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ABSTRACT

Experimental investigation of natural convection heat
transfer at different pressures and inclinations from a heated

cylinder to ambient air and argon was carried out. A constant and

uniform energy input to the cylinder was maintained. The measure-
ments covered the fluid pressure ranging from 5 to 1700 mmof Hg.

.absolute. The inclinations of the axis of the cylinder with the
horizontal were 0°, 30°,45°,60° and 90.°. The range of Rayleigh
number covered was 103~RaL~I.2*108 The surface temperature of
the heated cylinder ranged from 85°C to 155°C.

The investigations revealed that heat transfer cpefficient
varied logarithmically with pressure. The plots of Nussel t number
against Pressure and Nusselt number against Rayleigh number were
linear on a log-log graph.

Except at very low pressure,the present results agreed well
with some _of the available correlations. The maximum_differences

were within i12% at atmospheric pressure with McAdams and
Nagendra et al equations. Arabi and Salman equation,however,
indicated large differences throughout the range of pressure
investigated. At low pressures most of. the correlations compared
exhibitod largo diffc!rence8 but. tho equation of Kylo ot. 111 did
not vary much from the observed results. With one set. of argon.
data t.he maximumdeviation with Kyte et al was about 20%.

From the experimental results a correlation was developed in
terms of Nusseltnumber,Rayleighnumber,normalised pressure and

ll1u! ilIAlion cit tho oyU ndar. TlIi.. ralA Lionllhi p OOJ'raluL"" dl of
the experimental data of this work within i10%.
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Temperature of ambient fluid
Temperature of heated surface
Cylinder surface temperature
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Vessel temperature
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7" time variable s
e inclination wi th horizontal d",gree

Note: A parameter wi thot any specific dimension indicates length
as the characteristic dimension.
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CHAPTER. 1

1.1 General

The science of 'heal transfer's'eeks !-o explain and

predict the process of energy transfer which may take plac.e

between material bodies as a result of temperature-difference.

The physical processes involved in the generation and utilization

of heat has great many practfcal importance. Areas of study range

from atmospheric and environmental problems to those in manufact-

uring systems and space research.

{There are three basic processes of thermal 'energy tran-

sport:conduction,convection and radiation. Conduction occurs if a

temperaturo difference exists in a mat~rial and is d"6 to the

IlIoUon of lhe microscopic parlicles th"t compl'iRe the m"b"!'I" 1.

Th" motion of th" pIl,'t.icl"ll 1M depcmdcmt. on lac,,) I,oml'or"tur" ill

I.h" m"I.",'I,,1 ",,,01 t.l,,, ""pt'IIY dlffu"lo" I •• ,I"" t" dlrr""""("",, I"

motioll.

The energy transfer in the ,last mode, radiation, is in the

form of electromagnetic waves. Ener:;y is emitted from a material

due lo i ls temperu ture level, bei ng larger for hIgher lempera ture,

and is then lransmi lled to another surface through the interveni-

nK "I",ce,whlch may be V"elJ'"1Ior a m"diulII which may ",bRorb,refIect.

or lrallsmi l lhe radiatIolI depending on the nalure alld exlent of

the medium.

I" eO"Vl!etI011 , h.,,,L t.r'"""f,,,' P'"OCCAII"'1tl\ll<\ pIlle,- w.lth t.l".

molion of the fluid .. As a consequence of this fluid motlon, the

heat transfer rate, as given by conduction is considerably

altered.

In the diversity of the studies related to heat

transfer , considerable effort has been directed at the convective

morle,in which t.he relative motion of the fluid provides an

addition"l mechanism for the transfer of energy and material.

Convection is inevitably coupled with the conductive mechanism,

"I"c",th""!lh 1,1". fl"ld mot.lon modlf:loR the tr"nHl'o1't l'1'oe"II",I,h"

"v"nt.u"I t,r"lo"f ••r "f .m~rl(y fl'olll elil" nlll,j ••.I"III"nl. ttl IIIIlJth",' I.n
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its neighbourhood is through conduction. Also,at the surface, the

[>I'OCeKSiK predominantly conduction due to the reli.ltJ VI' fluid
motion being brought to zero at the surface.

,Th" conv",:Uon heat transfer! •• fUI,tllt'I' dlvl.dcd Jnto
two ba.sic processes: free convection and forced convection. If the
fluid motion arises due to an external agent,such as the

externally imposed flow of a fluid stream over a heated object,
the process is termed as forced convection.

The fluid flow may be the result of , for instance,a
fan,a blower,the wind,or the motion of the heated oeject itself.'
Such problems are very frequently encountered in technology where
heat transfer to, or from, a body is often due to an imposed flow
of a fluid at a temperature different from that of the body. If
on the other hand, no such externally induced flow is provided and
the flow arises 'naturally' simply ,due to the effect 'of a density

'difference,resulting from a temperature or concentration differe-
nce, in a body force field,such as gravitational field, the
process is termed as 'natural' or 'free' convection. The density
dHference gi ves 1'1se to buoyancy effect.s due to whieh the f.low

is generated. A heated body cooling in l.unbient air,genernt.es such
a flow in the region surrounding it. Similarly,the buoyant flow'
arising from heat. rejection to a,tmosphere, in bodies oC water and
many other such heat transfer processes in our natural

environment as weil as many other technological appllcallons, is
included in the area of natural convection.'

Flows can be caused by other body forces as well. In a

rotating system,for instance,centrifugal and coriolis forces
';..:.

"!,,ist as body forces. Flow of cooling air through passages in the
rOL;"t'lng.blades of gas turbines is an eXl1l1lpleof flow under the
influence of such forces, In the boundary layers which suround
ml"••11"8 flylnll with hillh Kupel'llOnic "peed, tempertltlire IIVIYbe HO

high that the air may be ionized and therefore the atoms and
molecules may carry electrical charges. In this caSe electric or
magnetic forces may arise which as body force will influence the

flow.
6The main difference between natural and forced

convection lies in the very nature of flow generation. In forced



convection, the externally imposed flow is generally known,whereas

in natural convection,the flow results from an .interaction of the
density difference with gravitational or some cither fields. As
such',the motion that arises is ~ot known at the onset and has to
be determined from the considerations of heat and mass transfer

\
processes coupled with flow mechanisms. In gen"rlll natura.l conve-

ction velocity levels are much smaller. than those\\enCOUritered in
forced convection.

Processes involving natural convection are generally
much more complicated than those in forced convect\on. Special
techniques and methods have,\therefore to be devised \0 study the

\process with a view to obtain information on the flow and the
heat. transfer rate. ,( \ .

Natural convection has both upper and lowe-r limits on
the heat transfer rates. The upper limit becomes' an\ important
consideration for problems in which forced convection is either

\not possible or not practical. It if also relevant fo\safety
cOllsider'aUons under conditions when'the forced convection fails

/ Iand the system has to depend on ~tural convection to get: rid of
I It.h" lI""orat."d hoat. Thio. 1M particular'Iy lllllnlflel1nt lh .mUllY

electronic devices and systems ahd in power generation,', where. "

such considerations in desi/n are essential to avoid over
I

heating. The .lower llmit is~mportant for heat losses from
appliances like evaporators and plant pipings.

A.lt.hough 11terature shows a huge volume of t,heoreUcitl,
and experimental works,yet tnere are many situations for which

organized experimental data/are not available and suffiei""t
experimental investigations are required to \ get actual views of
heat transfer for these situJtions. \

I \
1.2 Heat transfer from cyliilders

Th I, d' 1)1 f' t' , ,\ -t fe cy 1n r1ca con 19ura 10n 1S 1iPortan or many

~:"I~~:"R;:;:~~n:: :~"1~h~j"'::~::~ri~~~11g:~:::~~Ul~~ t:~j hc:~t~l"r:'je~~:
. \

ion systems like nuclea reactora,heaUng elements,pipes conveyi-
ng hot and col.d fluids in energy generation s~~t"mB, ch"mical



processing plants, refrigerating and air conditioning plants,

manufacturing systems for rods ,cables ,wires etc. ,and many other
important areas,this configuration has great significance and has
been studied by many investigators in detail.

Cylinders can be divided in three classes: wires, small

and mediumdiameter cylinders and large diameter cylinders. For
large diameter cylinders,the curvature of the surface is small

and the surfaces can be approximated as flat,for which the
governing heat transfer equations are simpler and have been
widely discussed in li tera tures.

Free convection flow is caused by temperature di fferen-
ces in a gas or a liquid. Boundary layers are formed on the
surface of the solids transmitting heat. Because of the low

veloci ties encountered in natural convection these boundary
layers are thicker than those in forced convection.

Since buoyancy plays the major role in natu~al convect-
ion,the orientation of the cylinder with gravity is important
when the field is gravitational. Depending on this horizontal,
vertical and inclined cylinders are discussed below separately.

1 .2. 1 H0 r i z 0n tal C y 1 in de rs

The manufacture of rolled rods, extrusion of tubes,
horizontal pipes carrying hot feed water or steam are the common
examples of heat transfer from horizontal tubes. The most simple
case of horizontal cylinder is one which is infinitely long .and
has constant wall temperature. For isothermal cylinders, a number

of people have suggested correlations in terms of ei ther Nusselt
number and Rayleigh number or Nusselt number, Grashof number And
Prandtl number. The constant heat flux and partly adiabatic and
pArtly isothermal situations have also been sfudied' by several
investigators. Cursory examination of different' investigations
for horizo'!tal isothermal situations show that they do not agree

closely and variations of upto 50%have been reported but the
range of Rayleigh numbers compared were different and hence the

comparison cannot be considered critical. Heat transfer from
horizontal cylinders has been investigated in various fluids like



alr,wllter,silicon oil etc. Experiments for lonl( hod"ont."l wi,'''''
In air ahowed that the . length to diameter ratio (LID) effect was

not present for LID ratio greater than perhaps 104. The
Investigations with finite horizontal wireR showed, for t.I,o low
Orashof number range, the Nussel t number could not be correlated
with Rayleigh number in simple terms for fluids of different

Prandtl number.. However a single. Nusselt number correlation was

possible if 15% errors were acceptable. Investigation has been
carried out for a wide range of Rayleigh numbers that covered

both laminar and turbulent regions. Some investigators suggested
that the average heat transfer coefffcient of a circular tube
with diameter D has the same value as the average film heat
transfer coefficient for a vertical wall with height 2. 5D,
Literatures show that the cylindrical equations on horizontal
cylinder are not applicable near the top end due to boundary
layer separation or realignment into a plume flow that occurs in
th i s reg i on. The phenomenon is an imp'ortan tone since the
mechanism underlying the generation of the wake above the body

may considerably affect the local heat transfer rate. Thi s

realignment causes a rapid increase in the flow velocity which
results in an increased heat transfer rate, despite the
accompanying increase in boundary layer thickness.

Almost all investigations in the past have been carried
out at atmospheric pressure. A semi-empirical equation has been
suggested by one of the studies that converts the heat transfer
coeffIcient. of atmospheric pressure to that at high or low press-
ures by introducing a factor that covers the moderate pressure
rUIlge, A correlation on the basis of wire duta at reduced
pressure has been suggested by one of the studies cons.lderlng th"
"ffect. of free molecule conduct.ion. The scarcit.y of' the heut.
transfer data at pressures other than atmospheric pressure
1-"qulrrH furt.her lIlV"Ht.lguUon.

1.2.2 ~ertical Cylinders

The natul'al convection flow over vert.ical cyl.lnrlers I••.
lUi imp'lI't.llnt. CIlIl",dull t.o I t.1I r"J"Vltllc;l1 to mltny nppJ I"d rlf'ohl"IIl",

ti



such as those related to flow over tubes as in nuclear reactor's
nnd cylindricnl hC>Itt.lnltfllflmontH"t.e.

Analytical and experimental solutions of isothermal
vertical cylinders immersed in an infinite fluid hnve been
obtained by different investigators. For Prandtl numbers of 0.72

and 1. a it has been observed that the resul ts with cylinders are
about 5% greater than those with ,flat plates. Actually for small

values of LID ratio, obviously the results are very close to the
flat plate ones. The limiting value of this LID ratio has been
estimated in terms of Grashof number for Prandtl numbers 0.72 and
1.0. Investigations have been carried out with air,water,helium,
argon nnd ot.her flu.ids in bot.h laminnr nnd t.urbul.,nt r".,glons,

Experiments with constant heat flux cond! tion show thllt
cylinders have been classified in three groups: short cyl inder',
long cylinder and wireR, Corrol"tions of the sImi )"1' pat.tern wit.h
dlff,'rent coefficionts nnd exponents have been MU!I!(eMt.edfor"
t.hese groups of vertical cylinders. The comparison~lso s~ows
that the constant heat flux condition Nusselt number differs by

about 6" with that of isothermal case. For Vertical cylinders,
numerical solutions' have been obtained. for linearly varying
surface temperature with the cylinder length using a temperature
gradient Grashof number.

For vertical cylinder the data in the literatures other
t.hnn a tmospher i c pressure Ill''' very 11mit"d. Ai t.hough n C<"T")nt.1_
on has been suggested on the bas.ls of wi.re data at "ub-at.moRpher-
.Ie pr'eRSllre In air, 1t is not applicable to most practical cuses
due to its low Rayleigh number range. In order to understand the
pr'oceS8 morfl convlnc.lngly furt.her st.ud.iellin t.h., f.lold lire
required.

1,2.4 Inclined Cylin~ers

Apnrt fr"om th" hor'izontnl and vert.Icnl cylinder',.. nnd
tubes. j ncl ined cylinders and tubes are also used in he!!t t.rnnsfer
in diffprfmt. plant.R. Tnclinod pipes nnd .t.ubes cnrTying st.eam, hot.

0" co.ld chemic/lla /1/'" commonexampl"" of hmit. t.ransf"r fr"o," or to
1';"11",,,1 ")'11,"1"1" •• 1 ,,,,,'1' •••.••,,, 1'"'li" ••d ")'111101""" 1'11"" 1/"1, 111.1.1••

IJ



at~ention of the investigators and have not been studied extensi-
vely like hori zontal or vertical cylinders. Analytical solutions

of Much p,'ohll'IIIM 111'0 "Jmo.1 t. nl1lllml. 111 the H t.orl! t.UI'Cll, Al though
few investigations have been reported for both isothermal and
constant heat flux situations in air at atmospheric pressure
further investigations are neces'sary to observe the heat transfer

behavior in other fluids at higher and sub-atmospheric pressures,

1.3 Present Work Selection

In the present work attention is directed to the
natural convection heat transfer characteristics from an inclined
cylinder at different pressures under constant and uniform heat
inpuL conditioll in boLh air and. argon, AIL/loug/. n loL of

investigations have been conducted with horizontal and vertical
cyl inders, little have been carried out with inclined. cylinders,
Furthermore Ii ttle attention has been paid to heat transfer
behavior at pressures other than atmospheric. In some of the
earlier investigations constant heat flux conditions have been

studied. With invariant pressure of the ambient fluid the
constant input ultimately leads to constant heat flux situation.
But this is not true for the present study,

Many industrial and house hold appliances, like refrige-
rating units, steam and feed water connections in power plants and
i "dustrial processes ,electrical and electronic equipments employ
natural convection from outside surface of cylinders for heating'

",,,I ",,,01 I Ill! , '1'10••••" ")'11",11'1"011 ","'ft1""" "" •• III oIlrf"I'",II, 111"111101'
t.iUIIH wiLiohOI'izo/lLul. Si/lce Lhe buoYIl/lcy force i.e" gravity
plays the major role in natural convection, the orientation of the
surfaces with gravity field is of great importance,

The need for basic engineering knowledge of heat transfer
at reduced pressure arises due to important developments in the
design and availabili ty of vacuumproducing equipmenta and by the

incrcaH"d use of vacuumpI'oceeaes in food, pharmaceutical,metallu-
rg lcal and other industriea, Besides low pressure, high pressure
is also employed in many applications like gas turbines and
comprCHsora, Therefore a careful investi'gation of heat tr/HIHfer-

""I •• III LI,••••••1"'"'U''''''' ,'IUll/''''. I •• 01' vi t,1I1 t nt,,,r,, ••I.,.

