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Abstract

An experimental investigation was condncted on laminar free

and forcecl convective flows ofhighly viscous fluids (ethylene glycol-

water mixtures) through a horizontal semicircular duct with uni-

form heat input axially and with fully clevelopecl velocity profiles at

the onset of heating. Pressule drop measurements ancl local mea-

surements of temperatur-e wer-e made to detelmine friction factors

and Nusselt numbers for fluids with Pr'-100 and 20. Nlass flow

rates and heating rates rvere varied to cover a range of Reynolcls

numbers from 150 to 250 over a range of modifiecl Rayleigh num-

bers from 3.5x106 to 4.3x107. For Ra-4.3x107 (for example), test

results showecl that fully developecl Nusselt numbers fol Pr'-100

wele abott 15% greater than for Pr-20 (for the same Re). Nlean-

while, pressure drops for Pr-100 clecreased by about 2To rcIalive

to those for Pl-20.
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Nornenclature

A : cross-sectional area of circrilar sector ciuct, /,Rfr

A¡t : cross-sectional fluicl area

Ai.u - insicle heatecl wall alea

cp : specific heat at constant pressrlre

dP/dX- axial pressule glaclient

D¡ : hyclraulic cliameter, 2óR0lQ + ó)

D¿, Do - inside and outsicle cliameters of the cluct

Í - Fanning friction factor, Dhl-dP/dX)/(Zplv'z)
gravity

Gr - Grashof number, Gr - þgp2Dt}¡lp'n,q,*
H1- : uniform axial heat flux wiih uniform pelipheral temperature

H2 : uniform axial and peripheral heat flux

E : convection coefficient

k - thermal concluctivity of flriicl

L - total heated length

m : mass florv late

Nu - peliphelally averaged Nusselt number, Nu - hDnlk

ÑW - iocal, but periphelally averagecl, Nusselt numbeLs

N",,//, - (,À{r¿-f +Nu,à12



P - total thermodynamic pressure

^P - plessrlre drop acloss the heated section

Pr - Prandtl nrrnbet, ¡1"c, f lt

Q ¡ : heat gain by the fluicl

8" - electric powel inprit

J?s : raclius of the cluct

Ra - Rayleigh mrmber, Ro, - GrPr
Re : Reynolcls mrmber, Re - pW Dnf tt
W : cross-sectional mean axial velocity

p - thermal expansion coefficient

p - density

11 - dynamic viscosity

ó - half the apex angle of a circular sector cluct



Chapter 1-

Introduction

The rapid clevelopments rvithin the body of scientific knowleclge

callecl heat transfer represent a phenomena encounterecl through-

out science ancl technology. Heat transfer has leachecl widely to

many fielcls and brought interests to some areas due to the fast-

cleveloping technology. One of these areas is the study on noncir-

cular cluct heat tlansfer, and it has interested a growing number

of investigators fo-,- some time. One reason fol this is certainly the

rvicle range of engineering applications from nuclear power plants

to automobile racliators. Another reason is connectecl with the

fact that at first glance one is tempted to consider noncircula,r' cluct

fl.orv ancl heat transfer pÌocesses as simple extensions of the classi-

cal rouncl tube problem. Closer analysis, however, inciicates that

the situation is the othel way arouncl: the lorind tube is actually

a very special case of the more general noncircul¿r' duct problem

ancl any attempts to proceecl from the circular to the noncilcuiar

shape is historically corlect but fraught rvith many clifficulties ancl

piifalls.



In this stucly, efforts were made to investigate the Prancltl

mrmbel effects on laminar combinecl free ancl forcecl convection in

a horizont¿l semicircrilar cluct for the follorving reasons:

1. Free convection effects, which ale inclucecl by buoyancy

forces clue to temperature clifference, can caltse the heat tlansfer

mechanism to be significantly clifferent from its pure forcecl convec-

tion condition. The study of the combined resrilts of both forcecl

ancl fi'ee convection is an attempt to approach reality since free

convection always exists as soon as temperature graclients appear.

2. Free convection effects are perceivecl much stronger in

laminar' flow than in tulbulent flow relative to pure folced convec-

tion for the reason that turbulent diffusion will decrease tempera-

ture gradients ancl hence recluce buoyancy effects. For the purpose

of observing free-convection effects, laminar flow rvas chosen in this

investigation.

3. The last but not least important reason is the fact that

high Prandtl numbel effects on free-forced laminal combinecl florv

for a semicirculal cluct, so far, has not been stucliecl by other inves-

tigators. It is believed that this study would facilitate the process

of furùher unclerstancling of the problem. As well, some fluids

rvith high Prancltl number are actually usecl in inclustry such as

in the manufacturing ancl nucleal power generation areas, either

as proclucts or rvolking fluids. A bloader knowleclge of their ther-

moclynamic effects coulcl benefii clealing with these fluicls in the

ciesign ancl .,-esearch areas.



In conclusion, it is believecl that the r-esults of the present in-

vestigation will contribute t,o orir unclelstancling of combinecl la,m-

inar convection heat tlansfer in semicircular clucts in particular

ancl non-circular clucts in gene-,-al.



Chapter 2

Literature Review

Since the present study is concerned rvith information on

flow and heat transfer of combinecl laminar free and forcecl con-

vection for a semicircular cluct rvith high Prandtl number fluid, a

brief review of the research efforts clone in this area is conclucted

here. However, due to the relatively small size of the literature on

this topic, the revierv also surveys some previous wo.,'ks that are,

to some extents, relevant to the current study.

The leview is focused on the following trvo aspects:

1. Laminar free ancl forcecl flow through a holizontal semi-

circular ancl circular ducts.

2. The impacts of highly viscous fluids, or high Pranclil

number flriicls, on the charactelistics of flow ancl heat transfel

mechanism.



2,L Combined free-forced flow

2.t.t Thermally and hydrodynamically fully developed
flow in horizontal circular tubes

For cilcular tubes, it has been realizecl that heat transfel in

combinecl convection can be significantly clifferent from its val-

ues in both pure free ancl pure forced convection. Temperature

variations in the fluicl leacl to the possibility of counterrotating

transverse voltices that are superimposed on the streamwise main

flow, which is seconclaly flow ancl it can increase the heat trans-

fer significantly, because increased fr-ee convection effects near a

heat transfer rvall cause more colcl fluicl to be clrawn to the wall,

thereby increasing the heat transfer[1]. Also, free convection can

cause the change of thermal clevelopment length. It has been no-

ticecl that periphelal vari¿tion of heat transfer can also result from

seconclary flows which are frequently pi-esent in combined convec-

tion in horizontal tubes. For a holizontal circular tube at uniform

wall temperature, the circumferential Nusselt numb er can diffel

by as much as a factol of 4, with the maximum occuring at the

lorvest point ancl minimum at the highest point on the circum-

felence of the tube. This problem has been cliscuss by Yousef

ancl Tarasuk [2] fol uniform rvall temperature ancl by Bergles ancl

Simonds [3] for uniform heat flux. Some experimental wolks of

uniform heat flux of cliffelent fluicls rvere recortled concerning air

[4,5], water 13,6,7,8], ancl ethylene glycol [9, 10]. tror ethylene

glycol, the stuclies in the range of Re-6 to 300, Gr-O to 22400,



Pr-26 to 500, and Gz-3 to 4800 show that the Nusselt numbel

ancl plessure graclient are functions only of the Graetz number ancl

the rvall-to-bulk viscosity ratio for both the hyclrodynamically ancl

thermally cleveloping ancl fully clevelopecl florv regions 19]. With

water in fully developecl flow, it was shorvn that the heat transfer

coefficients can be 3 to 4 times the pure forcecl florv values [10].

Large variation in the peripheral temperatures are present with

gas flows when the tubes are uniformly heatecl, ancl heat transfer

is higher than the pure folcecl flow vaiue when Reynoicls number is

large [11]. For unifolm heat flux, Nlorcos ancl Bergles [12] obtained

empilicai correlations for the Nusseit numbel by u.sing the corle-

lation technique recommencled by Churchill ancl Usagi [13]. Their

expelimental stucly rvas conclucted using electrically heated glass

ancl stainless-steel tubes, rvith distilled rvater and ethylene glycol

as working flriicls. It is founcl 112] that circumferentially averaged

Nusselt number, which is indepenclent of axial clistance,depends on

the thermal bounclaly conclition imposecl ancl hence on the type

of tribe employecl.

2.L.2 Thermally developing flow in horizontal circular
tubes

Oti ancl Cheng 114] solvecl the ploblem of combinecl free ancl

forced convection in the the.,-mai entlance region of horizontai

clucts theoretically by using a mocliflecl stream function. Their

results inclicated that, for axially uniform heat flux, the seconclary

florv first grows ancl then decays. Near the tube entrance, the



isotherms are nearly concentric circles, but furthet dorvnstleam,

the isotherms near the bottom of the tube become clistortecl as

the local heat transfer deteriorates in the lower legion.

Some empilical correlations were obtainecl for thelmally cle-

veloping combined convection rvith hydrodynamically ftrlly clevel-

opecl florv at entrance in horizontal heated tubes. For unifolm

wall tempelatrire and using water, ethyl alcohol and a mixture of

glycerol and rvater, Depew ancl August [15] generalizecl the cor'-

r-elations of Oliver' [16] ancl Brown ancl Thomas [17] foL locally

averaged Nusselt numbers.

2.I.3 Combined semicircular duct flow

Plevious stuclies by Lei and Trupp 118, 19, 201 on laminar.

combined free-folced flow in a horizontal semi-ci'-cular duct has

been conducted experimentally and analytically. Numerical pre,

clictions were calliecl out using the moclifiecl SIN4PLER algolithm

for fully-cleveloped laminar combined convection in a horizontal

semi-circular cluct. As well, combinecl convection flow ancl heat

transfer rvere experimentally investigatecl in the thermal entrance

region of the holizontal semi-circular cluct with uniform heat flux

axially. It rvas shown in the experimental data that consiclelable

cilcumferential variations occur'.,-ecl in wall tempelatures, rvhich

rvoulcl otherrvise be uniform rvithout flee convection effects in the

same running conditions, a factor of more than trvo for friction fac-

tor incr-ease, and a factor of more than flve was obselvecl fot- heat



tlansfer enhancement. Furthermore, the onset of thermal instabil-

ity rvas discover-ecl to aclvance rvith increasing G.'ashof number ancl

rvith decreasing Reynolcl number. A conclusion was inferrecl that

inc,.-easing Grashof number augments florv resistance ancl gleatly

enhances heat transfer'. In these previous experimental results,

distilled rvater with Prancltl numbel ranging from 5-9 was used

as the rvorking fluid. Therefore, these results have not proviclecl

much information on the impact of highly viscous fluid on the flow

and heat tlansfel inside a semicirculal cluct.

