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* Abstract’

v ) b i ‘
’

o

Experiments were conducted to stgdyethe buoyancy force
‘effeets‘on laminar forced convection flow in thermally and
A_hidrodynamicdlly developing  region. ef a 200° pipe bend
‘ using air under the‘,uniform wall .heat flux boundary
conditien with’ peripherally u;ifofm wall 'temperature.
Attention is given to the effect of varying inclination
angle of ﬁﬁe curQature plane of the pipe bend on heat
transfer eharee;eristics. Measurements for wallg
temperature distribﬁtions:anq Nusselt numbers were made
o gor Dean numbers 100, 150, 200, 300, 43%, 600 and 800 for
thrée different inclinption angles from the horizontal
directions:- up&ard veftiCalf’ horizbntal “and, q$wnward
vertical ‘cases. The range of ReRa was 7.05x103 -~
2.20x107. Expe;imental results for axial wali'temperature,

b

distributions, 1local a average Nusselt numbers - are

\

presented and compared with recent numeriiel results in

L

"the literature.

Flow visualization studies employing a smoke tracer

method were also- condueted to preQide physical
understanding of the .Buoyaney effects in~'curved pipe
flows. Observations of ‘the secondaryﬂfloﬁ metiBn were
made at ‘the exit, of the ‘te:t pipe,  ghetog%aphs showing
\the buoyaﬂcy affected secondary flow patterns are
presented"and cempared with the 5treemline‘ patterns

§

obtained by a recent numerical calculation.

s »

v

&y



£ '
'Wﬁkgw ‘visualization experiments were performed in a
 J +

o

inclined isothermally  heated 'platés with inclinaéli”a'
angles from the_horizontai" direction at 4= JO,\B, 10, 15
and 20°. Within the scope 6@ pregent investigation,‘thrgg
cﬁaract;ristic flow regimes are identified, i.e; a
two-dimensional laminar flow, a transition regime for
developing longitudihal vorticés and a turbulént regime
after the breakdown of the longitudinal vortiges, The
nphotqgraphs for‘ side and top views of the flow and for
Jc;oss-sectional views of the. developing secondary flow in
the post-critical ;egime‘ are presented. The instability'
daté for cirtical Grashgf ngmber and wavelength are
presentzd with comparison made  against theoretical
predictions from literature.

Similar flow visualization experiments ‘were also
carried out for the case of a horizontai Blasius flow
heated from beloQ. Attention is given to thé effect of an
unheated légéth on “é%é{secondary fFow.patterns and the
‘instapility Cﬂgracteristics. The photographs for the side
and top views and the cross-sectional views showing the.
onset and subséquent gfowth of the longitudinal vortéx

rolls are presented zb} three different unheated(lengths:
6 .

X,= 0, 33.5 and

o 5 cm. The instability data for

critical Grashof numbef are also obtained and compared

with published results.

vi



T x

Acknowledgement

The author wishes to express his sincere gratitude to

Dr. K.C. Cheng, research supervisor, for his guidance and

¥

_ encauragement4durinq the course of this thesis project.

The author also wishes to give‘thanks to the technical

" staff and machinists of the Department of Mechanical

Engineerfﬁ& headed by Tom Villet and Al Muir for their

‘excellent assistance " and ‘cooperation during the

construction ef the experimental apparatus. Spaecial
thénks ge to Terry Nord for his assistance with electronic
instrumentation. A

Financial aid f;om the Natural ‘SCiences ana

Englneerlng Research Counc11 of Canada throughout twls

' research work is greatly apprec1ated \

The au:;or is most grateful to his wife for her
immeasqrabl; emotional help and wiilingness to spend <many

painful hours in proofreading this thesis.

vii



5

-

. Table of Contents

Chapter . ' » v, , Page

1 L] ' Intro“duction . s .. . e l‘ ® 9 0 5 % ¢ % & & 0 8 9 P s 0 as e .‘ LN J .V‘. e o o @ v.("\l
1- l Ba&:kgfound 'InfOi'mation d o 00 000 06 08006800000 8se0es 1 »

o~ 1 1.1 Buoyancy Force Effects .
in\& Heated CUI‘VGd Pipe auocnc.occon.coo-..-. 1

~1.1.2 Flo& Visualization Q;udies on.
Convective Instability Phenomena ............ 3

1-2 Scope Of the StUdY onocooocncooQnooo’-eo‘o-coooo-ng

1.3 Refetrences ..................f.........;.. ..... 8
2. Buoyancy Force Effects on Laminar Forced - _
Convection Flow in Curved Pipes .....ccivvevene 1)

2.1 INtYodUCELION . iererereroearesocenescoacsenem 12

2.2 Experimental Apparatus ........v...qc.vee..... 16

2.2.1 General Description of Test Setup ..... ceee. 16
2.2.2 Curvevaipe(and Heating. Arrangement .ﬂ.....7.17‘
2.2.3 Wall Temperature Measurement ;. ........ e i8
2.2.4 Bulk Temperature Measurement ..... e XEERE 19
2.2.5 Flow Rate Measurement ................... ce. 20
2.3 Auxiliary stfeqs ettt .Tu...'21
2.3.1 AC Power Source and Constant

Wattage Control System .......c...... cesenes 21
2.3.2 Vacuum Vessel ............1;..... ..... '...... 21
2.3.3.Data Acquisition Systeﬁ ........ }......;.... 22
2.4 Experimental Procedure Ceeeieeeeeeeiaaea T 22
2.4.1 Calibration of Thermocouples . .2@!.. 23

2.4.2 Start-up of Heating and Data
- Acquisition Procedure ..........cccevenn. ce. 23
L .

205 DataAnalYSiS @ ® 0 2 270 8 0 0 4 9 B P G e e e P s e s e e e 0o 25

2.6 Results and Discussgion ............c.0veeeun.. 29

>

v viii o



>

2.6.1 Axifl amd Peripheral Wall L
‘ Temperature sttributionu teeecerecseancanns

2.6.2 Local Nusselt Number .Distributions .........

2.6.3 The study of Bupyancy Effect’ at Fixed
Inclination Andle ot Curvatura Elane cess s

2.6.4 The study of Buoyancy Effect -
with Variation of a ......vvveiiiininianen,
\

2.6.5 Results of Error Analysis'and Additional
Experiments’ Using Vacuum Vessel ............

27 COnClleiITg. Remarks ’c.o'c"'.--.;_oo-o.oo-.o.’-o.o':-
2.8 References .Z...........................

Flow Visualization Study on Laminar Forced .
Convection Flow .in Curved Pipes .........ocvvuen..

3.1rintroduétion Gt et ete e

3.2 Experimental Parameters et

3.3 Exﬁerimental,Apparatus and Procedure .........
f

3.4 Results and Piscussion .........ccviiieennenin.

.3.4.1 Upward Vertical FLOW & vtteeeeneeeennennnnnns

3.4.2 HOrizZzontal FlOW ... eueeeeeeneoneoncenonnenss
3.4.3 Downward Vertical Flow ..........;.....,....

3.4.4 Transient Secondary Flow

Field at De= 55 ................ e

.3.5 Concluding ReMArKS .. c.eveeeeeenoanncns e eeonn
.

3.6 References .....coeieevetecerennncsennns RERREE

Flow Vlsuallzatlon Studles on Vortex Instablllty
of Natural Convection Flow over Horizontal and
Slightly Inclined Constant Temperature Plates ....
4.1 Introductlon .......;........................

4.2 Apparatus and Experimental Procedure ........

4.2.1 Wind Tunnél and Isothermal

Heating Plate Assembly .....cccceevecnennns

4.2.2 Wall Temperature Measurement ..............

ix

29
30

31
35

39
42

44

73
73
77
77
79
79
83

85

86
87

88

100
100

104

104

105



 4.2.3 The Flow visualization Technique'
and Photographic~Arrangemont seeesecacnas.. 106

4.2.4 Mcasurements ror the Onset ’
o-t Ih'tability ..0.0!.......‘..Q..O....ll.i 106

4.3 The Experimental PATAMELETS .ovvnveernnnnnons 107
‘4.4 Results and Discussion .........:............ 108
' 4.4.1 Horizontal Plate teetecetteiiieesesesasiaa. 108
4.4.2 Inclined Plate (o' < fs 20 ) eeeiigeee... 110

4.4.3 Instability Results and

Wavélength Correlation ............ ceeeages 112
4.5 Concluding Remarks ............. e, 115
. 4.6 References L I I I N T I T T S S Y s e s s 0 116

5. Flow Visualization Study on the Vortex
Instability in a Horizontal Blasius
Flow Heated From Below .........eieeeeveeeansas.. 131

- 5.1 Introduction .................;...... ...... ... 131
5.2 Apparatus and Experimental Procedure ..... ’;.. 133
Sjé.l Wind Tunnel and Isothermél |

Heating Plate ....ccopeveenennnnnn. ceseaea 133
5.2.2 Wall and Air Temperature Measurements ..... 134

+5.2.3 The Flow Visualization Technique
and Photographic Arrangement .............. 135

5.2.4 Measurements for the Onset
of Instability ........ccvvevvnnn.. e 135

5.2.5 ,Range of Experimental Parameters .......... 136
5.3 Results and Discussion ................;..... 137
5.3.1 Air Temperature Profiles ..%......c.evveunn. 137
L gws.3.2 Results of F}ow Visualjzation Study ...... .v137

_ 5.3.3 Instability Results D -9
-] :

¢ 5.4 Concluding RemarkS ........cceeieeeceeccanannn. 143
5.5 References ..{............g........;...;..... 145

X o’



6. COnClusiQn ® 086 0 0% s 00 289 e e Qlo.oooo.’o..uol-n‘oco- 157

K . #
6.1 Buoyancy Force Eftegﬁs on Laminar Forced
Convection Flow in Curved Pipes ............. 157

6.2 Flow Visualization Studies on Laminar Forced
Convection Flow in Curved Pipes ...........,. 158
: e “ :
.€5&\Flow Visualization Studies on Vortex
Mnstability of Natural Convection Flow
over Horizontal and Slightly Inclined
Constant Temperature Plates ..........c.oo0.. .~ 159

6.4 Flow Visualization Studies on Vortex .
Instability in a Horizontal Blasjius Flow °
Heated From Below .......... .o
Appendix I J... 162
\ - .

xi -



Tables

2.1

Range of

Range of

‘' Range of

- Critical
~Standard

Rahge of

List of.TaLIes" o
| | . Page
qi+ for the Present Experimenté ;...:.;. 35'
Expe%}mentalgparameters ..,...@..,...;:v‘77
Experiméntal Pardmetefgi.......EQ;;.... 107
Grashof Nﬁmbefs and |

Deviations ..uiieeeiitreieriacnsianaans 1i3

Expérimental'Parametepéyx.h.,......;... 136

%]

——
. -
o .
. i
o
<
-
)
’
- o
. | . g
i
T .
,)i



List of Figures “A

Figures : ‘ - Page '

é.l Schematic Diagram for Test Setup ................ a7
\ . L
2.2  Locations of Thermocouples and :
| Curved Pipe Dimensions ....... e ceeie et e 48
2.3 Flange at the Bend Inlet ................ e i.. 49
“ "~ -
2.4 Schematic Diagram for Mixing Box Design ......... 50
2.5 Circuit biagram for Constant , / )
-~ Wattage Controller ............ veeeeaen R -
2.6 Axial Wall Temperature Distribution for : /;
? Horizontal Curved .Pipe Flow ....... ettt " B2
1 4 _ . /
rz,gﬂ- Perlpheral Wall Temperature Dlstrlbutlon /
.. - for Horizontal Curved Pipe Flow // '
. at De= 150, ¢= 135° .....i..0.n.. A e Jv. 53
! . o _ ~",‘ . ‘ ./
2.8 Local Nusselt:Number Variation for //
v Horizontal Curved Pipe FlOW ....geeeeeessnn PAREER 54
. . . . - I_ ."‘, /
2.9 Axial Wall Temperature Distribution for /
-Horizontal Curved Pipe Flow at De= 150 // -
with ReRa as Parameter ........... B A A 55
2.10 Local Nusselt Number Variation for .
"Horizontal Curved Pipe Flow &t De= 150’
with ReRa as Parameter..;.,... ............. ciee.. 56
2.11 Nuygq Vs. De for Horlzontal Curved Pipe
' Flow with Gr av as Parameter R R URRRPR VA
Z;iiyvNan'vs.'De for HoriZontal curved Pipe
"/, Flow with Gr,,, as Parameter ............. e 58
2.13" Nu180 vs. De for- Upward Vertical Curved , :
”Plpe Flow with Gr,,, as PArameter .........,...... 59
2.14 Nu,,; vs. De for Upward Vertical Curved
- Pipe Flow with Gr,,, as Parameter ................ 60
2.15 Nuléo vs. De for Downward. Vertlcal Curved - |
- Pipe Flow with Grav as Parameter ................ 61
2.16 ‘Nuav vs.. De for Dgwnward Vertical Curved .
Plpe Flow with Gr,, as. Parameter g c e e rseses. 62
2.17 o/Nug Vs. De for Horlzontal Curved Plpe

Flow w1tﬁ ReRa as’ Parameter ce s ee e e s e e e ..:.. 63



2.22

/Nu. vs. Gr/De? for Horizontal
Curved Pipe FlOoW ...civeeeerencans et eeeeae EEERRY 64

o

Local Nusselt Number Variations and :
Heat Transfer Degradation Region ....J....;.....f 65

Schematic Diagrams Illustrating BuoyanCy Force o
Effects with Varying Inclination Angle B eiiee.... 66

Axial Wall Temperaturie. Dlstrlbutlon f¢r

a= 90°, 0° and -90‘ with ReRa as Parametere.l..i. 67

Local- Nusselt Number Variation wi

a and ReRa as Parameter .;...,.,

§P vs. a for De=150 w1th N EF R
Re a a sarameter T R ,;..m..,};. 69
Nu/Nug vs! a for De=150, ¢=0° w1th s , |
.ReRa as Parameter ................eia.,.;;;w.r..: 70

Local Nusselt Number Variation for Horlzontal

Curved Pipe Flow in Insulation Vessel at-

660 mmHg Vacuum -'-w-°--°-v'-'-°"---°-~---;' ..... 71

Nu, /Nu vVs. De for Horizontal Curved Pipe .

Flow in insulatlon Vessel at 60‘ mmHg Vacuum 'y' 72
|

Streamllne Pat;erns of Secondary Flow Motlon
with and without Buoyancy Effects [2]-..... e 2 TT

Secondary Flow Patterns for‘Upward Vertical
Flow at De=55 and 100 with ReRa and I as
Parameters '.Co..l.oo."to-.’.oloo..‘.on. ooooo :...._,90

Secondary Flow Patterns for Upward Vertical

“Flow at De=150 and 200 with ReRa and T as '

Parameters .......ceiiercinenennienneeesdonenans. 91

Secondary Flow Patterns for Upward Vertical
Flow at De=300, 430, 600 and ‘800 with ReRa
and T as Parameters .......cceee.. cecedeieaneaas. 92

Secondary Flow Patterns for Horizontal Flow at
De=55 and 100 w1th ReRa apd ' as Parameters ..... 93

Secondary Flow Patterns for Horizontal Flow at
De-150 and 200 with ReRa and T as Parameters .... 94

‘Secondary Flow Patterns for Horizontal Flow at

De=300, 430, 600 and 800 with ReRa and T as
Parameters LI I I I O I T TR TR T I T S I e O R N S ¢ o ® 0 4 95

7

xiv



3.8
3.9
3.10

3.11

‘3.12

4.1

4.2

“ Secondary Flow Patterns for Downward Vertical

Comparison Between the Streamline Patterns.
Obtained by Numerical Calculation [5] apd

- Present Flow Visualization Result for

Horizontal Flow Case O - 1.

i

Flow at De=55 and 100 with ReRa and T as /
Pa\?meters ....................................7?-96

Secondary Flow Patterns for Downward Vertical
Flow at De=150 and 200 with ReRa and I' as
Parame,ters ..l‘l"_.t..l’..‘....0......-.‘.'.}"...... 97

Secondary Flow Patterns for Downward Vertical
.Flow at De=300, 430; 600 and. 800 with ReRa and
F as Parameters ......}...‘ ..... Ceeenas ceeesesa.. 98

Tran51ent Case for Horlzontal Flow at De= 55

with t and Fo as Parameters ............ e . 99
" \ Fl K .

Sclematic Diagrams for (a) Wind Tunnel Test

Facility and (b) Constant Temperature Plate : .

and Auxiliary Equipment D ceseeaeaa.. 120

‘Top and Side Vlews of Developing Longitudinal
Vortices for §=0° T,=51.8°C and T_=21.0°C ..... 121

Cross- sectlonal Views of Secondary Flow

"Patterns for 4=0° and AT—3O L R G  .; 122

Effect of AT on Developlhg Secondary

Flow Patterns for §=0° .................,......}'123//
Top and Side Views of Developing Longitudinal 5
Vortices for §=15° and AT=15.5°K ......c00v0vu..n 124
Frossfseptional Views of Sécondary Flow

‘Patterns for §=15° and AT=15.5°K ............... 125 -
Cross-sectional Views of Secondary Flow v
‘Patterns for §=20° and AT=23.1°K ..o, 126
Effect of Inclination Angle on Déveloping
Secondary~Flow Patterns for 4=0° ....... cedeenen 127
Variation of Critical Grashof Number with
Inclination Angle ......eieveiniiininnnrinnennn. 128
Critical Grashof Number for Horizontal Plate ... 129

Correlation for the Wavélength of Vortex Rélls;;bl30

Temperaturé Profiles for the Case of .
Stable FlOW ..'0.'.00.'0.."‘.....'0..0..0.... ooooo 146

XV



5.2 Top and Side Views of Developing Longitﬁdinal
_ -Vortices for x,=0 cm, U, =0.05 m/s, T, ,=57.4°C
& ade-zgsc ."...'..........‘.'.l............. 147

5.3 - Cross-sectional Views of Sedondamy Flow Patterns
for xo-o 'Cm; U =0005 m/s and AT=27¢9°K ..Q..l‘.li 148

5.4 Top ‘and Side Views of Developing Longltudlnal
Vortices for x,$33.5 cm, U, =0.04 m/s, —56 0°C
andTB27 8.C ."k’..‘Q‘......l'..l.l.."..l.!.... 149

5.5 « Cross-sectional Views" of Secondary Flow PQtterns
for %,=33.5 cm, U,=0.04 m/s and aT=28; 2!%,.;..;. 150

5.6 Top and Side Views of Developlng Longltudlnal
Vortices for x,=60.5 cm, U_=0.0%. m/s,‘_ =58.5°C
ot andT=264C.-.0."'.'0000.0010‘.\..I.I....I...151
5.7 Cross-sectional Views of Secondary Flow Patterns Y
- for xonso 5 cm, U, —0 04 im/s and AT=32.1°K .1\;3. 152

.

5.8 Effect of AT on Developlng Seccndary Flow e
-Patterns of Vortices for xg=0 €m ......o0eeeen.. 1637

5.9 Effect of U, on Developlng Secondary Flow . .
Patterns of Vortices for Xo 0 CM cecceeseseasssecss 154

5.10 Experimental Instability Results for x, =0 cm ... 155

5.11 Effect of,xé'on Vortex Instability R 1-1-
| §

~



" Rc
Re
ReRa

Re
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inside radius of chrved pipe, m

specific heat of air,/J/(kg‘éj

inside diqmefer,dg'curved‘pipe,‘m

gravitational acceleration, 9.81 m/s?