7
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Inert gases like helium.argon,neon eye. have many indu-
strial uses. In aerospace applications helium purge is used in
pressurising space craft. It is also used as a protective
atmosphere in the fabrication of titanium,zirconium and other
metals, and the growth' of transistor crystals and as a shJ elding
gas .for welding. It is also used for leak detection and cryogenic
application. Neon has well known applications as a filler gas for
display lights. It is also used for high energy research,
instrumentation, safe low temperature cryogenics fpr special
applications and in deep sea diving with mixtures of helium.
Argon is used' in metallurgical processes as a shielding gas in
t.h(~ w~ldlnJt of m,.t.ll1 •• Much 11K nlurn.luulII lllJd ttl.n.lnltH1H t1t.e~l, III

decarburizing in the production of stainless steel, in the
refining of exotic metals such as zirconium, titanium and many
other alloys.' as a filler gas for incandescent light bulbs and
has multiple use in many other applications.

Due to the numerous applications .of the inert. gases it
is essential to understand their heat transfer behaviour. For the.
present investigation argon gas has been selected because it is
readily available and has a lower cost compared to other inert
gases and because of the limited' scope of the work.

1.4 Objective of the Present Work

The objectives of the present st.udy are as follows:
(I) To design an experimental set-up for the determination of
average heat transfer coefficient for horizollt.al,vertical and
inclined cylInders.
(2) To compare the results of the study with other relevant
works and correlations available in literatures.
(3) To det.ermine t.he dependence of average heat transfer coeffic-
ip.nt on pressure.
(4) To determine the effect of inclination on heat ,transfer coef-
icient.
(5) To det.ermine the dependence of heat transfer coeff icient. on
Ill1yJeIl{hnumber.
(n) To develop a pOl'lIdblecorrelation in terms of non-dJmenBional
par,unetel""which comb.lnea the objeetJ ves (:1). (4) and (5).

8



CHAPTER. 2
LI"I"E:R.ATURE REVIEW

2.1 General

The knowledge of natural convection heat transfer from the

cylindrical surface is of great interest to the designers of

condenser tubes in different plants,fluid line connections' in

steam power plants,rod and cable manufacturing and of nuclear

reactors. For fluids whose density changes with change of temper-

ature there will be natural convection heat transfer but there

exists a limiting situation where the buoyancy will be small

compared t.o viscous and 'conduction effects. The non-dimension'a1

group that indicutes t.he relutive strength of these effecls is
the Grashof number defined as

------------------ (2.1)
where, x is the charact.eristic length dimension of fluid

layer. AT is the temperat.ure difference across the layer, g is

the gravit.ational acceleration, 13 is the coefficient of thermal

expansion and V is the kinematic viscosity. When the critical

value of the Grashof number for the situation is exceeded(the

value depends on the boundary conditions). a disturbance in the

fll1lli will prop/lllllt •• /lnd will rnl1UIt, Ill" "I .••"ely II".Un" i"••I.••••"

,,/' oI"IIlI'''nlnll il.lI"Jf. '1'1•• , 1'''"I1.II.jIlM OtJllv ••,!I,ivII 11101,1011 IlItll IIIU"" <JI'

II'S'" a regular cellular roll pattern. The laminar flow regime has

a structure of almost hexagonal cells [1] * . In the interior of

these cells flow moves upward. and along the rim of the cell it
returns downward.

Schorr and Gebhart [2] investigated the natural convect.-

ion wake arising from a heated horizontal line source in liquids

and air. The three dimensional effects for a wire with a length

to diameter ratio of 250 were observed in air and water with

field ieren system. The t.emperature field in the plwII" above wir'es

wi I." 1""111." I." 011/,,,,,,1.,'1' "/d.J,," u/' 250 ""d 1200 in llyuld "Uleun"

(I'r=6. 7) was determined using a 20cm Mach-Zehnder int.erferometer.----------7---------- _
* The number' in the purenthesis indicates reference nllmber.
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Gra hof numbers,

4*103
.Various wire heating rates were used yeilding

based on vertical distance in the plume, in the

to 1.7*106. Excellent agreement of the 'tempera ure 'distribution

with theory was found for large length to di at

Grashof numbers around 105. A regular swaying motion of

the plume was observed at high Grashof number , causing temperature

fluctuations across the plume width.

Warrington, and Powe [3') inveatigated the fill tural convec-

tion heat transfer between concentrically located isothermal

spherical, cylindrical and cubical inner bodies in an isothermal

cuhical enclosure. They suggested the following correlation

------------------ (2.2)

with a maximumdeviation of 15%.

Gebhart [4] suggested that the Grashof number range of

validity for the laminar boundary layer flow ap~eared to be

approximately 104 to 109 for vertical plates in air. Beyond

this range of Grashof numbers the observed data were higher than

tha t predicted by boundary layer resul ts. In the 'range of Grashor,

number smaller than 104 it occurred because the bo~ndary layer

conception was no ,longer sufficiently, accurate in this range. ,In

••,wh condition •• t.l", uOllnd'lry layer thickness Wtta too l'II'g ••,

relative to the size of the obJect,for the boundary layer

approximation to be valid. The deviation at Gr>I09 occurred

because the flow in the convection layera was so vigorous that

transi tion to turbulence occurred. This deviation of the mechani-

Hm of trariKport. Into regimes cMrllctflrized by ranltflM of OrllMhof

IIl11nl,•••. lit a Il""",'al oha"aot."rilll,jo of f1atll"al oonv ••"t;iofl p,.oo ••••••0

Low Grashor number f'lowa have thick boundary layers and the flows

fire very wenk I wher"Il" high OraAhof number fioWA hllve t.hl n

boundary layers, the r lows are vIgorous and lead to laminar

instability and transition.

Th!> 11\01111/11'flow I•• I\n 'ol'dnl'ly fIow,whet'p.IlA thl'! tUt'!Hl.1-

""I. ull" J •• i"t"I'WUV"" Itlld It.t'''llull1l',wh,,t,,, individlll11 fluId plll't\-

cles execute fluctuating motions around some mean flow path.

Arabi and Khamis [5] claimed that for vertical cylinders critical

Rayleigh number'was found at 2.7*109 but for horizontal cylinder

10



no such critical value was found and they mentioned that it
occurred at infinity,

Dertela,M. [U] Kludied the compatibiiity SlId mutual
interaction among Rayleigh number, Grashof number and Eckert
number without reference to physical systems. He proposed a new
dimensionless group ;(, which compactly accounts for the
properties of the fluid and temperature difference across the
fluid layers. He defined ,[ as

,(=c3AT/(gB1J>2 = Re6/(Gr2Ec3) ------------ (2.3)v

2.2 Variable Fluid Properties

Most studies were based upon the assumption that. the
fluid properties were uniform,except f9r density. Most fluids,
however, had properties which were temperature dependent.
Therefore for processes involving large temperature differences
the equations had serious limltationB. As reported by Gebhart
[4], Sparrow and Gregg have shown that for property variations,
common to gases,the properties other than l3should be evaluated
at the following reference temperature tr for vertical isothermal
plates within laminar boundary layer.

Bertela [6J pointed out that viscous dissipation was
not always negligible in natural convection. Fand and Brucker [7]
obtained a significantly better correlation for heat transfer by
natural convection from horizontal isothermal cylinders assuming
that Nusselt number was a function of the dimensionless parameter
Gebhart number,Ge,that accounted for viscous dissipation. They
suggested that following correlation should be used:

Nu=O.4Pro.0432naO.25+0.503Pro.0334naO.0816
+O.958GeO.122/(PrO.06~O.0511) _ (2.4)

K""lm tot."I IH J "ollelud,"dtliat.til" "",II'II"m""t.uf "
heat.od horlzolltulcyJInd.,1'by vOI'Ucal adillbatJcwall•• enhanced
the heat transfer from the cylinder. The magnitude of the

1 1



relative enhancement decreased with the increase of Rayleigh
.number for all WID I where W was the wall spacing. The enhancement
of heat transfer from the cylinder decreased with the increase of
"Il/\C)\IIIl. Thlty Rllllll"Ht. ••d tho fo.uowlnll llQooUon:

Nu= [0.481+0 .172exp. (-0.258{WID) ) ) Han 0.25 ----------- (2,.5)

2.3 Vertical Surfaces

Warrington and Powe (3) reported that hased on Sander's
data Lorentz had suggested an equation for vertical surface at
uniform temperature given by:

----------------------- (2.6)

Gebhart (4) gave two correlations for the average convection
coefficient for vertical plates of height L or for large diameter
vertical cylinders in .fluidshaving Prandtl number around 1.0.
The characteristic dimensions used was L.

NUL=0.59*HaLl/4 ; 104 ~HaL ~ 108 ,

NUL=0.13*HaLl/4 108 < HaL' ----------- (2.7)
The fluid properties were evaluated at the film temperature,
(to+ta)/2.

Holman [9) reported a number of values of constant C and
exponent m to determine the average Nusselt number from

wh",''',C 11I"im WHI'" gI"en for th.. follow IIIg ftl.lY I"j gh lIlunlltw

"Ullgt~:

:~---------------:---------------------:-----------------------~:
C m , HaL rangeI

---------- ------------- -------------
0.59 1/4 104 - 109 I, .
0.021 2/5 >109

:---------~------:---------------------:------------------------1



Holman also suggested the following correlation using
different references

was the modified Grashof number and qw was the
(2.9)----------Grx* = Grx Nux =(gBqwX4)/(kJ) ;

*where, Grx
wall heat flux.
the local heat transfer coefficient was correlated by the
following relation for -the laminar range :

(2.10)
qw = constant.

For turbulent regions the experiments were correlated as :
N~_ = 0 17*(Gr *Pr)1/4. 2*1013<Gr *Pr<1016-~ • X J . X , ------- (2.11)

qw = constant.

Properties were evaluated at the film temperature.
For constant heat flux

h = 5/4hx=L ; qw = constant. ------------ (2.12)
Yang and Yao( 10] accounted for the trailing edge effect

and gave the following correlation for natural convection along a
finite vertical plate.

(2.13)
They claimed that the correlation was in good agreement for Pran-
dtl numbers 0.72,5-and 10 and concluded that,the flow accelerated
near _the trailing edge due to sudden change in geometry which
resulted in the decrease of the flow constraint.The heat flux
increased due to this local acceleration. Even though its effect
on the total heat flux was small, it modified the local heat flux
substantially.

Gryzagoridis( 11] suggested that the leading edge of the
plate did not influence greatly the average heat transfer rate
from vertical plate. Martynenko et al(12] found that the wake
effect on the boundary layer at the plate was manifested through
the external flow.

13

,
I



2.4 Horizontal and Inclined Plates

For square plates placed horizontally Gebhart [4] sugge-
sted the following correlations for heated 'surface facing upward:

Nu=0.54Ra1/4

Nu=0.14Ra1/3
1Q5<Ra<107,

107<Ra<3*1010. ~----------------- (2.14)

(2.15)

taken as significant dimension.
downward the following relation

The length of the plate was
For heated surface facing
recommended by McAdams [13]

Nu=0.27Ra1/4 ; 3*105<Ra<3*1010 •

was

For inclined surfaces with laminar boundary layer -Gebhart [4]
showed that the gravitational field in Grashof number was merely
modified by the effect of inclination on the tangential body
force. Making this change,the vertical surface equations might be
uMed for Bur'fa""••where other' eff ••"ta could b••neglected.

Fujii and Imura [14] conducted expe,riments' for heated
pla,tes in water at various angles of inclination,6. This 6 was
considered posi tive when heated surface faced downward. For
Constant heat flux the following correlation was suggested

(2.16 )

for
Nue=O. 56 (Gre*Pre*sin6) 1/4

2°<6<90° ,105<Gre*pre*sin6<1011

wher'l!,proptlrlle" oxcnpl I.\,I'/llro evalulltod at 11 tnmptH'1lLlH'fl
Te def ined by

------------- (2.17)
and 13 was evaluated at a temperature 'of,Ta + 0.25 (To -Ta) . For
"lm",.l hor-lzonla.l pIaL"" E-l-S,20,wlthhel1ted fl1ce 1'11,,1"11downwllr'd
the suggested correlation was :

Nu =0 58(01' Pr' )1/1\, lOf\Or'I'I' <lOll8' eel e e ------------ (2.18)

For 6 betO/een -15 to -75 and l05<GrePresin6<1011,
NUe = ° 14[(Gr Pr )1/3_(Gr Pr )1/3]. e e c e

+0.56(GrcPresin6)1/4, ------------------ (2.19)

The quantity Grc' the critical Grashof number was dependent on 6.
They recommended the following values of Grc:

14 .' ,,'. \
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:------~----:----------~:
6 Grc---------- :-----------l

I
. I -75

-60
-30
-15

5*109

2*109

108

106

:-----------: ----------:
Holman [9] suggested that on constant heat flux

surfaces for laminar regime equation 2.10, stated earlier,might
be applied for both upward and downward facing heated surfaces if
Grx* was replaced by Grx*sina.

Robinson and Liburdy [15] concluded that for horizontal
heated disk with a point source at the centre, the outer velocity
boundary condition decreased in relative magnitude as the disk
Rayleigh number increased. Beyond a Ray~eigh number of approxima-
tely 106,the outer flow might be ignored in calculating the disk
heat transfer rate.

Chen et a1[16] on the basis of their analysis on natural
convection in laminar boundary layer flow over horizonta1,inc-
lined and vertical flat plates for power law variation of surface
temperature,Tw=Ta+a'xn and the power law variation-of surface
heat flux concluded that for given values of!J and !f where, J =

(Grxcos6/5)1/5tan6,and .~=(Grx*cos6/5)1/5tan6j and Grx*,the modif':'

ied Grashof number for constant heat flux,(q"=gBqwxX4/k~2) and
for given values of exponents m and n,the local surface heat flux
increased with increasing Prandtl number.

Schulenburg [17] suggested the following correlations
for natural convection heat transfer from downward facing
horizontal surfaces :

(2.20)
for an infinite strip with specified surface temperaturej

(2.21)
for an infinite strip with specified surface heat flux;
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where,Ra* was modified Rayleigh number=Gr*Pr=Pr.,(gq,.R,4/k1l2 and R'
was the half width of the infinite strip.

2.5 Vertical Cylinders

For Prandtl numbers 0.733,1.0,10 and 100.Gebhart [4]
reported that Millsaps and Pohlhausen developed a correlation of
the form:

(2.22)

(2.23)-------------------------

temperature to increased 1iriearly wi th
Gr' was defined as temperature gradient

whosesurface
x,i.e.,to-ta = N*x;
Grashof number

Gr'=gJ3D4N/ 2

For a

In reference [4] Sparrow and Gregg had shown that for Prandtl
numbers 0.72 and 1.0 flat plate solution was not in error by more
than 5% in heat transfer rate from vertical cylinders ~f
sufficiently large diameter such that

D/L > 35/Gr 1/4- L ----------------------- (2.24)

Arabi and Khamis [5] reported the correlation of Elenbaas for
stationary fluid around the vertical cylinder as follows:

NUD*exp.(-2/NuD)=0.6(D/L*RaD)I/4 (2.25) .

They also quoted the comparison of Ede who had compared
the results of different observation with Elenbaas equation and
found that the data of water were within 25% and that for gases
were within ~ 20%.