2.2 Effects of Viscous Fluid

For most liquicls, the specific heat, thermal concluctivity and

clensity ale near'ly independent of temperature, but the viscosi-

ty decreases marlceclly rvith increasing temperature. The Prandtl

numbel of liquicls varies with temperature in much the same man-

ner as the viscosity. The impacts of highly viscous fluicls on com-

bined free ancl forcecl flow in clucts of different geometries have

been stncliecl by some investigators [2L, 22, 23]. So far', to the

knowleclge of the rvriter, thele is no information available for the

semicircular cluct. Since similar features to the circular cluct ale

expectecl for the semicircular cluct, it is believecl that a brief le-

view of the behaviour of highly viscous fluicis for circular duct

coulcl serve as a guide for unclerstanding the semicirculal cluct.

The pioneeling rvork on viscosity effects clates back to the



expelimental work of X¡IcAclams [24j. Deissler 125] carried out a

nnmerical analysis for laminar florv through a circulal cluct at con-

stant heat flux bounclary condition fol liquicl viscosity variation

rvith temperature, ancl it has been widely used to corlelate ex-

perimental clata fol laminar florv. Yang [26] obtainecl the solution

for both constant wall heat flux ancl constant wall temperatur.e

boundaly condition, ancl he conclticled th¿t the effect of thermal

botinclary conclition is small ancl the influence on the friction co-

efficient is very substantial. He also forind that the correction for

valiable properties is the same for cleveloping ancl cleveloped re-

gions. Shannon and Depew [27] aú Joshi and Bergles [28] carliecl

out similar analyses for the constant heat flux boundar-y condition,

ancl procluced similar correlation to that of Deissler [25], brit their

preclictions differ from Yang's, palticular in the entrance region. A

simplel empirical correlation has been proposed by Sieclel ancl Tate

[29] to preclict the mean Nusselt number in a circular cluct at con-

stant wall temperatule. Some other investigators have proposecl

alternative correl¿tions for specifrc fluicls. Oskay ancl l(akac [30]

performecl experimental stuclies with mineral oil in lamina,r' florv

through a circular cluct uncler constant rvall heat flux boundary

conclition. Kuznetsova [31] macle exper-iments with transformer oil

ancl fuel oil. Test [32] conductecl an analytical ancl exper.imental

stucly of heat tlansfer and fluicl flow behavior for laminar florv in

a circulal cluct for licluicl with viscosity varying rvith temperature.

The publications clealing with viscosity effects generally have



not tleatecl the influence of bu.oyant forces and vice versa. Among

the papers on free convection effects in forced florv, only a ferv

have examinecl the problem in a horizontal tube with uniform flux.

When a uniform rvall-temperature bounclary conclition is imposecl,

the heat flux is the clepenclent variable ancl responcls to the free-

convection circulation by increasing. The higher heat flux brings

the bull< of the fluicl to the wall temperature more quickly, and the

free-convection contribution is self-eliminating. This situation is

contrar-y to the imposecl rvali flux case where the wall temperatut'e

is recluced by free convection but must, be maintainecl at, some level

above the fluid temperature providing a driving force fol cilcula-

tion consequently, the fi'ee-convection contribution is maintainecl.

It is hopecl that some lcey features about free convection

in circular ducts and high viscosity effects have been highlighted

through this brief leview. In the remaindels of this thesis, the

impact of these trvo factors is investigatecl in a semicircular duct.

10



Chapter 3

Experimental Facility and
Frocedures

The objective of the experiments rvas to investigate Prancltl

effect on combinecl laminar convection for a semicilcular duct.

Specifically, experiments wele run to determine the heat trans-

fel ancl pressure drop characteristics, which are expressed by both

local and fully developed Nusselt numbel ancl by friction factor.

The experimental facility was pleviously designed for exploring

buoyancy effect on laminal water florv and heat transfer in the

thermally cleveloping ancl fully clevelopecl regions of a holizontal

semicircular duct. In the current investigation as in previous in-

vestigations, tinifor-m heat input axially was chosen ¿s the thermal

bounclary condition. No special attention rvas put on the verifica-

tion of the phenomenon of florv bifulcation due to limitations of

the experimental apparatus.

The single symmetlic orientation of the cluct rvith the flat

surface up ancl circular sur-face clorvn, was chosen for the experi-

ments. This should provicle an indication of Prancltl effect for any



olientation. In any case, the effect of Prandtl numbel for other

orientations of the duct are ieft to future investigations.

For the experiments of low Prandtl number' fluicl, distillecl

rvater was selectecl as the working fluid. For all those experiments,

Prancltl number aver-aged about 5. tr'or the experiments of high

Prancltl number', solutions of ethylene glycol rvere chosen as the

rvorking fluicls. Unclel the temperature range of the expeliments,

concentrations of the solutions were deciclecl upon rvhich gave the

required values of Prandtl number of 20 ancl 100.

Thus, throughout the whole expeliments , only the orien-

tation with flat surface up anci circular surface down and Prancltl

numbers of 5, 20 and 100 rvere stucliecl .

In summary, power input, temperature ( both rvall and fluicl

bulk ) and pressure clrop measurements were macle so as t,o decluce

the following main characteristics:

a) Local circumferential temperature variations of the cluct wall

¿t a cross-section, rvhich indicate the significance of buoyancy

effects for clifferent Plancltl numbers.

b) Fully clevelopecl friction factors for the working fluids rvith

cliffelent Prancltl numbers uncler clifferent lates of heating.

c) Axial valiations of the local ave.r-age Nusselt number along

the heatecl section ancl fully clevelopecl Nusselt numbers at

clifferent Reynoicls ancl Rayleigh mrmber for the fluids rvith

cliffelent Prancltl mrmbers.



cl) Comparison of the experimentai results to the previous nu-

merical preclictions by Lei [20] whenever possibie.

All dimensions for the semi-circular cluct usecl in the test

section are listecl in Tab1e.1 .

Table 3.1-: Detailed dimensions of test section

Insicle cliameter
D¡ (mm) 49.76

Outside diameter
D" (mm) 53.98

Hydraulic diameter
D¿ (mm) 30.40

Cross-section fluicl area
t\l\¡¡ lcm') o 799r¡

Insicle heatecl wall area
Ã;, (*2) 0.5997

Closs-section solicl area
A, (cm2) 3.4311

3.1" Preparation of working fluids with high Prandtl
number

3.1-.1 Range of Prandtl number

A main objective of the investigation was to study the effect

of Plancltl numbel on pÌessrue clrop ancl heat transfer'. Previous



experimental work [20] was concluctecl using distiiled water', which

hacl Pr"ancltl numbers ranging from 4.0 to 6.5 undel the earlier

experimental conclitions. As a result, rvorking fluicls rvith Prancltl

numbers other than this range have to be tested uncler similar ex-

perimental conditions in orclel to obselve the impact of Prancltl

mrmber on pressure clrop ancl heat transfer'. Aftel due consicler-

ation, rvorking fluicls rvith Prandtl mrmbers of 20 ancl 100 were

selected. In this way, a reasonably rvicle range of Prandtl num-

ber from 5 to 100 with 20 in between woulcl be coverecl in the

experiments and the effects of Prandtl number could be observed.

3.L.2 Selection of working fluids

In the plocess of choosing appropriate working fluids, the top

pliority rvas to use some fluicls with high and stable values of

viscosity undel test conclitions. Nluch attention had been put on

hydrocar-bons and their solutions. As a result, it rvas founcl that

ethylene glycol ancl its ac¡reous solutions rvoulcl reasonably rvell

meet the rec¡rilements. Details ancl consicler-ations were as follorvs:

a) High Prancltl number. 90% ethylene glycol and 10% clistillecl

water by weight, has the value of Prandtl number ar.ouncl 100

at a temperature about 40"C, while the solution of 70% e|l'Ly-

lene glycol ancl 30% clistillecl rvatel by weight, has the value

of Prandtl number around 20 at the same tempelature. The

experiments we.r-e rrln in the vicinity of the notecl temperature.



b) trthylene glycols have been major proclucts fol many yea-is,

ancl their physical properties have been extensively stucliecl.

Especiaily, since ethylene glycols are generally encounterecl

diluted in rvater the properties of its aqueons solutions are

available in many literature leferences. This greatiy faciliiates

the process of clata leduction for the tests.

c) Ethylene glycol is one of the basic products of chemical inclus-

try ancl rvidely usecl in other fields. Nlost of ethylene glycol

proclucts go into antifreeze, as well as into plasticizers ancl

solvents.

3.1-.3 Viscosity meâsurement of ethylene glycol solution

Although values ofproperty for ethylene glycol and it solutions

are available from the literature, it was still necessary to have first-

hand information about values of viscosity for solutions of clifferent

concentration for the following reasons:

a) 90 To ancl 70 % ethylene glycol were proclucecl in the lab by

mixing (by weight) 90% ethylene glycol with 10 % distilled

water ancl 70 Vo ethylene glycol wiih 30 % clistillecl rvater,

respectively. Due to the uncertainties of both human pelfor'-

mance and ec¡iipments clur-ing the operation of mixing, per-

centage errors of solutions rvere assumecl unavoidable. As a

matter of fact, the pelcentage errols rvere founcl to be rvithin

370 îor both solutions. Fig.3.1, Fig.3.2 ancl I'ig.3.3 shorv the

changes of Prancltl number versus temperature ancl various



corcentration of clifferent solutions .

b) Aftel checking the propelty table of ethylene glycol ancl its

solutions, it shorvecl that most properties, such as density,

speciflc heat and thermal concluctivity, clo not vary signifi-

cantly rvithin a 37o error bancl rvith concentration at fixed

temperature. Hence their values at any rec¡rirecl temperature

corilcl be interpolated from published values without, losing

much accuracy. On ihe other hancl, viscosity was founcl to be

extremely sensitive to both temperature ancl pelcentage con-

centration. Even a small percentage error of concentration

would cause significant deviation for the values of viscosity.

Accordingly, accurate measurement of viscosity for the solu-

tions was crucial, since viscosity values woulcl have a clirect

eflect on Plandtl number values.

Nleasurements of viscosity values for 907o and707o elhylene

glycol were concluctecl by using a viscometer (FISHtrR 13-616E),

strictly following the proceclures suggestecl by the manufacturer'.