Grashof number, gs [(Tbe’Tbl)/L] a4/ 2
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average heat transﬁfr coefficient‘based.oﬁ‘ N
(ATi+AT180)/2 ' W/ (m OK) 1 .
local heat transfer coefficient, W/ (m2°K) R

thermal conductivity of air, W/(m°K),
total heated length.of“curyee pipe, m
mass flow rate 6f;air flow, kg/s
atmospheric pressure, bar

Prandtl number, v/K

dlmen51onless heat flux, (d/Tbl)(dTb/dx)/4
rate of heat\released by heater, W

heat loss to énvironment, W

_rate of heat‘received by air, w

wall heat flux pef.unit area, W/m2

radius of curvature of bend, m

- Reynolds number, ud/p
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_temperature, °K

bulk air temperature, °C
. A . ‘

wall temperature, °C o

~ ambient air temperature (Ch. 4), °C

free stream temperature (Ch. 5), °C

wall to bulk temperature difference (Ch 2 +3), °K
wall to ambient temperature differaefice (Ch. 4), °K

‘wall to free stream temperature difference (Ch. 5)

¢ °K

-

-

mean veloc1ty of curved plpe air flow, m/s

free stream velocity, n/s
™~

axial’distance.from bend inlet (Ch. 2,3), m
distance from leading edge (Ch. 4,5), m a

unheated length,_m

heated length'x-xo, m N

coordlnate in the upward 'vertical direction from
heated surface, m .

dimensionless axial distance, x/d/(RePr)
dimensionless axial distance, x/e

[

. 7 C - -
inclination angle of the curvature plane of
bend from ‘the horizontal direction, °

coefficient of thermal expansion, 1/°K o
therﬁal boundary-laYer thickness, -
thermal diffusivity, m?/s

wavelength of vortex rolls, m

absolute viscosity, kg/(ms)

kinemafic viscosity, n?/s

incllnatlon angle of heated surface from the

_ horizontal direction, *

dimensionless bulk temperature,'(Tb—Tbi)/(dTb/dz’)

dimensionless wall temperature, (Ty=Tpi)/ (dTp/dz')

L



p ‘density, kg/m3

o standard deviation /
T é angulér position from bend inlet
Subscripts - ’
c critical value
e \ bend exit P
i bend inlet - -
180 angular position.¢=180° from bend inlet
2
e
o -
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1. Introduction
1.1.Baékground Information
1.1.1 Buoyancy Force Effects in a Heated Curved Pipe

The flow in curved pipes is characterized by k6 a

secondary flow. motion in the form of a pair of symmetric

ééunter—rotating vortices at %chqss section normal to the

direction of main flow. Such séﬁondary flow motion is the

consequence of the centrifugal forces created by the .
curvature of bend. It is generally understood that the
secondéry Flow motion in curved pipes*pigmotes the hixiﬁg
rateﬁrithiﬁ\phe flow figld and consequehtly increases. the .

heat or mass transfer rate between‘working fluid and pipe

 wall.

« .
If the buoyancy forces are superimposed upon the

‘existing secondary flow motion, tHe description of the

flow field is further complicated by the interaction of

| ~the two different body forces. ' The net result will depend
. on the orientation of the original secondary flow field

~ due to centrifugal férces against the fixed direction of

gravﬁtational acceleration,>
The laminar flow in heated curved pipes is perhaps one
of the most extensively studied subjects in the fields of

engineering fluid mechanics and heat transfer. Due to the
i —

“wide applicatioh of curved pipes in industry, .experimeptal’

and theoretical studies regarding the heat or 'mass

transfer characteristics were made by many investigators
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throughout the decades (1-8].

The effect of buoyaﬁcy forces was ;ﬁ'gg only

Subsequent numerical studies such as FuJ \:%jftil],
Akiyama et al. [12] and Lee, Simon and Chow [13) clarified
the significance of buoyanqy force effects at low Reynolds

numbers for the case of horizontal flow confiquration.

“TheirA common finding is that the increasing buoyancy

forces increase the magnitude of secondary flow motion
resulting in enhancementbin heat transfer rate. A few
experimental studies rega:ding the buoyancy force effects
in curved pipé flows are ;vailable in the literature
[11,12,14]. However, iq view of the practical importance
of the problem, further experimenﬁal inVestigations are
needed to~ establish reiiable' design criteria and to
complement.the exiéting theoretical results.

Although' the calculated results for 'heat transfer

coefficients may be- difectiy compa>ed with experimental

- data, the detailed information for field parameters such

as velocity or temperature profiles are not easy to

confirm since their measurements are extremely difficult

in a secondary flow fidld. For this reasoh, a flow

visualization study 1is often employed to permit a direct

comparison between calculated and observed secondary flow

" patterns whereby the theoretical model used in a numerical

calculation may be qualitatively confirmed, e.g. [12].

.Recently a flow visualization study in anrisothermally



‘heated curved pipe [15] showed {some interesting flow

phenomena concerning the buoyancy force effects in curved
pfﬁo flows. It appears that a simi;ar flow viéﬁqliéation
study for the case of uhiform wall heat flux boundary
condition is not available in the literature. It is noted
that most numerical calculations concérning,the buoyancy
force effects in curved pipé flows‘were éarried out under
the uniform ;;11 heat flux boundary conditions. . =

In this connection, a series of -flow visualization
experiments were also conducted in order to provide
photographs showing buoyancy affected Qécondafy flow
patterns which may be compared with e#isting numerical
prediétions. ‘Thé results are extendéd to the cases where
the numerical solutions are not yet .available. It is
believed that thé présent flow visualizatiqn stu@y will
also provide considerable physical understanding of the

buoyancy forcé effects in curved pipe flows.

1.1.2" Flow Visualization Studies on Convective Instability
Phenomena ‘ | K

If a nafural _convection floﬁy-ié induced by heéting
from below over.a horizontqllpg inclined plate, the flow
is potentially unstable -due to the dehsity variations
occurring near the‘@eatgd plate. The top-heavy situation
breaks 'dbyn when ﬁhe destab!lizing effects of buoyancy
forces dominate the stabilizing effects of viscous and

thermal diffusion. The result is then the occurrence of

o*

—
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longitudinal vortex rolls which- are more or less periodic
in the spanwise direction. After the onset of
longitudinal vortex rolls, the flow_ field ‘tak‘p a
three~-dimehsional characteristic {&nd conventional
two-dimensional ;heory can no longer be applied in th&t
flaﬁ regime. |

'The above buoyancy induced instability phenomenon in
natufal convection flow along inclined surfaces was first
‘revealed Dby Sparrow | and  Husar (16] using an
eléctro-chemicgl - flow viswalization éechnique.
Subsequently, ihstagility ,data regarding the onset of
longitudinal vortices wsre obtained by Lloyd and Sparfow
(17] and Lloyd [18]). These initial findings apparently
‘motivated a series of linear stability studies on the
onsét of longitudinal vortex rolls in natural conééction
flow along inclined surfacés [19-25j. The wgii?if
instability analyses were- also carried out by many
investigators [24—26].‘ It is well established tyél the
vortex instability hgs priority over the wave instability.
in a wide réhge of inclination angles from the horizontal
direction. (

_ R
The vortex instability problem also arises if a
.horizontal Blasius flow is heated from below. The linear
stability theory regarding the onset of longitudinal
vortex rolls in a horizontal Blasius flow was first—-

applied by Wu and Cheng [27]. Their results were

subsequently compared with the experimental instability



.
‘'results obtained by Gilpin, Imura and Cheng [28) using an
" electro-chemical flow visﬁalization‘ tqchnique similar to
that used in [16]. Their flow visu#lization results also
confirmed the existence of longitudinal vortex rolls in
forced convection water’.flow over an isothermal flat
plate. Heat transfer characteristics with the presence of
such vortex rolls were studied'by Imura, Gilpin an@ Cheng
(29] in water flow over an isothermal flat plaée.
Takimot;, Hayaéhi " and Matsuda ({30] oconducted a similar
| experiment using air as the flow medium and also
presented an analytic;1 ipstability' resﬁlt. Recently,f
more refined ~‘theéretica1 instability rgsﬁlts were
.suggested by Moutsoglou, Chen and Cheng (31].

For this particular problem, the fiow»visualization

study has been proven to be an effective tool in revealing

o

une lqred‘ flow phenomena and - also in complémenting
theoretical results [16,17,28]. The priméry objective of

the present experimental investigation is to providé flow

¢ - l 7 . " :
visualization photographs showing the onset and subsequent
growth of longitudinal vortex rolls in a natural

convection flow over horizontal or slightly inclinédzplate

¢ )
and in a horizontal Blasius

that expérimehtpl instability - data® for the natural

convection, case are i;gfher limited in literature in the
ramge ‘of inclination . angles considered in.the present
work. SOHS»ilpottaﬁt aspects of convective instability

for the case of horizontal Blasius flow also appears to be

s
e Fmmmervectinl o mmesEeoEf s

e

flow. However, it appears



’

6

unexplored. These are the incentives for the present work
which 'will be further discussed in pertinent chapters to

¥ . L3 .
follow. " ¢ T

1l2'Scope of the Study

In Chapter 2, the results of Tér.experimen

L .
concerning the buoyancy force effgfts on laminar forced

convection flow in curved pil are discussed, Ex%ensive
measurenents for wall temperacure and local Nusselt nuMber
variations' in the entrance region weré carried out in a
"200° pipedbend under the uniform wall heat flux boundaty‘
condition'witn parabolic entrance velocity profile'at the
start of bend .

A f;??ticular emphasis yas_'given to the effect of
-buoyancy forces on heat transfer ' characteristics w;:n
varying incllnatlon angle of curvature plane - 6? the test
plpe ~from th “horizontal - plane. Three different

1nclidhtlon angles were/considered° upward vertical (a=

-
. —_—

90 ), horizontal flow (a= 0 ) and downward vertlcal flow
(a= ,—90;). Addltlonal experlments were also conducted at
a=45° and' ~-45* to further investigate the effect of .
Nyarying the"inclination angle on local Nusselt number
variations. | J ;

Heat transfer results. for thé horizontal flow case are
compared with the exlstlnq theoretical and experimental

results. The results for other cases are also believed to

be useful for future studies. -
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"Flow 'visualizationt' piotographs -, of ther bquancy
<affected secondary' flow patterns forgaupward.vertical;

‘vhﬁrzzontal and downward vertlcal flow cases are presented-

¢ catb

“in ‘Chapter,‘ . ’Theb flow v1sualization technique‘Was a
"smoke tracer methgd Similar to . that used in [lsj‘
1.Observatlons of ' sspondary flow patterns were m?de at the

"exit of 200° plpe bend. A comparlson ' between the .

a0

streamllne patterns obtalned by recent numerlcal solutlons
A

}and the present flow v1suallzatlon results is presented.

@

A typlcal flow*v1suallzatlon result for the tran51ent Case
- D
is also presented for future reference.

ST S T PR P

The _problem of convectlve 1nstability in‘ free or
”forcedl aoavéction' houndary‘ layer flow 1is approached hm&é
'means ~of flow 'Visualization study employlng a_'smoke S
tlnjection method in Chapters 4 and 5. ' . S .
In ,Chapter v4,, the results!#ofv flow v1suallzatlon
, studles on the onset and subsequent growth of longltudlnal
vortex‘rolls in a n&tural cpnvectlon flow over horlzontal
"Jor slidhtly inclined. surfaces are presented. Photographs

"for 51de and top views. of the flow and fon‘cross sectlonal'.
:.ViEWS' of the developlng longltudxnal vortlces ln the ‘
‘postéétitical reglme are presented. The .effects" of ~
 varying the’ 1nc11nat10n angle.-and' wall-to freeﬂétream
ftemperature dlfference‘ were 1nvest1gated and the results
dare illustrated bf photographsp show1ng tthe changes»ln
secdndary flow motlons. Instablllty data for crltlcal
pGrashof number and wave length were also obtained for the

LA , . q.‘

L : L ) SRR
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range of  inclination angles 4= 0 ~ 20° and comparisons

a

were made against available-,theoregical and experimehtal

‘results.

o : i » IR . . .
Chapter 5 deals with similar flow visuglization

experiments for the case of r-rizontal Blasius flow over

0

an 1sothermally heated flat plate.

Attentlon was .given to the effect ‘of ar. anie~ted
length on the 1nstab111ty:characteristics concerning the
occnrrence”of longitudinal vortex'rolls. Instabifity data
obtainea for  three different unheated . ﬁengths are.

presented. Flow visualization - photographs: are also

' bresented'for different unheated lengths.
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2. Buoyancy Force Effects on Lahinar Forced Convection
Flow in Cdurved Pipes

2.1 Introduction

‘Curved-pipes are used e&tensively in many engineering
dev1ces such as compact heat exchangers, nuclear reactors
and heat engines because of compactness and hkigh
uefficiency’in heat transfer. The high efficiency' is due
to the well-known secondary |floy ‘motion .caused by
'bentrifugal forces in' the form of a pair of symmetric.

.

counter rotating vortlces at a cross sectlon normal to the
naln flow. Such secondary flow" motion greatly increases
the' heat transfer raté between the worklng fluid and pipe
Wall. Similarlyy.mass transfer rate is also increased due
t5 the secondary flow motion. For this reason, curyed.?
" pipes or coiled tubes arewalso used in yarious bidmedical'
1applications .sucn as the dialyzer for an artificial
krdney. o o | v ¢
The secondary floglmotion in tne form of aipair of
symmetric' vorticeS' is the consequence of centrifugal
forcesf%cting in the direction of the radius of curvature.
- The centifugal'forces ~caused by the curved- flow passacev
tend to push the fluld in the core region toward the outer
bend. ‘By continuity, the fluid 'near the outer bend then
returns oack to the_inner bend along themﬁail surfaces as
it is driven byvthe pressurergradient directed toward the
inner bend. Such flow motion occurs while the fluidais in

continuous movement - in the axial direction. The net

" reésult is then a double helix ' tyfie secondary flow motion-

- 12 - . : : @
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with cross sectional view showi g a pair of symmeﬁric
{:)?unter-rotatihg. vortices. ‘Such seconda;y flow motion

consequently increeses the mixin rate withih the flow

field resulting in high heat or masjs transfer rate. |

If there is a large temberatur dlfference between the
pipe wall and the worklng fluid, the denSLty variation may
become sxgnlficant enough to creat buoyancy forces within
the existing flow field. The .ne outcome of interaction
between buoyancy/forces and centrifugal forces will depend:

- on hgy the curved pipe is positioned against the fixed
direction of gravitational acceler#tlon. It is noted that
theoretical analysis of such-mixe# convection problem is
extremely difficult and so far restricted ‘to small Dean
’nﬁmber flow regime. | L . -

The laminar flow in curved pipes was first analyzed by
Deah'in his series of papers (1,2]). He has shown that!the
flow in curved pipes ceh be cheracterized by a single
hondimensional parameter now widely known as Dean humber.

De = Re(a/Rg) /2 | (2.1)

wherer Re is the Reynolds number baéed oh diameter, and a
and R, are respectlvely the 1n51de radius of pipe and the
radius of ciFvature of the bend. This parameter
represents ‘the ratio of centrifugal 'forceAto the viscous
force. Following Dean's pioneering work;.Alder'[3] afﬁ&
Barua. [4] introduced_Prandtlls boundery layer concept for

secondary flow ln, analyzing the flow'hehaviour at high

Dean numbers. Their-lanalyses\apparently laid the ground
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work léading‘ to the heat transfer study by Mori and
Nakayéﬁa (5]. In the mean time, a few qxperimental,

'studies on the subject began to appear giving*émpirical
correlations for heat  transfer coefficients t6-9].
Numerical studies forﬁhaminar_ forced convection in éurved
ﬁipes were carried out by Truesdel [iO], Akiyama and Cﬂéng

‘*Vfli] and Dravid ([12]. ~In general, their results showed ~
good.agreement__witthnoWn experimental results.. Because
of the broad nature of the problém, the laminar' flow in
he&tedaqurved pipes still reﬁains as an interesting
subjgct to many investigators in recent years [13-18].

F;f the case of straight pipe flow, buoyancy forces
alone are fouhd to be capable of.induéing a secondary flow
motion which results in enhancement in tr§n§port,ratev
[19]. In this connection, it is expected thét the
buoyancy forces may becomé significant in addition to
centrifugal forces for laminar forced convection in curve

.pipes. | |
The effects of buoyancy for¢e§ in heated curved pig=-s
were -studied theoretically by a few investigaﬁors;such &
 Yao 'and ’Berger (20] and Prusa and Yao [21]. AA}thopgh
their results were restricted to small Dean numbers and
buoyancy parameter, they "clearly showed the effects of
'buoyancy forces on velocity and température profiles and'
heat transport rates. | ' ‘ | o
Recently, Futagami et al.[22], Akiyama et al.[23]‘aﬁd'
Lee, Simon and Chow [25] presented-more refined numerical .

v -,

O



‘resultsl showing the significance of buoyancy effects at

low Dean numbers. Experiments in some of the theoretical
: \ .

studies such as [22j and [23] seemed to confirm the
4 v

theoretical prediction. Their common finding is that the

0

15

buoyancy force effects increase the magnitude of secondary

motion resulting in enhancement in heat transfer rate.

However, Mori et al.. [26] showed quite different results

in their experimgntdl study in a Helically coiled tube

using Helium as the flow medium. They observed the
\

degradation of heat transfer rate with iﬁéreasingtbuoyancy

: »
force effects for relatively high Dean number flows. 1In

this view, the theory still needs to be complemented by

. further experimental investigations.

The present experimental  investigation is concerned

" 'Wwith the simultaneous hyérodynamic and ' thermal entrance

—o—

region ptoblem in.curved pipes with +the consideration of

buoyancy force .- effect. Attention is given to the

- variatiornfs in local Nusselt numbers in the entrance region

with different orientations of the curvature plane and
flow direction. Experimental measurements were carried out

in order to study the buoyancy effect in curved pipe air

-flows .using a 200° bend for three different inclination

angles of the gurvature plane from the horizontal
direction: upward Ygrtiqal {a= 90°), horizontal (§= 0°)
and downward vertical flow. (a= =90°). The resulting
experimental data for axial wall temperature distributions

\ ’ :
and Nusselt numbers are presented and compared with recent

-

» -

I3
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numerical and experimental results.

2.2 Experimental Aﬁparatus
2.2.1 General Description of Test Setup

The schematic diagram of the test setup is shown ih
Fig. 2.1. The flow medium was air from the compressor. The
;ir waslfirst filtered.through a Fuiflo air fil;gr and
passed to the main cont:ol valve. ‘It was then passed
through a helically coiled soft coppervtube of‘ls mm i.d.
with a coil diameter 305 mm,,}hmersed in a iargé water
reservoir at room temperature to . help ﬁinimize ) thé
temperature fluctuation in the incoming air flow. The
totai length .of the coiled tube was 9 m. The flow rate
was measured using a laminar flow element. Details of the
flow rate measurements will be given in anlater section.
Shown next in the flbw circuiﬁ is the smoke generation
facility used in the flow visualization study which will-
be reported in the following chapter. For heat transfer
experiments, the smoke éeneration"facility was by-passed.