Nagendra et al [18] carried out experiments .by employing
a cylinder of 8 nun diameter and 305 nun length at constant heat
flux. They also theoretically studied the effect of diameter on
natural convection heat transfer from vertical cylinders and
wires. They suggested the following correlation :

NUD =0.6(RaD*D/L)0.25, for RaD*D/L Ll04;

=1.37(RaD*D/L)0.16, for 0.05 ~ RaD*D/L ~104;

~0.93(R8D*D/L)0.05; for RaD*D/L ~ 0.05;

(2.26)
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where,the average temperature difference was used in
Rayleigh number calculation. They claimed that. the constant heat

flux reKults diffel'cd from constant wall temperature oneK by less
than 5%.

Fujii et al [19], on the basis of t.he exporimental
investigation with water,spindle oil and molybdenum oil,
suggested the following correlation :

(NuLla(~/ ~lO.21=(0.017 :t 0.002l*(OrLPr)a 2/3;

for 1010 ~ (GrLPrla

(2.27l

(2.28)

where, 'a' represented the conditJon in the ambient fluid.
They claimed that the equation was also applicable for air.

Lee et al [20],on the basis of their analysis concluded
that for the power-law variation in wall temperature ,Tw=Ta+a'*xn,
x being the axial coordinate,the local surface heat transfer
increas.ed with increasing value of curvature for given values of
the exponent nand Pr.

2.6 Horizontal Cylinders

McAdams[13] analyzed experimental data of many investig-
ators to correlate the" average natural convection heat. transfer
for' horizont.ll.1 cy.l.l.nder~. He derived an equation slm.i.J.ur 1.0 Lor'e-

1't.Z'S equat.ion ,namely

Nu=CaaDl ;.

where, the constant C and the exponent III depended on the range of

Ra. The fluid properties were evaluated at the mean film
temperature.

Kutateladze [21] modified Lorentz formula using the
experimental data of many investigators and arrived at the follo-
wing equation applicable t.o horizontal cylinders:

(2.2(1)

-I

where,K(Pr)=0.64 for 0.6 ~ Pr .s. 200 and K(~r)=0.66 for

Pr>200.

Morgan[22] recommendeda correlation similar to Lorentz
"snd suggeated the valuea of C and maa follows:
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:----------:---------------:----------------:
C m Ra

:-----~----:---------------:----------------:
0.675 0.058 10-4 to 10-2

1.02 0.148 10,-2 to 102

0.85 0.188 102 to 104

0.48 0.25 104 to 107

0.125 0.333 107 to 1011

:----------:---------------:--------~-------:
Churchill and Chu[23] published the following correlat-

ion for natural convection from horizontal cylinders:

Nu=0.36+0.518{Raf[l+(0.559/Pr}9/16]16/9}0.25. (2.30)

They also stated in their paper that the
fit and was representative for all PI'

equation provided a good
and 10-6 .5. Ra .5. 109,

except for the data of small diameter wires.

Mikheyeva [24], investigated the proce'ss of natural
convection from horizontal tubes to air,water and oil and
recommendedthe following correlation:

where, the subscripts band s referred to bulk and surface
conditions respectively and the term (prb/Prs)0.25 was the

correction factor int.ended to accoun t. for thl'l In f Juonce 0 f
property variation with temperature.

Fand et al [25] presented the results of an experimental
investigation of natul'llJ convection hont trllllltfer f,'om hod zontnl
cylinders to ,air,water and three silicone oils,with Rayleigh num-
hers ranging from 2.5*102 to 1.8*107 and Prandtl number from 0.7
t.o JOllO,. On thl! bAIII•• of expel'1m,mt ••) dlltA lhrf!e "<lUAU,,,,,, w,,""
d"l'ived. The equlltJons were of ,the Sllme algebraic form llnd
differed only in the method used to, evaluate fluid properties as
u rUllcLl on of lemp",'ut.ure. The equlltJ OilSure us fo 11ows :

Nu =0.474*Ra0.25prO.047,

NUj=0.478*RajO.25PrjO.05

N~=0.456(GrqPrp}0.25PrpO.057; ---------- (2.32)
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where,the equation without any subscript referred to the

mean film temperature, The'equation with subscript j used the

fluid at. .the temperat.ul'e defined' by

t j = t~ + j (to - t.) : and j= 0.32. p=q=O.5. n=O.2

also n was the surface correction exponent dependent.. on Gras!tof

number and Prandtl number.

Eckert and Drake [26) suggested the following

correlation for vertical wires :

NUD= 2/[ln{1+(2/0.4GrDl/4)}]. ---------- (2.33)

Socia [27] presented a paper that dealt with the plane

problem of laminar natural 'convection around horizontal cylinders

with partly isothermal and partly adiabatic s~rfaces. The'

Ildiabat.ic Burface subtended an angle 2i1i at the axis of the

cylilldel'. lie t1ull((est.ed a cOl'I'elation of the type

----------------------------- (2.34)
For different values of i1i,half angle of the adiabatic sector,the

following values of Band m were suggested:

:------------:---------------:--------~-----:
i1i0 B m

.:------------l---------------:--------------:
0 0.488 '. 0.246I

45 0.543 0.239

90 up 0.581 0.241

90 down 0.569 0.236

:------------J---------------:--------------:.

2.7 Inclined Cylinders

For inclined cylinders data available are very limited.

AI-Arabi and Khamis [5) analyzed the works of different investig-

at.ors like Crane and Eigenson. Crane 'carried out experiments on

I",at."d cy.l Indr,rs of dIameter .5 min to 76 nUlllind .Iellgth 0.076 to

3.30 m in air. Eigenson carried out experiments on cylinders in

I.g



gases only in the turbulent region. The following equation was
suggested:

----------.-------------- (2.35)

(2.36)

where,B was a function of GrD'

Arabi and Salman [28] reported that Ferber and Rennat
experimented with a .1.829 meter long and 3.175 mm outside
diameter cylinder heated by passing an electric current through
it to give a constant heat flux at angles from 00 (horizontal) to
900. The heat transfer coeff icien!; was found to decre~se with the
increase of .inclination. No general c6rrelation of the results
was suggested.

Oosthuizen [29] experimented with cylinders. of length
between 152.4 and 304.8 rom and outside diameter between 19.1 and
25.4 mm at angles of inclination between 00 to 90°. The heat
transfer rate was found to decrease with inclination and the
results were correlated in terms of NUD/(GrDcos9)1/4 against
(L/Dcot9) •

AI-Arabi and Salman [28] carried out experiments on a
cylinder of 38 mm diameter and 950 rom length under constant heat
flux condition. The angle of inclination was varied from 00 to
900.On the basis of their investigation the following conclusions
were made :

(I) For the same flux both the local and average heat trans-
fer coefficients decreased with the angle of inclination of the
cylinder.

(2) The critical value of (GrxPr) for the end of the laminar
region,decreased with the increase of 9.

(3)Local heat transfer coeffirilent for all a,.gles of
incIinuLion could be represented by the equation:

F1s-"
N~=0.545-0.387(cOS9)1.462(Gr~)1/4+1/12(cOS9)

and the.average heat transfer coefficient by the equation:
1'1,NUL=0.60-0.488(cos9) 1.03(GrLPr) 1/4+1/12(cos9) (2.37)

AI-Arabi and Khamis [5] carried out experiments to det-
ermine the average and local heat transfer coefficient by natural
cOllvectiol. to air from tile outside surface of 1sothermal
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cylinders of different diameters (12.75 mmto 51 mm)and lengths
(0.3 meter to 2.0 meter) at different inclinations (30° to 90°)

in both laminar and turbulent regions. The following. conclusions
were mad.e:

(1) The average heat transfer coefficient decreased with the
increase of diameter.

(2) For the bigger lengths,hL,average heat transfer coeffi-

cient based on L, decreased with El. For the shorter lengths it
increased with El. In between, a 'limit length' existed at which

the heat transfer coefficient was constant irrespective of El.

This was equal' to the heat transf'er coefficient corresponding to
the horizontal cylinder.

(3) For the same cylinder diameter and inclination,the aver-
age heat transfer coefficient decreased gradually with .the incre-
ase of cylinder length and then it became constant indicating the
beginning of turbulence.

(4) Based on average heat transfer coefficient the critical
transition point from the laminar to the turbulence region was
independent of diameter and only decreased with the increase of
t.he inc] ination.

(5) Based on local heat transfer the critical transition po-
J nt. ""rn'.u.ent1ntl t.h" end of t.he lamlnar .relll on wa.. .\ndel"'ndellt. 01'

cyl inder diameter and depended on inclination only. The critical

point representing the beginning of the turbulent region,
howtlv"r, nppe"r"d t.o btl cOIlRt"nt.

(6) The following correlations were suggested :
,,'2.

NUL=[2.9-2.32(cosEl)O.8]Grn-l/12[GrLPr]I/4+1/12(cosEl)

for l.08*1045,.GrI)5.6.9*105and 9. 88*1075,.GrLPr5,.(GrLPr)cr'

NUL=[O.47+0.11(cOH9)O.810rn-1/12[GrLPrll/3, ----------- (2.38)

for 1.08*1045,.GrI)5.6.9*105and (GrLPr)c~GrLPr5,.2.95*1010•
.' ,. Z.

NUx=[2.3-1.72(cOREl)O.8]Gro-l/12[OrxPr]1/4+1/12(cosEl)

for 1.08*104~OrI)5.6.9.lOfland 1.63*108~OrxPr~(Orxl'r)cr'

Nux=[0.42+0.16 (COREl)0.8 IGrn-1/12[Gr xPr ]1/3 , ----------- (2.39.)

for I.08*104~OrI)5.6.9*105and (Orxpr)cr_l~orxPr~2.3*101O.
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2.8 Studies on Natural Convection at
Pressures other than Atmospheric

Data in this field are also very limited~Kyte et al[30]
reported natural convection at reduced pressures. Ileat. losses at
pressures ranging from 0.1 mm to atmospheric pressure were
dej:.erminedfor a 0.00306 inch diameter wire in air and for 0.312
and 1.00 inch diameter spheres in helium,air and argon. Surface
temperatures of upto 19"50Cwere employed. and subtractions were
made for radiation to obtain the net heat transferred by
convection.

At low gas pressure the thickness of convective boundary
layer and the effect of free molecule conduction was important.
These effects were considered for both spheres and horizontal
cylinders.'This involved two departures from classical practice:

(1) The characteristic length used in the dimensionless
Grashof number became the diameter of the solid plus twice the
length of mean free path of the gas.

(2) The concept of a conductive film having the same resis-
tance to the heat transfer as that of the convective boundary
layer was used instead of the Nusselt number to arrive at a
single correlation. On the basis of the investigation the
following correlations were suggested for cylinders :
-----------------------------------------------------------------

Rad,,IIIrange Horizontal

-----------------------------------------------------------------
q=2nLkb,a(Tb-Tal/ln[1+7•09/(Rad,,lIll0.37]

q=nDLA.p~~(273.2/Tb)(Tw-Tbl

. 0 26q=2nLkb,a(Tb-Tal/ln[1+5.01/(Rad',lIll' ]
q=nDLA.p~/4(273.2/Tb)iTw-Tb)

(2.40)
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Vertical

lO-ll(Rad',m D'/Z)~lO-4.5

q=2n Lkb,a(Tb-Ta)/ln[1+4.47/(Rad, ,m D'IZ)O.26]

q=nnLAop~'J(273.2/Tb)(Tw-Tb)

----------------- (2.41)
----------------------------------------~------------------------

where,
Tb=absolute temperature at a distance of;z..b from the solid in
degree Kelvin, A b being the length of the mean free path of the
gas at that temperature.

p =gas pressure in mm of mercury.
~'=accommodation coefficient.
I\o=free molecule conductivity of the gas at oOe in

(W/m2)(OK)(mm Hg,)
k =thermal conductivity of the gas.
D'=D+2 Ab'
Z=length of the heated ,wire.
suffix,

d',m -- indicated that the dimensionless groups were
evaluated using D' as diameter, (Tb-Ta) as the gas
temprature difference, (Tb+Ta)/2 as the mean temperature
at which the gas properties were to be evaluated.
d,m -- indicated that the dimensionless groups were
evaluated using D as diameter, (Tb-Ta) as the gas
temperature difference, (Tb+Ta)/2 as the mean temperature
at which the gas properties were to be evaluated.
'w' indicated. wall.
'a'indicated ambient gas.
kb •••=thermal conductivity evaluated at a mean temperat-,
ure of (Tb+T •••)/2.

kw,a=thermal conducti vity evaluated at .a mean l.elllpernt-
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urature of(Tw+Ta)/2.
q=rate of heat loss other than radiation.

They also recommended that, free molecule conduction may
be ignored for any gas at atmospheric pressure if the diameter of
the solid is 0.001 inch or greater and the solid surface
temperature was 2000C or less. In such cases it is required that
Rad".,Tb and D' be replaced by Rad ••,Tw and D respectively.

Warner and Arpachi [31] on the basis of their experim-
ental study on turbulent natural convection in air at low pressu-
re along a vertical heated flat plate, suggested the correlation
as:

--------------- (2.42)

(2.43)

Hesse and Sparrow [32] on the basis of their experiments
at both atmospheric and higher preSSUres with 0.4 mm diameter
platinum wire within a horizontal cylinder of 165 mm diameter and
110 mm length,concluded that the data fell within lOX of the
McAdams correlation [13],with a tendency for the data to lie
below the correlating line.

Holman[9] suggested that for pressures above and below
atmospheric the simplified natural convection equations from the
various surfaces.to air at atmospheric pressure should be
multiplied by the following factor:

(P/IOl.32)l/2, for laminar cases and

(P/I01.32)2/3 for turbulent cases

where,P Was the pressure in KPa.
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CHAPTER 3
MA~TICAL MODELING OF THE PROBLEM

3.1 General

The fundamental physical processes which Occur in
natural convection flows are essentially same as those occurring

in other flow and diffusion processes. Potential energy. kinetic
energy,thermal energy ,momentum,viscous . and pressure forces aid or

oppose fluid motion. It is possible to formulate differential

ill1111\tioflMwhloh ('ftMult from the consideration of the conservation

of mass (continuity), momentum (Navier-Stokes) and of energy
(energy equation).

The set of equations of motion embodying the approxima-
tion of Boussinesq are written below for constant. transport
properties A.. ,k and Cpt from Gebhart [4], Two energy equations are
given. the first for fluids of invariant density and the second
for ideal gases.

V.V=O

f' [,v/~"(+(V.V)V]=gB('(t-ta)i-VPm +).Av2v.
2 It,

f'c[C>t/a•.•.+(v.v)t]=kv-t+q +i1i(R3).

(' cpr ~ t/O'f+(v. V )t] =kv2t+q" ,+(Dp)/D'Yl(R4)+D(Pm)(RO)/D"Y +ft...i1i(R3).

where, RO=gLlx/R,Rl=LlA'r. R3=O(PrRO),R4=O(LlTRO/Rl)and Ll=l/T

for gases,the magnitude of RO,Rl,R3 and R4 are relatively strlll11..

For one-dimensional upward motion along a vertical surface

the dissipation function iiihas been represented by the equation

3.2 Description of the Problem

The natural convection heat transfer from a cylinder is.
a complex problem. It is influenced by physical dimensions of the
cylinder, its orientation, the environmental condition and propert-
ies of the ambient fluid. The test cylinder of the present inves-

25

;.



ligalion was suspended from the top of a large container (vessel)

by copper wires • The LID ratio of the test cylinder W/lH/lboul.