Nleasurement were made at the temperature range that aqueous

solutions woulcl go through cluring the experiments. For both 90%

and 70% ethylene glycol solutions, it rvas founcl that measured

valnes of viscosity were rvithin ahovt 7Vo of those viscosity values

proviclecl by Gallant [33]. All the me¿rsurecl values of viscosity be-

came propet'ty input of the computer program for clata reduction,

ancl they are listecl in Appenclix A.
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3.2 General description of the experimental
set-up

A schematic cliagram of the experimental set-up is sholvn in

Fig.3.4. A tank of 200-liier capacity was usecl for collecting the

test fluicl. The tank rvas insulatecl by a 25-mm iayer of fiberglass.

A 2-holsepower centrifugal pump was usecl to cilcuiate the working

fluid in the system. The wolking fluicl was pumped from the tank

and passed through a filtel preventing any solicl impurities fi'om

being circulatecl into the system. A by-pass line controlled by two

valves rvas constructed to acljust flow rate and pressure level in the

system.

For the system, the test section consistecl of a hyclroclynam-

ic ently length follo'rved immediately by a heated section in which

all pressure drop and heat transfer measurements were conducted.

The total length for the test section was 8.5 meter, of which 3.8 m

was used as a hydroclynamic entry iength. Plessure clrop measure-

ments wele taken across a length of 4.7 m, rvhich rvas uniformly

heatecl by electrical wire wrappecl arouncl the cluct.

Thelmocouple stations rvere set along the test section to

measure wall tempelature. A thelmocoupie rvas usecl to measure

the upstream bullc temperature immecliately aheacl of the hyclro-

clynamic ently section. After passing through the test section, the

working flriicl flowecl into a mixing chambel forcing the flnicls to

mix uniformly before the clorvnstream bulk temperature was taken.

The rvorking fluicls were then intr-oclucecl to trvo heat exchangels

,t1
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ancl coolecl to the initial temperature.

After the fluicl rvas cooled it passecl through a florvmetel

measuì'ement station where a combination of 3 v¿riable area lo-

tameters of diffelent ranges made by Fishel and Porter are usec1.

The florvmeters are connectecl in parallel so that one ot' two, oL

three coulcl be operatecl clepencling on the flow magnitude. The

smallest flowmeter hacl a maximum capacity of 1,8 cm3 f s, ancl the

largest one had a maximum capacity of 70 cm\ f s. The flo.rvmetels

were calibrated beforehancl. If not neeclecl, the flowmeters corid be

by-passecl. After flow measurement, the working fluid then flowecl

bacl< to the accumulating tank.

3.3 Detailed description of experimental facil-
itv

3.3.L Heated section

Fig.3.4 and Tabie 1 show the climensions of the test section.

Two pressure taps rvere instaliecl befole ancl after the heated sec-

tion, r'espectively. Leacl lines from each pressule station were con-

nectecl to a plessure transducer rvith adjustable range of 0 - 50.8

mm of water up to 0 - 152.4 mm of water. The tr.ansclucer was

manufacturecl by Rosemount Inc., model no.1151DP, ancl excitecl

by a D.C porvel supply rvith a 0 - 100 mA ancl 0 -120 V ranges.

The transclucer output in mA was measured by a cligital multime-



ter. An analog computer', lvlacsym 2, rvas employecl to r-eceive the

tlansclucer outputs ancl to average the pressur-e leadings.

For the 4.7 m long test section, the rvall temperatures wele

measured at 19 axial stations (see the experimental results in Ap-

penclix for exact locations). At each station, there are thlee[ two

at the top flat surface ancl one the bottom,see Fig.3.4 for exact

iocations], 24 gage, copper-constantan thelmocouples attachecl to

the wall. In aclclition to that, eight thermocouples were mount-

ecl on the cluct wall just before and after t,he heated section for

estimating heat conduction losses along the duct ends. AII the

lecorded data are shown in the Appenclix.

The axial locations of the measuring station were clesigned

in such a way that more thermocouples were assignecl in the en-

try legion of the heated section , ancl as the clistance fi-om the

beginning of heating increased, thelmocouples were allottecl mole

sparsely. Along the last one - thilcl of the heated section, mole

stations of thelmocouples wele set up for the purpose of watching

buoyancy effects on the streamwise main flow. I'or each thermo-

couple location, a small copper tube or rvell of 2.5 mm cliameter

w¿s solderecl onto the cluct wall fol ihe installation of a thermo-

couple.

For the construction of the he¿tecl section, before a thin

clielectric tape rvas rvrapped arouncl the cluct, a thin layel of insu-

lating varnish (clielectric strength of 2000 volts pel one-thousandth

inch) hacl been sprayecl on the outsicle of the wall. Then trvo par-



allel lines of electric resistance wires, rvhich hacl a total resistance

of 6.61 ohms, were rvouncl tightly around the duct. Uniformity

hacl b een tested ancl inclicatecl that this 'rvrapping resriltecl in a
maximum nonuniformity erlor of 6% relative to its mean value.

Fol the final touch, the cluct rvas coatecl rvith cement of high ther'-

mal conductivity at high tempelatu'-e to fix the position of wiling

ancl distribute input heat uniformly. This layel of cement w¿s

then coverecl by a 25 mm layer of flberglass insulation to largely

eliminate external heat losses from the test section.

A 2000 V.A. isolation transformer ancl a powel variac were

usecl to control the power supply to heating. This impact powel

was measured by a cligital watt-metel'. The input voltage and cur-

rent were clisplayed in a voltmeter ancl an ammeter, the accurate

reaclings was obtained by a cligital multimeter as well.

All thelmocouple outputs were measured by a cligital poten-

tiometer in "F. The input voltage ancl current were displayed in

a voltmetel and an ammeter, the ¿ccurate reaclings was obtainecl

by a cligital multimeter as well. A thermo-electric heat flux trans-

ducer (Heatprobe, moclel HA-100, range of 0.3-300 W/rn2 ) rvas

used at the different locations for estimating the heat concluction

losses thlough the insulation.

A specially ciesignecl bed rvas usecl for supporting the test

section ancl the horizontality of the duct was checkecl. The cluct

rvas carefuily connectecl to the test loop ancl calibr"atecl thermo-

couples rvere installecl into the welis preparecl befole and attachecl



to the wail. Each rvell rvas then filiecl rvith a high ther-mally con-

clnctive paste ( Omegathlem 201,k-125 rv/mK ) ancl sealecl rvith

solicl epoxy to heep the paste always in goocl contact rvith the cluct

'rvall.

3.3.2 Mixing chamber

The purpose of the mixing chamber was to mix the rvorking

fluid propelly at the exit of the heated section. The chamber had

a cliameter of 60 mm, and a length of 200mm. A thermocouple

filled rvith high thermally conductive paste ( k-125 W/mI{ ) rvas

used to measure the clownstream bulk temperature using 24 gage

copper-constant constant thermocouple. Trvo grids rvere flxecl at

both encls of the chamber with several inclined holes to create a

voltex in the chamber. This vortex mixes the fluicl tholoughiy so

that a uniform temperature is reachecl alouncl the thelmocouple

well.

Since the vorticity generatecl within the mixing chamber

clepencis upon the florv velocity of the fluicl, at very low flowrates

(low Re ) the mixing chamber hacl to take longer periocl of time

to have the whole system stablizecl for each lun.

3.3.3 Heat exchangers

Trvo 1.5m long, counter-current, clouble-pipe heat exchangers

rvere usecl to cool the test fluicl back to the initial temperatnre.

The inner tube hacl an insicle cliameter ol L2.7 mm ancl an outer



cliametel of 15.9 mm. The outer tube hacl 19.0-mm insicle diame-

ter, and 22.2-mrn outsicle cliameter. The test fluicl rvas flowing in

the anmrlus ancl the cooling fluicl rvas florving in the innel tube.

The heat exchangers rvere connectecl in series by a set of valves.

By changing the opening of the valves, the flow coulcl be clirectecl

to only one or both exchangers clepencling on the required heat

cluty. These heat exchangeÌ were essential for the establishment

of steady-state conclition.

3.4 Experimental procedure

3.4.t Calibration

To cletect any erlors in the wall thermocouple readings due to

the method of attaching the thermocouples to the wall, as rvell

as the changes of running condition for nerv working fluids, all

the thermocouples were recalibrated again. All these thelmocon-

ples have been calibr-ated after being attachecl to the wall for the

previous experiments. The follorving ploceclures were foliorvecl for

calibration:

The florvmeters ancl heat exchangers were isolated from the

system by acljusting their bypass lines.

The bypass line of the test fluid circulating pump was shut

clorvn completely, thus forcing the maximum flowrate to be

circulatecl in the system.

a)

b)
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c) No heat lvas aclciecl in the test section. Thus, it was possible to

assume that the upstream ancl clorvnstream bulh temperatures

as rvell as all rvall temperatules wele equal since the heat

losses fi'om the test section wele minimizeclby the insulation.

11) The rvater in the accumulating tank rvas controllecl at the tem-

perature of 70"F by circulating the city water coolant through

the heat exchanger.

e) Operation was continued until steacly state was reached, which

rvas indicated by the consistency of all thermocouple leadings.

f) The upstream and clorvnstream bulk temperatures along with

all wall thermocouple readings rvere recorcled.

Steps d,e,and f were repeatecl for the temperature range 40-

80'C expected to be coverecl cluring testing.

AII the reaclings at each rvall thermocouple and the corre-

sponcling bulh tempelature rvere risecl to generate a calibt'ation

formula rvhich was usecl to correct the readings of that particular

thermocouple cluring the heat transfer tests in the proglam of clata

recluction.

Ali other measuling clevices such as the flowmeters, ancl the

pressure tlansclucer were calibratecl as rvell. The pressure trans-

clucer rv¿s calibratecl at room temperatule using a water - column

manometeL, a multimeter, ancl an analog computer.



3,4.2 Heat transfer tests

A similar ploceclure rvas followecl for each mixtru'e of clifferent

Prancltl mrmber'. Two florvrates rvere selectecl rvithin the laminar

florv range for each mixture. The Reynolcl nrimbers of the two

florvlates were ¿bout 150 ancl 250, respectively. At each florvrate,

sevelal test runs wele conductecl corresponcling to clifferent input

power to the heatecl section, creating a Rayleigh number- ranging

from 3.5 x 106 to 4.3 x 107.

