low d'ir.'e!ctlon. ¢
- -~ - . . . . I A .
. - ~;’ . et T ° e ‘, ) ‘; : .
! 3'._ *The glasing’ thermal characteristlcs influehée thé .
. ! everall sa’v:Lty thermat‘_r'ons(’ 'h study is required
EXAN ‘ RIS A ~o .
(r}..}- '0 z . " : 9 .

e
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R to establish how the qlazfng'thefmal conductivit§'

and its thickness influence the coupled heat trans-

fer characteristics. . - ‘

. 4. Theie'is\need to develdp a téchnique which would be .
capable of dehonstratingfﬁhe flow batﬁérns.for tdach

¢ - ¢ . ’ N
fldy'regimé. For example, a Laser-Doppler anemometer

I, J‘”"’t" e e, .

might yield useful information on the vefociﬁy‘fields

. : N - * . ¢ -
while the cavity experiences a tgmperature reversal. -

A

I

‘?inéllfy it.is likely that a wide variety of wind

situations are experienced -by a solar colleétor. A study

1.
P
3
E
z
2

QSanecess§ry which woﬁiﬁvcatalogue the most probable wind

-

~

direction for a given collector location. Such informa-

«  tion Qouldaallow for highly practidal siﬁﬁlations in any

A -
i ;-ggWgﬁwy;_: R

‘additional seudies as descfibed 'in this thesis.

o

' . <

o

- -
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’ APPENDIX A
) . . THE PHYSICAL PROPERTIES OF AIR
L . - Thert are two parameters which affect the physica

.

propertles of alr, temperature and pressure. ~In the case
o ¢ 7 of natural convectlon, pressure variation ig always small
.Y

and assumed to be negligible, which also constitutes a

- . L] 0 q
state of constant temperature. Thus, the changes-in

r .

physical properties of air are attributed to changes in

L;temﬁerature only.

L . N The follow1ng are theé- equatlons employed in~

>
T

. 1nvest!§atlon.
:“\ , o 2

-
. -
N » . - -

1. Dynamlc Vlscosity, u

o, ' »

« ' _ - The temperature varlatlon of the dynam;c v150051ty

-

‘was adapted from the Sutherland formula [107]

S ' o /2 . | |
g . DL T - Ke/ms, . Y

~ . where T is in ’K, .
A T ,
T T ey = 14882 x 2070 xg/m;soxl/g.._ o ,
) .- p . . ‘ . ' . A ) : )

¢ and C2 .110 39°K for a1r at atmosPherlc pressure.,~The'

temperature range of this equatlon is between 280 to

5

, K “ . 1500°K.




) = 3 o - . s .
-

. - \
2. Specific Heat, C._

. For evaluation of the specific heat.ef air at con-

. . et

-stant pressure, the equation was taken. f;om the National

:Bureau of Standards [108]

-EE:T 1.02432748, - 1‘39785579 x 10 47

+ 2. 06057349 x 107702 o e

-10 3

+ 2.00205 x 10 KJ/Kg°K :

where T is in °K and the_temperatﬁre range is 250 to

-

3. Thermal Conduct1v1ty, K

The temperature variation of thermal conductiv1ty

..

equation was presented [109] by

- 7.4960 x-1075T + 0.024204 - wW/mc  °
: ' . hd S TP W
‘ ‘ :.. ] . X . . A ‘ .
~ ~where T is in °C and the temperature rande is 0 to 150°C.

-
-

4.° Coefficierit 3f Thermal Expansion, 8 -

By definition, as given in Eq. 2 1. ll the coeffi-

cient of thermal expanSion of air LS giveq by : :
’ . ‘ . . ) - . . . . . o
3p1 -, L x B :
, c=pB ' ‘ - . -
,= oF P , : oL )

"'f: .. For gases that may be considered to behave as ideal gases,

such as air considered in this study, the coefficient of




-

[t .,3,:'53 : .

K

FUOURNI R TR

LRl TR
13

. where T is the temperature in °K.

thermal expansion is repreeented by

™
It
|~

.

5. Refractlve Index,.n - ’ . \\

The equation representlng the general relatﬁon bet-
. ®

ween the refractlve 1ndex n and the denSLty p is given

by\the Lorentz-Lorenz equatlon [110]

B el A N - .
p (n“+2) ‘ . : : ,

- . ‘ 14
. .