25.5 and it could be set at any desired inclination. The
container temperature did not vary considerably. The temperature
variation along the axis of the test cylinder could also be

ignored for any particular data point al though considerable
changes of surface temperature of the test cylinder 'were noticed

among different data points. A constant electric energy input to
test cylinder was maintained which was converted into heat. This
heat was traru.felTed firstly by radiation to the container,
second1y by eonduct1on t.h,'ough th" thel'mocoup1•• lind holding w'lJ'e••
and thirdly by convection to the ambient g••••. The conduction
losses were small and could be estimated. The amount of heat

transfer by radiation could also be calculated directly by using
Stefan-Boltzman equation. The net heat transferred by .convection,
natural convection in the preser'lt case, couldn't however be
directly quantified as it is dependent on fluid properties,
orientation of the convecting surface,ambient fluid pressure etc.

So the present problem was to correlate these parameters to
obtain the convective heat transfer.

3.3 Similarity Solution

The solution of equations presented in section 3.1 are
very complicated, but the parameters upon which' the characteristi-
cs of the flow and transport depend may be found by the similari-
ty technique.

Considering a vertical surface of height L at a uniform
temperature to in an extensive uniform mediumat ta,the coordina~
I.e.veloci ty, pressure and t.emper••ture are generalized by L,Uc' Uc,2

and (to -ta) respectively, where Uc is the convectioll veloci ty and

"IOnh" d••t.llrmlned hy lll.ing Ooullllinll"(l"I'I','oxin",t.Ion. flccol'dlng 1,0'

1.111.11nl'l','oxilllnUun, 1'11'''''"111''' 1Il'lldi"nl. nn" l.tlnl'l"'UX IlIIllt.•••.1 'u, 1\

pure temperature effect ,fa - (' = ~ 13( t-ta) and the densi ty variation
I" tI,,, ",,,,I,in,d 1,)' "'lll"t.Icm Is il/no"tI'i, Thu"

:w
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Neglecting energy generation and considering steady state
condition,the equations for a gas in terms of generalized
quantiLi@1I V•.P(t-ta)/(to-t.a), Ph . (loaal hydrostatic
(difference bet.ween the actual pressure and Ph) and ~

prIl8HUI'O) •Pm

become

'\l .V=O

(V.V)V=~i- ~ Pm + (~/UcL )"'V'2V.

(UcL/.,) (V .V)F (k/cpft.t) ",2 ~ (gLlL/cp)(UcL/J) (V .v) +( gLlL/cp )~.

The boundary conditions are as follows:

On the surface: V=O and Fl,

in the distant medium : V=O, <6=0 und Pm =0,

Two sets of differential equations are similar if they have
constant coefficients. Thus the above general iza tion of the
equations indicates that the temperature distribution ~(x,y.z)
depends only upon Gr,Pr and (gLlL/cp)' Thus the dimensionless
IHU"u.melera ttU-\L ,,(-lsI' in nut-ut'Al convect-lan arc

UcL;)" (gLll,3AT/J2) =JOr' '
cpj.;../k=(jAle)/(klf!cp)=,J/~ =Pr, and

gLlL/cp,which is one form of Eckert numberiEc.

The quanti ty
Gr,the Grashof number is a measure of the vigor of the

fl uw induced by Ua and r"prcAentio. the ratio of buuyant fol'l:" to
vfscous force.

Pr,the Prandtl number is the ratio of viscous
diffusivity.to thermal diffusivity. It affects the temperature
gradient. of a flow field.

gLlL/cp gives an indicatiQn of the relative importance of
vIseuuM dillllipation.

Therefore the natural convection expressed in nondimen-
sIuIIIlI fU1'1I\ as NUllS"l t lIumb"I' (-hl,/II) can be wI'! tt.,," III ti,,, fU1'I1l

Nu=F(Gr,Pr,gLlL/cp)

27
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3.4 Modification of the Similarity Equations
for the Present Problem

To account for pressure variation the normalized prORHurn

PIPa can be intrOduced in the Nusselt number equation. Assuming

heat transfer to ideal gases , the viscous dissipation function .can
be mOdified as

For the present study the volume v is constant. So the term

(gIlL/cpv) is constant. Therefore the last group in t.he NU8He.lt

number .equa tion (3. I) can be expressed in terms of pressure and
it takes the form

Nu=F(Gr,Pr,P/Pa). ---------------------- (3.2)
For surfaces other than vertical, the inclination 8 should be

included in the Nusselt number equation. In evalua~ing convection

from an inclined surface, the .gravi tational acceleration g in the

Grashof number equation must be replaced by gsin8 r4] for 8>0

(i.e. except for horizontal surfaces). Therefore the Nusselt

number equation can be corrected for inclined surfaces as

Nu = F(Gr,Pr,P/Pa,8). ---~----------------- (3.3)

For cylindrical surfaces the analysis is much complicated

alld Ls not read 11y available in the 11 t.era lures. But '''' d iACURROd

.in section 2.5. the vertical cylinders with large diameters can be

approximated as vertical flat plates. So instead of deducing

separate differential equation the similarity solution of flat

plates will be applied to cylindrical surfaces to correlate t.he

non-dimensional parameters on the basia of the experimental dllla.
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CHAPTER 4

".1 Qeon"'Al d ••••crlpLlo/1

This chapter describes the experimental aspects of the
investigation and includes a description of the apparatus used.

Figure 21 and 22 show a schematic diagram of the experimental set

up and the test cylinder. The apparatus used in the investigation
was a 'Radiation and Convective Heat Transfer Equipment'.
manufactured by Plint and Partners Ltd., England. it consisted of'
an almost .spherical steel vessel, within which the test cylinder
was suspended. It was equipped with a' voltmeter, an anuneter. a
vacuum pump,a high pressure connection line and a mercury
munometer.

".2 Test Specimen

Two test cylinders made of copper were separately
tested and they were designated as specimen 1 and specimen 2. The
test cylinders with matt black surface finishing could be suspen-
ded from the top of the vessel at a predetermined inclination.
Specimen 1 was 159 mm long whereas specimen 2 was 161 mm long.
Both of' them were' of 6.35 mmoutside diameter and 4. Omm inside
diameter. The test cylinder was heated internally by passing an

electric current through a Ni:-Chromewire. The Ni-Chrome wire was
passed through porcelain beads which acted as the insulator
between the wire and Lhe cy1 inder. Beads had approxi rna te 1y 3.85
Jlunouta ide d iallletel' •about 1. 0 mmin l'wna 1 hole and 3. 5 /lU/I J ""ll til .

AI. ""d, ",,,J "r 1.1,,, uyl.l/1lJ"I'" b""Ll ""t""d"d "ut"ILl" by "b"ut G
mm. The Ni-Chrome wire was fastened to 0.62 mmdiameter copper
wll'e's at bolh end" for holding the leKl cylinder. The gaps
between !ohebeada and lhe wire and between beads and the ends of

the cylinder were filled with asbestos wool so that th", wire and

the bead" dld nol move "xlally or radially. This also acted "" II

safeguard against any electrical short circuiting between the
holLling wires and the cylinder. Holding wires were 90 to 100 mm



long and were attached at the other end to insulated flexible

wires. These flexible wires were suspended freely from the cover

plat.e of the vessel top,and in turn supported the test cylinder.

Th" t.op l:OVor plale had two screws, lhe inner side of whIch were

connectod lo lhe s'uspending wires and the olh,,1' "ld" to eloctric
leads.

4.3 Temperature Measuring devices

,The ambient gas temperature(inside the vessel) could be

meAsured directly by a digital thermomet.er,provided in the

t'l1dlatJon and 'convective heut transfer equipment,uslng a No,36SW

Chromel.,Alumel thermocouple. The difference between this tempera-

ture and the outside environment temperature was not much and the

outside air movement was also negligible. The vessel, size (shown

in figure 21) WlIS sufficiently large, about 447 l\lIIlin diu. ulld

'lli5 nun in height,so thut the heuted fluid ritling upwlIrd from tI ••,'

test cylinder cooled down to approximately at the bulk fluid

temperature as it reached the vessel surface. Since the air

outside the vessel was stagnant and both the outside air and

inside gas were at equilibium with the vessel, its temperature

might be taken as that of the undisturbed inside ambient fluid.

At steady state, the heat generated by the heater,the test

cylinder,was equal to the heat that was conducted through the

vessel wall to the outside air before appreciable rise in the

irfside fluid temperature was noticed. To measure the temperature

of the test cylinder surface, No.28SW Copper-Constunlun

thermocouples were used. The thermocouples were fixed to lhe

surf/lee ,of the test cylinder by soldering them on equally spaced

holes, I mm deep and 2 mm in diameter. This is shown in figure

2:1. Thl'ough a hole aL the bottom or th •• ve ••••el the insul.nt"d

coppf~r' J.(,!I.ldH (2.1 I!CIlJoCe) I conru!cted 1.0 the t.her'mocoupl f~ -W"j rr.M t WfH'('

tn'ul.Il{hl. 1)\11. &Id~ thn vesse.l nlld were .C\lllflQ(..;t,(H~ to t;h~ rJlMltll,1
0

mllll-voltmeter(Drone Digital Indicator', Series 60) through a

••"I"nl,"I' ••wil,nll (1:"','loi""l, 'I'll" oIillil,lIl 1111II i-v"ilu'''I,'''' ""1111" w ••••
-15.99 1.0 99.99 mY and the accuracy of the instrument was .to, 001

mY. ,Five thermocouples were connected to specimen I and three to



speclmen 2. The thermocople lead wires were taken. out of .the
vessel through a opening at the bottom and gland packing was used
to prevent any leakage(figure 24).

4 . 4 Pressure Measuring and Control Devices

System pressure (pressure within the vessel) was
measured by a Hg manometer provided in the radiation and
convective heat transfer equipment. Pressures upto 1000 mmHg
gage could be measured by this manometer.Atmospheric pressure was
measured separately by a barometer. To conduct the' experiments at
high preSS1)re with air a separate air compressor (1/4 -hp,750 rpm)
was connected to the high pressure connection line. By using a
pressure release valve. a pressure line disconnectlon valve and a
pressure regula tor val ve. attached to the appara tus • the deR1red
I'I'UHRUI'"III 1.1,,,VtlHH"J"uu Id h•• 111111111. ••. 1lI ••d. Low ["'UHHllt."coul d I",
nudlll.nlll"d by opernt.lnl! t.h•• vacuum pum[>(1/4 hl',Al:l: 1'1>111) of I.h••
npparal.uB. With ar~on,tlle experiments were carried out. by

charging the vessel from a high pressure argon cylinder.

4.5 Input Heat Measuring Devices

The total power input to the apparatus could be
measured by the voltmeter and the ammeter provided in the
apparatus. In addi lion a calibrated wattmeter was used t.o .monltor
the actual energy transferred to the test cylinder.

:11



CHAPTER. 5
~r" iJneor~:ta.l Mea.EnXreIne~t a..r>d

Teat Pr-~ecl-.xre

5.1 Measurement of Temperature

Thermocouples fitted to the test cylinder surface were
connected to the digi tal miIIi -vol tmeter through a selector

"wi t.ch, as stllt.ed in section ~. 3. These ther'mocoup] "" wer'e
calibrated in melting ice (ODe) and in boiling wat.er open to

atlllospherc (I 00DC) and the !l1'aph Wus exLt'!.ded 1i neur']Y OV'H' til<'

entire runge of measurement( 500e to 155 O'C). Both durin.g
calibration and test run,the cold junction tempe£ature of ihe
thermocouple wires was maintained at oDe. The set-up of
calibration is shown in Appendix D. The calibration curve was
found to fit reasonably well with the standard millivolt data
from the conversion table. The measurements showed that the
temperature along the axis of the cylindrical surface did not

vary by more than 2.50e. The mean of the individual local
temperatures was therefore taken as the average temperature of
the cylindrical surface. This average temperature was used in
calculations and determination of_ heat transfer coefficient. As

mentioned in section 4.3,the temperature of the inside ambient
fluid was measured directly by the thermocouple fixed with the

apparatus and the temperature of the vessel was taken equal to
that of the inside ambient fluid.

5.2 Estimation of Emissivity

maH,

The cylindrical surface of the test specimens.
hl"d( h"d eml••••lvlt.y 01' D.1l7 Cm' "p"<.'\m",, Itl III

painted
Cl.nD 1'0'"

"p""lmn" 2, 'I'h" I"'o""dlll'" 01' " •• I,Jlllnl,llIg nlllhu.lvll.y I•••• howlI I"
Appendix B.

5.3 Measurement of Pressure

Pressures in the enclosed veRsel were measured by a lI-
I."h., m<>t'elH'y manometer, All el'l'or oC 2 mm ""lI" oh••erved Cot' I.••••



gage pressure reading of .:t750mmHg. This might have been due to
the nonuniformity of the tube bore. The error did not affect the

result much. Atmospheric pressure was measured once or twice
during one set of experiment.

5.4 Setting of Inclination

The top cover-plate of the spherical vessel was fastened
to the vessel by twelve bolts fixed on it. To set a given.
inclination of the test cylinder,the cover plute WUB opened und

the supporting flexible wire length was adJusted. For horizontal
position,both supporting wires were of the same length. For
300,450 and 600 inclinations one supporting wire length was kept
fixed and the other wire length was reduced by Lsin9 from the

.length of the wire in the horizontal position I whereby neglecting
the obliquity, the inclination of the cylinder could be taken as
9. For vertical position,the test cylinder was practically
suspended from one supporting wire and the other support was
replaced by a sufficiently long wire so that it hung freely.

5.5 Determination of Heat Tran~fer Coefficient

The electrical energy input to the test cylinder waH
transferred' partly to the enclosed vessel by radiation. partly to

the thermocouple" and holding wires by conduction and the rest to
the ambient fluid by convection. The procedure of estimating each
of thorn ar" rii.ell"s"d h"low. Jluvinl( outliln ••d t.he eonvectivll h"lI1.
. transfer rate, the convective heat transfer coefficient was
determined by dividing the convective heat transfer rate by the
product of the surface area of the test cylinder and the
temperature difference between the test specimen and the
undisturbed ambient fluid.

5.5.1 Measurement of ~nput Power

II cnns!.lInt. hNIl, Input to tli~ "y",I."1II WeB 1II11.lnl.•• I" ••d.
Input vol tnge and nmpernge was mellHured by the vol LmcLer llnd



ammeter provided in the apparatus. The test cylinder was heated

electric~lly by a 220/230 V ac supply through a transformer and a
rheostat , contained in the apparatus'. The voltmeter could read
upto 15 vol t with an accuracy of 0.1 volt. The range of ammeter

was a to 1. a ampere and the minimumvalue that could be read was
0.01 ampere. To get the power input to the test cylinder a
separate wattmeter was used to measure the actual power consumed

by it. It was seen that an input factor of 0.95 could be

integra ted which on mult Iplica tl on t.o thll'.1 nl'llI. voll.-n",(>,"'" II"v••
lhe heater energy consumption.

5.5.2 Estimation of Conduction Loss

Since thermocouples were attached to the surface of the
test cylinder' a portion of energy generated in it was conducted
t.hrough the' thermocouples and holding wire,. to lhe ambi"nt fluid.
Appendix A contains the outline of the procedure to calculate the
conduction losses.