For each rLln, corresponcling to a certain flowrate ancl a cer-

tain power input, at least a period of time of 5 hours rvas neeclecl

to have a thermal equilibrium establishecl, for which steady state

conclitions were indicated by the constancy of all thermocouples,

flowmetels and pressure - transducer reaclings. Then, the following

data were recoldecl:

1) Upstream and clownstream temperatule.

2) All rvall thermocoupies readings.

3) trlectrical input p owel in rvatts.

4) Plessure - transclucer reaclings.

5) Flowmeter reaclings of the fluicls.

Ndeanwhile, heat concluction losses through the insulation

lvere measurecl by attaching the thermal electric heat flux trans-

clucer on the insulation at a numbel of axial locations.

Steps for cletermining the reference pressure rvere:
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â)

b)

Shut-off porvel to the pump.

Terminate input p orver to the heatecl section.

c) Recorcl the presstire transclucer readings for over' 10 mimrtes.

cl) Determine the reference pressure ai rvhich the pressur-e trans-

clucer would have given zero output if it hacl been calibratecl

undel the conclition.

3.5 Data Reduction

3.5.L Data selection

The lecorclecl clata rvere fecl to a cligital computer to be reclucecl.

A FORTRAN computel program rvas p,.-epalecl for this prlrpose;

the proglam is listecl in the Appenclix. The program accommo-

clatecl the tables of thermophysical propelties of mixtures of fluicls

with different Prancltl mrmbers for interpolating any proper-ty val-

ues at any rec¡rirecl temperature. A proceclure of taking account of

heat conduction clissipation along the longituclinal cluct at the be-

ginning ancl the encl of heating rvas followecl in the plogram. This

proceclule was necess¿ùry to correct the upstream and dorvnstream

bulk temperatures. Once these rvere establishecl, the bulk temper.-

ature v¿riations along the ciuct wele assumecl to vary linearly with

clistance between the trvo values of inlet ancl outlet temperature.

The rate of heat gainecl by the test fluicl Q¡ was calculat-

ecl ancl then comparecl rvith the electric porvel input Q". Only
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those clata rvith an overall energy baiance errol rvithin * 9% were

acceptecl.

3.5.2 Parameter Definition

For the computation of florv and heat transfel ch¿racteris-

tics, it is necessaly to clefinecl key parameters appearing in the

calculation. In this research thev ale:

1) Reynold number:

R.e: Dn'm
(3.1)

l.t.A1
2) Fanning friction factor:

(3.2)

3) Grashof mrmber:

Gr: 13'g'p''Df,'Q¡
þ2 'k'A¡,

Ra - Gr .Pr

(3.3)

(3.4)

4) Rayleigh number:

5) Local Nusselt number':

N,r,¡:b*
A¡, . lc .(t,,j - t,,,,)

(3 5)
Q¡'Dn

rvhele j refers to one of the three thermocouples of each cross -

section at clistance x.
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Also local and peripherally ave

ñu.¡-

by averaging the peripheral

tively:

r:aged Nusselt numb er-s

e¡.Dn (3.6)A¡,*'k'(T-¡-t,,",)

wall temperature úr,¡, and alterna-

(,). / /

by averaging the pelipheral heat transfer coefficients lr,,¡.

Experimental uncertainties in the experimental were con-

siclerecl. Reynold numbers ancl Rayleigh number are estimatecl to

be correct rvithin L.4Vo ard +1570, and friction factor- ancl Nusselt

nnmbel a,re estimated to be rvithin f8% and +I7%, respectively.

A maximum difference of I3To betrveen the fluicl heat flux and the

input flux on the outel surface of the duct is estimatecl as well

[20].

3.5.3 Brief outline of computer program

A computer program for experimental data I'ecluction was writ-

ten ancl the followings are the highlights of the proglam:

1) All wall thermocouples wele corrected accorcling to the formula

clevelop for each one by the calibration process.

2) The rate of heat gainecl by the fluid was caiculatecl as :

Q¡ -*'Cp(T^d-Tí,,) (3.8)



3) The percentage deviation betlveen the electlical power srippliecl

ancl the rate of heat gainecl by the fluicl rvas calculated as

ø:{(Q"-Q¡)lQ"}xt00 (3.e)

As alreacly notecl, runs with more than gTo heat balance error

rvere rejectecl. As a matter of fact, most of the runs had values

of error within 6% .

4) I(norving the wall closs-sectional area and the wall thermal

concluctivity, the rate of heat concluctecl axially at both encis

of the test section was calculatecl.

5) The inlet btlk tempelature at the beginning of the heatecl

of the heatecl section rvas evaluated by aclding the amount

of increase in the bulk temperature clue to the axial heat

conduction to the upstream bnlk temperature.

6) The outlet temperature w¿s evaluated as in the above step,

except that the bulk tempelature cliffe.-ence due to the axial

heat concluction in the wall rvas subtracted from the down-

stream bulk temperatur-e.

7) After- the iniet and outlet bnlk temperatnres rveLe evaluatecl,

a straight line was fittecl betrveen them, ancl the local bulk

temperatule was evaluatecl at each measurement station of

wall temperature.

8) At each station the difference between the average rvall tem-

perature and the btlk temperature was evaluated ancl usecl
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to calctilate the local Nusselt number.

9) Local Reynolcls, Rayleigh, ancl Prancltl numbers rvere evaluat-

ed at each station basecl on the local bulk tempelature.

10) l,Iean values of Reynolds, Rayleigh, ancl Prancltl numbers

were evaluatecl at ihe average bulk temperature.

11) The average) cliabatic fi'iction factor was calculatecl based on

the pressure ch-op through the heatecl section for each ,.-un.



Chapter 4

Results and Discussion

The experimental results are cliscussed in this chapter. All the

clata ale from the 12 runs for Pr-100 ancl 12 r'uns for. Pr-20.
Discussions are made on the results of pressule dlop rvith heat-

ing, local and fully-developed Nusselt number and the axial and

circumferential variations of rvall temperature. Comparison with
preclictions ancl othel infolmation ale presented whenever possi-

ble. Experimental runs were compieted for Re r.a,nging from 1b0

to 250, ancl Ra ranging from 3.5x 106 to 4.3x 107, whele all the

corresponding fluicl ploperties were evaluated at the average of

the upstream btilk tempelature and clownstream bulk tempera-

ture. N{ore cletails on the ranges of the paramete.,-s of the running

conditions ale listecl in the following table.



Table 1: Detailed R Conditi
Nlass flolvrate

* Gl") 47.2 - 88.1

Heat input
Q, (r(w) 0.r2 - L.1.2

Heat intensity
Q¡lÄt, ( KWlmm2) 0.2 - 1.86

Reynokl mrmber
Re 150 - 250

Grashof nrimber
Gr 3.5x 104 - 4.3x 105

Rayleigh number
R,a 3.5x 106 - 4,3x 107

Pr-andtl nrimber
Pl 20 and 100

As mentioned previously, viscosity of aqueous solutions of

ethylene glycol ar-e extremely depenclent on temperat,ule variation.

The temperatule rise of the working fluid rvhen it passecl through

the heating section hacl to be controlled in order to maintain the

Plancltl number at the required average value. For each combi-

nation of Reynolcl and Rayleigh numbers, the inlet bulk temper-

atures were controllecl not to exceecl 26"C while the downstream

bulk tempelatules ( outlet tempelature ) rvere controllecl not to
exceecl 50"C.

It h¿s been shorvn that clitical Reynolcl number for semi-

circnlar cluct is about 2100. Drie to the facility limitation, the

maximum Reynold number achievecl was as high as 250 in all cur-

lent experiments. This value is rvell belorv the critical value of
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2100 ancl thus all the runnings were rvithin the laminar region.

4,L Temperature Variation

Discussions on both axial ancl peripheral wall tempelature clis-

tribution are made sepalatively in the follorving sections. Axial

temperature clistribution can show the onset of significant free con-

vection effect for the r-ange of heating late fol Pr'-100 ancl Pr'-20

for this particular geometry. Periphelai temperature clistribution

will demonstrate the significance of free convection eflects on the

different locations at certain sections for Pr-100 ancl 20.

4.t.L Axial wall temperature distributions

Two sets of readings of axial wall temperature distribution are

shorvn in Figs.4.l to 4.4 regarding the tlvo different Prancltl num-

bers. F ig.4.1 and Fig.4.2 are the wall temperatules of Pr:100, and

Fig.4.3 and Fig.4.4 are the wall tempelatures for Pr-20. I'or- each

Prancltl nnmber, two levels of Reynolcls mrmber hacl been lun for

each heating conclition. Altogether', there are 12 tests for Pr'-100

ancl 12 tests for Pr-20 in the experiments; the cletailecl clata of

those tests are shorvn in the Appendix. Tempelature readings at

the semicirculal bottom for each axial location are clisplayecl for

the culrent cluct orientation. Some features observecl are:

1. It is seen from each figule that free convection effect starts

builcling up gradually as soon as the heating staltecl, but this effect

remains insignificant in the early part of the thelmal eniry length
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rvhich vary clepencling on Pr'. The inclicator shorving the encl of

the thermal entry lengih is immecliately follorving the small dip in

temperatule lise in each figure. This is due to the fact that free

convection effect takes some certain length to clevelop before it can

manifest itself. The thermal entry length rvas founcl to be about

130 cm from the onset of heating for Pr,-100. Similar- trencls are

observecl for Pr:20, rvhere the thermal entry length was about 75

cm from the onset of heating.

2. For both Pr-100 and Pr-20, experimental clata shown

that Reynolcls numbel is not an very influential fact affecting the

axial temperature distributions. Although only two basic Reynolcl

numbels of 150 and 250 wele testecl, the experimental results coin-

cide with the lesults from Lei's expeliments, where a rveak Reynold

numb el influence for this particular geometry was lecolded ¿s well.

3. The significance of free convection effects are seen after

the thermal entry region, rvhich is indicatecl by seeing that tem-

perature clifference between rvall and bulk have been depressecl by

the induced free convection for both cases of Pr'-100 ancl 20.

4.L.2 Peripheral Distribution of Wall Temperature

Peripheral vari¿tions of w¿Il temperature among the thlee lo-

cations of thermocouples are shorvn in I'igs.4.5 to 4.10. Temper-

atures to and t¿ ale the trvo wall temper-atures at the flat surface

ancl values of t" are the temperatures ¿t the bottom of the semi-

circular part. Some features from the observation of these figures
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afe:

1. For both Pr-i00 and 20, values of to and tå are closely

equal to each other uncler a1l clifferent mnning and heating con-

clitions. In relation to seconclary flow, this inclicates a symmetric

trvo dimensional florv about the veltical center plane of the cluct.