. : "l . - . ' (]
Since air has a_refractlve index near unity, this equa-

tioﬁ'e

e represented as the Gladstone—Dale-eQuation

where K is the Gladétone#ﬂale'constaﬂgﬁ For the He-Ne.
laser with a waﬁelength of 6.328 x lQ- m- empléyed in

-4

thls study, the const&ht K- was 1 504 x 10 m /Kg., The .7

refractlve 1naex value was taken from the Crltlcal Tables

i .t . -
(111 at 20°C and 760 mm Hg as .* .. * L o
L, . e L |
. 'n=1.0002716. . . ‘. e L
- . . - % - , " | . ' . s N
’ ° * S $ .b" | '
. L 4 . . . * ’ ’ . .
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APPENDIX B

INTERFEROGRAM ANALYSIS

The‘%oﬁé path differerice Mach-Zehnder interferometer

#

operates on the princiq}é of a change in the refractive

= . :
index’bf a fluid or gas due to a density gradient, which

causes a disturbance in a COherent ‘bean of 1i§ht-passed\‘

"

.throuéh it. Thrs beam is then'reCOmblned with an undis-

turbed coherent reference beam to’ produce the phenomenon

~
of light lnterference.

direction normal to. the 1rght path pa551ng through a test

sectlon appear in the form of e1ther f1n1te or 1nf1n1te

_The, densrty gradlents in the,

frlnge fleld 1nterferograms 5 All dens;ty changes along a
51ngFe beam are lntegrated by the 1nte$ferometer.. The

advantage and dlsadVantage of each 1nterferogram was pre-

sented in Chapter IV and the proper 1nterferometer align-

ment for the formatlon of 1nterference fr1nges ‘was dis- "~

The procedure for the determlnatron -

-cussed ‘in Chapter VI:

of temperature, whxch was also consxdered by Randall [2],

Hauf et al..[llO] and Carlson [112] is dlscussed here.
h“‘ﬁ ' ""

. For.natural convectlve condltlons, pressure varlatxons '

. are negilglble;and any changeg in denslty WhICh do take""

plade are attr1buted ta changes in temperature alOne. The

deslred temperature distrlbutlon _can. then be detefmined

by means of refractive index of the test medium compared
s ~,-'. :' . ‘:  . ) 1{;3%. - ‘
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] A M*’ =

r

With.the refractive index of the‘referencé beam. - s
The optical path length is definedﬁag.the digtance

. that light wo&ﬁd travel in a vacuum for the-sahe period

~of time that it takes the light to travel in a test medium.

»
.
’

The difference)between the two optical.pathllengths,'

,_,‘
. .

travelllng in the test medlum and the® reference medlum are

v
then expressed as follows' ' , .
: . - - ‘.. . . vy )
. ’ ) : . ) v
-, . AS = nW. - ng W I (B.1)
‘,_, » “ - . - . "‘w.‘

‘154

£
fs
o
(2]
(0]
=]
n

=]
I

refragtlve 1ndex of test medlum

refractive 1ndexrof'referenceAmedlum
s - o ' .
W = width of the test medium in “the direction
«- of the light'beam. e ’

ey
L4

The abov equatlon can be wrltten for the transverge
S . Ll
varlatlon of the refractlve 1ndex to the 11ght path
4 .
dlfbctlon by .- .. - o
. ‘ ' o ’ o ’ . ) “
(W : S "
AS(x'y) = [’ [n(x}y) -.n_lda

As(x,y) ) -.ngldz “\\\ . (B.2)

. o)
where X,y are transverse coordlnates to the lrght beam,
‘ and z is coordinate 1n the direction of the llght beam
' Slnoe both llght beams travel ln“the form of wave trains,.
the dlfference between the opt;cal path lengths can be ..
presented in terms of wavelengths whxch represent the