5.5.3 Estimation of Radiation from the Cylinder

A substantial part of the heat input to the cylinder
was transferred by radiation to the enclosed vessel. This radiat-
ion heat transfer was evaluated by using the Stefan-Bolt.zman
"'luat..lon. The relevnnt. emlMlllvlty va.lll" Il••"d w,,,. lllttttlll"d tt"
,!JHcll,.,.ed In Mection 5.2,

5.5.4 Estimation of Heat Loss from the Protruded Beads

A@lmnntJoned in !lection 4.2,lhe heatitlg Ni-Chrome ",ire
was passed through porcelain beads inside the cylinder and faste-
ned to the holding copper wires at each end. On both ends the

beads were extended 2 mmto avoid the electric cont.llct bet.weon
I.h" cy IJndOl' am! t.h" wit'" , H.Incll th•• IlluJ bond•• contnillctl Lh" I~J,dM
of the Ni-Chrome wire,a portion of the heat input to the test
cylinder was lost through the bead surface. In stead of measuring
the actual heat loss from the bead surfaces,an approximation was



made assuming that the amount of heat transferred from the

cylinder surface was proportional to the length of the Ni-Chrome
wire contained in ito Thus the fraction of the total input lost
by the beads was (4/L+4) and the fraction of total generated heat
transferred from the surface of the test cylinder was (L/L+4).
This factor was coupled with the input factor(0.95) ,described in
section 5.5.1, to give a modified factor of 0.927 which,when

multiplied with the input volt-ampere gave the actual heat
transferred from the cylinder surface.

5.5.5 Calculation of Convective Heat Transfer

As mentioned in the previous section,the product of
vol t, ampere and the mOdified factor yielded the heat transferred
from the surface of the test cylinder. Subtractions from this.
were made for conduction and radiation,as discussed in sections
5.5,2 and 5.5.3,to obtain the heat transferred from the test

cylinder by convection.

5,5.6 Estimation of Emitting and Convective Surface Area

The heating Ni-Chrome wire was fastened to the holding
copper wire at each end,as mentioned in section 4.2. Heat

1l",""',,I."d by 1.11" NI-CIII"""" wi I' •• Will< ""ndllc I.••d \.lIl'Ull II" 1.11"

1I0lt.1ilqj wi"" •• , 'I'll" IltJlt.1ilqj wi".",. l"y in v",'Lic"l po"i I.ioll

irr.especLive of the orientaLion of the cylinder' and 1.osL ileaL by

contluctJon,r'lldJ"tJon and convecl.lon. It. wall complJc ••l.••d Lo

account for the actual heat lost by the holding wires. Neglecting
the radiaLion the configuration was therefore analysed as I1n

infinite protruded rod. This is shown in Appendix A. The heat
lost by the holding wires were then compensated by an equi valent
al'es of Lhe test cylinder to give the same heaL loss by

convection and radiation. This area was estimntlld as 4" of the

"Y I 1.,,,1,,1' 11111"''')'',

:l5



5.6 Test Procedure

The experiments were c,onducted with two cylindrical

.specimens marked specimen 1 and specimen 2, one after the other.

The two fluids used were air and argon. Five orientations of the

test cylinder making angles of 00,300,450,600 and 900 with

horizontal were tested. A brief description of the procedure is
given below:

(I) From the two ends of the test cylinder holding wires were

taken out and connected to flexible wlres,the other ends of which

were attached to the screws at inside face of the cover plate.

For horizontal position of the test cylinder two equal flexible,
wires (each 160 mmlong)' were used.

(2) The Cover plate wal< held horizontal ut the cor lieI' uf a flat

table and the test cylinder was allowed to hang freely to see if

it lay at the desired, configuration without any kink or twisting
in the supporting wires.

(3) The cover plate was set on the vessel and the nuts were

tightened. The leads of the heater line were connected to the

screws on the cover plate.

(4) To carryon experiments with air as the f}uid, the gas

release valve was closed,the gas line disconnecting valve was

opened, the compressor delivery line was connected to the high

pr"llllure connection lin" "nct the compreaaor W"l<awi tch"d 011., The

gas disconnecting valve was closed when the Hg manometer showed a

gage pressure of about 900 mm. The compressor was switched off

Ilnd the !lage reading was recorded.

(5) The heater switch was turned on, voltmeter and ammeter

readings were adjusted and the test cylinder was heated f6r

about two hours. The mllli-voltmeter was switched on to see the

val'lal,ioll of mV "t" ••.JJIII! at. a l'''I't!cuJn,' loc"l.loll. Th" ,,,,1""1.01'
swi tch was turned to see the r"ading •• of different thermo"o"pl" ••.

The mV readings of the thermocouples were recorded' when steady

•• 1.111." Willi rl'llch"d. Thl •• W/lli tAkell when th" mV re'ld.lllll of' II

thermocouple did not change for at least five consecutive

mlnllt" ••. The volt~eter and ammeter readings were noted for /lilY

variation of the original setting. In case of small variation of
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the original setting all the relevant readings were taken. In
"''''tlll WhIH'" thll vltl'lll\;lollll Will'''' 'llll'l'i1.:iAblll 1.1,,, vol 1.111"1..", nrlll

ammeter were readjusted to the original value and the set-up was
allowed to attain steady state be~ore taking the readings.
(6) The enclosed vessel temperature was recorded.
(7) The manometer reading was recorded.
(8) To set at a different pressure,some amount of air was let out
by opening the gas release valve until the pressure dropped by.
about 175 mm, for the. next reading. Then the gas release valve
was closed.
(9) Sufficient. Urne waH allowed to attain stendy stute fnr' th"
next set of readings and the relevant readings were recorded.
(10) .Steps (8) and. (9) were repeated until the vessel pressure
became nearly atmospheric.
(11) The vacuum pump was switched on and the pump line connecting
valve was opened so that the vessel pressure fell below atmosphe-
re. When inside pressure dropped by about 125 mm, the vacuum pump
connecting line valve was closed and the pump was turned off.
(12) Step (9) wIlHrep"nted.
(13) The vacuum pump was switched on again and the valve in the
vacuum pump connecting line was opened. As the inside pressure
dropped by about 75 mm,the vacuum line valve was closed and then
the vacuum pump was switched off.
( 14) Step (9) was ""1'''11 t.ed.

(15) The steps (13) and (9) were repeated until vessel pressure
dropped to about 10 mm Hg absolute which was the lowest
attainable pressure range for the set-up. This completed a set of
experiments with horizontal cylinder in air.
(16) The valves 'were then opened letting the pressure inside the
v,,,,,,e1to be ntmospherlc. The wires connecting thl' hel\t••1' J i,u,.
were disconnected and the cover plate was opened.
(17) To ~lign the cylinder at 300 inclination~one of the
supporting flexible wire lengths was kept fixed( 160 mm) and the
other wire length was reduced by an estimated amount of L/2
(=Lsin300). The supporting wires were then connected to the
screws at the inside face of the cover plate of the vessel.
(18) Steps (2) through (15) was repeated. Thus another set of
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-experiment with 300 inclination of the cylinder was completed.

(19) Step (16) was repeated.

(20) Two more sets of experiments one for 450 and another for 600

were completed taking step" similar to (17) ••nd (2) t.hrough (15).

(21) For condlJctlnll the experiment with vertical posltion of the

test cylinder,one supporting wire length was let loose keeping

the other wire length fixed(160mm). Due to self weight the test

cylinder hung vertically from the shorter supporting wire (160

nUll). Steps (2) through (15) were repellted.

(22) To carry out. investigations with argon,the ••ir pressure

inside the vessel was reduced to about 10 mOlof Hg absolute

before charging it with argon. The enclosed vessel was filled

wi th argon upto 800 .mmIIg gage. The. vessel pressure WIlS again

reduced to about 10 mm Hg abs. and then the final charging was

made that raised the inside' pressure to. about 1700. mm abs. The

re-charging of argon was necessary to reduce the dilution of

argon with air to 0.002%.

(23) The experimental data with argon were recorded taking

••imil ••1' •• t.eps as with air'.

5.7 Data Analysis

A computer program was developed to calculate theoretical

heat tran ••fer coefficients for the configurations tested using

the correlations suggested by McAdams [13 ],Nagendra et al [18],

Arabi and Salman [28] and Kyte et al [30] wherever applicable and

"1>,,, fnr' pr'O(:eRRing th" ftxp"rimentul dlltll of the prHHl'nt wor.k t.n.,

culculate the relevant heat transfer parameters. This is shown in

Appendix C,
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CHAPTER. 6
RESULTS AND DISCUSSI<>NS

In the present study an experimental investigation of
free convection heat transfer from hot cylinders to cold ambient
fluid has been carried out.The fluid and the heated test cylinder
were contained in a sealed enclosure. Investigations were carried
out w.ith two cylinders one after another and the fluids used were

air and argon. The range of Rayleigh number covered was 103 to
1.2*108 and therefore the experiments were carried out in the

laminar region only.
The test cylinder and the fluid under consideration was

contained in the enclosure and as such the outside environmental
fluctuations did not directly affect the inside fluid properties

Ill"! h"•.•t lr.•.•t1"t'.". b"h"vior. A.ll.hoUilh11 VUI'!IlLJOtl'of till' oul.Hld,,'
air temperature could raise or lower the enclosure-temperature
slightly and slowly,this has been neglected in determining the
fluid properties, because both the enclosure and the test

cylinder temperature were brought to steady state before taking
measurements.

The data were taken at constant heat input condition,
but it did neither mean constant heat flux condition nor constant
wall temperature condition. A reduction in ambient fluid pre"sure
.!'las followed by an increase of surface temperature of th" test

cylinder. The surrounding enclosure temperature change was
comparati vely amall. An increase of cylinder surface temperature

with almost constant enclosure temperature lead to an increase of
"/ldl ••tion he••t trlltillfer lu"j with conlltllnt h",tl, input to th.!
aystem it ultimately lead to a redl\ction of convective heat

transfer I.e., heat flux is decreased.,
Investigations were carried out with two specimens to

check the reproducibility of the data and to reduce the experime-
ntal error. Figures 1 .to 5 show the comparison of oUHerved heal.

transfer coefficients of the two specimens in both air and argon.
Figures 1,2,3,4 and 5 are for OO(horizontal) ,300,450,600 and 900

inclinations of the test cylinder with horizontal respectively.

As the two specimens were of same geometry and tested under



similar boundary conditions, it was expected that they should show
the same heat transfer behavior. The graphs plotted have
confirmed thill, Thll dillcrllpancillB of thll obBervlld data may he
at.t.rllmt"dto the experimental error and accuracy of t.ho d"v I""s.
From these graphs it is seen that for argon data specimen 1 shows
higher heat transfer coefficients than specimen 2 and differ:ence
is more at low presures(below 0.5 bar) where variation as high as
10% is observed. For air data the difference between the two
specimens occurs at pre~sures above atmosphere. Here too the
variation does not exceed 10%.

At low pressures,the magnitude of the heat transfer
coefficient is low. So a small variation in results is reflected
as high percentage of error. Another reason for the variations
might be due to the error in calibration of the thermocouples. It
can be recalled that the thermocouples were calibrated. in
mel ting ice and boiling water open to atmosphere and the corresp-
onding graphs were extrapolated over the entire range of experinl-
ental data as mentioned in section 5•.1. It is possible that the
assumption of linear variation of mV with temperature over tile
entire range of temperature for the copper-constantan thermocoup-
le could have introduced some errors in the results.

Accepting the errors as mentioned, the resul ts of the
two specimens might be considered to be reasoriably same. From
these graphs it is seen that the nature of variation of argon
data is similar to air. It is also observed that at any IIIven
pressure,the values of the argon data are about 30% lower than
that of air. A probable reason might be that the thermal
conductivity of argon is lower than that of air.

Figure 6 shows the plot of average heat transfer
coefficient obtained by the two'specimens in air for different
inclinations. It consists of five curves with 0°,30°,45°,60° and
900 inclinations of the test cylinder with horizontal. It reveals
that the variations of the observed.heat transfer coefficients
wit.h preKsurc arc logarithmic. The heat transfer coefficients
approach zero values as .absolute fluid pressure approaches zero.
At low pressures the heat transfer coefficient increases more
I.hutlthllt.Ilt high pressures for equal incresse of pressure.

4n



AIt.hoUllh thIll'" nl'" 110m,,'ntlll'mixInil of th" d" I.", t.ho Iollul'!t.h••.' c
CU1'vefHUng gives high correlation. coefficients (Appendix E),
0,97 to 0.99. At low preSHures the densi ty of the gas decreases
i.e. the scope of convection decreases which leads to increase of

radiation. Although with the decrease of density inter molecular
space or mean free path increases linearly, the molecular veloci ty

distribution is logari thmic with pressure. So heat tral1sfer

coefficient decreases logari thmically wi th the decrease of

pressure. Figure 7 is also the average plot of heat transfer
coefficients obtained from the two specimens with argon. Nature
of these curves in the figure is similar to that in figure 6 and
the hea t trans fer coef f i c i ent var i es with pressure and
inclination exactly in the same way as' they do in figure 6 for
air. Although in the average plot of the two specimens, some data
deviate considerably from the curves, the correlation coefficient
of the logarithmic curves is high,in no case les.s than 0.95.

Figure 8 shows the variation of observep heat transfer
coefficient with the inclination of the test cylinders in air. It

is seen that with the increase of inclination heat transfer
coefficient decreases linearly and this rate of decrease is lower
at lower pressures. Figure 9 shows the plot of h vs 8 for argon
data. The curves in this figure are similar to that in figure 8.
With the increase of inclination the thicknesH of the bO\lndury
layer on the cylinder surface increases. The. pa t tern of hes t
transfer from the upper surface of the cylinder is unaffected by
the cylinder inclination except at vertical position. On the

I~pper surfBce,fluid moleculaR that come in contBCt. 101.1 t.h l.h"
cylinder ishested and goes upward without interrupting heat
l,r'",".fflr fl'om t.h" cyllnd"I' 8UI'fllca, F'l'om tha lowe" hulf of t.h"
cylinder the fluid particles cannot directly move upward, they

have to overcome the cylinder cir9umference by enveloping it, For
l.h'l horizontal cylinders the heated fluid rises in. t.he f01'l1lof u

plum" nnd the mnximumlength that the fluid particlea remain in

nonl./u,l. wllch I;hl>nyllndl!l' Oll'nlllllf"I'I'.IIC'I' whLI." "\II'nll f,'olll th ••
l,)w",' Hurl',,,,,, 11'1 D/2, Il l",Jnll th •• dl"moter' 01' ti,,, t,,"t cyJ Ind." ..
1""" Inulll",,1 ">,1 I lid",'" '''x,,''!,I, I,h" VI','I.I""I on•• I.hl" 1<11111I.hI ••

Ds"cl:l/2, i. e, e~88.8°, with the constrain\. tha \. Dsec8/2 must be
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less than L, where L is the length of the test cy 1inder, In
v",'l.Iual l'oaJ tJOII (00°), l.hll fluid pltl'l.Ic1.". Itl'OUluJ ti", 1.<,,,1.
cyllrul"r f01'1IIan allllo"t ""IIIJ-I'arabol lod bounual'Y. Jay,,., ""d ti,,,

extent of distance to which the fluid layers are in contact is

the c;ylind"r lenllt,h I•• Aa t.he trltvel of the plUlIle I ncreltl""" ,
analytically it has been shown in 11tera tures that heat transfer

coefficient decreases, That is as the extent to which fluid
particles remain in contact with the solid along the direction of

flow increases, the thickness of the boundary layer also
increases, Inside the' boundary layer the bulk fluid cannot come
in contact with the heated surface. Moreover for fluid particles
inside the thermal boundary layer, the temperature difference
between the solid and fluid is lower, As a resul t lesser amount
of heat is transferred to the ambient fluid.