The settling chamber was designed to reduce .the°
turbulence levels in the incoming air flow using a series
of screens. Its large contraétion ratio at the exi;
(1:0.12) provided a fairly uniform air flow. The length of
the hydrodynamic entrance #ube was 1;65 m which was long
eggugh to ensufe a fully developedlvelocity profile for

both laminar and turbulent flows. After péssing through
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the heated test section ‘and the mixing box, the aif was

1

ejected into the environment.
4

“»
f

2.2.2 Curved Pipe aAd'Hbgting Arrangemeht

The curved piée‘ 3u§§d in this experimental
investigation was fabricated ég bending a 1.90% I.D.
copper tube using an  aluminium die after packing the
inside tube with sand. 1Its total 1en§th was 0.772 m and
the curvature rat(&qa/Rc'of the resultiﬁg'bend was 0.045.
As a result of cold working, a slight deformation .in the
shape of circular cross section was found a; both éhds of

the curved pipe.-~ The measurements for the average

diameter of the aeformed circular cross &Section made'at

s

the bend inlet are given in Figq. 2.?‘(b). -~
Tﬁe curved pipe was first wraﬁped with a\fibergléss
tape in order to electrically insulate the tube wall from
the heater. The heater Qﬁs made from a nichrome.tape(1288
0/m) of 3.18x0.2 mm, width by thickness. It was carefully
woun? over the test section with a constant pitch of 1 cm,
The resulting total resistance of the heater was 11 ohm.

A compensation heater was used to compensate for the
conduction heat loss near the bend exit where the mixing
bpx was to be connected. It was made ffom a nichrome
similar to thap'fuéed for the main heater and inétalled
over approximately 4 diameter length with its pitch being
' grgdually reduced toward the bend exit. The insulation

between the main and compensation heater was rendered by
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wrapping the fiberg;ass tape over the main heater. The
entire test section was tiéhtly wrapped with fiberélass

wool and finally with rubber insulatioﬁ (see Fig.'é.z (c)
l). The insulation thickness was gradua11§ increased from
3cm to 7cm from the start of ‘bend toward the bend exit.

" Heat conduction ﬁo} the uﬁstté&m Agntrance tube was
prevented by eﬁplo&ing an acrylic -rgsin flange and
asbestos discs for the connection betwéen\the entrance
tube and the curved pipe. The flange at the entrance tube
side was designed in such a way that the éurved pipe may
be rotated at every 45° angle whereby the inc;inatiéh
angle of the curvatﬁre plane can: be easily varied to
provide upward vertical to downward verticalvflow. The

dqﬁailed design of the flange system is shown in Fiq. 2.3.
A : 3 .

J

2.2.3 Wall Temperature Measurement 1
In order tp obtain a detailed wal# temperature

distribution in\ the entrance region, a total of 46

copperripnstadtan thermocouples (0.25mm d) were wused for

wall temperature meaghrements. In view of the possibility

of peripheral wall temperature variations, either two or

six therﬁocouples were installed at a given cross sectidn/;/

resultipg'in 15 mea;uring sections. The approximate axial

- locations of the 15 measuring sectiéns are shown in Fiqg.

2.2 (a) together with a 1list of the »cérresppnding

nondimensional axial distance - from the bend’ inlet;

- ? ~s
Symbols indicating the positions of the two differenékg

-



»*

19

thermocouple arrangements are described as well. Each of

the thermocouples was eoldgned on the tube outside wall

and at least 1.5cmeof surface contact was ensured before
it was led out. of the tube wall in order to prevent

conduction heat losses through the thermocouple wire.

P

!

'2.2.4 Bulk Temperature Measurement
;shg mixing box used for the exit bulk temperature
measurements in the present erperimenta; work is shown'in
Fig. 2.4. The design of the mixing cup is similar to that
of Futagami and . et al. [22). The incoming hot air with
temperature gradients is first disturbed by a series of
stainless steel blades fixed:at the entrance of\the mixing
;box. After Passing through a serles ‘of partltlons having
‘alternating flow passages, the 1ncoming. hot air is
expected to be well mixed. The bulk temperature was
measured ‘by the thermocouple instaljled min: the fifth
compartment. Mixing was further promoted by  filling all

other compartments with thin copper chips. The mixing box

was made of acrylic resiht and a double-walled ’design was

used . to minimize the heat loss from the  mixing

e
e

‘compartments. . The temperature gradlent of mixed air was

checked by traversing the thermocouple across thé diameter

of the - center hole’ in the fourth partition. A maximum

" temperature variation of 3 % ‘of the temperature at the\

4

center of the hole was observed. " This temperature,

, variatibn*;ﬁaS‘—thcorporated as the typical measurement
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error for 'the exit bulk temperature measurements in the
error analysis of the experimental data. ; "
| The center_temperature at . the bend inlet was measured '
-rand used as the inlet' bulk temperature with- the assumption
‘that it would not significantly differ from the actual
inlet bulk temperature. The resulting measurement error
for typical cases is discussed in Appendix .. Tha bulk
temperatures. were all measured by 0.13mm copper-conﬁtantan
thermocouples. The 1ncoming air temperature was also
recorded by a 0. BmT/copper-constantdﬁ-thérmocouple at the
exit of ‘settllng chamber. The property values for the
computations of mass '}low rates and Depu'numbers were

based on this unheated air temperature measurement.

-,,2;2.5 Flow Rate Measurepeht

The flow rate &f aitr was measured by a Meriam‘lamihar
flow element '(model ,‘SOMWZO 1) employihg, a Validyne
dlfferentlal pressure transduCer ‘ A straight tube of
approxxmately 20 dlameter length -was caonnected to both .
ends ofvxhe laminar flow element to meet the ~requiremepts
for ordipary flow . meters. The. diaphragm used in the
preSSure transducer Wasl appliCabre withinr 0 ~ 22.5cm. of
water ( 0 ~ 0.32 psi). It was calibrategjin the range of
0 ~.12.4 cm of Yater,usinq ap rnclined manometer. No
§ignificant linearizatien . erf§f was observed . in’

curve—fitting the calibration data points. The pressure

- drop read'by the pressure trahsducer was  converted to air_ -



' Qﬁhe‘pressure transducer.’«g‘~

ffrom 0.1 W to 2 W dependlng on- each experlmental run. -

D
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[R

flow rates u51ng the callbratlon curve prov1ded by:- the
maker. ',An Alrbar ,manometer . was 51multaneously used to

measure the pressure drop in the lamlnar flow element

The readlng from the manometer agreed well w1th that from

B

2.3 Auxiliary Systems: R ’ .

L

e,

b

243,12 Aé'Power Source and Constant'Wattage Control*3§stem

. AC ‘power source was used for‘both“‘thekmain‘and‘the

oompensation‘heater."In'order to prevent’7the main*heater

from .beinq”affected by any cycllc varlatlons or voltage

'

drifts occurrlng 1n the external power supply, a feed back '

system wasdemployed to maintain a constaht power 1nput‘—u

hFig..fz.S shows‘ the circuit dlagram for the constant

'wattage control system used ‘in the present experlments .

ﬁhe power input range td»the main heatqr was 3 W to 90 W.

3
No controlllng dev1ce was used for theﬂ compensation

e

heater. The power input to-the compensatlon heater varied

d .
AY

ZfB.Z_Vacuum Vessei

.To awoid heat~1osses frgm the test. section, a vacuum
vessel of 51mp1e deslgn was also. used for a few.addltlonal
sets of experlments:_t The vacuum vessel was fabricated

from 6.35mm steel plates in the form of rectangular box.

" Its inside dimensions were 66.0x53.3x22.9_om, length by -

&

I

3
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width by depth. The top lid was -made .of acrylic resin in
order to facilitate' visual 1nspectlon ' The sealing
between the*top 11d and the vacuum box was prov1ded by

v

using rubber - sheets with  silicone sealant. The

: thermocoupleb wires and other electric wires to be
_ 3 JVLE : L

'CQnﬂeeted to the. external systems were all passed through'

a,pipe‘ flttlng The seallng was prov1ded by f1111ng the»

space. between /w1res with 'epoxy in the pipe fitting.

Several pieces of wood bars were used as internal bracing

to prevent the ~vacuum box from belng collapsed. The rest
7!

-of the space in the box was fllled-Wlth cellulose type
. insuldtion to further reduce heat losses. - A maximum

~ vaguum of 660 mmHg was obtained using a vane type vacuum

pump. - In order to sustaln the maximum vacuum 1oad the

- vacuum pump had to be in contlnuous operatlon during the

course of a complete experime='=z21 run.

2.3.3 Data Acquisition System . R

The data acquisition' system consists of an. Hewlett -

'Packard 85 ﬁlcro-computer and a- Hewlett Packard 3497ﬁ§data;

acqulsltlon control unit which. has a built-in reference

‘juhction in each of the thermocouple cards. The hard.copy

output of the eXperimentai_ results was. provided by a

Digital Decwriter IV printer.

2.4 Experimental Procedure
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2.4.; Calibration of Thermocouples

-

) N . .
'~ The 46 the(mocouples installed on-the test pipe for

wall temperature measurements were calibrated in-situ

2

against a HP-2807A quartz thermometer in a éonstant'

' temperature hot water tank. All other 'thermocouples for

L

the bulk and unheated air temperature measurements were

. also calibrated. The capacity of the hot water tank was

[

389 . liters. ' The heating elements and the water

vtemperature were regulated by a PID temperature and power

controllexr with a maximum powef input of 3.7 kilowatts.

~

The ‘1arge capacity of the tank with <the help of a

. 5 e . C 9‘., . A
motor-driven stirrer could provide quite a unifoirm

tempetatufe field with a masxtimum tgmperature variation of

0.1°C  in  the. region  where the ' curved pipe and

.« \

thermocouples were located. - Calibration data were taken

at four femperature leéevels ranging from 20° to 80°C. The

' . . § . .
largest error resulting from lineagization was less than

: N ] . 0. P . S .
0.2°C. The cdﬁibration@!ﬁas also later confirmed by

checking ‘at the room temperature.

-

2.4.2 Start-up of Heatgng and Data Acquisition Procedure
For each experimental run, the flow rate was first set

to a  desired valué usidﬁ'ithe main control valve. After

~confirming the steady flow;’the heating system was turned

on and - adjusted to a fixed heat inp#¥. Next the data

.aquisition system was  started and the flow rate, heat

~input to the main heater, time, date ignd etc. g!e fed into
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the main program as 1nput data. The system was sw1tched

on at least 6 hours ‘before any experlmental run to ensure-

stabllazatlon. Thé compensatlon heater was also turned on

and the heat input was carefully 1ncreased while the -

system was in continuous operation until it reached

steady-state conditions.

Prior to the'\ ‘actual experimental runs, ' a: few

Rt

preliminary runs were made without using the compensation

heater. Indeed a sudden decrease in the axial wall’

two thermocouple stations. It wasiiniti " assumed that

.u‘

temperature distribution was observed at thi last oné ‘or .

thls sudden temperature drop 1%°due to the increased heat

.loss near the bend exit and must be compensated by usxng .a

compensation heater in order to follow the overall trend

rof‘the axial wall temperature distribution: Based on this
assumption, the heat input.to the ~compensation heater'was
_ _ ; .
\carefully cqgntrolled by - observing the axiai wall
‘temperature dlstrlbutlon perlodlcally in such a/@ay that
the perlpherally ,averaged wall temperatures at 1ast four
\measurlng sectlons can be f1t 1nto one stralght line.

The data 7:acqulsltlon system was programed to monitor
and record the " thermdcouple temperatures at half an hour
1ntervals ‘ Each record /was composed of an average of

‘qthree~ readlngs. The tlme requlred by the system for a
complete set of readinqs was approximately 20 seconds. The
sté dy~-state condltlons were assumed to have been reached

\
“if all. of the wall temperatures d1d -not change by a

L
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-

‘specified' tolerance over half an "hour interval. The
tolerance was set to be 0.1°C when the maximum wall
vtempér&ture did not exceed 120°C. For the case ofqhigher

" maximum wall temperatures, 0.2°¢ was found to be suitable.-

b

- L
J

2.5 Data Analysis v

Experimental: data were obtained at seven different

Dean numbers for a given inclination angle of the

" curvature plane. The Dean numbers .selected for this

éiperimenta& work were 100, 150, 200, 300, 430, 600 and
800. The heat input to ﬁhe main heater was varied from 3
W to 90 W. For a fixed Dean number, three to six
different‘heat input levels were uéed ;nd thé resulting
'maXimuq4wall temperatures ranged from 32°C to 1éO°C.. The
»expéfiments were conducted for three different. flow
configurationé, i.e. upward verEical (e = 90°), horizontal
‘(@ = 0°) and downward vertical (a = -90°)  cases. A few
additional runs weré also made fdr.a =“45° and>-4g°t€o‘
further study the effect of varying the inciination angle
of the curvature plane of the curved pipe with Dean number
100, 150 and 200.

" The raw-data obtained by the data acquisition §YStem
were' the}wall temperatures read by the 46 thermocoup;es,?
periﬁherally averaged axial wall teﬁperatures‘ the ~inlet
and exgt bulk  temperatures —_and ‘the unheatéd air

temperature. The flow rate was direcfly fed into the main

prog;am as an input data from the calibration curve for
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laminar flow element. The kinemétic visqqsity and density
of the unp9ated air were evaluated using- the following
équations [(27]. | m

p = 3.4833x10% P/T [ kg/m> 1 (2.2)
v.=plp = 1.488xlo:5T3/2/(118+T)/p [ md/s ] (2.3) -
’ where P [bar] ahd T,[°K]
A value of 1.dl3lv[barj was uSed for.the atmospheric
pressure ° throughout the experiments; Howevef, the mean .
Edmonton pressure was 0)934ibar. The ﬁeat received by the

A

\fiowing air through the test sectign is . calculated and

compared with the attual heat input to the main heater to

yield the oyerall heat loss to ﬁﬁé'envi:ohment. The

‘following simpie energy balance was used.

Qrec. = M Cp(Tphe = Tpj) | - (2.4),

. © Qioss = Qinput ~ Qrec. ' - (2.5)

' where m is the mass flow rate of unheated air flow,’and

Tbe and Ty afe the e*it bulk teﬁperapure ﬁéasured Hby the -
mixing boxband the inlet bulk temperature, respectively.
The specific heat Qf"air' Cp Wwas evaluated using the
arithematic mean of Tp. and Tbi" -

The uniform wall heat flux boundary condition was
assumed in the present study. Then, the local heat
transfer coefficient h, can be computed from

Gy = By (Ty = Tp ) N (2.6)
where qw:i§ the uﬁiform wall heat‘ flux /per un;t area, and '

\

Ty and T, are the local wall temperature and bulk air

‘temperature, respectively. The wall " heat flux is simply

‘
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the total heat received by the air calculated by Eq.(2.4)
divided by the taﬁal heated inner surface area of tube and
givén as |
Qy = Qrec. /(xdL) (2.7)

The local Wal; temperature is the peripheral mean at
éac& measuring secﬁion, and éhe locPl bulk air temperature
is interpolated using the inlet and exit “bulk tempgrature
measurements by a;suming a linear variation. The wall
teﬁpgrature at the 15th measuring section was to be
direétly sgbject td‘ a - mannuél‘ control of compensation
heaternas described in ééction 2.4.2. In.order to reduce

]

' the effects of »pOSSible human error, the local wall
temperature at theﬁlsih“measupiné éection'is repiééed b;
“that extrapoLéted using the three preceeding locai wall
teﬁperature measurements.. This is done 1in the data
processing program employing'a 1eaSt square curve-fitting"
scheme. The local peripherally ayeraged wall temperatures
and the corresponding. local bulk éifltemperatures are,used_
to compute tﬁe. lqcal‘heaf trénéfer coefﬁiciehts from Eg}

- (2.6).

The local Nusselt numbers are then calculated from the

definition
Nu = h,d/k | (2.8)

- where k is the thermal conductivity of air evaluated at

'

local bulk temperature. The values of k are interpolated

from the tabulated values given in [28]' employing a

cubic-spline interpolation scheme.
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For‘ convénfénge, an average heat transfer was also '
defined by the following equation
| - 9y = hyy (AT{+AT)gq) /2 S (2.9)
where ATi and AT;g, are thé wall to bulk temperaturew
difference ' at the bend inlet and at 4 = 180°,
respeq%ively.
Then, the average Nusselt number is defined
accordingly as , o _
Nu,, = h,,d/k (2.10)
The dimensionless pa;ameter for\the axial distﬁnces
used in plotting the local Nusselt number distributions is
the inverse Gratz number defined as
z = (x/d)/(RePr). (2.11)
where x is the local axial distance from the bepd inlet
and d is the tube inside . diameter. The kinematic
viscosity used in the_‘calculation of Re is ba;ed>on thé
unheated air temperature. A constant of 0.71 was used for

Pr. ’ . Tog

In presenting the wall temperature distributions, the

following dimenisionless temperature was
.

used. n
by = (Ty —‘Tbi)/(dTb/dz') - (2.12)
C gy = (T - TR\ (AT Azt (2.13)
where dTb/dz'=k<\éTbe - Tpi) O (2.14)

2 L/a

and 'z'= x/a
These definitions had been used in [12] and (29].

The buoyahcy parémgtefs used in plotting the

X
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experimental results are the Grashof number and Raygéigh
number. For convenience, two different definitions were
used for the Grasho: humber, d.e.

Gr,y = 98[ (AT gg + 4T;)/2) a3/u? (2.15)

and Gr = gB[(Tpe - Tpi)/L] at/u? " (2.16)

" where (The = Tpi)/L is the bulk temperature gradient.

The Rayleigh number is defined wusing the Grashof

number based on the bulk temperature gradient and the

Prandtl number; i.e.

Ra = GrPr (2.17)

Pr= 0.71 was used for air thrdughout_the experiments.

[

2.6 Results and Discussion

i
'

-2.6.1 Axial and Peripheral Wall Temperature Distributions

Typical axial wall temperature distributions at
different Dean numbers for. the horizontal flow case are
shown in Fig. 2.6.' Each data point represents the
peripherally averaged wall temperature at a local axial
position. For De=149, the wall temperature distribution
is practically 1linear. For higher Dean numbers, some
variations in the axial wall 'temperature distribution can
be oﬁbervedl However, the generél trend is that the axial
wall temperathres begin to increase monatgpically at a
cerﬁain axial * distance more or 1less parallel to the

assumed linear bulk temperature. The approximately linear

¢ .
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wall temperature distribution seems to confirm the uniform
wall heat flux boundary condition assumed in the present
study. | ‘

Fig. 2.7 shows the peripheral wall temperature
distribution obtained with increasing buoyancy force
effects at lb_e= 150 for horizontal flow case, Although
some .temperatpre variations can be observed, they were

t
within the experimental error.

x;,é.z Local_ Nusselt Number Variation ’

* The lqcal' Nussel nuqber bariations in the entrance
region are given in Fig. 2.8 for dkveléping laminar = flow.
The cdrVes are the numerical solutions obtained by Akiyaﬁa
et al. [23]. 'It should be mentioned that the numerical
solutions wéré%wobtained with the condition of fully
developed curved)p%pé flow at the thermal entrance, The
theoret;cal results §hown are for reference oﬁly.
Numericdl soluéiﬁn with the same inlet condition as the
present experiments, i.e. parabolic velocity profile -at
the start of thermal entrance region, does not appear to
be available. : 3

In general the data obtained by the ‘present
experiments are bélow the numerical solutions' in the
entrance region. A \QPSSiblei E?ason will be the large
thermal cdnductivity of éhe copper tube wall which tends
to even out the axial wall temperature distribution in the
entrance r;giony

1

)
d,



However one notices that the Nusselt numbers near the
tully.developed region seem ‘to bé in good agreement with
those predicted by numerical solution for Dean numbers
higher than 200. It was inifially assumed that both the
velocity” and temperature fields wéuld be fully developed
by the end of tést section for the range of Dean numbers
considered in the ﬁresent’ experiments. Once the flow
field is fully develpped both hydrodynaﬁicdlly and
the;mally, the ‘asymtotic Nusselt numbers shogld be
independant of entry flow condition. In this red3pect, it
may be mentioned that the present _SAta supports fhe
asymtotic 'Nusselt numbers predicted by theory for Dean
number higher than 200. For the case of De=100 and 150,
however, the experimental data fall mnuch below those
predicted by theory. Particularly the asymtotic Nusselt
number for De=100 is even lower than that of the stfaight
pipe . flow case. This suggests some doubts about the
accuracy of the present data at low Dean numbers. Some
possible reasons‘for this trend will be mentioned in later
part of the discussions.