flnite frlnge shxfts. Thus, . (\~1*
B : i [

. ’ . -

.
-

.
o




% B ' < LA ) . AR _ - .
n r o T . '
. \ * LA | -
- A - L K ! .
’ Y ' . :
. LR . . . -
F o (xy) =% J [n(x,y) - njldz : (8.3) .
7O . a “‘ . .
-»l . - . . ' " = R . ...‘ . 5 a >
’ where Fsh(x,y) is the “fringe shift .in.the test medium,
--and A-is th)e wavelength’ of t:he,li'g'htQ source, or
v T
L ) W ' ) .,;" . ' . T 8 .
' ' _ FSh(x'y) = I‘- [n(XIY).‘na] .. o » (B"4)
. : _ . 5
' ‘: ; ~ The refractive index of a homogeneous, transparent :
' medium is a functiqy of density and is given by the
. ) , .:- . e . ) A ’
Lorentz-Lorenz equation [110] as
2 N ‘. ‘ - -‘ ° '
:; ' = .n2-1, = £(2) ' : ¥ ¢B.5)
~ .r- . - p(nT+2)y _ a o, - .
<
S:ane air has a refractlve index near unrty,
. . - R & .
T, en=1. 0002716 then ST
*’7 EPTE ~ B '
. o b 2,0 ¢ S R
i - o . : ; . . ’ .
: » where G is the Gladstone-Dale .constant. . L e
: mn.s study was conducted for. alr in an enclosure wh:.ch ‘
‘ Was at atmospher:n.c pressure and temperature var1ed between
| ' : 20°C to 95°C. Over the temperature var:.at:.on 1t was there- s
fore assumed that air behaved as an 1dea1 gas. -Thus, the
:Ldea‘,l gas law may be Aus"ed: T, ;'.‘ / T
P - .
. . (Bo7)
) K RT )
where denjsity > : N
B l - ’ © . : ¢
[ L4
' & ’ [} .T
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ftemperatures, 1nto Eq. B 9. At the 1ocatlon x/H

156

L3 -
P = absolute bressure
5 A . <
" . .. , R = universal gas constant, and '
o - . -
~T = absolute temperature A

Lng‘equation=is‘ébtained:

) £

"2(r=1)RT - . o o '
—3p = G ‘ , i (B.8)

-

A . . . . . : '
Also, by substituting Eq. B.8 into Eq. B.4, the follpwing‘;

' ecuatidn;represents the fringe'shift between two absolute

r- -

temperatures:
o _3Gwp-. 1 1 ——
. Fshfx'y) T T2AR [T(x,y) To] - ’ ' .(B'g)'q

L4

Equatlon B.9 can be rearranged such that- temperature at a

specrflc locatlon 1n the enclosure can be obtained as
. v
follows:

s
3GWT P -

.

Upon the substitution of Eq. B.7 into Eq. B.6, the follow-

ST S ST RGYIRL R

L]
L 4

Equatlon B.10 requlres that the ﬁrlnge shlft at spec1-

fice location<of X/H, for two known. absolute temperatures

w1th1n the enclosure, be calculated flrst. This was

..‘ -

_ accompllshedi~} substltutlng the two known measured tempera—

tures of the hoﬁ (T ) -and cold (TCB) plates, as reference

l' the

nuMher of fringes and therr'values of Y/L were: recorded




A third order polyuomial of the form,

i} '_ I SN
Fen@ = X,¥/L) = & + B(Y/L) + c(¥/1)? + D(¥/L)

‘where A,. B, C and D are the polynomiai constants, which

were fit to sthe data by a computer program which provided

the plot of a shifted fringe. A straight line was passed

from the hot plate with a zero fringe shift to the cold

' »

_plate where the maximum fringe shift occurred. This line’

. ' ,represents the reference fringe if the hot plate were not

heated.

’

As it was disoussed previously, fourteen X/H values
(0.0075, 0.0225, 0.045, 0.0675, 0.1775, 0.3175, §.4325,
0. 5675 ' 0.6825, 0.8225, 0.9325, ,0.9550, 0. 9775 and 0.9925)
.were chosen‘for the entlre enclosure which was scanned
from the hot plate to the ‘cold plate. The vertical tem-
peretures were then calculated after rihding the proper
fringe-shifts at-these locations, aud for Y/L from 0.0 2
(ﬁot plate) toxl 0 (gold plate) with an increment'ef 0.05.,

At X/H = X,, the. frlnge shift at Y/L = Yl was- found by .

1
" subtracting the value of the reference. fringe from the

-‘respectlve value of the plotted frlnge. This fringe.shift
.value was then substituted into Eq. B.10 which provided

the temperature at x/H = xl and Y/L =. Yl lThe,computer

program furnished a total of 294 temperature points w1th1n
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- - .the cavity for a complete temperature map.
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. APPENDIX C. R SN
 DATA REDUCTION . ' '

.
A

After thg vertical temperature profiles between the -
horizontal hot‘and cold plates within thé enclosure were
plotted, the temperatufe gradients at each boundary were
calculated. From these tempér_aturé gxiadient% the local |

Nusselt numbers, which represent the local heat transfer,
were found as follows: . . L
. ' ' \ ' s . ' ] "“ . -

_ hL -
Nu = g
. m . o

*e

T
-

€ where h = local heat transfer coefficient
" . . L. = mean piate sr_iacing between the kot and cold

. plate., | L

v

£ .