In figure 10, comparison of the graphs of normalised
heat transfer coefficient,which is the ratio of observed heat
transfer coefficient to theoretical ones obtained by usi.ng
different correlations, are made at different pr,essures for the
horizontal cylinder in air. The normalised coefficients, obtained
by using Arabi and Salman [28] correlation,show that the curve is
logari thmic in nature, The values are very high at low pressures
and the curves run toward infinity at vacuum, At high pressures

Lhe values are Idmoat. lnvarlallt. and t.he curve Lend •• Lo ue
horizontal. From the graphs it is observed that at standard
P"""BU"" t.he ol'dIn" t." Vn1ue t I!I ••vnn grollt.••,' tlllin 2. ThIa monlu'
that the observed heat transfer values are more than double than

tI••d, prod t ct.od by AI'II b I lind R"lnulIl 0'1IlIlt.lon• Tht.. VII I"., I.. '1'1It."
high, 1'''I'{'''II"nl.1l1llth" I. t.h" (.lOIll'LallL b"a I. f IUK "undI LJUll CUI'I",J,,-
UUII of AI'"bl "nd R"lrlllln J•• not. "1'1,1 JOllbl" to till' 1'1'''''''"1. ,,,,,,,. or
"llIIu"t. COli"1,,,"I. h""l. 11I1'ul.""ldll.1,,". Th" dl"IIl"I.",' III I.h" l'I'''''''"1.
Illvest.Jllal.lon was 0.35 millwhereas Arabi and Halmal' """d a
cyllnder of 38 mmdiameter, Tbtlretore it ill tli t11111'tbtl curvaturll

of the test cylinder or the heat transfer condition that. limi ts

t.h" A1'101 ICAb III t.y of AI'Ald Alltl ~A IIIIAII 1)01"',,1 AU nil !.O U,P 1'I'''APIl!.

investigations, At high pressure ,about 2 bar, the normalised value
of heat. transfer coefficient is within 1,6-1.8 but. at low

presallres t.he incremeni rate of these values is .much higher. The
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normalised coefficient values are 2.2-2.5 at 0.5 bar, 2.6-3.1 Ill.

0.25 bar and 4.5-5.0 /it /ibout 0.05 bar. The cur've dr'awn by u"Jng

McAdams[13J equation is also logarithmic in nature. It become"
almost asymptotic at both ends. It is almost parallel to x-axi s
at high pressures and parallel to to y-axis at very low pressures

(about 0.01 bar). Since,the McAdamsequation shows large variati-
~ns at low pressures it is not applicable in these regions.
Though both the curves using Arabi and Salman equation and
McAdams equation have many similarities,the main difference lies
in the'! I' rela ti Vtl mllgnltudell. The graph obta.!ned by comp/u'.!ng the
observed heat transfer coefficients and McAdamsequation shows
that the normalised coefficient values are 2.0,1.1 and 1~0 at
pressures of about 0.02,1 and 2 respectively; whereas tha,t
obtained by using Arabi and Salman correlation shows the values
of about 7.2,2.05 and 1.75 at the corresponding pressures. The
McAdamsequation therefore does not exhibit significant errors
except at low pressures (0.5 bar or lower). On the basis of 'these

high values, 'obtained by comparing observed results with that of
Arabi, & Salman,a conclusion that the observed data are not

correct would be a blunder,since if it would be so the comparison
with other correlation like McAdamswould also show simi lllr, 01'

hi ghor order of variation. The rcsul ta ClUlbc COIIIIJllredwith K~'te
et a1 [30 1 correlation at low pressures only, as their equation
iH v/ilid' for that pressure range only. In .figure 10 the graph
obtained using Kyte et al correlation is close to unity even at
very low pressures and the curve is almost parallel to horizontal

Ilxis. This rfllifi"R t.h" Ilc"uracy of til" dat.1l r"""or'el",l in O,r

preser,t experiments. As discussed in section 2.8, Kyte et al
Huggested two simultaneouH equations for different Rayleigh
'1ll1mber"ranges. The temperature at a distance Ab' the mean free
path length, from the solid surface, designated as Tb,was assumed

and each of the two equations were solved simultaneously. Both
the equations give the convective heat transfer rate, q. When for

a particular assumed value of Tb, q given by two equations become
"qUill the iteration Is comp1"ted and the ellt.Jmutiun of '] J"
considered correct. They also su,ggested that heat transfer rate

cun be cl\lcul/iLeu u"lnll on" corr"l"t.!ollll when fre" 1II(),I"'ClIl•.•



COI"flH:l.lulICUll !I" ""1oC1""I."d , Thoy MUloCllo••L",1 cClI"'oJuLi,," fu,' huU,
1",,'I:t.ool.,,1 "od ve"Lic"lcyJlod",'s, hul. I.hel,' ,'ulIll" "I' Iluyl"lllh

III,UIII.1o'- did IIUI. CtJVCt' !ttt)! Icj~h lIuJIIlu,,' ul' tile;, cALJt."lrilllclIl.J:i wi Ltl

verLical cylinders in the present investigations, For Lhe
horizontal cylinders In the present. investigations the differellce
of the cylinder surface temperature and the temperature Tb, based

on the observed heat transfer rate was 8e~n to be very small
(order of 10-9 OK) for an approximate total input of 6 Watt. It

happened so because the mean free path length was of negligible
dllllnllllion comparod tu c.:ylindol' diam ••tor, III th" exp"rJmeoL •• of

Kyte et al a thin wire(0.00306 inch in diameter) was used,and the
mean free path length was not relatively negligible. Therefore
although the present investigat.ions do not explicitly and
completely accord to the conditions in order to neglect the

"ffoet of free moleculo conduction,t.h" fnct thllt Tb did not VIU'y
significantly from the surface temperature ultimately lead to the
sit.uation for which free molecule conduction can be neglected.
For present. investigations the heat transfer coefficient derived

1I"II1JolKyl.•• "I. "I "'l"ntiull I •• cumpnl'••rl In I.h" 1'''''01 of" ""tin, Th••
nOI'malised heat transfer coefficient which is the 'ratio of
"hH,,,'v,,d htlat 1.,'aOal'tlI'co"ffici"nt to that ovtalntld u"lnll KyLe "L
"I equation Js plotted ag"inst normalised pressure in figlll'c 10.
Figure 11 is similar Lo figure 10 vut drawn wltb I.he duLu of
Ilr'gon.

Figure 12 shows the comparison of the normalised, heat
transfer coefficient obtained by Arabi & Salman [28] and Nagendra
et al [18] correlations u~ing normalized pressure as the indepen-

dent variable i.e., varied along horizontal axis, for vertical
cylinder in air. The curve drawn by using Arabi and Salman
equation shows that,even at atmospheric pressure,' the normalised
heat transfer coefficients have values within 1.5-1.6 and the
normalised coefficients are very high at low pressures. The high

vaiues of the normalised coefficient indicate that the observed
heut. transfer coefficient valueR are much higher than the heat
transfer values predicted by Arabi and Salman correlation. The
normalised coefficient of 1.5-1.6 indicate that the observed

values are 50-60% higher. Therefore it can be concluded that the

.14



observed results are not in agreement with that predicted by

reference [28] .. The curve drawn by using Nagendra et al [18)
equation shows that at high pressures the values of the
normalized heat transfer coefficient do not change significantly
with the change of pressure and they decrease rapidly with the

fall of pressure. The normalised coefficient values are within

0.85-1.1 for a pressure range of 0.5 to 2.25 bar. At about 0.25

bar the normalised coefficient is reduced to within 0.77-0.84,and
at about 0.01 bar it is further reduced to 0.5-0.6, The closeness
of the normalised heat transfer coefficient to unity indicates
good agreement of observed results with theoretical ones.
Th",refore except at low pressures the observed and predicted
values are in good.agreement. Figure 13 is a plot similar to

figure 12 with the data of argon. From figures 12 and 13 it is
observed that for the same pressure Arabi and Salman equation
gi ves lower values of heat transfer coefficient while Nagendra
et al correlation gives higher values of heat transfer

coefficient than the observed heat transfer coeffienl. Therefore
a conclusion that the observed data are much higher than they
should be, just by comparing them with reference (28) . would be
erroneous. The figures show that the curves drawn using Arabi and

Sulman and Nagendra tit al correlati ons show oppoRl I.e
characteristic at low pressures. The normalised heat transfer
coeffiden\. Iliv.m by Arahi & Sa11111lnshowR very hi/olh vallieR /Lnd
t.","i•• t.o 110 t.1l luflult.y IIl'wnrd,llt vncuum,hllt. I.hnt "iv.", by

Na"""d"/L "I. ai "'jll/tUOU "how low values llnd tonu 1.0 Z''''O at.
vacuum. At pressures above atmosphere both the curves are almost
pl1rallel to horizontal axis, i.e., .with the increase of
pressure,normalised heat transfer coefficient does not change
M 1/0111 1 f I!:IU' 1.1 y,AIt.hou)/h bot.h 1.1,,,GII/'V"" Ill'" Ioltlll' t th",!(' In Ullt.II/'"
th",'" remllins 11cO/u.iderable differeuce in their' mUllc"ical valllo"
OVOl/. t.h" .mtil'" P/"lII11Ur" rAnlll". At 1'I'Illlllllrnll of ahout. O,OI,O,Mi.,!

and 2 bars the normalised coefficients using Arabi and Salman
correlation are around 2.9, 1.7, 1.55 and 1.45; and those
obtained from Nagendra et al equation are around 0.65, 0.85, 0.9
and 1.0 respectively. Like figure l2,the logarithmic fitting of
the curves in figure 13 shows high correlation coefficient fbr
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both the curves /lnd t.h,,!r VIIJues Ilrll not leKII thllll O. 9~ fol' "ny
of the graphs.

Figure 14 shows the plot of normalised heat transfer

coefficient against nor"nvt1is"d pr"ssur" for di ff'H"""!. IIICllllllt.io-

equution. The figure consists of five curves
of the test cylinder. The inclinations 'are

450,600 and 900. The curves are simi lar

"" of th" test cylillder in ail'

nutur'e. They

using Ar"abl nnd S"lmnn !2RJ
for five orienuUons
00(horizontal), 300,

and logarithmic in
becom" almost parallel to horizontal axis at high

pressures and run upward toward inf ini ty at very low pressures.

The curve with 00 inclination has values considerably higher than
other positions of the test cylinder over the entire range of
pressure investigated. The normalised heat transfer coefficient
decreases with the increase of inclination. The highest and
lowest values occur 'corresponding to the horizontal and vertical
JHI •• J tionll of' t.h•• t.a"t oylindar'. But. at pra"IlUI'elii above
atmosphere, except for the 00 curve. the curves lie on one another
and cannot be distinguished sharply. The' curves with 450' and 600

lnc.1lnlltiolla are very cloae t.o eaeil other. All the curVflH •.•how

very high values at low pressures. Even at atmospheric pressure
the ordinate lies between 1.6-2.1. It may be noted that the

curves for 8=300,450 and 600 lie between the curves obtained for
8=00 and 900. The curves with 00 and 900 inclinations were also

shown in figures 10 and 12 respectively, where th'ey were compared
witil the resu1 ts of other" investigtltors. But becnll"" of U,,,
IInnvllllnbillt.y of dutuin literature t.he high lIol'mnli ••ed
coefficient. vnJUp.Rfor A=300,450 nnd 600 prPRp.nt"d hy th•• <:'H"VeR

III flllll'"" J.I "oll,ld lIot IJ" <"""jllll'nd wit.h Ilny, Ot.h'H"C<Jl'l'"lllliulll'.
Figure 15 is similar to figure 14 with argon data.

l'illUl'" III ••how•• 1./,,, log-log plot of Nuss"lt numb"I' fOl'
air data given by figure 6, versus normalised pressure. There are
fi ve curves in the figures corresponding to five inclinations of

Lt,P. I.pst. cyJlnd ••r'. I.lk" t.h" h"llt. t.I'RnAfnl' cu ••ffl,clnnt. n" In
f i lI<H'e6" t.ho NURselt number alBo decrease.. with the Increllso of
inclina tion and increases with the increase of pressure. Despite
the deviation of the data, the linear curve fitting for the log-
log plots gives the correlation coefficient of 0.96 or better.



li'lgur" 17 Is IIlmllar 1.0 flllul'" If! hut. wit.h t.h" d"t." of 1lI'IlOll,

Figure 18 shows the average plot. of oLKcrved N1188Clt.
number versus Rayleigh number for both air and argon for

dl ff'H"'llt. 111clIIInl1ollil of the te"t c:yl.1l1d'H', FI'Dmlh" 111'"1''''' 1I.
is 'seen that the merging of air and argon data in non-dimensional

form is random. It is observed that the Nusselt number increases
logarithmically with Rayleigh number. Figure 19 is the log-log
plot of Nusselt number verrsus Rayleigh number. The fitting of
the curves are seen to be linear. The curves show high
correlation coefficient,not less than 0.98.

Since pressure was consider-ed to be a pertinent variab-
le in natural convection, it was felt necessary to incorporate it
with Rayleigh number.Accordingly a group formed by multiplication
of Rny.1eigh number with normalised pressur!! I'ni""d t.o th" 11th
power was considered. Various values of n 'like 1/2,1,2 etc. were
checked for their fi tting- and the best result was obtained for
n=l.

Figure 20 is the log-log plot of Nusselt number versus
the product of Rayleigh number and normalised pressure wi th

linear curve fitting. The curves show correlation coefficient of
the order of 0.99. The correIa t.Jon propo••"d' In Ulllol UHllol j M hll"
been derived from t.his plot.
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<:':HAP'I"ICH. 7

7.1 Conciullionlll:

The important conclusions as a consequence of the

~resent investigations are enumerated below:

(1) The natural convection heat transfer coefficient,h, was found

to be dependent not only on fluid properties associated, but

was also influenced considerably by environmental pressure (P/Pa)'

and orientation (S) of the cylinder.

(2) The natural convection heat transfer coefficient increased

logar i thmically ,with the increase of pressure,

(3) The natural convective heat transfer coefficient was seen to

be lower for argon than that for air at any given inclination of

the cylinder and ambient fluid pressure,'

(4) The heat transfer coefficient was found to decrease linearly

with the increase of inclination and so maximum and minimum

values occured for horizontal and vertical posi tions of the

cylinder respectively,

(5) The ob,,,,,'ved heat tran ••fer coefficients we,'e wlt.hln 12" of

McAdamsand Nagandra et al equations at atmospheric pressure and

fitted well within 0.5-1.5 bar. Arabi and Salman correlation

showed similar nature of the curve as McAdamsbut the values of

the normalised heat transfer coefficient showed large differences

throughout the range of investigation. The correlations of

McAdams, Nagendra et al and Arabi and Salman showed l,arge

differences at low pressures. The correlation of Kyte et al

al,owed good agreement (within lOX) even at very low pre ••••ure

(0.05 bar).

(6) The plot of Nusselt number (Nu), with normalised pressure was

seen to be linear on a log-log plot over the' entire pressure

range for both air and argon.

(?) The plot of Nusselt number (Nu) with Rayleigh number (Ra)

cOl,ld be repre ••ent.ed by n llrlenr curve flt.t.trlg in t.he log-1"g

plot. w.lth high cor,'elalion coefficient .

.1 I!



(B) The plot of Nusselt number (Nu) with the product of Rayleigh
number (Ra) and normalised pressure (P/Pa) could also be
Fepresented by a linear curve fitting on a log-log graph over the
entire range of investigation .
(9) The Nusselt number (Nu) can be correlated with Rayleigh
number (Ra),normalised pressure (P/Pa) and inclination (a) by the.
empirical equation:

where,C and mare funtions of a.

Their values should be determined by the.following relations:

C =10.292-0.04B4a

m =0.13B2+0.0499cosa-0.1405cos2S+0.OBOBcos3S

for 0.65 ~riO.72, 0.Ol~/Pai2.3, 3*104iRail.2*10B, and OiSi90.