. 1
2.6.3 The Study of Buoyancy Effect at Fixed Inclination
Angle of Curvature Plane

The study of ' buoyancy ef}ect in. the present
investigation was two-fold. Firstly, the effect of
 increaging buoyancy parameter ReRa 'was studied at a given

inclMnation angle a of the curvature plane from the

31
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horizogtal plane. Secondly, atten;ion was focused in the
effect of varyihg inclination anqie for a fixed buoyancy
parameter ReRa, '

Figufes 2.9 and' 2.10 show ghe» typical axial wall
temperature profiles and the local Nusselt number
distributions rat different buoyancy parameters for the
case of horizontal flowAat De=150. Although the trend is
not cleafly shown in . the figqurd dge;,fb -too‘ sméll
temperature variations, the dimensionless temperature
differences (6y~9p) at any axial position are obséfved to
increase with iﬁcreasing ReRa.

The resulting local Nusselt numbers then decrease with
increasiﬁg ReRa as shown by Fig. 2.10. ' In Fig. 2.11, the
~varia£ion§{;of logal . Nusselt ‘number- at ' ¢=180° with
increasing Buoyancy'parameter‘are’ shown fq; Dean‘numbers.

1so,szoo, 300, 430, 600 and 800. :ihe buoyancy parameter
is the Grashof number based on the-arithematié mean of the
wall to gulk"temperatﬁre differences at the inlet and at
$=180°. ‘A ;“ﬁenéibggd earlier, the Nusselt number at this
angular position is close 'to the asymtotic value in the
fully developed regi§n. The trend of decreasing Ngssélt
number witl increasing buoyancy effect is observed well up
to Dean number 430. Fig. 2}15 shows’ a similar plot for
average Nuésglt numbers. The average Nusselt number is
based on the heat transfer coefficient defined by
Eq.(2{9). In this case, the trend of decreasing Nusselt

number is kalso observed but only at Dean number 150 and
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Figures 2.13 tgﬁzabh 2.16 show similar plbts obtained
for the c%se of upward vertical and downward verticél
flow. It suffices to meq%iyn that the trend discussed
earlier 1is consistently observed‘ for = all ‘flow
contigurapiohs considered in this expetimental work."

In fa;t, the trend of decreasing Nusselt humber with
increasing ‘buoyancy parameter is in direct contradiction
with that showh by recent numerical calculations
(22,23,25). | Fig. 2.17 shows the comparison between
typical results of recent numerical caiculations and the
present experimental  data for horizontal flow
configura£ion. The theoretical resuiﬁs'ére due to Akiyama

et al. ([23]. The data for the ratio of local Nusselt

number at ¢=180°* to the asymtotic value (Nug=4.36) for

straigﬁpripe flow were plotted against Dean numbers. Thuill
experimental data are groﬁped in ig;r different ranges of.
buoyancy parameter ReRa and are‘diétihguished by different
symbols. The theory predicts that the buoyanc} forces are
significant only in 1low Dean number range and tend tov
increase the asymtotic Nusselt nuﬁﬁer as the buoyancy
.parameﬁef is increased.\ It is clear that the present
experimental data show similar but directly opposite trend
to that of theory. Furthermore the actual values of the
ratio Nulso/ﬁus obﬁained by present experiments seriously
- deviate from those predictéd by theory especially in the

\ : o
low Dean number range.
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Fig. 2.18 shows a plot of ﬁulso/Nus versus Gr/De?,.
The parameter Gr/De2 was successfully used by Akiyama et
al. [24) in cofrelating the buoyancy force effects in
curved square duct floy. The Grgshof number is based on

%

the axial bulk tempera .gradient. It appéars that the

1

parameter Gr/De2 is ‘équate‘for the present case.

It is noted fhaé perimental work regarding the
buoyancy effects in a Helically coiled tube has been
undertaken by Mori et al. [26] using;Heliuh as the flow
medium under the uniform wall heat flux bbunqary condition
with fully developed flow. They obsérved the phenomenop of
degrading heat transfer <coefficients in the” thermal
entrance regibn with the effect of buoyancy forces.

Typical of their results showing the local Nusselt
number distriﬁutions with the presence of buoyancy force
effects in the entrance, region is shown in Figq. 2.19 (a). ‘
Nu,/Nu., 1is the ratio of 1local Nﬁsselt number to fully m
developed Nusselt ngmber. The value of x/d at ¢=180° for
the present study is 34.7. A plotting showing the region .
~of heat transfer‘degradation is also given in Fig. 2.1é
(b). The dimensionless heat flux parameter q;* is defined

j
/

as [26) . g

q;t = (d/Tp3) (ATp/dx) /4 (2.18)

* for the present work is tabulated in

The range of qi
Table 2.1 and also plotted as solid bars in (b) of Fig.
2.19. Although the range of experimentél parameters given

in [26] 1is in general higher than that of the present

N
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study, one may observe that the present data are in the
region of heat transfer degradation found in [26].

[

4

Table 2;1 Range of_qi+ for the'’Present Experiments

N De - ReRa * . qi*
\ 100 1.67x10%4 ~ 2.94x104 0.001 - o;ooz
150 | 1§34x;o4 - 4.34x10% 0.0004 ~ 0.002
200  ° 1.s6x10% - 6.49x10% 0.0003 ~ 0.002
e 300 1.72x10% - 9.10x10% 0.0002 ~ 0.002
430 1.94x10% - 1.25x105 0.0002 ~ 0.002
600 f:93x104‘ﬁ 1.63x105 0.0001 ~ 0.002

. 800 o 2.13x1Q4 f 2.20x105 0.0001 --6.002 ‘

In yiew of these diserepancies between‘theOreticai and
experimental,'fesults, spme_diseussions‘on the yelidity of -
the present expefimentél results may be worthwhlle and

‘P{!L
t y are glven in detall in sectlon 2.6. 5 W

AR v ) L

2 6.4 The étudy qf Buoyancy Effect w1th Varlatlon of " a'
Regardless of . the dlsagreement with theory found 1n '

the prev1ous stggy of" buoyancy effects thegaﬂresgnt study

reveals ;h 1nterest1ng thSlCS' arlslngvfrqm the change of’

flow conflguratlon. o -
The,centrifugal'fdrces daused by thencurvatﬁre,of bend

always act from inner bend toward duter‘bend.and:a paif of’

< ) . I8
symmetric counter-rotating. vortéges - exilsts in. a

4

‘cross-section ‘normal‘hto‘ the main flow regardless of

o~ s ®

Q.
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changing flow configuration. However, the‘ effect of
buoyancy forces depends on the, orientation of the

curveture-plane and the resulting secondary flow interacts

with the existing_secondary;fiow field. .

For upward vertical flow, . the buoyency‘forces assist

-

“the centrifugal!fo§$es up to angular position 90° from the
g;hend inlet:increasing the mégnitude of existingv secondary
;'flogt | Passing a cro%s section at 90, the ‘two forq\h‘
'oppose' each other. Such interaction of the two forceeD

w111 result in relatlvely hlgh heat transfer in the region

30? < ¢ < 90° and low heat transfer in 90° < ¢ < 180°., If

¥is lald horlzontally, the directions of two

iu;forces ape perpendlcular to each other throughout the test

| sect}oh " As shgyn by recent numer;cal calculations, the
. o . ‘_ , o
~secondary flow field becohés skewed and is not symmetric.

Lo N S s W '
The' numerlcal .studies prov1de a skewed secondary flow

».r"

%@pattern and predlct enhancement in heat transfer rate with'
?hilncre%§1ng buoyancy effect. For downward vertlcalgflow;
' the effect of buoyancy forces is directly opposite to that
of hpward vert{cal flow. case and the heat transfer
Anechaniem». is - also, expected to be opp051te ' The
“above- descrlbed lnteractlon between the buoyancy force’ anqh;
the centrlfu?al force with respect to varylng incllnatlonw
angle a is illustrated by schematlc d1agrams>shown in Flg.
2.20. o | .

kFigureslz,zi.and 2.22 show the variations in the axiel

" wall temperature: distributions and local Nusselt number
iy ; . _
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distributions for different inclination angles of the
curvature plene. The Dean number and wall heat flux were

" fixed for all three cases and the wvalue of ReRa was the
largest in this invest;gation for Dean  number 150.

| IR

Although the temperature variations are small, the effects

of the interaction between buoyancy forces and centrlfu al .

.

forces'can be cleerly observed. Attention is focused on

the?behaviour of two axiai wall tenperature distributions

obtained'for upward vertical flow (a=90°) and forkdownward,

verticélo'flow (a==90°) where ~the trends are directly.

opposite to each  other. 4 The nondimensional bulk

'temperatures computed from Eq. (2 .13) and (2.14) are fixed

with a value (L/a) at ¢=200°uand O*at $=0%. As a result,

a lower value of 4§, ;at\"e given dimeneionless axial

‘distance means k§;~smaller wall to bulk temperature

difference *ﬁhichéén 4£prn_imp11es a larger heat transferf

coefficient The opposite*ﬁs true for a larger value of

v
wt

by at a g'.%n dlﬁenSthlesg ‘axial distance. ' The two cases
,k» .y o‘.‘f"
for a—%h%: and -90° are dlrectly comparable as’ they show

1ncfea51nq and decrea51ng trend respectively relative: to

3]

each other. The cross - over. between tHeSe two trends
occurs near the 9th data polnt ggé~35 .5) which was’

obtained at the measurlng section- located very close to

$=90°". e

The".plot. of corresponding local ’Nusselt number

dlstrlbutlons shown in Flg 2.

ggumnerizes the effect of’

buoyancy forces w1th respeg,
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:'demonstrate the .

-
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angle of thé curvature plane discussed up to this point.

Two more sets - of datQiJWere added at a=45° and -45° to

'\n&i;of the observed trend. It is
clearly shown that the héat transfer is enhanced in the
region where buoyancy forces are in phase w1th centrifuqal
forces and the opp051te is true,in the region where the
two forces are out of phase.

' Fig.‘ 2.23 showe"‘the yariation, of the ratio ‘of"
Nu, g/Nug 'depending on both the inclinaticn angle of the
curvature planei and the bucyancy effects. It is clear
that the effect of 'changing‘ficw configuration becomes

more prominent with increasing ‘buoyancy parameters. As
. _ : .

already shown by the results of heat transfer study for

given flow configurations, the Nusselt number at ¢=180°

. consistently decreases as the. value of ReRa increases.

Comparing . the data at different values of inclination

El

‘angles, it is found that Ehe ratio Nu,g43/Nug for downward

vertical case 1is slightly higher and decreases as the

curvature plane shifts from downward . to upward vertical
ffow. This is obvionsly the consequence'cf the changing
mechanism of ;buoyancy forces with the change in the
inclination aggleaogithe’curvature plane.

+ Fig. 2.24‘,$hcws a similar .plot for the iocai Nusselt '

number at ¢#0° The effect of inclination angle of the

curvatuva plane 1; seen to be rather small at the start Ofly/

. -

heaﬁkng' This i1 apparently due to the fact that the

: combined effect of buoyancy and centrifugal forces is yet

B oo
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1"x’:o be developed in thls region. However it 1is noted that ’

the ,trend of data is dlrectly opp051te to that of Fig.

3

2.23. These observations are»ln agreement with the trends

of local Nusselt number distributions shown in Fig. 2.22.
’ »

2.6.5 Results of Error Analysis and Addltlonal S .
Experlments Uging Vacuum vessel™
'W \ V'ﬂ/

The error ana1y51s regarding the accuracy of the

: \
_present measurements is given in Appendix I. The\

‘linearization error in thermocouple calibration and |

‘3‘

possible errors in bulk temperature measurements, flowh

rate eﬁd dimensions of the test pipe were all taken into
account and the resulting mean fractionalv error in heat
transfer coefficients ‘turned out to be 10.4 % for the
woret case. It should be mentioned that the error
- ‘associated with thet’interpolatioheof tabulated property
~values was-neglected in thie error analysis. Such e;ror
enalysis, however, does not account for-any failure in
measurement systems = or deficieﬂbies inherent in the
presentvexperimentsﬁ

,One of the major problems encountered throughout this
investigetion was iarge heat loss ati low flow retes.
Nearly 50 3 of the total heat input was found to be 1lost
at - De=1d0, and the heat loss gradually decreased with
increasing Dean number or ihcreasing flow rates. Although

the heat transfer coefficients were calculated from the

\
\

\

\

A\



) " K} .
heat received by the flowing air based on bulk temperature
ﬁéasurements, the large heat loss casts some doubts about

" the validity of the present results especially for low'’
\ . .

Dean number range. . /

‘
Al

) In an effort to explain the probiem of large heat
h loss, the flow rate meésurement system was first checked.
The laminar flow'element was later calibrated against a
- gas flow meter which had d’prdven accuracy of less than 1
%. The calibration curve initially used throughout éhe
presen£'e2perihents was checked at each bean number used
in the preseht wofk. It turned out that the flow rate
data dbtainédﬁfrom the existing balibratiohicurve were 6
to 10 ¥ higher than the trde:volﬁme flow rates. This
. error in flow rate Qill result in largef hegt losses. The
resulting diffefence in heat transfer data asSociateé with
this measurément errég-in volume flow rates 1is found to
result in 6 to 10 % reduction in the exisfing heat
transfer caefficients. However no corrections were made
since the change.in heat transfer coefficients was within

the experimental error calculated by the error analysis'
fmehtioned earlier. 1
dne other possible source of error regarding the large
heat loss at low Deah numbers lies iq the mixing-cup bulk
teﬁperature ﬁeasuréments. The accuracy of the presént
expérimental results depends to a large extent on the exiﬁ.

bulk temperature measurement . using the mixing box

described in section 2.2.4. The present mixing box seemed"

°
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to give reasoh&ble bulk temperature measurements”at high
Dean numbers in view of reasbhable’agreement with‘known
theoretical results (see Fig. 2.8). On the other hand, the
increasing heat loss and too low Nus#elt numbers obtainec}$
by the present expefiments at De=100 and 150 ﬁay suggest‘
some deficiency of the mixing-cup bulk temperatur%;
measurements at ' low flow°rates\ One p0551b def1c1ené§ 
may be- the _heat loss from the m1x1ng box at 1ower*%1ow
rates. Spch drawback of the m1x1ng-box may result in lower
exit bulk temperature méasurements which in_tufn lower the-
heat t.ransfer coefficients.‘t may also be potentially
responsible for Atheléecreasing heat transfer coefficient
with increasing heat load as the heat loss fromlthe mixing
5ox will increase. =~ In order to_. check this possible
problem in mixing cup bulk temperature measuréments, a few
experimental runs were carrasd out for typical cases with
improved insulation employing a vacuum vessel descrlbed in
section 2.3.2. T |

Fig. 2.25 shows the loca! Nusselt number variations
for typical Dean numbers with negligible buoyancy effects.
The pressure in the vessel wasabbo mmHg vacuum. The heat
loséiwaé decreased bynlo'% for all cases as a‘resuituof
improved insulat@on.l The new data Clearly show
-ﬁiénificant‘change in the t?end of local Nusselt number
distributiqpseespeéiéily in the‘fully developed region as

compared with those shown. in Fig. 2.8. A sudden rise of

local Nusselt number near the fully developed region is -

*

-

G
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consistently o*gerved. Such trend apparently indicates
ﬁhe effect of reduced heat loss from the mixing cup due to
improved insulation. However it does give an impreseion
of sonewhat abnormal asymtotic’behavibur of local Nusselt
number. -A few more sets of data were taken with large
heat input and. the results are compared with the previous
studfvon ’ouoyancy effects in fig. 2.26. The new dat; are-
shown as solid poin;s.and the symbols indicating different
" values of ReRa are in conformance with those of ogen data
. points. One notices a considerable increase in the ratio
Nu, gq5/Nug for low Deap4nunoer range as compared with the
”previous data. This may suggest 'that the heat loss from
the mixing box was significantly reduced. One also finds
.the ratio NuléO/Nus again decreases with increasiné value -
of ReRa. Fgom this reenlt it may be mentioned that the'
trend of decreasing Nusselt number with ‘increasing ReRa

8

value is still observed even with‘improved insulation.

2.7 €oncluding Remarks
. 4@'

Experiments were nerformed to study the effect of
buoiancy forces in the laminar forced convection air flow
in curved pipes.

The curved pipe used in the present investigation was
a 200° copper bend belng subject to the uniform wall heat
“flux boundary condltlon with parabolic inlet velocity

profile. Attention was given to the,effect;\df\ggoyancy
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forces on heat transfer with varying inclinagion angle of
the curvaturé plane of bend from the horizontal direction.
Measureménts Sfor wall temperature distributions and
Nusselt numbers were made at De=100, 150, 200, 300, 430,
600 and 800 for three different inclination é%gles: upward
vertical (a=90°), horigeptal (a=0°) and downward vertical
(a;-QO') .o . | | *

In the fange of present study, it was found that the
increasing buoyancy forces decrease the local and average
Nusselt number for all of thg three different inclination
angles. Such finding is in direct contradiction with the
resuits of known numerical calculations [22,23,25] for
fully developed flow. It appears that the present work on
buoyancy éffect inl curved‘ pipes is inconélﬁéive and
further work is required to clarify the'diécrepéncies. N

The. study .of the éffect of buoyanc& forces with
.varying inclination angle ?f the curvature plane;showéd
that the local Nusselt numbers are relatively higher in
the.region where the buoyancy force and the centrifugal
force assist each othér, and the oppoéite is true in the
reéion Qhe;e the two forces oppose each other.

For future studies, the fbllowing suggestions can be

made;

A

R
. . o '
1. Use the largest possible tube diameter to obtain a

wider range of buoyancy parameter.
2. The ratio, L/d must be increased to ensure the fully

developed axial temperature distribution.
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It is ‘3suspectqg that the mixing box used in the
present ,study méy not be adequate for heat transfer
experiments at low Dean numbers. Therefore, the
design;of the mixihg‘box needs to be further improved.
Improbéd iﬁsulation is suggested in view of the large
heat losses observed at 'low Dean numbers. At present,
a vacuum Vessel of reflned design 1is considered to be

the most sultable means of 1nsu1ation.
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'iq,l Introduction &

U]

‘Therefore the'buoyancy effects may be sig

o

3. Flow Visualization study on Laminar Forced Convection .

Flow in Curved Pipes ‘ o
' ' -»

-

| curVed pipes play an important'role in many different

.fields in industry.. Particularly. the efficient

perfes¥mance of curved pipee in transfe at is well
ré&iected' in wtheir various ‘applicati h as coited '

- 3 . M _.’»' B - . 2 . &' .
heat exchangers and heat&%%enqines. Most: ppactical & °

y

’applicetions are involved with a lah:f’ heat“lf@px."“ﬂmc

ficant in many

cases and must be taken into account when establlshlng the

s

design) criteria.
The flow Fn curved pipes has been an interesting:

subject to many'investigators for almost a century. Due

to - its practical importance in various fields, numerous

v

theoretica{band exge;}ﬁental works have been undertaken to

this date. The related literature is so'extensiye and a q
: ) o .

detailed coverage will be a futile effort for the present

work. Furtherm most of the background works leading

. ” . ,
to the ‘present experimegta} study were already introduced

s N

in the precAding chapter. ‘Therefore, the literature

survey will/ be confined to those recent wdgzssconcernrng~

. the buoyancy effects in curved pipe flows.