K = thermal conductivity of air evaluated at the
, -bulk ‘tempefathre of the e€nclosure.

. , : . : ® .
The heat transfer by conduction at the wall is given by

.

aT| . - ‘ o
ql = - : “___, — < . K (C-z)
le Kw.ay'w . SR
. where q' =’local heat fflx‘zx : L, T,

e

= tr.lermél conductivity of the air evaluated 'at‘
: . _the wall "¢ I ]

-~ @

’ The local heat transfer by convection is given by Néwton

- P

2
v
L4 .




- ‘ .
L J
- * -9 -9 ~ N
- ~ .
. . 1
- ' . ) L . ' o~ . .
qf h(T -T) | ‘  (C.3) -
‘ » . .
. " By equating Eqs. 'C.2 and C.3, the following equation will
L ] . .
’ R fesult- ) - ' : . ’
: . . .. . g .
. . . —Kw aY =, h(Th-T ) . N . (C-4)_‘
- . N . . . . : 3‘- . . ] . ‘
. . - Mu]:-tfp'lying«-bOth‘ sides by L and dividing by K_, we will
. < - ) <
. have D L T N
A 3 - - .‘ 4 T K . * ’ - . .
‘ . . N . . ‘a v — .‘ -
) C e, < BL W . (c.5)
. o : m n h "¢ W .
. o . { ~ - . . . . . B
4‘ . ' . k - . . . - . - .
. " . ~ - The temperature w1th1n the"nclosure can be represented
. » _ 'by a non—dlmen51onal fcrm as ' : DR
: S R, S, S ’ ' - o* e
N CB P . .
~ e - T _T - . R —— ' F - (DC.G)
L. h "CB. - - : -

Thus, the temperature gfadieﬁf\ag the wall can be ex~

éresseq as L. . L
- ¥ IR 20 R '
. | w2 (ci7)
. 3Y, h "« -ayw , _ . g
: LA e *
B Therefore, Eq. C.5 becomes t i
L] - . -
K 30
. N = e .y
. l&l mew . . -
;Q o ' - The average Nuqselt nunber can be calculated by mathe

R | .

%\7 - >
% : matlcal 1ntegration of the local Nusselt number distributi
g L. oyer the surface as’ follows: fo : .




ra

.‘ . S ) l H ‘ - . i . :. " o
. . K uL~=§J Nu dx . (C.8) :

R - where H is enclosure length. Thel numerical integration

. . technique by :Simpson's.rule, which is based on the use of .
parabolic arcs jgstead of straight lines, was emﬁloyedxfor

N -* .
§inding the avkrage Nusselt numbers.

-

~ The average Nuspe t numbers were also calculated near

v " the bottom ofothe“eoid surface which prov1ded 1nformatlon

» .

o® for the correlation of the heat loss through the top sur- ~
3 . haE
face due to the exterior foreed ‘convection.
. . N v . o .
*. M . 3 L B . -

Ll C A’typical,sample.caléulation is given in Appendix D. .

» . ! N 3 - s ’ . - PS

S AR O i 5 v
T
. .
[ ]
-
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APPENDIX D
‘SAMPLE CALCULATIONS

* -

A typical sample celculation is presented below. It
'was made from the following recorded data for the first
sectlon of the test model with respect to the leadlng edge

“ -

at which forced convectlon occurred. ) : -’

*
1]

Aveﬁége temgefature~of hct plate = 29.90°q

Average temperature of.bottom cold Elatel= 23.28°C
Averagé temperature of top surface of cold

_plate = 23.67°C : :

Ambient leﬁperature = 2i.9p°c : ' .
jWind tunnel temperatufe = 22.70°C
Ambient pressure = 735’mm Hg
Aspect ratio = 17.70/1.00 = 17.70

Average wind tunnel veloiéxy = 2.26 m/s

It

Average distance between plates = 25.40 mm

Average bulk temperature within the en2f37u;e = 26.94°C

D.1 INTERFEROGRAM ANALYSIS ¢ ~ .
‘The minimum fringe shift is zero at the hot plate awd

,‘maximuh—i§~f75\32§$,plate which can be calculated,f{om

P 1 1 .
o F_..(X,Y) = 75.69 (P ) (= = ) ‘ .
SH amb.” ‘T g .cH ‘ )
. ' 1 r

N .
, ‘ f
-

Fgy(3.4 mm, 25.40 mm)