7.2 Recommendations

(1) The variation of Nusselt number for other fluids specially
those with better transport properties like Helium can be carried
out to organize a general correlation.
(2) Investigations can be carried out with other geometries and
dimensions of the heat lransfer elemenl (like wires, diffe.renl
LID ralio elc.).
(3) Investigations may also be carried out by determining
experimentally the velocityand temperature field using methods
like interferometric technique and Laser Doppler anemometry
(LOA) •

(4) By controlling the heal input,the investigation can also be
carried oul wilh constanl wall temperature.
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APPENDIX A

A.l Calculation of Conduction Loss for Thermocouples

As mentioned in section 4.2, 5 thermocouples were connected

to specimen 1 and 3 to specimen 2. To estimate heat loss through

them. radiation loss froin these wires was neglected and they were

considered to be pin type fins of infinite length. Heat conducted
to these- thermocouples at the root on the surface- of the test
cylinder was totally lost by them by convection to the ambient
fluid. A brief calculation procedure is shown below.

Dw=diameter of either a copper or a constantan wire=O.27*10-3 m

A' =(n /4)Dw2=5.7255*10-8 m2

kcu=386 W/mOC,kcon=26 W/mOC

,p' = flDw=8.4823*10-4 m

Heat loss through a set of thermocouple

= Heat loss by a copper wire +Heat loss by a constantan wire

qcond=(J p' A'kcuh+~p' A'kconh) AT

=Jp'A'(~u+Jkcon)Jh AT

=6.97*10-6 (~386+J26 lJhAT

=1.7245*10-4JhAT ----------------------------
Value of h was assumed .to be 15 W/m2C.
So heRt lORR for. each t.hermocouple

qcond=1.7245*10-4J15~T

=6.G79*10-4AT Watt

For specimen 1

qcond=5*6.G79*10-4~T

=3.3*10-3~T

and for specimen 2

qcond=3*6. 679*10-3AT

=2.0*10-3.6. T

55

(2 l

(3 l

(4)



Therefore equations (3) and (4) give the heat loss by condution

through the thermocouples from specimens 1 and 2 respectively.
,

A.2 Calculation of Conduction loss for holding wires

As mentioned in section 5.5.6, the holding wires could also

be considered as infinite protruded rods and the radiation from

them could be neglected.. Heat loss by these wires could be

compensated by an equivalant. increase of the surface area of the

test cyl'inder to. give the same heat loss by convection and

radiation. A brief calculation procedure is shown below:

p'

A'

=0.62*10-3 m

=n D =1.948*10-3 mw

=( n/4)D 2=3.019*10-7 m2w

kcu =386 W/mC

h =12 W/m2C(assumed)

qcond=2 ~ p' A'kcuh:t. T

=2J 1. 948*10-3 * 3.019*10-7 * 386 *12AT

. =3.3*10-3 T Watt

Since AT varied with pressure,an average value of 6 T could be

taken for the estimation of this conduction loss. This assumption

was a resonable one since at low pressure AT increased but h

decreased and the product (.[hc.T) did not change signiHcanlly.

In the present calculations AT was taken as 70C. So tt", qcond became

qcond=3.3*10-3* 70 =0.231 Watt.

Total power input,qT was maintained at 6.0 Watt and hence,

qcond/qT =0.231/6.0 =0.0385 ~0.04

Therefore instead of caculating conduction loss through the

holding wires the test cylinder surface area could be increased

by 4%. This would give the same heat loss by convection and
radiation.
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APPENDIX B

In order to determine the emissivity of the test
,cylinders with matt black surfaces, a test run was made for each,

from atmospheric. pressure to the lowes.t attainable pressure which

was about 10 mmHg absolute for the present apparatus. The
manufacturer of the apparatus recommended that the temperature

difference between the test cyl~nder and the undisturbed ambient
fluid (vessel) varied linearly with the fourth root of the
absolute pressure inside the vessel. Figures B-1 and B-2 shows

the variation of6T i.e.,(Te-Tv) with Hl/4jwhere H is the
absolute pressure inside the vessel in. mmHg,for specimen 1 and.

specimen 2 with constant heat input of 6.00 and 5.96 Watt
respecti vely.

In the figures. the linear curves have been extrapolated
to reach the absolute zero. pressurei . e., vacuum line. The
corresponding ordinate represented the temperature difference
between the test cylinder and the vessel if the pressure inside
the vessel would be reduced to zero. Thus (Te-Tv) at vacuum can
be read from the graph. From figures B-1 and B-2 this value is
seen to be approximately 130.50e and 131.80e. From observation it
was seen that the vessel temperature Tv did not vary much,the
variation was les.s th8.n 20e, the average temperature corresponding
to the three 16west pressure data was taken as the vessel
temperature at vacuum and calculations corresponding to vacuum

condition were performed . The relevant data and calculation are
shown in table B-1 in the next page. In the table 'CA' and 'fac'
represent the cylinder surface area and the factor that accounts
for the bead loss and Wattmeter correction.
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Table B-1
:---------------------:---------------------:-------------------:

Parameter Specimen 2 Specimen 1
:------------~--------:----------~----------:-------------------:

,."
I

130.5
306.5
437.0
6.00
159
6.35
4

:3.3*10-3* T =0.4307:
3191. 01
3.319*10-3

(Te-Ty) OK
T OKy

T OKe
qT Watt
Lmm
Dmm
Di mm

qcond Watt:
:CA=nDL+n/4(D2-Di2)mm2:

A=CA*1.04 m2
fac=0.95*L/(L+4)
qin=qT*fac Watt
qr=qin-qcond
E:=qr/[A((Te4_Ty 4) l:

131.8
303.1

434.9
5.96
161

6.35
4

2.0*10-3* T =0.2636
3230.91
3.360*10-3
0.927
5.5247
5.2611
0.99

0.927
5.562
5.1313
0.97

I.
I

:---------------------:---------------------:-------------------:
Therefore the emissivity for specimen 1 was 0.97 and

that for specimen 2 was 0.99.
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APPENDIX C

CXX'iPU'J.'n:U. Pl?OCilH.AM

INTEGER.T,PM,SP,FL
PARAMETER (T=12,N=5)
DOUBLE PRECISION MU,Z,ZI,GL(T),GD(T),RAD(T),RAL(T),NUL(T) ,NUD(T),

tNUS(T) ,Z2,Z3,NUOL(T) ,NUOD(T) ,RLP(T) ,RDP(T) ,OI(T) ,02(T) ,MU1,GD1,RDI
DIMENSION PM(T),P(T),TEK(T),TVK{T),HTH1(T),SIH(T),QC(T),QCM(T)
REAL SI(T) ,SIV(T) ,HOB(T) ,HTH(T) ,HTS(T) ,Yl(1'),Y2(1'),Y3(1'),Y4(1')
REAL L,M;K,Kl,QT(T),TV(T),V(T),AI(T) ,SUM(T),MV(1',N),B5(T) ,B6(1')
REAL MVB(N),MVRF(N),TM(T,N),Pl(T),B(1'),Bl(T),B2(T),B3(T),B4(T)
REAL QM(1'),HK(1')
OPEN(UNIT=I,FILE='IN' ,STATUS='OLD')
OPEN(UNIT=3,FILE='OUT' ,STATUS='NEW')

c FL,SP,INC,PM,TB,TRF,MVB,MVRF,MV AND TV indicate fluid,specimen no.,
tinclination,absolute pressure inmm.Hg,upper reference tempernture
t,lower reference temperature,MV at upper reference temperature,MV
tat lower reference temperature,milli volt reading of the element
tt.hermocouple and vessel temperature respectively.

READ (1,*) FL,SP,INC
READ (1,*) (PH(I),I=I,1')
READ (1,* )TB,TRF ,(MVB (J) ,J=1 ,N) ,(MVRF (J) ,J=1 ,N)
READ (1,*) ( V(I), I=I,T)
READ (1,*) (AI(I), I=l,T)
READ (l,*)((MV(I,J),I=I,T),J=l,N)
READ (1,*) (TV(I),I=I,1')

c Converting HV roodings into tomporoturos and calculoting input. power
DO 29 1=1,1'

SUM(I)=O.O
DO 30 J=I,N
YY= MVB(J)- MVRF(J)
TM(I,J)=TRFt(TB-TRF)*(MV(I,J)-MVRF(J»)/YY

30 SUH(I)=SUH(I)tTM(I,J)
XTM=SUM(I)/N

c 1'EK is.average specimen temperature and TVK is yessel tempernture.
TF.K(1)=X1'Mt273

C VOM"" I tempera ture COITec t:1on 2° C.
TVK(I)=1'V(I)t2t273
QT(I)=V(I)*AI(l)

29 CONTINUE
G=9.81
SIG=5.77
D=6.35E-03
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BL=4.E-03
PI=3.1416

c Emissivity estimation - _
DI=4.E-03
CH=O.95
IF(SP.EQ.8) THEN
L=159E-03
QTO=6.00
DTO=130.5
CC=3.3E-03
TVO=306.5
ELSE
L=161E-03
QTO=5.96
DTO=131.8
TVO=303.1
CC=2.0E-03
ENDIF
RR=O.04
CA=PI*D*L+(PI/4)*(D*D-DI*DI)
'A=CA*(l+RR)
FAC=L/(L+BL)*CH

L=A/(PI*D)
QIO=QTO*FAC
QCCNO=CC*DTO
QO=QIO-QCONO
TEO=TVO+DTO
TOO=(TEO/100)**4-(TVO/100)**4
EP=QO/(TOO*SIG*A)

c ----------------- _

WRITE(3,6) SP
6 FORMAT(/,15X,'Specimen No.='I1)
c ------- Constant and index values for Arabi and Salman equation

IF (INC.EQ.O) THEN
M=l. /3.
K1=O .158

ENDIF
IF (INC.EQ.30) THEN

M=O.315
K1=O.229

ENDIF
IF (INC.EQ.45) THEN

M=O.295
K1=O.335
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ENDIF
IF (INC.EQ.60) THEN

M~O.275
Kl~O.422

ENDIF
IF (INC.EQ.90) THEN

M~O.~&
K=O.6

ENDIF
WRITE(3,7) INC

7 FORMAT(/,5X, 'Inclination with horizontal is:',12)
FAC~(L-4E-03)*O;95/L
DO 99 1=1,1'
TF=(TEK(I)tTVK(I»/2.,
DT~TEK(I)-TVK(I)

c ------- Fluid properties for air
IF(FL.NE.O) GO TO 11
PR=O.7
R=29.3*G

WRITE (3,96).
96 FORMAT( ,1',/,16X,'Air')

IF(TF.GE.300.AND.TF.LE.350)THEN
X=TF-300
K=(O.03003-0.02624)/50.*XtO.02624
MU=«2.075-1.8462)/~O.*Xtl.A462)*lE-05

ENDIF
IF(TF.GE.350 ..AND.TF.LE.400)THEN

X=TF-350
K=(O,03365-0.03003)/50.*XtO.03003
MU=«2:286-2.075)/50.*Xt2.075)*lE-05
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C ----------------------- Ca.lculat.lons ----------
132 P(I)=PM(I)*13.6*G

no =P(I)/(R*TF)
FIO=K/D
FIL=K/L
Zl=MU*MU
Z2=OO**2./Z1
Z=Z2*DT
Z3=Z/TVK(I)
GL(I)=G*L**3.*Z3
RAL(I)=GL(I)*PR
GD(I)=(G*D**3.0*OO**2.*DT)/(MU**2.*TVK(I))
RAD(I)=GD(I)*PR
01(I)=LOG(RAL(I))
02(I)=LOG(RAD(I))

c ----- Calculation of Heat Transfer by Arabi and Salman equation --
NUL(I)=Kl*RAL(I)**M.
HTIl(I)=FIL*NUL(I)
PRINT*. 'HTH(,,I,')= ',HTH (I)

c -------------------------------------------------
C

c
Ob""rvr'(j h"ul tram<f'er value calcul ••.tion

TO= (TEK (T)/100) **4. -(TVK (T)/100) **4.
,~n=A*SI a *EP*'I~)
QI=QT(I)*FAC
Q(X)N=CG*DT
Q=QI-QCON
QC( I)=Q-QR
PRINT*,'QC( ',1,' )=' ,QC(I)
1I0D(I)=QC(I)/(A*DT)

c ------ ProceBs!nll obHer'vnd heul tr'llnsf"r cQ(.ff!c!nnl ----
NUOL(I)=1I0U(J)/FIL
NUOD( I)=1l0B(I)/FIO
PI(T).PM(T )/760 ..
RLP(I)=Pl(I)*RAL(I)
RlJP(I)=Pl(I)*RAD(I)
VI (T )"llXl(NIJOI,( J))
V:l( T)=I,()(l(IlLI'( 1))
V2(1)=LOO(NUOD(I))
Y4(I)=LOG(RDP(I))
Bl(I)=RAL(I)**O.25
U2(T)=NUOL(I)/Bl(I)
U3(I)=ALOG(Pl(T))
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n ( J I ;AL()()( n2 ( r ) I
n.) ( J ) -RAil ( J ) HO. ;~fi
1.I5( J)m NlJOD(J )/1l4( J)

lin ( I ) gAL(Xl ( IItl ( I ) )
c SI is the normalized heat transfer coeff. obtained by using Arabi I<

+Salman equation.
SI(I)=HOD(I)/HTII(I)
PRINT*, 'HOD( ,,I,')=' ,HOB(I)
PRINT*, 'SI(' ,I,' )=',SI(I)c----------------------------------- _
IF(INC.NE.O)OOTO 74
NlJS(I)=0.525*RAD(T)**0.25
IITS(I)=NUS (I)*~'ID
SHI(I)=lIon(T)/HTS (I)

74 PRINT*, 'ADVANCE'
C ------------------------------------------- _

IF(INC.NE.90)GOTO 44
C --~---- Comparison with Nagandra et al correlation ---------------

Y=RAD(I)*D/L
IF(V,OE.IOE04) NUU(I)=0.O*V**0.25
IF(Y.LE.I0E04.AND.V.GE.O.05) NlJD(I)=1.37*Y**0.16
IF(Y.LE.O.05) NlJD(I)=0.93*Y**0.05

HTHl(I)=FID*NlJD(I)
SIV(I)=HOB(I)/HTHl(I)

C -----~--- Comparison with Kyte et al correlation_----------------
44 PRINT*, 'NlJL(',I,' )=',NUL(I)

IF(INC.NE.0.AND.INC.NE.90)GOTO 99
IF(PI (I).OE. 0.99. AND. PI (I) ,I.E.I,01 )00'1'0 614
IF(PM( I) ,0'1'. 7(10)TIIEN
QCM(I)=9E-14
GOTO 468
ENIH!"
AL=O.90
IF(FL.EQ.O) THEN
VO=163.6
ELSE

VO=92.3
ENDIF
(:I-I~C( I 1/(I'I+ll'l'I,+VIl+I'H( J )+ALI
CO=Cl*CI/27:1.2
C=CO*CO/ .•.•'I'W( ( I ) *CO

lJ 'l'A j" fluid I..,,"I'''•.••.I.UI''' ••.1. ••. dh,I. ••.lIlJ" "'yu ••.I I.u 111""'11 fl'"'' l><tl.l&/'I'UIII I.l&" .",lid
TA.TF~(J)tO.5*r,O-SQRT(r,)
IF(FL.E(~,O)1''EN



C ------ XLA is the mean free path length -----------
XLA=3.46E-08*TA**1.28/PM(I)
ELSE
XLAl:l2.2!lE-OA*TA**1.36/PM(J)
ENDIF'
Dl=D+XLA
AK=PI*Dl*L+PI*0.25*(DI**2-DI**2)
TF1=(TA+TVK(I»/2.
DTl=TA-TVK(I)
IF(FL.NE.O)GOTO 652
U"( TFI .OE.300.AND.'1'1"1•I.E.350 )'mEN

Xl=TFl-300
Kl_(0.03003-0.02624)/50.*X+0.02624
MUl=«2.075-1.8462)/50.*X+l.8462)*lE-05

ENDIF
IF(TF1.GE.350 ..AND.TF1.LE.400)THEN

Xl=TFI-350
Kl=(0.03365-0.03003)/50.*X+0.03003
MUl=«2.286-2.075)/50.*X+2.075)*IE-05

ENDIF
652 IF(FL.EQ.O)GOTO 129

IF(TF.GE.273.AND.TF.LE.373)THEN
Xl=TFl-273
Kl=(0.02117-0.016151)/100.*X+O.016151
MUl=«2.75-2.15)/lOO.*X+2.15)*9.81E-06

ENDIF
129 PRINT*,'lOOO'

CZ=MU1*MU1*TVK(I)
GDl=(G*Dl**3.*RO**2.*DTl)/CZ
RDl=GDl*PR

C --------------- Horizontal low Rayleigh number ---------
IF(INC.F~.O)THEN
IF(RD1.GE.IE-07.AND.RD1.LE.I0**1.5)THEN
QCM(I)=2*PI*L*XXl*DTl/LOG(1+7.09/RDl**0.37)

." -~-~------------ lIorlzunLll1 high llayleigh number' --------.--
ELSE IF(RDL aT. 10**1 •5.AND.RAD( I)•I.E.lE09)Tl/EN
QCM(I)-2*PI*L*XKl*DTI/ LOO(1+5.01/RDl**0.26)

ENDIF
.ENDIF

c -------------- Vertical ---------------
IF(INC.EQ.O)GOTO 468
XX=RD1*Dl/L
IF(INC.EQ.90.AND.XX.GE.IE-II.AND.XX.LE.10**(-4.5»THEN
QCM(I)=2*PI*L*XKl*DTI/ LOG(I+4.47/XX**0.26)

64



C
c

ELSE
QCM(I)=BE-14

"Nil I "
001'0 4tH!