The inportance of buoyancy fortes in curved pipe flows ,C’

has been brought into attentlon by an analytlcal treatment
2

Yao and Berger .[(1]. Although their

| | ®

on the subject




—_—
analysis was limited to small valugs of Dean number and
buoyancy. parameter,i it showed the effect of buoyancy
forces can be indeed ”as significant as tnat produced by 7
centrifugal forces pt low Reynolds numbers. Their'work
was subsequently fo%lowed by an numerical calculation by
Prusa and = Yao ! [2]. . These initial: theoretical

‘

considerations clarified ehat the combined effects of the \

'buoyancy force and Ehe cEntrifugal force result in a skew
pair of vortices as ,111u§trated :1n Fig. 3.1.- The

‘ . Vs .
calculated streamline patterns aré due to Prusa and Yao

(2],

. - De=660. ", ..  , 'De =660 . mgﬁ{
L~ ReRa = 0 .+~ ReRa = 5000 :

. : L : FRE
11 B t ¥y - .

Fig._3.1 Streagllne Patternséof Secpndary Flow Motion -*

| with and w1thout Buoyancy Effects (2] - ‘-v

o : ; - N _

\g Recently, more. refined numerical calcula:}pn-wﬁare '
- made by Futagami et al. [3j,~Akiyama'et al. [4]), and Lee,

Simon and Chow (5]. Their common finding is that the

buoyancy forces act to increase the maqnitude of secondary

0 : . ‘ -

T
>



flow motions resulting in enhancement in the heat trane"
ra?’*ﬁt?ﬁ a given mass  flow rate. ~ In the precgglng
chapter, an attempt was made to confirm the results of
nunerical caiculAtions by conductinq. a heat transfer
.experimept. -As already discussed, a serious' discrepancy
mas' f'upd in the trend of Nusselt numbers obtained by
numerid}l calculations and experiments Such dlscrepancy
calls for more relible experlm&ntal data whlch may be"

»

compared with the calculated results. One of the problems

<S4 .

"1h confirmihg a numerical result‘ is the' lack d;’

-

experimental data for fleld rnformatlon, i. e. veloc1ty and
A

temperaqnlp pratlles. - It is noteﬂ‘that the measurdﬁsnts
for such information in a secondary flow field 'are
»extremely di?ficult. For this reason, miny investigators
resort'to a flow visdallzaﬁion stpd}' in order to.confirm «
their numerical predictions. A flow visualiiat}on study

' using‘ a hydrogen bubble -teehnique _in (4] is a good-‘

”‘e

!

Cad 4examplg . » ) \~ . : ‘. 4»

o1 et F

R e .
PRI L SRR o A .
cin et 3 S #f “ M : R B

géer More :écently,,a, segiesnof flow ylsuallzatlon?studles

n regarding the flow in curVed pipes by Cheng and Yuen [6,7]

received €ome '_attentlon.fp In  particular the flow
visualiiation results'for the case of‘ isothermally heatedﬁ
cdrved pipe (7] revealed some 1nterest1ng flow phenomena
'There were many other cases where the fdow visualization ,
studies3motivat g@? guided th'A 7éical studles in the';
past -Ieithis;cg_'”sgﬁoh ’it ‘is bekieved that Lhe presentg

pEY Y

flow v‘dhalizaticn study wiil b valuable in ;tudylng the
) ‘ - ¢ )



. 76
t}ow phenomena in curved ‘pipes concerning the buoyancv
teffects and 'hopefully help substantiate the existing
numericaltresu1ts. :

The purpose of the present flow visualization ~study is
to provide some physical understanding of buoyancy force
effectsg in curved pipe flows and to present photographs ot
| ‘secondary.' flow motions ,ylhich - are »cvomparable to the ‘

existing ‘nUmericaiw calcuiations. A  series of ‘flow
‘visualization studies were carried out at the' exit of a’
200" pipe bend whidh is subject to the uniform heat flu&
houndary ‘ condition w1th parabolic entrance veloc?&
profile. | - .

/

Attentioanis given to the coﬁbined effects of/the_,
‘buoyancy force and the‘centrifuoal force with respegt‘toi
the. inclination angle 5}' the curvature plane oﬂ’bend
Three different cases were conSLdered as the inc ination
angleaf a 7was‘ varied from upward vertical /ii=90 ),

horlzontal (a=0 ), and to downward‘Vertical (a=-90 ) flow
5

‘ ~.:‘b-~‘ L.

| caées.< }An example of comparlson between¢the streamline

'patterns obtained by a numerical solution and the flow
f
patterns shown by’ the present study for the case of

. . . .,; . ' -
horizontal flow K will be presented. A .typical result for

-the 'tranQient-case ;é a¥§9f presented. Theﬁ present‘flow
visualization results’ arewalsommuseful in/rexplaining the rs
trends of‘Nusselt,numbersvobserved -in fhé'pcheding heat‘
-transfer experiments in chapter 2. o S

, ‘ L

ey T

. . N ‘ » : R . )
. . : . .
. < . .. 2
i gk 7 R . . . A} ' .
i - ’ . . o : N .- .
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3:2 Experimental Parameters
. - . i . . ” .

The exp‘rimentél -parameters inf:the ‘present . flbw

fﬂ&isualizétion.study are thevcurvdfure ratio a/Rc,?ﬁeynolds’

&a?leigh ﬁumber Ra, and :

number Re,. Dean number ' De,
inclination angle of the plane of curvature from the
horizon@ar direction a.. 'T?e range ‘of experimental

ééramété;s are listed infTablel3.1.~ ; s o (
\ 4

Table 3.1 Range ofrExperiménta1 §aramé£;rs

[

a/R; - 0.045 |
"'Re § 260 ~ 3,800
.4 i L \ (S * ;

. De ,. 55 ~ 800 \ -

ReRa o 0 ~ 2.20x10°°

. a . | : _9.0_0 :_ ,900

e b
'Air Flow Rate 62 ~.916 [cm3/s]

| ' Mean Velocity - - 0.2 ~ 2.9 [m/s]
N r } ) . R . . . . <
- 4

;}3 ExperimentallApparatus and Procedure
Y Thewtestjséﬁup ﬁsedvin the presént,flow visualéza;ion
study. is ‘gssentiallyﬁ the ‘ééme; as that used ‘in,ifﬁe’
preéeéiﬁg’heaﬁ ;rahsfer expériments;} Thé mi?ihg ﬁox ﬁas
rem%yed in order td:permit yisual obse?v;tibns at the béqd
‘ékit.n The method of flow visdaliiation was a‘smoke~tra¢er

L

»techniqﬁe. Smoke was created;by burning paper sticks in

the smoke generator shown in Fig;,z.I ~of Chapter 2. The

| smoke generétor' was on a‘by-pass line,cf- the main,f;bwﬁ



~ | . E . . : . .",. R . '
N J e T8

‘ circuft so'that it may be easily disconnected from the

Pt i
e el e b

kept constant : ¥ A,/
(N - v
No bulk temperature measurement

. W
It . . '

the absence of mlxing box. The heatﬁlnput levels and the:

L

A“L, ¥
-, 'range of’ Dean-numbers were ba51cally 1dent1cal t0‘those

\A. K

used in the preceding heat transfer experlments except for °
the case of De—55 "in the present flow visualization study
Therefore, the ReRa values obtained in the heat.transfer
experlments were \dlrectly used in showing the buoyancy

/
.+ effects ° in the present flow v15uallzatlon results., For

De=55, the values of ReRa were calculated by u51ng the

‘axiai bulk temperature gradlents extrapolated agalnst the

/
,/ '

Dean numbers.»'
k]

. The major steps in~the’eXperimental procedure are'also .
similar to those of heat travsfer experlments. The . flow
rate“*und heat 1nput to the main heater are first set tof

-desired values.: The heat 1nput to the compensatlon heaterv

is controlled as the axial wall ’temperature dlstrlbutlon

A A

is perl dlcally monltored by the data,acqulslt1on control
P

\, system° Due to the presence of an open end and the'
\ : : ;
resuﬂtlng heat loss, the ax1al wall temperature was’

|
\

/

\observed to decrease toward the bend ex1t. The heat 1nput
to the compensatlon heater was varied anywhere between 1.5
V and 8.7 W for each exper1mental Jrun. After the wall
ﬁemperature dlstrlbutlon reached a steady-state condltlon,‘

the smoke generated from burnlng paper stlcks in the smokel‘

<
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generatorvwas fed*intO”the mainiflow‘dircuiff' The density |

of smoke' was‘ adjusted ‘to prqduce clear secondary flow_
patterns by controlling the amount of by'paSS air throughw‘
i . s - ¥ & T
‘ the smoke generator.s o ~.§ - K . _“

Woe, The cross sectional secondary . flow patterns were

v1sualized by * paSSing a sheet of 11ght from a sbozw slide‘-~'

N

prOJector perpendicular to the direction of main flow at .

‘ . £

the bend exit. Since the hot air was directly ejected .
& o+ . o

into ~the 'atmdsphere at an dpen “.enq, the buoyant air
1eav1n? the test section formed 1nto “a rising ﬁlume
creattng-flow separations near the bottom. of the bend eXit
-particularly' at - low Reynolds numbers. To ﬁ%event the
plume effect at the pipebexit a short piece of acrylic' q/'
resin tube was temporarily attachs' at the bent exit while .
photographing the flow patterns.\ A Nikon ipgle lens
meflex camera with a "50mm standard lens was sedu Kodak
{Tri—X b;ack and white film (400 ASA) was used throughout

-

the experiments. The shutter ‘speed. was varied from 1/2 to

‘\ifa\of,a second at a fixed aperture of f 2.0.
e ‘ =

.

3.4 Results and Discussion ) : o .

3‘.‘4.’;" Upward Vertic\al\f‘_low‘ B }“
‘The results ofﬁfiow'visualization study for the cage
of “upward’ verticaI‘flow.configuration are _shown in Figs.
3.5; to 3.4. Photographs are arranged to show‘ the?"
1ncrea51ng buoyancy effects on the secondary flow patterns

with fixed Dean numbers.v The top photograph of each'



Aome

¢ . k]

v . ,
LN ',r»—m«

‘column ghows the flow pattern obtained without walif

heating tor ieothérmal flow at a given Dean number.}f'It

serves as a reference to see the effect of ReRa on- the )

&

.secondary flow pattern with increasing buoyancy parameter.
‘The Rayleigh number is’ based on the axial bulk temperature

gradient. I defined ' as (Ra/Pr)/De is also.given ‘for,

: reference. - This ’correration parameter' for - the ~buoyancy_

,effects is due to [8]. The dimenSionless aXial distance z
at the bend exit is Hefined by Eq (2 11) in Chapter 2. In
each' photograph, the ‘outer bend is at the top and the

inner bend, at the bottom for this flow configuration.

Fig. 3.2 shows the effect of ReRa’ on the seconaary'
flow patterns at De=55 and 100. For upward verticallfldw.'
the buoyancy forces’ are in phase w1th the centrifugal N
forces in the region 0°<$<90°. After passing the.crossAA

sectional-plane at ¢=90°, the two bodyvforCesrare ’out of

phase. in 90°<¢<180°% Therefore the flow pattern observed

at the bend exit is the outcome of the rather coﬁpficated

Lo
LAY

Y

dnteractionigfgﬁeen two body forces in - the simultaneous
’ SRR A |

hydrodynamic an;uf\ermal entrance region. B

[UNNILI,

The centrifugal forces caused by the curvature of the

bend act to push the fluid in the c¢ore lregion toward the' |

outer bend. Then, by continuity, the fluid near the'outer,

bend ireturns back to the inner bend along the wall
surfaces. being driven by the pressure gradient directed

" toward the inner bend. . If the pipe wall is heated

‘density‘ uariations in the fluid ‘occur near the wall

> N -

80

@y
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_ _ X ,
surfaces; Since the warm fluid near the wall surface is
consequently lighter than the »cold fluid ih the cors
i;egion, the resulting buoyancy forces will cause #the,flui,d

. B . : L) \ o’ .
near»the_pipe wall to be in upward flow mQtions. This is

where the two body forces interact each other. It should’

'be noted that such opposing interaction between - the

buoyancy force ahd the centrifugal force was predicted by

Yao and Berger [1]. As the buoyancy forces increase, the
'secondary flow field due to centrifugal forces ~alone will

be further distorted This pOlnt‘ls well illustrated by

Athe photographs shown in column—(a). One prominent trend
U’l

is that the eyes of vortices are gradually moved to the

outer bend with increasing'value of ReRa.
In Fig. 3.3, the effect of ReRa on secondary flow
pattern is 'shgwnA for Dean numbers‘\lso and 200. By

comparimg Fig. 3.2 and 3.3, one finds that “the buoyancy

3

effects observed as the lift-up of the cores of vortex

) pair are not as prominent although the buoyancy parameters

are Sti1l quite high‘Y This is apparently due to the
increased momentum of the main flow which consequently

surpasses "the effect of buoyancy forces. Apart from the

- trend of.lift-up of the vortex cores, the increasing black '

)

region near the inner bend and the open-up .of the o

demarcation’ line of vortices are other trends observed

"with increaSing buoyancy effects.

Fig. 3.4 shows the seconda;y flow patterns at Dean
. ‘ -

numbers 300, 430, 600, and 800. In view of the decaying



’buoyancy effects with increaslng Dean ‘number, only a |
‘ 'typioal case with a fairly large ‘ReRa is shownzfor '
comparison at each Dean number. |

_ For De-3oo,uthe eyesvof vortex pair are still obpserved
to be slightly lifted up as‘a,result of buoyanoy;effects.
At Dee430 and jReRa=0 an . additional' pair of vortices-
(presumablylnsan vortxceé) begin to appear near the outer
bend and the streamline patterns tend to become dlstorted
‘On the otheraéand in the picture obtained at De—430 and“
ReRa=1.22x105, the additional pair of vortices seems to-

' disappear and the. flow\field becomes far:more‘stable' than.
that of . the unheated‘kcase ' At De=600, a similar flow ¢
situatlon exists, but highly distorted streamline patterns
can be observed. Q’-is noted that the Reynolds number for

. this case is g,eso, exceeding the critecal Reynolds number
:2 300 in a straight pipe. The present flow visuallzatlon
study clearly shows the aFabilizing effect of curVed flow “
jpassage which gives rise to a relaminarization phenomenon
The photograph for unheated case at De=800 shows then
Jco;plei nature of flow patterns at high Dean number ,Ybut

a pair of‘vortlces 1é\§t111 barely identified;‘ A hough
not shown here, the flow was intermittently tur ﬂlent.ﬂﬂA
comparison of the}photooraphs at De=800 uith and without
| heating‘suggests,the stabilizind effect.of wall.heating.
'It'should be mentioned that .the intermittently observed
transition didn't occur as the wall heating condition was
imposed. It is interesting to notice that the appearance

<o .
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of black region _near the inngr bend and';he :rqnd'of
“stn;gpioﬂhthemdemarchtionfline.Arewstill,ciaarlyfobspnvo&w
at high Dean numbeérs. '

L : | _ | 2

3.4.2 Horizontal [Flow : T 8
,,The same afranqem;Ats of photographs aé'those“ of the

previoﬁs”séétion are given in Figures 3.5 tthUgh 3.7. 1In

tbis case, ‘the .inner bénd of the curved pipé,is shbwn on

the left'hand side of .each ﬁhotoéraph.and ‘tHE'éhter°bend,

" on the right hand side. The centrifugal forces created by

‘the curvature of the bend act from the left to the right
forming a pair £ vortices with symmetry in the central
horizontal plane. The ’buoyancy forces .caused 'by wall

heating act in |the vertical direction. The results of
s - .

\

numerical calculations show that the combined effects of °

b4

_these two perpendicular f@®rces ;esult in ‘a pair of

)

vortices skewed from - the horizontal 'di:ection. , ggch
prediction is clearly, confirmed by the presént flow

“visualization study. : S

[

The second?ry flow patfﬁins‘obtainéd for De=55 and 100’
- at differént buoyancy parameﬁers are shown *n Fig. 3.5.
 An inspection "of the flow patterns shows the'incgeasing
degree of skewness withiihcreasing buoyancy pafameter; It
is also noted that fhé.resﬁlting phir of vorﬁices is‘not.

neccessariiy symmetric ‘as  indicated by a curved
demarcation line and the increased area for bptﬁom?vortéx{

. ) ' & . ‘ ‘
In Fig. 3.6, similar arrangements of seconéa:y flow

o ' ‘ . . . -

/ v
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-

patterns for Dﬂqlso gnﬁ 260 aie}'given. One -may noticél

:tgﬁt both the‘skeﬁéess.gnq nongymmetricity of' vortex PP;:,,

" is seen to be substantially yeakened in comparison wifh
those 0&%&he previous cases at. lower bean numbers. -

Fig. 3.7 shows the results of flszﬁ;:fi“i

for higher Dean numbers. o ( hﬁylw’::;‘\' ‘ {%‘f‘
disappears, but again the black region néar(th; inner be§é7%~'
qnd the flarger demaréatiép regioh near ;he cenﬁér are
clearly observed. In general,'.simiiar effécts of lel "
.heating are observed for De=430 and also some stabilizigg

effects caused wﬁy wall heating may be m%ntioned. At -
De=600, there's no ‘siénificant difference "in the fio&
patterns obtained with and without wall heating. For

De=800, ausimilar intermittent. transition to turbulence to

the case of upward vertical flow was'édﬁin observed.

apIsinQ

Re= 749.71 " Rew 702
c ' De=°149.94 | De= 149 v
' ReRa = 40,000 ' ReRa = 43,400
Pr= 1.0 » Pr= 0.71

Fig. 3.8 Comparison between the Streamline Patterps
’Obtained - by / Numerical cCalculation (5]
b ‘and Present Plow Visualization Result for

' Horizontal Flqw Case ST
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A typical streamline pittern obtained from a numerical

solution (5] is compared with the flaw pattorn obtainod by
the present study in Fig. 3.8.

3.4.3 Downward Vertical Flow |

In this flow configuration, the effect of buoyancy
forces is directly opposite to that of upward vertical
flow.. Up to the angular positlon 90" from the start of

bend, the bquancy forces are out of phase acting against
| the centrifugal . forces. Possing 90., the two forces act
in phase.

In Fig. 3.9, the secondiry flow-pathrhs obtained for
De=55 and 100. are shown inp the order of. increasing
'buoyancy parameter. Photographs in column (a) clearly
shoy the dominating ' effets Qof buoyenoy< forces as the
. secondary fiow patterns ' are observed to significantly
differ from those of unheatéd case. In particular the
secondary flow patterns obtaihed at ReRa= 1. 54x104 and&
1.69x10% . are very close to- those obtalned for 1sothermally
heated strsight/;ipe in [6]. The black cresdent'obse:ved
at ReRa= 'l.69x104"i5'-noteworthy in distinction from the
preceding flow patterns. This is apparently-a consequence
of .wall heating.

Photoqraphsllfor' De=100 ldo not show any significant:
change in the secopdary.flow patterns. However, ;n vied
of the signifioant buoyancy force ‘effects at low Dean

numbers\ demonstrated by the. previous sections, it is

s
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~beliequ that the intenlity of the secondary flow motion
is oubotantially enlioted by the buoyanoy forces. '

Fig. 3 10 shows the secondary flow patterns for Dean
numbers 150 and 200. In general one finds that there is
no eigniticant buoyancy force effect observed on-txe
secondary flow pattern for both cases. However as alread&\
pointed out in the previous sections, tne .trends of
increa;ing black region near the inner bend and the
enlarged. demarcation zone in thi center are clearly seen_
as the consequence of increasing wall heating.