Furthermore, it indicates ihat this pattern of florv is inciepenclent

of the Prandtl number of the rvorking fluid insicle the semicircu.lar

d rrct.

2. For both Pr'-100 and 20, temperature readings of t" at

the bottom of duct are considerably lorver than those of to ancl t6

except for the region near the entrance. As mentionecl previously,

free convection effects are not significant in the early stage of entry

region, ancl therefore the temperature diflerence between the top

ancl bottom which is inducecl by the bnoyant movement of fluicls

is negligible.

3. Fo'- the run of Pr'-100, ancl average clifference between

t" (or t¿) ancl t" is about 0.3'C for the lorvest heating rate of

Gr-4.1x104, and this difference is about 2.0"C fol the highest

heating rate of Gr-3.4x105. This inclicates that higher heating

will comparatively intensify the free convection effects and cause

rvicler temperature difference betrveen the top ancl the bottom.

The similar pattern is also observecl from the resnlts of Pr-20,
where temperature clifference between t" (or t¿) and t" is about

0.1'C for the lowest heating rate ancl about 1.5'C for the high-

est heating late. As a result, it is leasonable to conclucle that
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more significant free convection effects exist for the fluicl of higher

Prancltl numbel than ihat of lower Prancl.tl number when the same

heating conclition are appliecl to them.

4. The onset of secondaly flow caused by free convection

is indicatecl by the first discernible reduction of t" relative to to
(or t¿). It is found that locations of the onset of secondaly florv

ale affected by both Grashof number ancl Prandtl mrmber. But

Reynold mrmbel effects are not rem¿rkable in the curlent running

condition, which is expectecl for the narrow range of Reynold num-

ber. It is founcl that the onset of seconclary flow is at about x-90
for Pr-100, and at x-60 for Pr'-20, therefore it is conclucled that

lorver Prancltl number brought the onset of seconclary flow earlier

than that of higher Prandtl number'. As for the Grashof number

effects, there are slight indications that higher Grashof numbel

slightly moved the onset of seconclary flow earlier, rvhich rvoulcl be

due to the reason that highel heating rate induces more significant

free convection effects.

4.2 Diabatic Fbiction Factor

This section contains the results of friction factor for Pr-100,

Pr-20 ancl Pr-5. The influences of heating ancl running concli-

tion on friction factor, in terms of Ra and Re numbers, will be

presenóecl ancl cliscussed, ancl Prancltl effects on friction factor will

be examined as well.
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4.2,L Calculation of friction factor

The lelationship between values of friction factor ancl Re num-

ber hacl been stucliecl by Lei ancl Tlupp [18]. It rvas shorvecl that,

rvhen the fully developecl conclition was reachecl, friction factor

values monotonically dropped with increasing Re in the lamin¿r

region. It was also preclicted Lhat (f Re)¡a,e is 1b.2668, (f Re)¡d,o

is the procluct of friction factol f ancl Reynold number without

heating.

The friction factor ancl Reynolcls numbel rvere calculated

basecl on the hydlaulic cliametet as follorvs:

Re- D¡'m
lt. A1

, D\,(-¿'PILX)
" 2p'w"

(4. 1)

(4.2)

The cliabatic friction factors are subjected to hyclraulically fully-

clevelopecl condition at the onset of heating. The ratio (f Re) ¡,a I ff Re) ¡a,o

will be used, whele (f Re)¡d is the procluct of friction factor ancl

Reynolcl number under the heating condition. This ratio inclicates

the significance of free convection effect.

4,2,2 Reynold Number Effects

The cliabatic friction factors in each experimental run were av-

eragecl over the heated section. The effects of variable propelty

rvere not consiclerecl speciflcally cluring the recluction of expelimen-

tal data fol the current stucly. All the properties lvere evaluatecl

at each avelage bulk temperature. Table 2 ancl Table 3 are some
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sample results of the procluct fRe for Pr-100 ancl Pr-20. It is

shorvn that fRe values clo not vary significantly rvith Re for each

Plancltl number rvhen clifferent heating conditions rvere imposecl.

The clifference shown are all rvithin the error bancl ancl thev rlo

not form a consist,ant pattern.

Gl fRe for Re¡v150 fRe for Re=250 L%
5.0 x 104 16.00r¡"=r¡,0.r 15.98(a"=z¡o.s) nll ciecr.
1.0 x 10o 16.03¡¿"=15¡.s1 15.92¡¡7"=22s.s¡ nil decr'.

3.3 x 10ð 1.6.28¡¿"=16s.e¡ 16.23¡ ¡7"=2as.s1 nil clecr.

Gl fRe fol Reæ150 lRe fol Res250 L%
4.8 x 104 L6.32¡ ¡¡."=1a2.¡¡ 16.52¡p"=23s.s') 170 incr'.
1.0x 10o L6.61¡p"=v1.s¡ 16.28¡n"=225.5¡ 2To decr.
3.3 x 10Ð 15.51¡¿,=13e.3¡ 16.38¡¿"=25a.a¡ 5o/o incr.

4,2.3 Grashof Number Effects

As shown in Fig.4.11, as Grashof number valiecl from 3.5x104

to 4.3x105 fol each Plandtl nrlmber, the latio of

(f Re)¡,¿lffRe)¡a,e increased very graclually. The same trencl hacl

been cletectecl in the earlier study [20]. It is seen that the in-

creases for each Pr¿ncltl numb e1' are ver.y moclest, 0.7% inclease

fol Pr-100, 0.8% increase for Pr=20 ancl 1.9% inclease for Pr-5.
This change can be explainecl that as buoyancy effects become



lelatively stlongel when heating rate increases, mote severe clis-

tortion of the axial velocity profile is believed to occur thus causing

the inclease of friction factor under the higher heating rate.

4.2.4 Prandtl Number Efects

Prancltl number effects are also clemonstrated in Fig.4.11. For

the same heating rate, it is shown that a fluid with higher Prancltl

numb er has a lower level of fRe ratio. The avelage clecrease of

ffle for Pr-100 is about 2% comparing to fRe values for Pr'-20;

and 3Ù/o for Pr:20 comparing to these for Pr-5. This corilcl be

contributed to the fact that higher Prancltl number'fluic1 will have

less severe distortions of axial velocity plofile than that of lower

Prandtl number fluicl due to the difference of viscosity when the

same heating lates are imposed. It is believecl that increase of f
values is the lesult of clistortions of the axial velocity profile causecl

by the buoyancy-inclucecl seconclary flow.

4.3 Heat Tbansfer Rate

The significance of Reynolcl, Grashof ancl Prancltl effects are

demonstratecl in the following discussion by introclucing the cli-

mensionless parameter Nusselt number fol both local ancl fully cle-

veloped conclitions. To show the free convection effects induced by

external heating on heat transfer rate along the duct, local Nusselt

numbers at cliffelent locations are clisplayecl. The Prancltl number

impact on heat transfer late is mainly clemonstratecl thlough the
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aveÌage Nusselt numbers for the fully deveiopecl section for the

three rvorking fluicls.

4.3,L Local Heat Tbansfer Rate

Fig.4.12 sho'rvs the clistribritions of local cross-section average

Nusselt nrimbers at valious axial locations for different Prancltl

mimbels each at trvo mass florv rates ancl at about the same

Grashof number.

Reynold Number Effects: The effects of Reynolcl num-

ber on Nu.r,¿¡ appeared to be insignificant at current heating con-

ditions for all Prandtl numbers. The change of Reynolcl number

from about 150 to 250 cloes not substantially influence the values

of l{u,,¿¡, with the exception of the area befor.e x-20 ancl in the

frilly developed palt especially for Pr-100 ( with a 3-5% change

at the encls), rvhich could be due to the effect of fluicl proper-

ty variations. It is believed that Reynolcl number effect on local

Nusselt number is very limitecl. Other experimental results ancl

numerical predication have clemonstratecl similar trencls [20]. It
also has been pointecl out that essential inclepenclence of Reynold

number in combinecl convection flow is only true for lorv ancl mecli-

nm heating rates. The insensitivity of Nur,¿¡, values to the change

of Reynolcl number in those data is believeci to be the lesults of

both lorv heating late ancl small clifference in Reynold number in
the current experiments. Previous results by Lei suggestecl that

the influence of Reynolcl number rvas limitecl uncler lorv ancl mecli-



um heating rates up to about 3.0x108. Only the aclvance of onset

of secondary florv coulcl be detectecl in those cases.

Grashof Number Effects: I'ig.4.13 clemonstlates the in-

fluence of Grashof number on local Nusselt mrmber for the working

fluicl of Pr'-100. Three clifferent Gr numbers at approximately the

same Re nrimbel are arlangecl in the figure. It is noticed that heat

transfer rate has been enhancecl noticably by increasing Gr num-

ber. Othel similar trencls have been founcl for Pr-20 ancl Pr-5
as well. The physical significance behincl this enhancement is be-

lievecl to be the presence of free convection currents rvhich become

more vigorous with increasing Gr, to form a clynamic mechanism

fol the fluids to exchange thermal energy. Nleanwhile, the onset

of the secondary flow have been advanced by increasing Gr num-

ber for each Prancltl number, and this also can be explainecl as

increasing Gr number can relatively enhance free convection ef-

fects. As well, it can be noticecl in the figure that the frec¡rency

ancl magnitucle of oscillations in Nzt,r,¿¡ clecr.ease as Gr ntimber is

reclucecl, which is the weakening of seconclary flow.

Prandtl Number Effects: The influence of Prancltl mrm-

ber rvere investigated by running the fluids of clifferent viscosity.

Data for Plancltl mrmbels of 100 ancl 20 were examined along

with those of Pr:5, rincler similar heating ancl r-unning condition-

s. Fig.4.12 is usecl again to clispiay Prancltl effect on local heat

transfer rates in terms of Ntrr,¿¡. It is apparent that heat tlansfer

rate can be enhancecl significantly along the heating section by us-
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ing fluicls of higher Prancltl nrimber. Fol example, at Re-250 and

Gr-6.0x104, an avelage of about 15% increase of heat transfer

rate occurs for Pr'-100 comparecl to Pr-20 nearing fully clevel-

oped conditions. Othel similal increases ol 30Vo is shorvn as well

betlveen Pr-20 ancl Pr'-5. Thus, it appears that Prancltl numbel

has a significant impact on local heat transfer late, ancl further-

mole higher Prancltl nrimber can enhance local heat tlansfer rate.