F H(s.é_ym, 25.40 mm) = 3.657 mm

189



)

. : - .. 19e

!
. 2. _Density is given by
\'- P ‘ K
~ 101325
(735.0) (.T(-)—) )

P = 1287.097) (300.10)

1.137 kg/m°

e
I

2

3. Grashof number is given b‘.

‘ 32
Ggr = 3BATL o |
. [u ‘
_ (9.8016) (1/300.20) (5.92) (0.0254) (1.137) %~ °
(1.847 x 107 )2
Gr =.12020- .
.$ | : {/
4, ,Specific heat at constant pressure S .
C_ = B,-B,T +B,T>+B,T- |
p = Py BaTy™B3Ty*B,Ty S
where B, = 1.02432748 : o
. B, = 1.39785579' x 10~° o,
B, = 2.06057349 x 10’
B, = 2.00205 x 10710 ,« D
»
. T_ = 300.10°K .

.
L]

Thus, C, = 1.001 KJ/kg®K

Yy



~
»
if

191

Therefore, the maximum fringe shift is 3.657 mm. * Now,

for example, the temperature at the midsection of the

-

enclosure, where X = 3.40 mm and Y = 12.70 mm with a

' fringe shift of 2.125 mm' (the procedure was discussed in

Appendix B) can_bé calculated as follows: ‘ '

v
>

3GWT, P
T(X,¥) = 3GWP+2F (X, ¥) AT,
. ‘ Ty
or T(XIY) = ZF(X'Y) )\RTH
N + l . A ]
Wep . S
. ' . 303.06
T(3. 4mm,12.70mm) = 'Ti‘ii?TYE‘iiﬁiTﬁ’77?7?7‘6§77?36§‘6€T .1
. . 2(0,.4572) (0. 1504x10” %) (735.0) (253222
' T(B.Amm,12$70mm)‘=~299}59zex "
ot -
or . '
T(3.4mm,12.70mm) = 26.432°C
"'D.2 DATA REDUCTION o
1. vViscosity is given by: -
X o |
u - -—- . . L]
o C2+Tm e ‘ . 4
where G, = 1.4582 x-1o' and c2 = 110.39°
o
. | o
Thus u = p




* .

LY

5. Thermal conductivity is given by’

_ -5 . - f
Km = 7.4960 x 10 ‘ Tm + .024204 . )
\ : -2 -
= 2.622 x 10 W/m°C
6. = Prandtl number is g{ven by - .
e, - |
Pr = —¢ >. ‘__qg\
i -5 3
- (1.847x10 ~) (1.001x107) B ;
\ 2.622x107% > S -
Pr = 0.705 o N .

-

7. Nusselt-nuﬁbér is gi&én by ;

*  The average temperature profile was best described by

v . 4 - LI

a polynomial equation of the form'found from a best fit

least squares regression tgchnique

T = A+BY+CY+DY +EY -

-

.

‘The average axialltemperature profile was found and
the slope of the profile at the hot and cold plates were
determined. From the slopes, the Nusselt'numbersfgp both

lpiates were calculated.” The Si@psgn's'Rule numérigélri te-

-
[ 4

,gration'technique was applied to find the éVerééehNuséelt
. | o M : F]
numbers. 'The average Nusselt numbgfs are as follows: -

4 -

’ [



~

N\

) . : .
PN At the hoﬁkplate

TN Nu = 3.11
‘x~;f”*'—“’/ At the cold plate

NuL = 2,74

-
~

8. Reynolds number is' given by :

PUL .

. ,  Rep = u - ' ‘

c

e
-
«

. where L, is the characteristic length and p and u are eva- :

luated at, the wind tunnel temperature -

- -

[}

o Lo ~ 4
‘ , Re, = 6.29 x 10
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- : APPENDIX E -
€ - ' :

. EXPERIMENTAL ERRORS

L
- v - .

In experimental studies it is desirable to eetablish

uncertainty levels associated with parameters affecting

_the final results. These uncertainty levels or error§ are

'then due to equipment, evaluation of phyéical properties -
of medium and method of analysis. ’ : ‘. *

In the present investigation, eguipment errors were

furn;shed'by.ménufacturers' specificatiqﬂs which are tabu-

lated in Table E.l. - e

tures varying froﬁ 0°C to 95°C. The ain.proﬁerties were
N
evaluated from the correlation equatlons glven in’ - Append)

. @

h;\ The maximum dev1atlon ‘between the values glven in

.

» i
properties' of air tables from the correlatlons wds about .