‘Photographs of secondary flow pattern for De=300 . 430,
éQO, and 800 without heating are shown with thosé with
fairly large’buoyancy“parameter_in Fig. 3.11. The trend . \
observed is quite similar to that noted in the previous . .-
sections; One cannot *detect’ any'buoyancy force effect
from the comparison of the photographs obtained with and
without wall heating.v' The stabilizing effect of wall

neating is again observed for De=430, 600, and 800.

3.4.4 Transient Secondary Flow Field at De=55
for Horizontal Flow‘

- Fig. '3.12 shows the developing transient secondary
flow patterns for De=55. The heat input used for_this
case was 30 W. At steadyest&tﬁ"condition,~sach,heat input
yieigs a valqe of ReRa= 1.70x10%. Photographs were-

-
arranged in the order of increasing time from the starf of

heating to show the transient effect. The Fourier qﬁahlus
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Fo is defined ‘as

A}

S " Fo = «t/a? - __ (3.1)
vhere x is the thermal diffusivity of ajir. ‘ -

The effect of I@all heating begins to appear at t=60
sec as the‘tiuid. near the inner bend is gradually being
lifted up by the éftect of buoyancy forces. The skewness
of vortices also begins éd/ appear: in thdy clockwise
direction. The direction of tk;wn;sa is qEviputly due to '
the low velSpity regibn near the inner bend which is
easily affected by the 'buoyancyftofces. The chanage of

skewness is observed to stop at t=180 sec and no further

~

.signiticanﬁ,chéngé can be detected,
- ‘ . . : o 4 N
- 3.5 Concluding' Remarks
V.A éefieﬁ‘of flow visualization studies were carried ™ .
‘out at the exit, of 200;¥Qg§d to iilustrate the combined
‘effect of centrifugal forces andlbuoyéncy forces in curved
pipe flows using a smoke tracer.techniquev
The test pipé wasgsubjecﬁed to the uniform wall heat
flux Eoundary condition with'é parabolic entrance ve;écity
profile;‘ The cross-sectional views of the resﬁiting
§econdary flow pafterns were obtained for the.toilowing
ﬁhree cases with respect to the three different
inclination angles of“the curvature plane: upward vertical
(a=90°%), horizontal (a=0°*), and downward vertical (a=-90°)
:\tloﬁg} The flow patterns for upﬁard-vertical and \downward .

vértiéal"caéés, respectiﬁely, show the opposing and
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assisting effects of the centrifugal force and the
puoyancy force at the bend“exit; _Ssueh gblerVatient are in
qood aqteement with the trends of Nusselt numbers observed
in the precedinq heat transfer experimente. ,
The present flow visualization results for the case of
horizontal flow show the trend- of increasing degree of.
lkewnees dt vortices with increasing buoyancy effects and
quelitatiwe;y confirm the secondary flow, patterns tfom"
gueiished eepeficei"ﬂsolutions. A typical comparison
between ,calcuLeted streamlines and a present. fiow
vieualization result reveals a good agreement in the shape ¥
of skewed streamljine patterns. Comparing with the f;owl
visualizeiion results shown in (7], the flow in the
present experiments under- the uniform wall heat flux
boundary condition appears to be less susceptible to the
occurrenceﬂ of Dean Jertices. The stabilizing ‘effect of
wall heating wes also revealed. . B
The present flow visualization study provides:physical
ineightséiﬁﬁg “the transport phenomeea in. a heatedncﬁrved
°§1pe under the uniform wall heat flux boundary condition.
It 1; believed that the present photographic reselés will

be useful to future investigations in the related area.
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4. Flow Vi-unlizaticn Studios on '.Vortex Instability of \
| Natural COnvactioa Flow over Horizontal and Slightly ﬁ
Inclined Constant Temperature Plates*
{
4.1 Introduction ‘ )

The g;éblem of natural convection flows aloné inclinéd
plates with vertical and hofizontnl directions as limiting
cases under the thermal bpundary condition of constant
wall temperaturé or uniform wall heat fidx has béen
‘studied both theoretically and -experimentally by many
investigators in ethe past because of its importance . in,
various tecnnical aﬁplications. When a natﬁ}al convection
fldw is induced by heating from below over aihqrizontal or
slightly inclined.plate with éonstant wall temperature,
. for example, the flow is potentially unstable because ‘of
top heavy/ésituation: The convective instability pfbblem
occurs if the destabilization caused by buoyancy is large
endugh to overcome the stabilizing effécts of viscous and
thermal diffusion. .

The occurrence of longitudinal vortices or rolls in
natural convection boundary-layer flows along inclined
isothermal surfaces was clearly established by Sparrow and
Husar 1) using a flow visualizatio? technique revealing
the flow pattern made visible by local changes of colour

of the fluid due to a-change\in PH. Subsequently, the

-
- — - - G - Gh W T TP W G e en . -

* A version of this chapter has been accepted for
publication. Cheng, K.C. and Kim, Yong W., 1986 ASME
Winter Annual Meeting, Anaheim, CA, Nov. 30, 1986

- 100 -
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instability data of natural conveetion _flow on inclined
isotﬂarmal plates were also obtained by Lloyd and Sparrow
(2] and ployd (31. Apparently, these experimental
invegtigations have motivated a series of linear stability
studies on the onset of longitudinal vortices in natural
convection flow along inclined surfaces. ' In tnéss
connection, orre may mention the linear Jtability analyses
‘by Haaland - and Sparrow (4], Hwang and Cheng (5] and
Kahawita and Meroney [6]. 'The wave instability analysis
-".results‘were‘also presented by Lee and Lock (7], Haaland
uand Sparrow [8] ‘and Pera and.Gebhart (9]. 1Iyer and;Keiiy
(10) studied both wave and vortex modes of instability for
‘a heatee inclined blate. Recently beth véitex and.wave
instability analysis resuits were presented b;\hnen and
co-workers [11,12] for natural convection flow on incIiﬁEd
isothermal surfaces. It i;'of interest to note that_Hsu
and Cheng [13] carried out vortex instability analysis far
buoyancy-induced‘ flow oQQr inclined heated surfaces in
porous media. ' o ‘

It is now well established that in the range of
inclination angles from. the horizontal direction ¢ = q/’
73° the f¥ortex .instability has priority over the wave
instability and the opposite is true near the vertical
plate. It is noted that the etpeiimental instability data .
for th;\bnéet of longitudinal vortices are rather -*imited

for the range of inclination angles 4§ = 0 to 25°.

The purpose ef/-this chapter is to present flow

.
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vllualization 'phctogtqphs for the, onset qnd subgequent
dovolopﬁont of lonqitudinal vortex rolls for natural
convcction flow along ineclined constant temperature plates
‘ at inclination angles o - o, 5, 10, 15 and 20' The flow
vi-ualization was raalized by a smoke inj#ction method.

The cxpcriments were conducted in a suction low speed wind
tunnel specifically designed fq: convéc;ive heat transfer

and rlowAvisualization studies. The instability data for

critical Grashof number and wavelength are obtained and .

compared - with experimental and theoretical results in
l;terature.

- The h%pﬁ.‘xranéfef results for free convection over
inclined plates have been reported by many investigators
and the pertinént literature can be found in the recent
works ‘by Rotem and . Claassen {14], Fujji and Imufa (15],
Pera. aﬁg Gebhart [16], Ackroyd [(17] and Chen and:Tzuoo
(11] and others:. The longitudinal vortidbs in free
convection flow over inclined surfaces near the horlzontal
directgk represent « the - flrstm stage of the
laminar-turbulent transition process. This is 'in contrast
to Tollmien-Schlichting wave as nﬁhe first stage of
transition for :natu;al,-convectioﬁ on a %ertiqal pla?e.
After the onset of longitudinal vortices, thé flow fiéld

becomes three-dimensional and the two-dimensional free

convection bogndagy-1a§er theory is not - strictly
. \\ R - .

’applicablefh* ‘
In spite of 1the ipporténce 'in appiications, the
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natural convection heat:' transfer on  horizontal or nearly ,
herizontal surfaces has not been studied al‘extenuively as
the problem relating to yer.tical ﬁgrtacu. -In th:l;
connecﬁion,lthe Schlieren pictures of temperature tield-
‘near various heated ‘objecte obtained by Schmidt. [18)
provide considerable physical insight inéoithe" ﬁﬁyelealﬂf
bhenomena for natural convection. The interference
photerephs were used by Eckert and’Soehngen (19) to study
the laminar and turbuleet'ffee-cohvection on a vertical
plate. " It is thus seen that flow visuelitation.
photographs reveal the whole flow -field and prdVIQe
considerable physical insight in. understending‘the frde
. convection phenomena. It is of particular interest to
observe that flow visualization ;as used extensjively Sy -
Prandtl [20] in his investigations of fluid motion.

) The occurrence of longitudinal vortices in the
boundary/”rayer along a concave ‘wall was first showe by
Gortler (21) and the related 'centrifngalx instability
preblems “"have subsequently been studied b%: many
investiggtors. | Tﬁe “ analogy between ’centrifuéal and
"thermal ;nstablllty problems is well-known and i€§§q
1nteresting to compare the flow visualization results from
this study w1th those of Gortler vortices. Chandra [22]
conducted | flow visualization studies on thermal

- inetability of horizontal air layer heated from below
using cigarette smoke and ‘for the caee with shear the"

~longitudinal rolls were observed. The ,vortex\instebtlity_

- - L4



30.6x30. 6x247. 6cm, w1dth by helght by length.  The test‘
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blem also arbses when a -horlzontal Bla51us flow is
heated from below.‘ This problem was. studled by Wu and

Ché@g [23], Gllpin et al [24],‘Tak1moto‘et al. - [25]

5]
.

‘and Moutsoglou et al. [26]

4.2 Apparatus and Experimental Procedure - 4.

’
[

4.2.1 W1nd Tunrfel and Isothermal Heatlng Plate Assembly

1

The flow v1su§llzatlon experlments were performed 1n a

——

~wind tunnel whlch .can - be tllted at any 1nc11natlon3angle

from/ the horizontal dlrection"about the center of the

’?tunnel'body.m The schematlc dlagrams for the wind tunnel

o -

“the . constant temperature plate with auxlllary equlpmeng.

-3

-and a’ smoke generator withxlnjectlon dev1ce are showri in

Flg. 4 1 , The dlmensaons of the tunnel test section ariﬂ

surface used. ‘in the experlments was fabricated from copper
plate w1th dlmensmons 6. 35mmx152 4cmx24. 1cm7 thlckness by‘
length by width. The test plate was 1nstallea as a bottom

surface ‘of the test sectlon and the nleadlnq edge,of the .

v platet-was placed‘ flush with ‘the end of the conﬁractlonl

section., The test section except the bottom part was made

: ofi,acryllc resin ,plates in. order ‘to'kpermit'a.Visual‘

w

'sinvestigation of the flow.

| The constant wall temperature condltlon Was.prov1ded_:‘
by c1rculating mater: from a hot water tank at hlgh speed',

through, the‘,heatrng water achannel‘;attached below the
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v‘bottom'surface of the. testvpgéie. iAt lowerutemperature,u
levels; the Wa11‘temperature‘remained practically’constant
dUring a complete runfduehto thg‘large &gggcity of the Mot
water‘tank At wallrtemperature levelsthioher ~than 50°C,

a maximum temperature drop of 1°C wés observed during the

-

D
course of ‘a complete run.

4.2.2 Wall Tempe;ature Measurement 5
The ywall‘temperature measurements were macse g, ﬂfour
-0.3mm diameter copper- constantan thermocouples 3nsﬁalledu
at four lOCations along the side edges of the test plate.
.The thermocouple was embedded in a 1lmm deep depre551on and
,covered wlth aluminum epoxyz _The ' ;our~ readings
essentially agreed'iwithin the calibration error of the”
thermocouple afterasteady-state conditions were reached
The inlet and outlet temperatures of the c1rcu1at1ng hot
water to the test section were also monltored by two 0.8mm
1ron-comstantah sheathed thermocouples(see Fig. 4. 1) The
difference'’ between the two readlng was less than 0.2°C for
~all temperature levels., The wall temperature was always
lower"thanjthe heating water temperature up to?a maximum
’of 1°C,‘and'the difference”decreased -at ‘lower temperature
lewels. ! | | | ;

The ambient air temperature was measured using a.ﬁspm
copper-constantan thermocouple. ‘The thermocouple junction
was made by butt-weldlng to produce an effective ﬁunction

e
-

dlameter of around 50pm The probe'was positioned uslng a ;
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traversing. mechaniém with an accuracy“of‘l/SOmm.; All

‘thermbcouples wére calibrated in a constant température

bath against a laboratory grade digital thermometer.
4 / 3
¥ ¢

4.2.3 The Flow Visualization Technique and
" Photographic Arrangement

¢

The smoke was generated by burning paper sticks in a

55mm  o.d. c;pper tube whiCh'°was connected to the room

compressed air. The smoke was then injected through  a
g " R

~small slot type smoke injector élong the 1leading édge:of
. Fl . N - '

the heated test plate. , The temperature’of the smoke flow
at the ekit»of the smoke injector Wasichécked to be close.,

to the room temperature. The setup’ié shown in detail in

Fig. 4 ..1“. v . .
. ‘ \

\

. The transverse cross-sectionai_views of the developing -

:secondary.;flow in the form of londitudinal vortices were

recorded ?yﬂa\caﬁera using a mirforlpléced at the end of

the test glate,?wiih an angle of 45° to the direction of

the main flow. The secondary flow was made visible by a

sheet of . light produced ffom al.5 KW'hélogen slit light!

 source. The mushroom-like .counter~rotating vortices were

recorded by the - fixed camera projected downwards toward

!

-

the mirror.

4.2.4 Measurements for the Onset of Instability Co
The determination of the onset point of the vortex

rolls was made by carefully observing the changes in the
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cross-sectional flow pattern as the slit light‘;ource was

-

in the downstream direction.  The region -of

two-di ional laminar flow along the plate waéinrst

confirmed.\ By proceeding further downstream, the critical

distance from the leaéihglgdge of the heated plate was
, .

recorded after detecting the onset of cellu1ar.motion.
The above procedure was repeated seQeral times to obtain a
‘single data"point.~ The experimental data can be

reproduced within a distancd of lcm.

4.3 The Experimental Parameters.
’ The experimental parametefs for fhis inVesfigation are
an inclination‘' angle measq;ed from the horizontal
direction 0,_the_constént wall temperature TQ, the wall to
ambient temperatufe difference AT and the loqai»Grashqf

number er.nghe‘ ranges of these parameters are._given in

Table 4.1. ' . ° o . - -,

(]

Table 4.1 Range of Experimental Parameters

. ¢ =0, 5, 10, 15, 20°
) Ty = 34.0 ~ 57.6°C
AT =T, = T_ = 15.5 ~ 37.5°C

w @

Gr, = 1.02x10% ~ 2.13x10%



4.4 Result and Discussion

4.4.1 Horizontal Plate

The experimehts were coﬁducted i; the wind tunnel and
the results shouldwﬁe interpreted ender this light] The
present ) study is maiﬁiy:_ concerned with the vortex
instability phenomena ihithe region with distance. from the

‘leading edge x. = 0 ~'50cm and the adjoining surfaces near

108

both - ends of the test plate (24. lcmx152. 4cm) ‘can be

regarded to be adlabatlc,u The limiting case of natural

convection heat transfer from V‘horizontal isothermal
surface is of - con51derab1e practlcal and’ theoretlcal
¥mterést and the related literature is glven, for eaimple,
by,Yousef et al. (27]. ' o s

wﬁ The photos deplcting the side and tqp\ views Of—the
'dévelppipg long;tudinel vorticesalin natural convectien
. fiow aloné the . horizontal isothermal plate' with‘Twa=

51‘8'C'andfT = 21,0°C are shown 1n Flg 4 2. It is noted

- that at the dlstances from the leadlng edge X =t10, 20,

30) 40 and 50cm, the correspondlng. values for local

-

Grashof number are Gr, = 3.54x10%, 2.83x107, 9.55x107,

2.26x10% and 4.42x108, respectively.” It is seen that

after the onset of = vortex instability at x = 7cm (Gry =

u‘,1.21x106), ‘the 1longitudinal vortices develop rathet

-

.Lquickly and then the .flow becomes turbulent in the rangev%~‘

> 40cm. The corresponding top view shows the 'smoke tracer

lines (7 lines)*whichr represent the ub-wash flow in each -
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paif of counter-rotating ‘vortex rolls. ‘These iinés‘alﬂe
‘'show the approximate locations of the. start‘,pf tﬁe.
formation of 16n§1tudinal Qortices ‘and the eventual
breakage. o o 1
| » The crossQSectionald views of “the seeondary_g;ow at
different 'axial positions are shown in Fié. 4.3 for é = 0°
and AT = 30.8°K. At x = 9cm the cellular motion already
appears and one sees cleafiy the ‘embryo pf the growihgm
lonéitudinal vortices. ?he twe muehroom-type vortices att
‘boﬁh ends might be . caused by' disturbances due to smoke
injectioﬁ. At x = 15cm the six pairs of vortlces are

"$quitevetab1e. At x = 20cm, each vortex pair is seen to be .
of about the same ;size.-. Although not shown here, at

differenf igétant, tﬁree paire of vortices -are seen to Se
&muﬂhiaggernthan the neighborieg other three pairs. At x.
= 25 and 3bcm, the different geight for each vortex pdir -
is ;f interest. At\# = 35cm, the secondary flew is seen
to be not stable and ﬁhe Qortex pair oscillate‘eidewise.
Fig.. 4.3 ehows,:the developing region of~1ongitudinel
u$:&brtiées; Frem Fige. 4. 2. and 4. 3‘ one may dlstlngulsh
three flow regimes consisting of two-d1mensxonal lamlnar
flow, three-d1mensxonal developlng flow .for longitudlnal
vortices in the post—crltlcal reglme and turbulent flow. -
One is 1mpreesed °w1th the complex flow patterns forl
natural convection flow along a aorizontal'isothermal
plate.- within'the‘scoﬁe of * this inQestigation, the flow

separatlon phenomeron was not studled
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The effect of the temperature difference aT = T, - T,
on.éeveloping secondary flow‘pattern of vortex rolls is gf
v;nterest and the photos are' shown ih Fig.1'4.4 (a), (b),

, ,gg), and (d) for AT =’19.4i', 25.0, 3o.'a ar:d 37.5°C,
&@}pectively. The effect pf' AT"is clearly seen. The .
onset §f vortex instability occurs at a smaller value of x
or er’ and the average wavelength tends to decrease
significantly as the value of AT increases. '1In fig; 4.4,
the devleloping‘. secondary. flow pattern‘ is of speéial
interest for each aT. The teqperatﬁre dependence of
'&avelength observed in this studyffor 6r = 0° was not as
brominent as that observed by Sparrow and Hﬁéar {1] for
inclined Eglates using water. However, the Prandtl'numper

*

effect may exist.