4,3.2 Average Nusselt Number

As one of the key parameters in the practical design of heat

transfer equipment, the fully cleveloped Nusseit numbers wele found

to be well established in most tests aftel the seventh or eighth

wall-temperature measuring station. Due to the consicleration of

reducing the influences of some buoyancy-inducecl fluctuation ancl

propert¡r variations in the flow clirection, values for the fully cle-

veloped Nusselt number ¡{u/,d were cletermined by computing the

length-mean avelage Nu, after the trvelfth station.

Reynold Number Effects: Table 4 was constructecl to

allorv cletection of the Re effect on fully clevelopecl Nusselt num-

ber for the fluid of Pr-100. The two Reynolcl number.s are still
about 150 ancl 250 as before. Although running conclitions are

r¿thel limitecl, there is no cliscernible trencl of Reynolcl mrmber ef-

fect. Hence it is believed that Re has little or no influence on heat

transfer enhancementÑu¡t. This observation agrees with the pre-

vious stucly [20], rvhich forurcl that Fu¡¡ rvas almost inclepenclent
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of Re for lorv heating late

Table 4t Nu,, for

(Gl numbel less than 1.0x107).

Pr:l-00 at Re:150 and 250
Gl Re-150 Re-250 L%

5.0 x 104 8.6 8.5 t.ZTo clect.
4.2xl}a 8.0 8.1 L.2To incr.
3.3x 10û i5.5 15.0 3.27o decr.

Grashof Number Effects: The influence of heating r-ate

in telms of Gr number is forind to be very influential on fully
clevelopecl Nusselt number. I'ig.4.14 demonstrates these effects.

The normalizecl ratio of (Nu¡a,tn)f (Nu¡a,ar)o is usecl to indicate

the significance of heating late effect on enhancement of (ly'u¡ø,tr,),

where (ly'u¡a,ør)o is folcecl convection Nusseit numbel for fI1 con-

dition a¡rcl the value is 4.0880 as pr-edictecl [20]. It is seen that heat

transfer rate can be enhancecl by incleasing heating rate, and more

significant increases are obselvecl at highei- heating rates for each

Prancltl number'. The lesults for Pr-20 and Pr-5 show similar

significant increase by significant as well. Therefore, it is conclucl-

ed that increasing heating rate enhances heat transfer late for all
Prancltl numbers.

Prandtl Number Effectst Fig.4.i4 aiso serves to show

the significance of Prancltl numbel effect on fully clevelopecl Nus-

selt number. Apparently, the rvorking fluicl with a higher Plancltl

numbel has higher level of full¡, cls\'.1.tecl Nusselt number rvhen

the same Grashof numbels are imposecl. Fully clevelopecl Nusselt

number for Pr -100 ar-e at a higher' level than those of Pr-20
for the same Gr number, and Nusselt numbers fol Pr--b remain
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the lorvest. Approximately L5% increase in the Nu latio is founcl

betrveen Pr-100 and Pr-20 at Gr-4.0x104; rvhiie a 30% increase

is also found betrveen Pr'-20 and Pr-5 at Gr-1.2x105. It is seen

that Prancltl numbel plays an active role in the enhancement of

heat transfer rate, ancl a fluic1 with higher Prandtl number has

a higher level of fully cleveloped Nusselt number'. Fig.4.15 shows

the same Nusselt nrimber ratio plotted against Ra number', ancl

it is seen that residual Pl number effects remain. Theoretically

speaking, Pr number effects would be removed from this figure. It
is suspectecl that this discrepancy may be largely clue to property

variations of the fluicl.

In order to provicle a empirical corlelation for the fully cle-

velopecl Nusselt number ratio in terms of Grashof number ancl

Prandti number, but it is found that one cor.relation for ali three

Prancltl nrimbers is harclly satisfactory. Therefore, three correla-

tions for three Prancltl numbers are used here in terms of .Ran. The

experimental clata were used to obt,ain the following ec¡rations:

For Pr- 1 00 : (N t, ¡ 4t n) I (N tL f d, H t) o - 0. 04865 1 x,Ra0.25348, (o - 4.0V0,

and o,nor-9.\Vo)

For Pr-2 0 : (N u ¡,r,u,) / (N rL Í (t, H t) o: 0.0 42216 x Rcto 2as$, (o 
-3.0Vo t

ancl o,rror-6.5/o)

For Pr'-5 : (N tr, ¡ a,t n) / (N tL ! (1, H t) 0 - 0. 00908g x J?ao 322e6, (o -5.0(/o,,
ald or,ror-9,}Yo)

b1
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Chapter õ

Conclusions

Experimental study has been conducted to investigate Prandtl

number effects on combinecl free ancl forced convection flow in a
horizontal semicircular duct. Prancltl number was found to have

significant effects on friction factor ancl heat transfer rate. Higher

Prandtl number w¿s seen to enhance the heat transfel rate and

decrease the friction factor comparecl to fluicls of lorver Prancltl

number'. Both axial and peripheral wall tempelature clistributions

were affectecl by the Prancltl number as well. An empirical corre-

lation for fully deveiopecl Nusselt number was obtained from the

experimental data, ancl failly reasonable agleement has been found

betrveen the colrelation ancl expelimental data.

It is conclucled that Prandtl number played a ve.-y active

role in the experimental results ¿ncl this shoulcl proviclecl some

useful infolmation for the relevant engineering consiclelation and

clesign.

For the future stucly of combinecl free ancl forcecl convection

florv in a semicircular duct, it is suggestecl that a further stucly
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is needecl regarding property variation, ancl the knowleclge of its

effects on wall temperature clistribution, friction factors ancl heat

transfer 
'-ate rvill be important to further uncle,.-stancl the ploblem.
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_- 

¡.iiiéi¡o" Ê^c.r.or¡ - o.orrogo F*l:¡,r - ¡6.osro
llEM ' 219'6 cnMr I o.lagol' oG u¡slns^M auLK tÉM,'En^TunE - z5-5o rr.:c c DowNslrrr^M Bu¡.r( .¡.8¡,',tr^.ru¡ra - 20.49 rrrc cr¡ll¡l ¡ 9f_o3 ¡lÀ¡n+ û o.l?o126 ot ¡¡ur.:r' uúcii ii:N¡.¿n¡.¡ur¡e -:¡,.s¡ u¡;c è our.ue.r. ,,ur.K 1.F:Mpf:¡r^r.urÈ - 2¡¡.49 r)Ec c
s.¡'^- z @ f:ñ_=::::=:::==='rloflcMÀ$c^vEfi_(c)
NO. 

^cE ^ 
6 c _---- 

^ve¡l^cê -----
l-_ _ __ _,1_ _ __ _1:,1_o o'o 2o'16 2a-r7 2ø'o4 20.lo 25.51 2ttJ.g gE.2 o.l6oE oa o.ooooo ll|.50 f,7.40 39.1s lo.4(} ta.42 3n.{t

I l'5 2g'5U 2A'6() 2a-5() 2Û'54 25.51 2('0.9 9A,2 0.t668 OA O.OOOO2 32.52 f2,13 l¡.43 32.92 l2-91 32.92
2 ?'Ìr 20-¡r7 20-49 2a.ol 20.o5 25.52 20g.o 9e.2 0. t606 00 0.oooo4 29-76 29.rrt f,o.2g 2s.97 29.9A 29-9?
f, 5..5 29-74 29.17 29.76 29..t6 25-s4 2O9.t 90,I O. triÚE o0 o.oooog 23.7t 21.54 2r.62 ?r.6¿ 23.62 23-.,;-
4 t6.5 3t.32 3¡-2/r lt_t? 3t.2f, 25.6(' 2O9.6 97.9 O.t69E (r8 O.OOO25 1r.43 tr.5t| r?.90 17.73 t.r.73 t.r..r!
5 25'5 f2'f,o f2_45 3l-9¡! 32-¿O 2.J.67 2to.! 9'r.7 f¡.t69r oa o.ooo¿t t4.05 t4.69 t5.76 t5,¿6 t5.¡A t5-2.
6 45.5 ¡.1.46 33-f7 12.90 tl.l6 2r,.79 2to.9 97.3 O. t7OE OO O.OOO?f t3.oo tf. tti ¡,l.04 t!.54 ¡J.56 t.¡.55
? ?5.6 ¡4.¡¡5 31¡-t9 ll.7¡ 34.O2 2.J-g9 2t2.2 96,A O.t7tE OA O.OOl2t ¡t.?9 t2.t6 ¡2.OO 12.4t t2.4t t2.42
s l05'5 l1¡'oo f4_76 34't! 34'62 26.lg 2rx.6 96'2 o.l73E oB o.oor69 tt.46 tt.64 t2.¡,9 tt.ar .tt.a2 tr.¡lt
t l¡9'6 f5'19 ¡5'll ¡t'to ¡4-6f, 26-¡7 215.O 95.? O.t74r Oð O.OO2t7 tt.lt tt.39 t2.9t t2.0s t2.t3 t2.to

d to t6s.2 15.¡? tr.2f, 34.64 J4-g, 26.s6 216.4 9 s.t o.¡?58 o¡t (,.00264 tt.J2 tt.tio t2.J4 tt.0lr tt-ot¡ tt.a?
tt 2o5.2 35.{{ ¡6¡_t9 !¡-54 34.9S 26.Ot 2to.3 94.f, O.t77r OA O.OO¡2(t tt.57 t¡.64 t?.9t t2-22 t2.26 12.24
12 24s'2 f,6'of, f,6'o4 35'!5 f,5'69 2?'06 22o.r 91.6 o.l79E oo o.oltlg! tt.t4 tt.rt tz.tt6 rt.56 t¡.6¡¡ tr.s9
l3 ?7¡J.2 36.09 f5.92 35.tO 35.59 2?.25 22¡.5 93.t O.tgoo oa o.oo439 tt.3t tt.5t 12.60 tt.90 r2.o¡ t2.tro
l4 3o5-2 36'47 36_4s 35'61 36'04 2-'.45 222-t, 92-6 o.lolE oo o.oo48? tt.or rr.('9 t2.¿t tt.6i tt.€6 t¡.64
l5 f!3'3 36'67 t6"''' 35"'9 