0.18. e o
i“!

’ The errors arising from ::f of the long path Mach-

Zehndez 1nterferometer which ovided temperature fields -
= ]
and calcuLatlon -of the Nusselt numbers were attrlbuted to-

two major sqprces-

A - o . s »

1. '1nterferometef and alignment?landt

2. ,ipterferegram analysis.

RIS - . oA
'
. . »

The uncertainty levéls associated with the interferometer

o

v 4
. .

194 - S

The medium was air at atmospheric presstre at tempera- ,

1



*
.t

" are due to optical glass imﬁéffe!&ion, effective optical

th length through the, test model, misalignment ofsthe

.

model and imperfection of thewheated section. Similarly,

C ' the’ errors as-socisted' with.the analysis of interferograms

often arise ffom measurement of fringe location, estab-
"-1ishin§. the boundaries and misdlignment of the output
’ et .

optics. An account of each of’ the #bove factors is dis-

- v Lod

_cussed below.

’

The lon3d\path Mach-Zehnderfinterfefometer utilized

in this study had\negligible optical imperfections. The

« . .« optical components were highLy‘polished (to within one
$ -
tenth of a wavelength) w1th mlnute lrregularltles whlch

' .couﬁd not. apprec1ably affect the resultss This was ver1—

&

fled by taklng a flﬁlte frlnge field lnterferogram.WLth

. ‘.rm>temperature differential w1th1n the enclosure, whlch
S . p
resulted in stralght and parallel llnes.‘

-

The efrors arisi 9. fr'om the effect of optlcal path
-length)through the odel .were oompensated for by the
initial adjustment ‘of the. optlcal system. AIso, the effec-
fo : ' ‘ftlve opt1ca1 path length in the enclosure due to the out—'
:l_ ' sxde thermal boundary layer on the optlcal glass was not

| slgn1f1cant.. Randall [2] 1nvestlgated this hy assumlng RS

natural convect1on over a ver‘lqal flat plate 1n an

-

-infznlte medlum The external boundary layer th1ckness

* was estzmated for a<tyg1ca1 experxmental condltlon by1

v P '.'
' YA . . .t




numerical 1ntegrat10n and was founa to have a. max1mum Lerror
of 1%, which affected only sllghtly the computed result of
-the Nusselt number. The same ofﬁe; of error can alsoc be 4

assumed fqr thé change in the 1ndex of refractlon.

- w

5
A misalignment of the model from tWe direction of the

iight;beem or.imperfectien of the horizontal boundaries

M L}

N ‘; . . M
causes reflection of light beam passing through: the, enclo-

sure. "his was estimated to be withih 0. 5°'from the light

beam Wthh resulted.in an error of 1% 1113].

-
. / N
- - .

Error was lntroduced 15 measurlng the dlstance from :
hot plate boundary to a partlcular frlnge and sﬁaq;ng
between fringes. These dlstances ware flrst_meaeured by
an automatic'iuterferogram séahuing‘device whieu required

perfee%ly defined boundaries. Thus, a travelling micro-

_scepé;;es used with an accuracy of 0.025 mm; - ‘ .

.. The final results of the average Nusse}t number corre-
latlons gave an average error of 2. 4%. The' domputer~re—

sults are 1ncluded | N T PR ;-
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"Source of Error

TABLE E.l

-

. ’

Thermocouple
Indicator
(Digitrend 220)

.Thermocouple
(junction and
- leads) .

Barometer

Travelﬁ;ng
Microscope

Scanivalve and
Barocel Pressure,

Transducer

A4

Instrument Specifications .’

LI
.‘f“'é" ~ - .
L AN A -
S N
L
£ 'r .
(] R -
. .'s\ -
('»‘ ..
- ) v '
0".;,,’,‘-
\"{.I
- -
»
.
*
'
-

. v 3
o
v

Quantlty Measuf%%

Pressure [kPal

[units]

Temperature* [°C]

e
CEL S

Temperaﬁure [eC]

-

° 4

" Distancge [mm]

Pressure ' [kPal]

. -
.
-
°
° ’
i J
.
) '
L d
N .
- ‘.
’
.
’ '
.
.
.
.
.-
)
* .. -.
2
v
.

03?.

-

Error i -
+ 0.4°C

0.8°C ,
below 90°C

1.0% Pressure.

|

}‘0.625 mm

"t

1

ﬂ6.5% Pressure

¢
e
] a
N .
’¢
Pae
.
. *
*
.
)
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.
*
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.
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