4.4.2 Inclined Platé (0° < ¢ s 20°)
| The overall top and side views of developing
; lqngitudinal vortices in a natural convection flow are
‘shown in Fig..4.5 for ¢ = iS’-ang AT = 15;5°C. Thé_side
"vigw shows ~a general flow field and one may . again
distiA;hish'threé flow Arégimes, a-two—dimensidna1 laminar
flow for x = 0 ~ 10cm;‘a transition regime with'developing'
longitudinal vortices for x = 10 ~ 35cm and turbulent
regimei with thé‘ eventual breakdown of the longitudinal
vortices x 2 359m,l>naracte:izing the flow field. For x =

40cm, the smoke rises as plume. For the side view photo,

— it is of interest to note that at x = 10, 20, 30, 40 anq:]

‘e
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.50em, the values for Gry -are 1.99x105, 1.s59x107, 5:362107,'
1.27:x108 and 2;48x108, resbectfvely. ‘Thug,"the effact of
Gry, on flow' paﬁtern can be seen. The top view reveals
seven ;moke tracer lines.showing the approximate locations
for the~'beginning and the breakdown of the developihg
longitudinal yortices.. THe liAes indicate meaﬁ&éring
motion with the amplification of fh; longitudinal vorti$es

in the main flow direction.

. &
The cross-sectional views of the developing
. longitudinal vortices in the post-critical regime for ¢ =
. 15° and AT = 15.5°K are shown in Fig. 4.6. A beginning

. stage of - the formétion of longitudinélé vortices is
charactefizedv by cellular ’motion. 'Th; more or less:
"periodicl_disturbances in tﬁe ‘transverse cross-section
provide a fairly good indication of the onset point of the
- vortex instabiliéy in contrast to some uncertainty from
the Qbsefvation of side view alone. The voftex rolls- are
‘fairly steady up to x =_ 20cm and become unsteady with
sidewise meandering motion fof X > 25cm. It is of
interest to observe the varyingzpitch (wavelength) between
two neighboring céunter—rotating vorfex " rolls with the
increasg of the distance from the . leading edge x. The
pgétqgraphic fesults for 4 = 20°; AT = 23.1°K are also
shbwn in Fig. 4.7.. The uﬁsteaﬁy motién éan be seerm for x
> 35cm. |
. The. developing secondary flow patterns at five

different inclination angles are shown in Figs. 4.8 (a)

3
— . . -



to (e) for ¢ -'0, 5, 10, 15 and 20°*, respectively, with AT
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= 48.3 ~ 19.4'K and x = ‘10, 15, 20 and 25cm. The -

arrangement éf the phétos with identdcal downstream
locations. facilitates a direct comparisoﬁ o§ the
devgloping seconda;y flow patterns :at different
inctination aﬁgles. By observing tge flow patterns at x =
10cﬁ, one 'can see 'clearly tpe onset point of vortex
iqstéﬁi;ity is gradually being delayed as the inclination
angle increases from the horizontal directlon 9 = 0°.

This is due to the decreasing buoyancy force compénent

normal to the pyate as the inclination angle increases and.

can be seen from the factor g cossé. The’wavelength of the
vbétex rolls does not seem to\\z?ryAsignificantly with the
incréasg of inclination aﬁgie. The photbg' presented
provide considerable physical insight into éhe developing
longitudinal vortices in natural conveétion flows along
vinclined isothermal plates. wiihin -the scope of present
investigatlon, the effect of the 1nc11nat10n angle on the

wavelength appears tc- be rather weak. This observation

agrees with that of. Sparrow and Husar [1] using water.

. 4.4.3 Instability Results and Wavelength Correlation
Measurements for the critical distance marking the

onset of vortex instability were also made in the course

of the flow visualizatibn~ study. At each inclination

angle, eight or nine independent ‘determiﬁa;ions for the

onset poiht were made with wall to ambient temperature



difference- AT ranging from 15 to 45°K. The 'mean and

standard deviation of the critical Grashof number for each

inclination angle were computed and the results are shown -

" in Table &4'23 In order to facilitate comparison_wifh

other instability data, the critical Grashof number er*

was defined. | .
‘4.

-

Table 4.2 Critical Grashof Numbers and Standard

Deviations
6 Gr,” : o
oo 8.86x10° 2.51x105
s 1.03x106 . 6.45x10°
soeo10” 1.53x106 7.08x10° -
15° .~ 1.95x106 _ . 1.13x108
20 | " 2.13x106 | _1.oz>;1'o6

The instability data are presented in the form of mean
critical Grashof nUmber as a fﬁnction‘of‘indlination angle
. in fig. 4.9 where the theoretical and expgrimen%al results
from _literature are -§156 .plotted for comparison. The
error bar indicates the maximum and minimum valugs of the
instability data at each inclination angle:v- It is seen
- that theory predicts over three orders of "magnitude lower

.values of critical Grashof number for air (Pr = 0.7) than
the present experiment. .The same remark alsokapplies to
the instability data of Lloyd and Sparrow (2] for the case

of water (Pr = 7). The large discrepancy may be

113
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attributed to the fact that the linear stability theory is
based on infinitesimal distutb;nces and . the experimental
determination of the onset ,point requires a certain
amplification of the formation process However, the
exact reasons for the large discrepancy between theory and
experiment remain to be~<ETii&fied._ It is noted that the
general trend as revealod by the slope’ of the present'
instability data is in good agreement with that predicted
by theory. The tzpnd of th( present data also appears to
be in agreement with the air data by Lock et al. [28] for
inclination engles § > 35°. | .

' For the case of‘?ﬂbrizontal glate, it is possible to
compare the present instability data with those\ of Rotem
.and Claassen [291 and the results are shown in Fig. 4:i0f
The egreement is féen to be satisfactory:

The mean wavelenéth of the vortex rolls is also of
particulaf interest. The measurements of the wavelength
were made directly from the pnotographs of the

cross-sectional views using the distance between two lines

-

in the photos representing the inner walls of the test -
section as reference. The wavelengths of vertex rolls at
a particular cross-section were . then‘av;raged to obtain a
single data point for the mean wavelength. The results.
are plotted in Fig. 4.11 tdgetﬁer with theoretical
predictions from Chen and Tzuoo [11]. The following

</ -

correlation equation for wavelength'is also obtained.
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e ' xc/l = C er*}/4 | ‘ o (4.1) \
- o N
where C = 0.088 and: '0.068 for upper and ldWer bounds,
\ respectively. It is noted j;at erl/z nay be‘regarded tc
be a Reynolds numb?r Rex.' ‘

o

4.5 Concluding Remarks g
The 'p}oblem of vortex A instability of - natural
convection flow over horizontal or slightly inclined a
V! ,1sotherma11y heated flat plate was studlad by a flow
’visualization technique using smoke for inclinationkangles
| rom norizontal directicn.o =0, 5, 10, 45 and 20°. The
photcgraphs showing the developing longitudinal vcrtices\h‘
andmthe instability data are presente¢; The‘three flcw'
regines charadtérizingf the natural convection flow are
'éhown to be two—dlmensional laminar flow P}egime,
tran51tloh regime for develOping longltudlnal vortices and
turbulent regime. The experlmental results are compared
with theoretical predictions. N ,\ L
The present vortex instability problem fgr natpral

convection flow along an inclined isothermal plate is
_ g )

T ——r

somewhat antlogohs to centrifugal lnétability problem for 1
" Gortler yortices'in ‘thg boundary layeg along a concave -
wall. The secondary flow ﬁattern in a cross-section h
) normal to the main flow for Gortler vortices shown in Fig. —
4.4 by Alhara and Koyama (30]), for example is strikingly
similar to the flow patterns shown in this investigation

4
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‘dealing wfzh vortex instabili£y due to buoyancy forces.
The flow vilualizatiyn study provides considerable inéigﬁt
into ~the structure . ahd nature of the developing
longitudiﬁhl vortices in the transition reéihe for natural
convection flow heated from below; The problem | of
transition from lamihar to turbulent flow through
de;eloping longitudinal vortices éppafentiy needs further

investigations.
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5. Flow Visualization Study on the Vortex Instability in’

a Horizontal Blasius Flow Heated From Below

1]
[

5.1 Introduction
If a laminar boundary layer over a horizontal flat
plate is heated from below, a top-heavy situation may

arise due to the dens

variations near the heated

surface. The anstable flow situation

poten

eventually breaks down uoyancy forces increase and
“the flow is characterized by secondary flow motion in the
form of the longitudinal vortex rolls whicp are more or
less pariodic in the spanwise direction. The.vortex rolls
grow to a finite amplitude forming a:postlcritical flow
regime and finally break up into turbulent motions. once -
the vortex instability is set up, the flow field'ta;ggga
three-dimensional characteristic .and the conventional
two-dimensional theory can no 1longer be applied in that
flow regime.

The linear instability Eheory regarding the onset of
the longitudinal vortex rolls in a horizontal- Blasius flow
was first applied by Wu and Cheng [1]. Subsequently,
expériméntal instability results were obtained by Gilpin,
Imura and Cheng {2] in a flow visualization study in wate;
employing aﬂ“electro-chemical technique. Their flow
visualization results clearly revealed tha existence of

longitudinal vortex 1rolls in a horizontal Blasius flow

over an iaptherﬁally heated flat plate. Measurements for

o=
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temperature profiles‘and heat transfer coefficients in the
post-critical regime were made by Imura, Gilpin and Cheng
(3] using water as the £low medlum Takinoto and Hayashi

. [4] conducted a similar experiment in a wind tunnel and

'also presented ‘an analytical instability ‘ result.

A

myRecently, more reflned theoretlcal 1nstab111ty ‘results
‘werensuggested by Moutsoglou, Chen ,and Cheng [5]

\The purpose ‘of this chapter_ls‘ to present the flow
visualization photographsl showing the ‘onset” and the
‘ SubseQuent grBWth of the. longitudinal xortex' rolls
observed in a horlzontal Bla51us flow OVer an 1sothermally

heated flat“plate. Attentlon was glven to theﬂgffect of
SR :
an unheated. length on the secondary flow motlon and the

instability characterlstlcs. © It is - noted that no

/ . -«

 theoretical ox experimental studies regarding the effect

of*an ‘unheatedrlength on the instability»characteristic§
-are yet available in the literature. f

i

The side and top v1ews and the cross- sectlonal v1ews,'
' of the longltudlnal vortex rolls are presentedxﬁfor three,.
dlfferent unheated lengths. Xo= 0 , 33.5 and '60.5 cm. For?

the-case of xo 0 cm, photographs show1ng the. effects of'

4

,the wall to free ustream temperature difference and the '

free stream veloc1ty on the cross sectional secondaf®’ flow k
ptpatternsf‘of\the vortex ~rolls are presented iﬁistablllty
data "for the critical Grashof number were also obtalned
"for thfee different cases of unheated lenqth and compared'

[ 4

with the theoretlcal results avallable in the llterature
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5.2 Apparatus and Experimen%al Procedure

5.2.1 Wind Tunnel and Isothermal Heating Plate

133

‘The ' schematit diagrams for the wind tunnel, the

constant ~temperatore plate' . assembly and the smoke
generation‘facilities are shown in Fig. 4.1 in Chapter 4.

The w1nd tunnel was a suction low speed wind tunnel driven
by a varlable speed DC m;ter. The test section dlmen51ons
were 30 6x30.6%247.6 cm, Wldth by helght by length. wThe
toﬁ{ and side walls of Fhe ’test -sectlon were madé of

dacrylic’ reéfn to facilitate flow v1suallzatlon studies.

contractlon ratlo of ' the w1nd tunnel was O. 40

‘”d#’alr flow between 0.1 ~ 0.86 m/s was prov1ded

ga'fan installed at the tunnel outlet. The free stream

””lrv veloﬁlty was measured by - a TSI hot film anemometer
' o \’ A ;

0 with an accuracy of”b 01 nm/s ’V

Thev test plate wds a copper ' plate of

6¢ﬁ$mmx152 4cmx24 lcﬁ thlckness, by length by width. The

~

‘test plate was assembled as ‘the top part of a heatlng

i

s

- isothermal ~heating conditon was provided by cirCulating

water channel 'fabricated from = acrylic re51n. © The

. hot water through the heating water channel 1n counterflow»-

dlrectlon from' a cbnstant temperature hot water tank. The{;

constant temperature~ plate assembly was 1nstalled'as'aj

4 « .
*" bottom surface of the wind tunnel test section and was

freely relocated in. the direction of main flow as an

T
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- unheated length was added.

5.2.2 Wall and, Air Temperature'Measurements

‘The wall temperature measurements were taken by four
b.;mm‘copper-constantan‘thermocouples installed alpng the
side edges of the test plate. The four readings agreed
within the calibration err;r of the thermocouple after a
steady-state condition was reached. The temperature of
"“the cireulating hot water was measured at the inlet and
'outleﬁﬁoﬁ the heating water ‘ehannel and less than 0.2°C
difference was observed between the two readings; ?he

wall temperature was usually 1°C lower than the average of

O .
the inlet and outlet water temperature The steady state

condition  was assumed td be reached if the wall

‘temperature remained conétant~over a lo0 minute interval

while the wind tunnel and the water c1rculatlon unlt were
,‘()’
in continuous operatken. . ~ .

a

-

The air temperaturewprofiles were measured Dby a 25um

K

,copper-constantan tﬁermocoupig The probe was fabricated

from a staln%ess steel tubexgpd formed into the shape of a

i
‘ rectanghl Wloop to prevent the thermocouple wires near-

LA

A\ P
~the junctlon from bernq subject to a temperature gradient -

in thg vertical dlrectlon (see F1g 4.1 (b)> 1n Chapter 4).
It was p051t10ned using a,traver51ngA meehanlsm with an

accuracy of 1/50mm. \'QEB,

I



k‘produced , from ‘a . 1.5kw ,halogen slit 1light source -
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5.2,3 The Flow Visualization Technique and bhotographic

Arrangement ‘ |
‘The flow v1suallzatlon technlque ﬁ\ed in the present

study is a smoke injection method. The smioke was

LV I ]:‘h‘

' generated by burnbn'sf”msgﬁﬁ sticks in a ~copper tube

wﬁw,

connected to the room 'cohp&essed air. It was injected

through a slot type smoke 1njector along the leadlng edge
of the test plate.f S ' - 7 !

The cross- sectlonal views of the developing

'lbngltudlnal vortlces were photographed by a camera fixed
idownward using a mirror placed at the end of the test
?plate with an angle of ‘45° from the ho%laontal direction.
' The cross-sectional secondary flow patterﬁs;of the vortex

.'rolls were made visible by passing a+ sheet of light

LS

perpendicular to the direction of the main flow.

5. 2 4 Measurements for . the Onset of Instablllty

The determlnatlon of the onset point of the vortex
rolls was made by locatlng the. point of the first
occurrence of the cellular motlons using a sheet of 1light

produced from the halogen Sllt llght source.' Unlike\\\\

" case Of natural convection flow‘in the previous éhapter,

the range of the occurrence of vortex rolls was observed

to be rather lengthy (usually 5 ~ 15 cm depending on the
“ A

" free stream veloc1ty) The cellular motions at a‘given

cross-sectlon near the onset point ‘also fluctuated in




.
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¢ time. Therefore, the critical disﬁéncé marking the onset -
of Mvorteﬁlfoiis was nbt a precise quantity. For these
rékgons, the determination of the onset of instability was
made over a" région of  uncertainty bounded by the
cross-section where the occurréqce of fhe cellular motions
was occasionally detected and the crcss-séétion where the

onset of vortex rolls was continﬁously observed. , £

5.2.5 Range of Expe:iﬁental Parametgfsih
The experimental pgraggters for the present study are
the free stream veloc%ﬁ?ﬁfvm, the yall to free stream air
'_temperature differen%g;wAT} éhe unheated lenght x,, the
10551 Reynolds numbeglRex, and the 1local Grashof number
Gry: where x'=x-x,. f;e property‘yaluégxfor Rex and G;x
were all evaiuated at the.film, temperature which is 'g;e
average df}freéstfeam t;mperatu:e éndu wall temperature.-

The range of these parameters are given in Table 5.1.

Table 5.1 Range of éxperimental Parameters
U,= 0.01 ~ 0.72 m/s |
AT=TQ-T;= 6.9 ~ 33.6°K
Xp=0 ~ 60.5 cnm
Rex= 192 ~ 36,250
Gry 1= 4.95x10% ~ 5.23x108
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5.3 Results and Discussion

o9

)

5;3.1 Air Temperature Profiles -

In order to confirm the existence of a Blasius flow in.
the present wind tunnel, heasurements for air .température
profiles were made for the case of stable flow (without

‘évorticeS){,Fig. 5.1 shows the results of four different'
temperature profile measurements taken in the mid-region
of tﬁe . test plate; The hlqpal air tempefature Tm:was»
nondiménsioﬁaliied using the Qall and free stream
temperature .AQE—i the vertiéal distance Y was
ﬁondimensionalized by the thermal boundary layer thickness'ﬁ
8t obtained ekperimentally. The solid curve rgpreéents SN
the VoniKarman's aﬁprokimétetso;utiqn‘%oy iaminar'boundary——
layer température' profile. The agreementw between the
theofj and experiments is considered to be reasgnab1e~for
the present study. o
. ‘  SR

5.3.2 Results of Flow Visualization Study
| The photographs of the side and top views of the
bquancy induced longitudinal vortéx rolls in a horizontal
Blasius flow 6ver an isothermal >piate with T,=57.4°C and
T;=29.5°C for the case of U= 0.05 m/é\ and x,=0 cm afe
shown in Fig: 5.2. }

An,inspeétion of side view suggesté the exéstence of

three different flow regimes, i.e. the two-dimensional
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| : .
bophdary' layer flow regime, the post-cfiticalv'regime
following the onset of vor;ex rolls and the turbulent
regime. In ‘general, the preseng observatioﬁ for,the
overall side view is véry similar to that of [2]. The top
view clearly shows the existence of longitudinal vortex
rolls. Si#'pairs of vortex rolls which are more or less
periodic across the widgg ‘of the test plate can be

identified.

Thqwcrdss-sectionél views of e onset an!&growtb of
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A

longitudinal vortex rolls are shdwn  in Fig. 5.3. The., '~

complex but ‘well organized -secondary flow motibns are

clearly revealed. For this flow ' condition, the onset of

ﬁ’“vortex rolls was first detected a‘x'=0.07 m. As shown by

, the phbtograph-for Re,=204 and erf=l.01x106, the onset is
- observed as the occurrgnce. of Smallr cellular motions
across ‘the Width“'of the "test plate. Thg following
phbtograshs show that each éf‘the.celluiér motions is the
origin of alpaif,of longitudinal vortex rolls. At Re,=729

- and 4.59x107; the vortex rolls are nearly fully developed.
o ‘ : N

Comparing with the next photograph i.e. at Re,=874 and

er.=7.93x107, one notices some discrepancy in the number

_ of_vbrtex pairs. Up to Re,=729 and—_er.=4.59x107,'eight
‘paits of vortex rolls‘' are Blearly observed in the
mid-regin ‘across the test plate. At Rex=874 and
er.=7;93x107, 7 pairs can be identified. . This is

obgiously due to the pairing of the vortex rolls occurring
e . : s =

#

in the downstream direction. The photograph at Re,=1,020
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andntx.=1.26£108 shéws ;hé 4osc;llating vortex rolls near
fhe transition to turbuience reéime. Although not shownv
here, the six vortex rolls in the photograph were observed
to form into three or four pairsdat this location.

The sidé and top views of the developing: loﬁgitudinal‘
vortex rolls for the case of x°=33.5cm;are shown in Figq.
5.4. The free stream velocity was 0.04 m/s, and £he‘ wall
and free stream temperature were 56.0°C and\ 27.8“0}
raspectivély. No significant difference can be observed’
in the overall side view as compafed with .the case.of'
Xo=0 bﬁh However, the top view sﬁows less numberof
vortex rolls than the case of.x =0 cm. Fig. 5.5vsh6ws the
corresponding cross- sectfbnal views of the developing
vortex rolls. The }';ortex | roJls near the side
walls(indicated as a white veftical line on each side of
the photograph) were observed to be disturbed by the side
wélis. "It is believed that this is due to the early‘
development of a hydrodynamic boundary layer along. the
side ?wal{ resulting from the - presence ‘of an unheated
léngth. stevér, the three pairs of vortex rolls in the
mid-region are observed to be quite étable and persist
well ;'.up to Re,=1,597 and Gr,,=1.28x10%. At Qﬁl 714 and
Gry1=1. 91x108 only three pairs can be barely identified.