'6'26 
27-62 224-2 92. I o.latzt o¡¡ o.oosfr tt.04 to.92 12.21 tt.s7 tt.6t t¡.59

l6 363'3 3?'to 3?_ t'' 35.96 36-55 2?.s2 225-6 91.6 o.rlt4Ê og o.oos?o ro.?5 1o.69 t2.29 ¡r.4s tt-50 t¡.47
l7 343'f, ¡7'2¡ 37-(¡5 35.40 36-51 21-94 226.6 91.2 0.tBsE Og O.(¡(,6tO lo-'r7 to-96 t¿.60 t¡.67 tt-74 tt.10
la ¡¡of,'l f7'39 3?'.'9 36'.,5 36-65 2E-o7 227.5 90.9 o.rs'r oo 0..,0642 t0.73 rr..,9 r2.s¡ rr.o'6 ¡r.r¡ rr.69
l9 421'f, 3l'l'' a6'94 f,s.Ot 36.46 20.20 22ß.5 90.5 O.tO6e Og o.0l'67l tt.t5 tt.44 t3.l'4 t2.¡O t2.17 t2.¡¡
2., ¡t¡¡3_¡ 37-61 f?-al 36-Jt 3?.04 2s-32 229.5 9.'.¿ o.r6?E oo o.oozos 1o.7., ro:54 r2.4, tr.4a rr.54 rr.5¡2l 46f,'J f6'of, a6'9a a'r.54 f6-22 2¡'-45 23('..r, 09.o o.toaÊ oB o.oot!6 tt.94 tt.?i ta-tt t2-rl7 t2.97 tz-92
ÀvEnÀc¿ vÀ¡r-uEs Tttnouo s.t.^Troats t5.ro 20:391'6 17'19 37'l' ¡s'gg ¡e.sg zó-oo 227.o 9¡.t o. r6st: oa o.0062l ro.Bz ¡o.9i ¡2.!i2 rr-65 ¡r.7r



tNPur tLl:cln¡c Poutn ! l5lì.:l w tte^.¡' tr^'r'E c^ar¡ED Bv r¿^'r'Err ' r44.r v.¡ r¡E^.r n^t.^]¡ce E¡uron t 4.r42M^ss FLorr ¡rÀ¡'E - 57.6790 c/s PttrjssurrE ¡rr¡or, - to.¡¡06 MM ¡tzo ¡.¡¡ic.iioii F^c'ron i o.¡o29tl f¡rEll 4 t5.9?os
nEH ' 155'2 onHù ¡ o-42ooot 05 u¡'srllE^H Dt¡Ll( l'EMPerr^ ¡'ut¡E q 25./¡4 Þ!:c c Dot¡¡srr¡E^M ¡ur-K 1.¡:Mp¡rr^.ru¡¡t¡ E 26.4t r)Êç cPnü - 96.97 n^M+ t 0.4O727!: O7 !l¡LÊT rtrrf-K 1.ÈMr¡En^1.ut¡ê - 25.44 r:,Ec C ou.t.LÊ.r ouLt( ,¡,¡:r{¡¡e¡¡^,t.utrE E 26.4t lrEc c

No. 
^(¡E ^ 

E c ----- 
^vÉì¡l^Gt -----'r' Í

o o.o 26.i4 z6-rr 26.Jr 26.i? 2l¡.44 rI¡2.? es.4 o.4oo.: o? o-ooooo -ãin¡i--;;:;;--;;.;;--;;.;;--;;:;;--;;:;;
'I l'5 26'4i 26'42 26-41 26.42 25.44 152.7 90..1 o.rtooÈ o? o.ooool 2J.a9 24. ts 24..iu 24.26 24.26 24-2l"
2 2.5 26-5tl 26.49 26.4t1 26.40 25.44 152.7 9¡l.4 0.4(}08 o? o.oooo5 22.50 22-?at 22.96 22-AO 22.OO 22.0O
¡ 5.5 26-69 26-6.' 26'.611 26.6A 25.45 t52.¡¡ 9¡t.4 O.4OOe O7 O-OOOt2 ¡9. ¡s t9.45 t9.:tO t9.lo t9.lo t9-fo
4 15'5 27'23 27' ll 27'15 z''.1', 25.4', 152.9 90.l o,looE 07 o.ooo34 11.46 t4.tt t4.¡o t1.99 t{-(¡o t1.99
5 25'5 2'''54 27'5e 27-42 27.49 25.79 l5l.O 9S.? O.4(llA O? O.(10056 tr.6r tt.3g l2.Zg tt.üA lt.g9 tt.Oo
6 ¡¡5-5 2l .t9 2at-52 2?.OO 2f¡.Ot 25.53 t5¡.2 9rl. t O.4¡¡tE (,7 O.OOtOO tO.06 7-g.¡ tO.45 9.6(, g.72 9.66
¡ z'-)s 2l!-29 2e- ll 24.21 24.2t 2s.59 r63-E 97.9 o,4ozr t,7 o-oor6E a.ar 9.f,7 9,09 9.¡¡9 9.09 9-.,9
8 ro5.5 2s-êrJ 2çt-4a 2a.54 26'52 25.66 l5l,a 97.4 o.4orE o? o.oo23r 8.2., a.az s,25 a.3(,. B.Jo a.to
9 135.5 2at-60 2¡!.66 2rl.atll 2a.49 2tr.72 tb4. t ga.6 O.4O4È oZ O.0(¡296 A.02 S.O3 9.ZO O.57 A-6t O.59

fo 755.2 2lJ-7O 2A-6f' 2n.6t 2A.5û 25.7t¡ t54-4 9.t.4 O.4O5e O? O.OOf6t O. t5 d.4¡ 8.?t a.49 S.!¡(' t¡.50
it zos.z zø.st 2a.'ro ?s.42 26-54 2s-tt6 rs4.9 9?. r o.4o5E o? o.oo449 s-54 a.39 9.30 ¡t.s9 rr.er o,90
lz 24rr.2 2g.oo 29-oo 26.?l 2¡¡.ot 25.95 t5s-f, 96.9 o.4oae 07 o.oos35 a. ¡ r 7.7g o-59 a.26 t--za a-2G
ta 22E;.2 20.96 20-95 2A.75 2¡'.05 26.Ot t55.6 96.? O-4OgE O' O.0060r 8.OA e.OO O.66 l¡.16 o.f? a.f,
l¡¡ 3o5'2 29'oG 29_oo 2a.o¿ ?al-92 25.o7 156.o 96-5 o.4lo¡: o? o.l'('667 ?.91i B.!J a.65 s.l¡ a.J¡ a.14
l5 ¡Jl'J 29'15 29-22 20.96 29.o7 26.1t 156.1 96.4 o.4¡lr: (t7 o.ootzo -r-ttl t.69 E.l9 Lo? ¡r.os 6.oo
l6 36t.¡ 29.f,s 29_29 29.O9 29.2O 26.tg t56.6 96-2 O.¿t2E O? O-OO?94 -r.53 7.67 O_2(¡ ?.09 :--9O 7-9rO
l', aat.3 29-44 29-3a 29.O9 29.24 26.2j t56.O 96.t O.ôt2E O? O.OOOj? t.4o 7.67 O.¡t ?.9¡! z.gz 7.9t
to 4oJ.3 29-43 ?9-4tt 29.lo 29.ao 26.27 t57.O 95.9 O,4ttE (l7 O-ODOOt 7.55 7_60 6- t7 ?.06 1-.-: 7-A'
l9 423.3 29-35 29-3A 29.f}9 29-2f 26'fl l5?.¡ 95.O O.4t4f: 07 (,.oo924 7.05 

'.7' t,56 tt.t1 ll. to o. t8
20 4r¡f,.f, 29.4ø 29ç- 65 29. tO 29.3t 26.t6 ¡5?.5 95.? O.4t4r O7 O.00960 2.6t .r.?2 a.4f 7.69 ,.gz ?.9l¡
21 463.f 29.30 29.1t 2A.04 29.O7 26.40 l5.r-7 9.5.6 O.4t5s O7 O.OtOtt 6.t9 o.t6 g,-r, o.og s.95 g.92

^vEn^Ge 
v¡\f,uEs rll¡¡ouo¡¡ sT^'¡.toNs t5 .ro 20:f,91.6 29.3? 29-:la 29.ltt 29.24 26.25 ¡51¡.9 96.o O-412Þ lt? o.oo055 'r.64 7.60 a.34 7.96 2.9ô 7-s7

-l(o

tro.9



¡t¡PU'r Ef.tc't¡llc POHEß - l5l.O W llÉ^1 n^'rE C^INED nY w^'¡'En - ll9.A W lle^'f D^LÀi¡CE en¡ron - 7.44z,
HÀsS FLOI.¡ ¡ì^'¡'n - lttl.9505 G/S f|ÍTESSU|¡E t)l¡O¡¡ E l?.1(,4 MM ll20 FnrC.l.tO¡¡ F^C.fon - 0.O6n529 FtrEM - 16.{llOO

nEH - 2l¡.6 Gll}lt - O.3¡t??58 (,5 UPS'l'¡¡f:^H ltll¡.K '¡'EMPt:ll^'¡ U¡¡¡Ì E 24-O9 lrEG C DowrlSl'rlEr\H BlrLl( t l:HFElt^1'lll¡E - 25.5O ¡rFq C
I'nM - 99.11 n^Mf - (,-Jll4lO¡: O7 I lll,f:T rlur,K I't:Mr|f:I¡^tutt: ¡ 24.O9 Dt:C C oufr.Êr' ßùt.t( ¡'¡;H¡rf:tr^ t1,lre I 25.50 ¡)t:d c