Fig.- 5.6 shows the 51de and top views of  the
‘longitudinal vortex rolls for the case of Xo=60.5cm with
U, =0.04 m/s, Tw¥58.5°c and 26.4°C. In generai, the

overall shape of the developimg flow field revealed by the-
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side and top views do not significantly differ from the
preceding two cases .of different unheated length. The
corresponding cross-sectional views given'ianig. 5.7 show
quite stable vortéx”rolls. The number of vortex r611§ are
slightly larger than the case of x,=33.5 cm. However, the
increased . side wall effects can be still observed. The
photograph at Re,=2,208 and er.=1.43x108 again suggests
the pairing phenomenon of vortex rolls. ’ &

From the éomparison of the photographs'showing the

T —

overall side and top views and cross-sectional views ‘for pY
different unheated length xg, éne may notice that thg’//
vortex rolls are in general less stabie with the pfesenée ¢
of "an unheated léngth. One may also find that no distinct
trend can-be observed in regard to the average wavelength

of the vortex rolls with increésing unheated length.

] wall, to free stream temperature

difference AT on the developing secondary flow patterns of

The effect of the

 the vortex rolls were studied and the results for the case
of x,= 0 ém are shown in Fig. 5.8 (a), (b), (c) and (d),
for AT=13.6, 16.3, 19.7 and 27.9°C, respectively. The
effect of the‘increasing wall to free stream temperature
difference is clearly observed as the increasing number of
vortex " pairs. Then, the average wavelength consequently
' deéreases with increasing AT. Another distinct trehd is
that the onset of vortex rolls occurs\at a smaller value

of Re,, andcbrx.f which indicates the flow becomes more

susceptible to the vortex instability with increaéing wall



to freg stream temperatdre difference. The present
observation ffbr the effect of the wall to free stream
temperature d;tference is similar to that of the natufal
convection éase:in Chapter 4. V

The effect of the ftree stream velocity was also
studied and “the photographs are ‘shown in Fig. 5.9 éor
U,=0.08, 0.1hf 0.17 and 0.3 m/s with AT fixed within the
range 28.6 ~3 29;§;K. The free stream velocity does not
seem fo affécé Fhe average w;Qelength signifibantly up to
U_=0.17 m/s. For U,=0.3 m/s, the average wavelength of
the vortex rolls is clearly observéd to be decreased.
However, one must also consider the increasing side wall
effects with increasing free stream velocity. Ideally, a
horizontal Blasius flow is not confined in the spanwise
direction and the vortex instability njust be studied in
the peftinent‘flow condition.  Therefore, the above result
for the effect of the free stream velocity mﬁst be
intérpreted with the consideration of the specific
geometry‘gf‘the.present wind tunnel.

On the other hand, the effect of increasing free
stream velocity on the instability characéeristics is
ciear. The onset of vortex rolls occurs at a larger value
of Rey -and Gry,, indicating that the fléw becémes less
susceptible to the vortex inStabiliPY'with increasing free
‘stream velicity. This is iq’contrast to the study of wall

to free strearg‘ temperature effects;

141
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5.3.3 Instability Results
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The experimental instability data for the case of x =0

cm are presented in Fig. 5;10. It has been found by Wu
and Chéng (1] that the vortex instability results in a
horizontal Blasius flow can be correiated by the following
correlation equation:

er;= C Re, -3 (5.1)

As shown in Fig. 5.10, the correlation ,seems
satisfactory for the present instability results. The
data can be bounded by

er./Rex1f5=‘90.; C < 230 © o (5.2)

and the correlation results are shown as dotted lines.

Shown together are the analytical results by Takimoto et

al. [4] and the numerical results obtained by Moutsoglou,
Chen and Cheng [5]. |

Nearly two to ﬁhree orders of magnitude discrepancy
between the theory and the experiment can be observed. I£
is noted that a similar‘discrepancy was also observed fér
'the case of natural convection flow on inclined "surf;ces
in Chapter 5. Such result i; again attributed to the fact
that the linear stability theory is based on infinitesimal
disturbances which need a further amplification process in
order to be detected egperimentally.

The effect of an unheated length on the instability
characteristics was .the primary concern for the present
vortex instability study. | Measureqents for the onset of

the vortex 'instébility were also made for two diffgrgnt

.
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b7 T
unheated . langths, i.e. x,=33.5 ‘and 60.% cm. The free

e,

e

“stréam velocity and the wall to free stream temperaturaﬁiy .
- ranged within 0.01 ~ 0.72 m/s and 6.9 ~ 33.6°K,

respectively. ,

In general, the flow was' observed to be more affected
by the side walls with the presenée of an unheated length
and the deterﬁination of . the vortex iqstability¢ was
consequently subject to a larger human error: As a
‘result,:the instability data showed a large scattering for
the case of x,=33.5 and 60.5 cm. For this reason, only
the data obtained for occasional vortices (representing .j'
the lower bound of ihstability data) were plott;d for both
cases and éompared with the case of Xo=0«<m in Fig. 5.11.

It is clearly‘ seen that increasing unheated length
fesults in a lower valge of Gry: at a given free stream
Reynolds number Re,. This méans the flow becomes more
suscepéible. to the vortex instability with increasing
ﬁnheated length. Although the data tend’ to scatter .at %ow
values of Rey, the cor;elation equation [5.1]\seems to be

still applicable as indicated by the agreement between the

slopes of the solid curves representing the lower bound of

P -~ /

the instability data for each case.

5.4 Concluding Remarks
The problem of the vortex instability in a horizontal
Blasius flow heatea-.from"belowkwas approached by a flow

£

visualization study.
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Flow visualization experiments were carried out in a , -
suction low speed wind tunnel to provide photographs
showing the onset _ and sqbsequeﬁti growth of the
iongitudiﬁal vortex rolls. The photegraphs of overall ‘
"side and top views and the cross-sectional viewe of
developing 1longitudinal vortex rolls were obtained féf
three different unheated lengths: xoab, 33.5 and 60.5?cm.
For the ease of x,=0 ¢@{ the effects of tpe‘wall‘to free
stream temperature difference and the free stream velotity
on the developing secondary flow patterns of longitudlnal ; \\
vortex rolls were investigated. It was found that the

flow becomes more susceptlbte to the vortex 1nstab111ty

with increasing'wall to free stream temperature diﬁfgfence

m&- “xi\
Mo

and an opposite trend was observed w1th 1ncreasfng§¥;e

stream velocity.

Experimental instability data were
compared with the published results.
theory predicts two to ethree orders
values of critical Grashof number
experiment.  The effect of an unheated |
instability characteristlc were also 1nve$%gg§ted for x'“

Xo=33.5 and 60.5 cm. The results showed tg ;fthé ﬁlow

Al
becomes more susceptible to the vortex ins} i}lty w;th:w

‘i

%ncreasing unheated length.

- The present‘gexperimental' study cle

_complex secpndary‘ flow motion after t;

vortex f_in’sztability in. a horizontal Bla%@ A@«heated' i

U' | ﬁ .

3
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from below. It is believed that the present photographs

of lopgitudinal vortex rolls provide considerable physical
: ,/ ' B

insight into the l\vortex instability phenomenon 1in fotrced

convection boundaf§ layer flow.

‘
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6. Conclusions

6.1 Bquancy force effects on Laminar Forced anvection

Flow in Eurved Pipes

Experiments were conducted to study the buoyancy force .

effects on laminar forced convection air flow in a 200°-

pipe bend under the uniform wall heat flux boundary

condition with parabolic entrance velocity profile.

Measurements for the, wall témperaturé distributions

and Nusselt numbers were made at De=150, 200, ' 300, 430,

600 and 809 for three different inclination angles of the

curvature plane ‘of the pipe bend: upward vertical,
horizontal and downward vertical cases. The Present
results for the buoyancy force gffects on heat transfer
characteristics for the hofizontal flow case‘turned out to

be in direct contradiction to the existing theoretical
|

results for fully developed flow. It is felt that further

work should A be conducted to check the accuracy of
measurements for‘ volume flow rate and buik temperature
particularly for low Dean number regime.

The buoyancy force effects arising from varying the
inclination angle of tﬁe curv?fure planevdﬁ pot:.appeaf to
" be extensively studied in:the literature fﬁghrdless of the
practical importance of the problep. The present resu1t§
for the effect of’inciination'angle ?;léQ;I;¥;e§ealed the

significance of the interaction between the buoyancy force

and the centrifugal force 'in,the entrance region. This -

- 157 -
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point also gsuggests the need for further experimental and

theoretical studies.

6.2 Flow Visualization Studies on Laminar Forced
' ‘ ' '
Convection Flow in Curved pipes

The present flow visualization study is basically an

extension of the” pfeceding heat transfer experiments
reported in Chapter 2. Eﬁphasis was given to the physical
_understanging:of the buoyancy force effects reflected in
the observed secondary flow patterns.

A series of flow visualiéation, studies were carried
out at the exit of 200° ‘bipe bend for tpree different
inclination angles of the curvature plane. The wall
boundary .condition and the ventry flow cbndition --are
identical to those of the . preceding heat Xtransfer
experiments.

For the case of horizontal flow, the interaction
between the buoyancy force and the centrifugal fofée is
cle#rlyr revealed. The ;gewed pair of vortiées at low
Reynolds numpers dﬁhown gx the present flow visualization
study Hfé “in general good agreement with the streamline
patterns'optginéd by recent numerical soiutions. The fldw

visualization photographs for the upward flow and the

downwaxdi flow case also /providé considerable physian“‘

insight into the flow phenogena resulting from a complex
interactiqﬁfbetween the buoyancy- force and the centriéggal

force i}'i the simultalas hydrodynamic and thermal
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entrance region. - .

It{ is believed that the present flow QiSUalizatibn
results will be valuablé to the future investigations in*
the pelated field. |

6.3 Flow Visualization Studies on Vortex fhstability of
Natural Convection Flow over Horizontal and Slightly
Inclined anstant Temperature Plates

Elow vi§Ualizatlon experiments were conducted to study
. gt

. thé problem pf the vortex 1nstability in a natural

v A
copvect}on,‘flow over horizontal or slightly inclined
1sothermally heated flat plate employing a smoke injection
tachnique U w i}‘ { ' :

QV’ - !Photographs *of the\ 51de and top views .and the

.cross sed&don V1ews of the longitudinal vortex rolls were

'113“ ’ L [ 3

N presented"?rhe effects of the wall to ambient temperatiire
differe pq, and*'the' 1nclination angle on the developlng':
':secondarp bflow‘x patterns'.of vortex rolls were also
~111ustrated %y i flo% | visualization photographs. of
spec1ﬁl interest was the effect. of’the two parameters on
the average wavelength of the vortex rolls The average
_k'wavelength of the vortex rolls was found to be more
Z;yisensitfve to changes in the wall to ambient temperature
difference. ' _ . -
R Experimental instability data were also ohtained for
five different inclination angleS' =0, 5, 10,,15 and 20'

The present 1nstab111ty data fill in some existing gaps in”'

N
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' the experimehtal instability results at small inclination
#Snglesfftém‘théiborizontal directions - The data seemed to .
[ L O o "4
-.show"a ‘similar_ trend to the knoewn experimental and
ithébretiébl results. Ho&eveq; ' 6ver»‘three orders of

- ﬁagn%tude// difference - betweén .. the experimental - and
" theoretical instabiliﬁy‘.resgits wad obséfved; - Such

: discrepanéy apparently-démgﬁds furtﬂer inmestigatidns; o

A correiatiqn forbgthe ‘éﬁ%rage ';;;giength wa$_als?'

l ﬁadell fThe:ffé§u1£$k sh6wed¥,thatf tHé datai’can‘bq,Qell v

‘-éorréiaﬁédsusingwthe pa%émeﬁerf;quésﬁéa by ihéd;y: vi
o #ﬁture .iﬁbésﬁigatioﬁs péy' ing%gdg;a -qérrélatiog-for

| the 'fri?@gai ;Gfdshof(wnUmbef"as fa. 'funcfion of thg R

inclinatiogangle. ;The_;study}on the~traﬁ$iti6n to. fully

~turbulent 1
. . { \

T o . . AERR »

»u" . . - A - L NREEEE S % - : .. L . L. .

+

égéme.wiligalso.be of practical interest.

jé;g ?loylviéﬁalization ?ﬁudieé ép Vortex Instabiiity in?

: fAThé ,prob;em{dfﬂﬁpg ?6rtex insfability'iﬁ avﬁoriibntal
.131:§;ﬁéfﬁ?o;;heated'frgm bélqﬁ*Wég iﬁQéstigétéd:by"; fléy
,yiéuéiizaﬁion:tecﬁhiéue.;5 o ; | . B

~ : H . ) e .
”,

- - Flow' visuarization experimerts employing ~a smoke

‘inje tion(qhethod were conducted in a suction low speed. - '
b S LT o : . i e p

h;nd,tunﬁe;,véé”showfﬁhé onset. and sub
» ‘ t D g . . - -

quent development
. of . the " longitudinal vortex. rofls over Tan isqthétmgllf?“"'-

Al
.

"‘:f‘:,h?é%?a_fhéri_'%o*ital, viaﬁté’l'- _.0F particular” interest was the
| ,effgct .of ‘ait unheated ' lengkh jon -the'formation of. the
e | ¢ choeccicllle. %

Gortéx rolls and on the .{risfiabiiﬂi/t
nads ‘,,' 7
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Photographs’ of the side and the tbp views and the;~ |

cross-sectional views of developing secondary flow .

*

'patterns oﬁ.the longltudinal vortex rolls were presented
- for three cases of dlfferent unheated length5° X -0, 33. 5"

and 60.5 cmn. The effects of the wall to free stream
- X
temperature dlfference and the free. stream Veluclty ?:,thg’“'*ﬁ

g
‘developlng vortex rolls were also 1nvestlgated for théi% ”ﬂﬁ-

o~

case of xo—o cm. It was found that the average wavelength

- L -9
of the vortex rolls strbngly.depends on .the wall to free ,
’\ . »
‘ stream temperature dlfference. No dlstlnct correlatioh

between the average wavelengh and the free stream veloc1ty
R

was found L -
, ' ' 3

Instablllty data for the crltlcal Grashof number wsre

. \ . . g
) also o] talned for dsgﬁerent.uéykited lengths%f=The results‘if ;'
showed the flow b%comes moré susceptlble to- the onset of, |

. vortex 1nstqb111ty with 1ncrea51ng unheated length ’\>

v

o Thej_effect of “an unheated length on the _Vortex s
SRER . K 3

( 1nstab111ty has practlcal 1mportance in many appllcations;"
_Neverthless, no theoretlcal‘or experrmental works are yet
;avallable ln the l;terature, | Thé presg}t result can be

e consldered as a prellmlnary step to the - problem. ,Fut&re fa 0w

e
(=3

S studles may 1nclude the effect of free stream turbulence ~

..correlatlon for the average‘wavelengxh of the vortgg;iflls

is also worth an exploratlon.” S :;1§°' B s '(
oo D e . L : . o .
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L fi‘)aError in Heat Transfer Coefficient \
. The heat transfer coefficient is defined as
. ki ‘- i . ; ' )
h = qu/(Ty-Tp) = £(qy, Ty, Ty) | (A-1)
Taking dériVatives o  { e L
o ‘ ‘ BRI - ot
B l R \ {u"q A " L ”' . . )
. dh = (8£/3qy,) dq,, + JERERATy ) AT, + %8£/3TR)dTy, = (A-2)
‘ - 9£/8Qy = 1/(T,~Ty)
IE/3Ty = =qu/ (Ty,=Ty) 2
S IE/aTy, = dy/ (Ty=Ty) 2
Im : . . . .
| g . A . ®
[ .

’

Dividing beth sideé of Eq:(A—ZQ by Eq.(A-1) yields '

i Ll - R . - T : T

dh/ﬁ%ééqwégw—(dTw/Tw)/{%—Tb/fw)+(dTb/Tb)((Tw/Tgfl) (A-3)
. where the terms dh/h, dq,/q,, 4T,/T, and dT./T, . 4

are the fractional errors denoted by

Eht fqurr CT% and €EPh s ?espectiv’ely.
‘_-‘ . X \ . )

* Then, the mean square error for h can be written as
. . : ' 4

..
v

. ' . . .
¥ ) & *

4

T Lo’ * e/ (/T 2+ e/ (Ty/T,m1) 2152 (ama)

. (- 3
< : s

[ : I
ii) Error in Wall Heat Flux - ("
From the energy balance . S .

\ R ) X . . . - .



Gy = ®m Cp (Tbé'--rbi)/(znan) ) i(a-so

| Assuming p is constant
LA

qy = Const. m (Tpe-Tpi)/(aL) = £(m, Tpe, Tpi, 2, Ll (A-6)

Thf" it cfn‘be sﬁown that’ - : ;
Cn A - . ; ‘ A
‘ ’ ﬁ%,, <v§ , . . | _ -

;qw,s € +£Tbe/(1 Tbl/Tbe‘)&Tbl/(Tbe/Tbl ;l)-ca-cL : (A,¥7)ﬁ‘

* e

: . N  ' s"\"tﬁ
The mean square errorifor 4y is thep

' . e : . AR T g |
. v ‘ ) -~
‘ "Eg"’.== {&m2'+.‘Tbe?/(l-Tbi/Tbe)z * FTbiz/(Tbé/Tbi—l)z
* . - : . . . : .
b + ‘a2.+ eb?];/z. = | a-8)

i

iii) Errqr in the Inlet and EXithulk Temperature °

| Thet\frégtﬁonalu error,ffbr 1h1et bulk témﬁErature is
' estimated 'frOm the ggasur?ments ,fer one-dimensional
temperature profiles at the bend 1n1et.\ | ~ |
‘i L By cu%ve-fittlng the data for temperature proflle nd(
| assumlng a parabolliﬁveIQCLty proflle at the’bend 1nlet a .
crude approximatlon for the, 1n1et ‘bulk temperature can be

made us:mg Kfollow.mg equatlon, 1\e



y

obtained by |

measurements eppo is

“
. .
. -
p L
y

a
. f u Tair dr ‘ : ’
STy M .'o/'a;l — - (a-9)
0 ‘ ‘ .

where r is the coordinate ilg the radial direction.

Since the ‘cen-te%ai‘r ‘t,emperature was used as the inlet
P

bulk temperature for: the. present experimenfs, ash

N

[

: . ‘ii' e
. ‘Tbi% (Tper Teentami

The fractional error/AQ
[

. gl ' o
,v’tlwn \'observed whlle travers:.ng the thermocouple probe

BN

\ g = 2.8%% - S

nmixirtg box (see Fig, 2.4 in Chapter 2)_“ :
e . Y /adiCON hdl

' ( AN v - ) ,“ ~~’-w\ i
\ , . ) .- . . ‘

iv) ErrOr. in Mass Fl.qw Rate &_ y ” | o
‘¢p is based on the read-off error of the calibration

. »
curVeus e e

\yv.».% o ‘Y
- For typ1ca1 cases the follow1ng estlmates were made'.

| eThi = 3 R I R P

. 0.75 %

A.x*"

e 0.13 %

‘ Tbi/T;:,e"" 0.37, baseq on'.average Tpi and Tpe. .

. -
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. acrogs the center hole in the fourth partition of the