E EilF-i-r uEäËñ-:=-:::::::='t¡olr clr ^ lr c 
^vEn- 

(c, À rl c ----- ^vEllÀcr: -----NO. 
^GE 

1. || .¡. ¡

O o.o 25.r9 25.7a 25.rJ 25.76 24.69 2t¡.3 ..^. Í-lÍlo¡r 07 o.ooooo 25.56 25.76 2r-56 26-5-, 26.arl 2c.59
I 1.5 25.n6 26.¡¡5 25.61 25,1t4 24.69 231.:! .r.. O.f,80É l,7 0.OOOO2 21.6A 2¡.93 24.90 24.¡O 24.a9 24.3ø
2 2.5 25.91 25.90 25.07 25.49 24.09 2fl-r *¡.r o.looE (r7 o.oooo4 22-54 22.at 2a.46 ?a,i(' 23-07 23.()6
3 5.5 26-O7 26.o5 26.OÉ 26.06 21.9o 23r.4 i... o.fßOe 07 O.OOOOA 19.69 20.Oo 19.05 t9.05 ¡9-¡r5 t9.as
t 15.5 26.55 26.61 26.57 26.57 24.9t 2f1.5 ..r. t.J¡roe r!7 o-ooo22 t4.o¡ t4.4t l4.zo t4.2t t,r.2t l4.zt
6 25.5 26.75 26.'rA 26.69 26.7a 24.92 231.6 99.9 ().f,AOê 07 l¡.00036 t2.61 t2.a7 ¡f-o¡ t2.76 t2_-16 tz.16
6 45.5 27.O5 27.O5 27.O1 2'r.OJ 24.95 2ll.¡¡ 99-O O.fArE ()7 O.(10065 ¡O.97 1O.92 tt..t6 tt.l¡5 tt.05 tt-o5t
7 75--5 2r.5O 27.34 27.16 21 .t9 2^.99 2t2.1 99.7 O.fOtE 07 O.OOtOt 9.tt 9,7¡¡ 9.?O 9.5Ù 9-59 1.59
s 105.5 27-69 27-64 27.6ø 27.67 25.O3 2a2-4 99-6 l}-f62E (¡7 0-OOr5{r S.67 8.O2 n.69 0.?2 8.?2. ø..t2
9 136. 6 2'r-O9 2r.A9 27.51 27.1O A5.O? 2X2.7 99.5 O.3A2r ('7 O.OOt9l S.t6 8.r? 9.4t o.t{ a.79 ø.77

lo 165,2 27.46 27.Sr ?1.''I 27.77 25.11 212.9 99.4 ('.303r 07 0.00235 A.fA S.5r O.04 A.64 S,64 6.64
ll 205.2 27.9Ã 27.91 27.6t 27.76 25.16 233,3 99.2 l'.fO4C O? O.OO292 A.46 6-lO 9.J2 A.A5 A.O? O.06
lz 245.2 ?fJ-19 2A.27 20.Ol 20.1f, 25.2r 233.'' 99- t O.lAsE O? O.OOI4O 7.'r2 7.51 O.tO ?.O9 7.9O 7.90
l! ?'16-2 2A.22 2ø.16 2A.ll 2S.16 25.25 214.O 99.O O.lOsE O? O.OOJ9t ?.t6 t.9t n.O¡ 7.g2 ,-! 2 7.g2
¡4 ¡06.2 20.31 20-27 2l¡.14 24.22 25-29 2!4-3 9f¡.O O.¡86e (,7 O.OO¡f,3 7.50 .r.14 U-OO 7.A6 7.87 ?.A?
l5 f¡3.¡ 26.42 2l¡.41 26,2l' 24.15 25.f,f, 214.6 9n.7 0.JOa,r 07 l'.OO47f, 1.45 'r.42 ?.OO 7.61 -r.62 .r.62

f6 163.:t 26.61 20.56 20,3ll 2A.44 2!.j.)6 2:¡¿.9 9¡¡.6 O.3O7r 07 O.OO5t5 'r.tO 'r.2t ?.{¡5 'r.49 ?.5(¡ t.50
l7 303.1 24.65 ?O.5(' 2O.31 2ø.4', 25.19 235,1 98.5 O.307t Ot O.OO544 7.O', ?.lA ?,9(' ?..¡9 7.5t 7.50
la 40¡.3 2l¡.50 2¡l.56 2¡'.¿5 2¡¡.51 25.42 215.3 9t¡.5 (}.f,OAr 07 ().OO57l 7-29 ?,31 7.6t 'r.46 'r.4G 'r-46
l9 42f-3 2rl-6l' 2ll-5f 2l!.¡¡ 2ø.41 2E-44 2J5.5 90.4 ('.30nÊ Or O.006('t 'r -.r3 '.46 

a.04 'r-76 1.77 7.76
20 ¡¡4f .¡ 20.69 20.46 2lJ.jg 2a.sg 2s.47 i15.? 9a.l o.3osE o? o.(10629 1.ls 6,oo 7-90 ?.4t a.44 7-42
2l 461.3 2¡¡.52 20.51 2A.21 2S.16 25.50 235.9 9¡¡.2 ('.309s (t7 0.(¡0658 'r.63 'r-G4 A.50 B.(,4 6-07 0.t,6

^vEllòGE 
VÀf.UES Tll¡¡OUGll 51,l'f¡ONS |5 .¡O 2l':

f,9r. 6 2¡¡.57 zlt-|j9 2l¡.74 2ø.4G 25.40 2¡5.2 9tt.5 O.JO?r5 Ot O-0()556 'r -2'' 'r.24 7-65 .r.54 ?_55 7-54

@
O



lNPu,f Ef,Êc'r¡¡¡c I'oÊl:rr ' !i45.6 H rtÞ^1' ¡¡^'r'E G^l¡¡r:D tr r{^ rrìr¡ ¡ 5t6,9 r¡ ¡te^i. ¡r^r.^r¡cÊ ,:¡¡'ot¡ , s.zcxarÀ55 ¡-f,oH ¡lÀ¡'e _ 55.oa7l c/6 I't¡EssutE r)rror'= 9.431 MM lt:o rnrc'i¡o¡r F^ct.on ¡ o.o9u242 f,rrìM Ê t6.()9z4
llEM r l6l.o G¡lM.' r o- lu4ooE o6 ufrsl rrrì^M rr¡L¡( 'rnu¡rtì¡t^'¡.unE - 2?.08 Df:c c ¡ro¡¡r¡s1.t¡E^M nrrr.K 1.E.oFã,,^.¡.U,.r: n ]¡t.72 r,":c c¡¡&M - $ll.5ll ll^Ml ¡ o.16377E oo ¡llt,Et Íu¡.1( t !:Mf¡¡':lr^'l\rttÊ E 2?.(l9 t)¡:c C ou.r.f.Tj.t. ÍrIJ( .r.È;M¡¡¡:¡¡^.t.u¡tt: i :tu.7z |rf:(ì c

s'r^ - z -r{^am}:-------Þìi--næt¡ûFs rrr,:Fr-*rrr.¡r¡:,r - * _:--:==::_-Tto¡tc¡t^Bc^vên-(c)
No. 

^oE ^ 
It c _---- Àvtì¡r^cE --__-

t ¡t .f l¡¡
o o.o 2t.2s 2e.26 2s-t3 2e.20 27.oe rs4.2 er.6 o. r53E o8 o-onooo 5f-ii--;;:;;--;;:;;--;;:;;--;;-;;--;õ:;;
¡ f-5 29-59 29.61 29.51 2s.56 2t.lo 154.2 9:t.5 0. r5JE {)6 0-OOOO3 f,4.2û ¡4.r¡4 3t-44 X4-.tg !4.$o a4-7s
2 2.5 29-83 29-O5 29-'17 29.60 27.1t 154.2 9X-5 ().t538 OB O.OOOO6 3r-4t ft.r? !2.(la tt.6e 3t-69 3t-6s
3 6-5 fo.53 10.57 1o.55 f,o.55 2?.¡! 154.4 91.5 o.¡5lE oa o-ooolr 25,ro 24.n7 24-99 24.99 ¿4-ss 24.g9
4 15.5 ll.09 3l-75 ll-79 3l.ol 27.2t 154-B 93.2 0,t548 OA O.OOOI5 tr¡.?5 to.at re.6l ¡0.5a rs-5a ¡g_5a
õ 25.5 )2.77 32-79 32.49 t2.64 27.29 t55, | 9l.O O. t54E OA O.OOO5A t5.5? t5.52 t6.42 ts.97 ts.98 ¡5.9?
6 45.5 13.69 tf,.66 f3.35 ll.5t 27.44 t55.9 92.6 O.t55E OS O.OOt04 tt.50 tl.15 t4.46 l4.OO tr¡.(¡9 t4.oa
7 75.5 34-6t 34-36 t4.06 3.t.2.' 27.67 t5r. t 92.o O. ts6E O8 O.0Ot?2 t2-31 t2.7g t3.37 t2.95 t2-96 !2-95
a l05'5 34'99 34'92 f4.66 f,4.o1 27.91 l5¡t.4 91.3 o.lsoe oa o.oo24o r2.06 r2. r9 re-66 r2.fB ¡2..r9 r2-f9
9 115.5 J5-16 35-24 l4-fO 14.lt4 2a.14 159.6 90.7 lr. t698 OO O.OO300 tt.a5 t2.of t3.?o 12.t6 tz.g2 t2.?9

lo t65'2 35'40 35'4(} f4-9J 35.10 26.17 l6l}.ll 9(l.l o.l6osi oe o.oo3?s lz-o2 r2. r6 tJ-04 12.s4 rz-s6 t2.ss
I I 2o5.2 35.66 35.50 14.'r', 35.1? 24.64 162-s (r9.2 o. t62E oo o.00¡¡66 t2.25 t2.5t t.4.os tf. t7 lr.22 ¡;!. ¡9

l¡ 275.2 ¡6-('3 f5-U6 !a¡-¡o t5.52 29.22 165-G ¡t7.7 0- t56¡; OA O.00623 12,57 t2.69 t4.l)9 t3.f,7 tf,-4t ¡¡-19
t¡¡ 3o5.2 36-!O J6-2t 35.?f, f6.OO 29.n5 t67_O A?. t o. t6?E 06 o.0069t t2.50 t2.6t tJ.ti4 tf.oo ¡l. to ¡¡.l¡9
¡6 13¡'f 36'5(' 16'6s f5.t¡5 f,G.19 29'62 t6s.2 06.5 o.l69l: oa o.oo754 r2.s:! t2,i5 t3.ss tf. t4 ¡¡. t7 t3- r5
l6 !6¡'l 3¡i-AO f,5-OO f5-96 36-42 29.9(¡ 169.6 05.o o. t?ue os o.ooa2t t2.zu l?.27 t4. t5 t3. t4 tl.2t t:¡. t8
l' 30f,-l ¡7.()6 tr6-og 15.93 36-45 3(¡.06 17(¡.6 n5.4 l}. t7?Ê oa o.('0¡!65 t2.24 t2.56 ¡4-57 tf.40 r3-49 t\-a^
¡s ¡¡o:l-3 17-rl f6-9s 16.ll 36,50 3f!.21 t7l.i a5.o o.r73E oa o.oogro t2-42 t2.67 ¡¿.53 t!.46 ¡f.54 tf,.50
l9 ¡¡2f '¡ f,6.9¡ 16-7'' t5-o7 f6-¡G .to.J6 r72-5 64-6 o, r74Ê oo o.oo95s rr.ol rf.¡B r5.5rr r4.3., r4-39 r4.i4
20 441.f 3t.1f, 3?-5¡ f6.J7 !6-9(' 30.52 l?1.5 04. r o- ¡75Ê Og O.OO999 t2.59 t.2.2¡ t4.66 l3-44 rJ.5{ t3-49
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