Free molecule convection neglected -----------------
Horizontal -------------

614 IF(INC.EQ.O)THEN
IF( RAD( I) •GE.1E-07 •AND. RAD( I) •LE. 10**1. 5) THEN
QCH(I)=2*PI*L*K*DT/ LOG(lt7.09/RAD(I)**0.37)
ELSE IF(RAD( I) .GT .10**1. 5 .AND.RAD( I) •LE.1E09) THEN
QCH(I)=2*PI*L*K*DT/ LOG(lt5.01/RAD(I)**0.26)

ELSE
QCH(I)=9E-14
F..N01F
END1F

c ------------ Vertical --------------
IF( INC. EQ. 90 .AND. Y .GE. 1E-11 •AND.Y. LE. 10** ( -4.5) )THEN
QCM(I)=2*PI*L*K*DT/ LOG(lt4.47/Y**0.26)

.ELSE
QCH(I)=9E-14
ENDIF

C

468 PRINT*,'QCM( ',I,' )=',QCM(I)
f1K(I)=QCM(I)/(AK*DTJ)
PRINT*, 'HK(' ,I,' )=',HK(I) ,'SSS=',SSS,'DT1=' ,DT1
QH(I)=HOB(I)/HK(I)

Illl CONTI NUE
C ********************************** End of do loop ***************

IF (INC.EQ.O) THEN
WRITE ( 3, B2)

il~ I/OIIMA'I'(/, ' J ' , 'I'X' ,~X, 'I'X/I'A ',1)(,' tJ I-I( ',~X,' IIUlI' , I X, '11'1'11-1\11' ,~X,
t'S1' ,2X,'NUL-AR' ,lX,'IU\L.NO.' ,2X, 'NUL-O' ,lX,'L-NOL',lX, '1,-IU\L' ,IX,
t'L-RAD',2X,'B2',2X, 'L-B2' ,2X,'B5',2X, 'L-B5',2X, 'TEK',2X, 'QC-W',2X,
t'QC-MP',2X, 'L-RI,PR' ,2X, '1I'111-II',IX,'S1-II',/,.

00 TO (jOB

END1F

1F(lNC.EQ.OO) TIIEN
WRITE( 3 , 16)

16 FORHAT(/,lHI, 'PX',2X, 'PX/PA',IX,' SI-K ',2X, 'HOB' ,IX, 'H'I1I-AR' ,2X,
t' SI' ,2X, 'NUL-AR' ,IX, 'RAL. NO. ' ,2X, 'NUL-O' ,IX, 'L-NOL' ,IX, 'L-RAl.' ,IX,
t'L-RAD',2X,'B2',2X,'I,-B2',~X,'B5',2X,'L-B5',2X, ''I'EK',2X,'QC-W',2X,
t'QC-MP',2X,'I,-R1,PR',2X,'1I111-Y',1X,'SI-Y',/)
00 '1'059B



ENDIF
C

WRITE(3,41)
41 FORMAT(/, 1111, 'PX' ,2X, 'PX/PA', IX, 'J.-I'/PA', IX, '1I01l' ,2X, 'IITII-An' ,

12X, '51' ,2X, 'NUL-AR' , IX, 'RAL. NO. ' , IX, 'NUL-OB' , I X, 'L-NOJ.' , ) X,
2'L-RAL',IX, 'L-RAD', 2X,'B2' ,2X,'L-B2' ,2X, 'B5' ,3X, 'L-B5' ,2X, 'TEK' ,
32X,'TVK' ,2X,'QT-W' ,2X, 'RL*P/PA' ,2X, 'L-RLPR' ,I)

C

SUfi 00 3lJ7 r~l ,T
IF(INC.EQ.O) GOTO 1000
IF(INC.EQ.90)GOTO 2000

WRITE( 3 ,63) PM( I) ,PI ( I ) ,B3 ( I) ,HOB(I) ,HTII( I) ,51 (I) ,NUL( 1) ,RAL( 1) ,NU
+OL(I) ,Yl(I) ,01(1) ,02(I) ,B2(I) ,B(I) ,B5(I) ,BG(I) ,TEK(I) ,TVK(I) ,QT(I)
+, RLP ( I ) , Y3 ( I )

63 FORMAT(I4,F6.2,3FG.2,F5.2,F7.2,E9.2,F7.2,F5.2,2FG.2,2(F5.2,FG.2),
+2FG.l,F5.2,E9.2,FG.2)

GOTO 317
1000 PRINT*, '0'

WRITE( 3,13) PM( I) ,PI (I) ,QM( I ) ,HOB(I ) ,HTIl( 1) ,51 ( 1 ) ,NUL( 1) ,RAL( 1) ,NU
+OL ( I ) , Yl ( I ) ,01 ( I ) ,02 ( I ) ,B2 ( I) ,B ( I ) ,B5 ( I ) ,BlJ ( I ) ,TEK ( I ) ,QC <' I ) ;QCM( I)
+,Y3(I),HT5(I),5IH(I)

I 3 FORMAT(14 ,FlJ • 2, 3F6. 2, FII. 2 , F7 . 2 , IW • 2 , F7 • 2 , I'll. 2 , 2FG . 2 , 2 ( Fll. 2 , FIl . 2) ,
+FG.l,F5.2,FG.2,F7.2,2X,FlJ.2,F5.2)

GOTO 317
2000 PIHNT'I<, '90'

WRITE ( 3 , 23) PM( 1 ) ,PI ( I) ,QM( 1 ) ,HOB ( I ) ,HTH ( I ) ,51 ( I ) ,NUL ( 1 ) ,RAJ. ( I ) ,NU
+OL ( I ) , Y1 ( I) ,or ( 1) ,02 ( 1) ,B2 ( r I ,B ( I) ,B5 ( I) , nil ( I ) ,TEK ( I ) ,ex; ( I ) ,QCM( I )
+, Y3(-I) ,111111(I) ,SIV( 1)

23 FORMAT(I4,F6.2,3F6.2,FG.2,FG.2,E9:2,F7.2,F5.2,2FlJ.2,2(F5.2,FG.2),
+F6.1,F5.2,F6.2,F7.2.2X,F6.2,F5.21

317 PRINT*. 'OK'
3G7 CONTINUE

5TOP
END

ri Il



APPENDIX D

CALIBRATION OF T"ER"OCOUPLES

The hot or measuring junction formed by the copper-

constantan (60% copper and 40% nickel) thermocouples were

subsequently soldered on the surface of the test cylinder after
calibration. The thermocouples were calibrated in 00 and .1000e
and the calibration curve was extended upto 155°C. The schematic
diagram of thermocouple is shown below.

COPPER

C()PPER

'"
5E'- EC 7'(JJ(
"., '7'~!'~ ,,~._.

,sTP-et'R
-- ..---., •.... - WATE~

I

.. 00 IO' .

" 0JJ I 0.'

lC~
WIN .

The reference junction of the thermocouples were maintained
at oOe by placing both the measuring and the reference junctions

in a pan containing crushed melting ice,equilibrium with water.
The mixture was continuously stirred. A calibrated thermometer

wlly.used to check t.emperature of the mixture. The accurllcy of Lh(,
othermometer was 0.5 e. The bulb of the Hg thermometer and the

thermocoupie junctions were kept just below the surface of the
water. The calibration at 100° was done by putting the cold or
reference junction ill the melting ice. pan as before and p.lacing
the measuring junctions in .another pan containing boiling watel'

open to atmosphere. A separate thermometer of the same order of

accuracy and the measuring junctions were immersed in the boi ling

wn1.('1'. '1'1", I.htH'III0COllP1(, JIlIlCI:jOllY Illld t.1l" I.h"I'1II01ll('\,""hillh w••,'"
kept jus\' below Lhe surface of the water at locations close to

"ach oLher.
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~ince the thermocouple wires are expensive, extension copper
wires were used for the connection ,to the selector swiLch ilnd
digital volt,..meter. The necessary condition to avoid the effecL
of introducing the third m"ta! Wit" that thn cut. JuneLlon•• II" k"pt.
aL the same temperature and the lengths of both exLensi on wire

are same. These copper wires were connected to the digi tal vol L-

meter which measured' the emf produced by the thermocouples

through a selector switch.
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APPENDIX E
CORRELATION COEFFICIENT

The analysis is based upon the variance approach regression.
analysis. Let X and y. be independent and dependent variables
respectively and suffix 'i' indicate any variable point. Let bar

(-I and hath 1-) symbol on a variable indicate the mean and

regression line respectively.
Let

SSTO='2IYi-y)2

SSE =:2:(Y._y. )2
1 1

SSR=~(Yi-y)2 =SSTO-SSE

Here SSTOstands for total sum of squares of the deviations
from the mean. If SSTO=O,all observations are same. The greater
the SSTO,the greater is the variation among the Y observations.
SSE denotes error sum of squares. If SSE=O,all observations fall
on the fitted regression line. The larger the SSE,the greater is

the variation of Y observations around the regression line. SSR
stands for the regression sum of squares. If regression line. is a
h,,"izon!.al 011" SSU"O,oLh••rwi •••• SSR i •• poaiLiv ••. SSH "'ttY b"
considered as a measure of variability of the y's associated with
the regression line. The larger the SSR in relation to SSTO, the

greater is the effect of regression relation in accou"Ling for
the total variation in the Y observations,

Coeff~cient of Determination

It is a measure of the 'degree of association' between X and

Y; denoted r2 by the following relation:

r2=(SSTO-SSE)/SSTO=SSR/SSTO=1-SSE/SSTO

Since O~SSE~SSTO,it follows that O~r2~1.

This r2 may be interpreted as the proportionate reduction of
total variation associated with the use of the independent
VIlI'\llblll X.Thull,!.h" 1Iln("r th" r2,the more ill the lolll.! vurillt.lon
ul' Y reduced by illLr'oducing the independent variable X.



Coefficieht of Correlat,ion

The sqU/lre root. of r2;

r=:tp
h. c/lUed t.h" cOL.ffJcJmll, of corn,]" "!on. A plu •• 01' 1Il,lIlU"••11111.1••'

Ii t.tl1ched to t.his me/1ImI'"according t.o whet.her t.h" ,,101''' of I.h"

f II.I.ed regr"""loll 1Ine i" 1'0••1ti V" or neillltI VI'. Thll" \.I", "/llll/" III'

I' I •• : -I,~J'~.I•

Whereas 1'2 indicates the pro.portionaI reduction in the

variability of Y attained by the use of .of information about X,
the square root,r,does not have a clear-cut operational interpre-
tation. Nevertheless, there is a tendency to use I' instead of 1'2
in much applied work in business and economics. II. is wort.h
noting that since for any 1'2 other than 0 or 1,1'2<11'1,1' may give
t.he impression of a closer relationship between X and Y t.han doe••
the corresponding 1'2. For instance r2=0.10 indicates that the
total variation in Y is reduced by only 10% when X is introduced,

yet 11'1=0.32 may give an impression of greater association
bet.ween X and Y. The graphs in the preaent. Invest.igat.ions was
drawn by using 'Cricket Graph' Software,where the correlation
coefficient is directly given by the software itself when the
data are asked to fit on a selected curve fitting.

Computational Formula for r

A direct computation formula for I' ,which. automatica] J y

furni ••he•• t.he pro!",r ••iltn,is

I'=l'i: (Xt-XllYt':Y) 1/1 ('i: (Xt-X)2I'(Yt-y)2) 1/2,

= ['£ XiYi - ( '!' Xi '2: Yi )/n ]/ l [~ Xi2_('2:Xi)2/n}( '2: Yi 2_('i. Yi )2/11 ] ] /
2 .

A vaJue of I" or r2 c10se t.o I is. taken as an indicat.ion t.hal.

sufficiently precise inferences on Y can be made from the

kllowl~dll~of X.

70



24

20

•••••w
•••&
••••
~••••••••Ii
E
!
~
.~

"•
~••
j

16

12

6

4

o
0.0 0.5 1.0 1.5

•

Fluid &. Specimen no.

D Air .. SP " 1
• Air • sp" 2
• ArQon. sp" 1
• ArQon; sp " 2

2.0 2.5

....

NormalIsed pressure( PfPa)

F'iO-l, Comparison of heat transfer coefficient obtained from the two specimens In both air and arg;m
for horizontal position of the cylinder.

-t"'~.",,".J ."l
:T.1'

.. ' . ,;.,_,.....~.'_.,.~_~.•.:~ ..-,'r:'"~:~~'~~t~,~:~I.h~""7_":'~_w._"_",:'-~-.

.:'
", .::: -' ,',; '. -.', ..' .. . -~" .....



24

20

16

•••••
loll .o~:::". II
•••
): 12•••••. ..
I:
II-~;:••X~
•• Fluid 8. Specimen no.: 8
III: c Air ,sp" 1••• • AIr ,sp" 2•••• • Ar()Jn, sp" I
~ 0 Argon, sp" 2••

4

o
0.0 0.5 1.0 1.5 2.0 2.5

NormoJlsed pressure (P /Po)

FIg- 2. COmporlsonof heat trensfer coefficients obtelned from the two specimens In both ell' endergon

for 30 degree inclination of the cylinder with horizontal.

', ..,,72, ..
•~ .l ,t



20

•• ..-:;:::.0

~ 12
w
"I
••••
~
""-•It
•••
"E 8It
0

"•• Fluid & Specimenno,:.
:l 0 Air ,sp.lt!
~ • Air ,sp.lt2-- •• Ar~n. sp.lt I
" 0 Argon. sp .It 2II•• 4

o
0.0 0,5 1.0 1.5 2,0 2.5

Hormaltllod pra:IlIUrO (P IPa)

Flg-3, ComparIson of heat transfer coerrtclents obtaIned from the two specimens In both aIr andargon

for 45 degree Inclination of the cyllnoor with horizontal

. 7,3



20

12
••••
W

"'.
•••
~
•••••••••-••e e!
••

Fluid & Specimen no..:::
0 All' ,sp'" 1••• • All' ,sp'" 2••

•• • Ar~)n, sp'" IJ • Ar~n,.sp'" 24

o
00 0.5 1.0 1.5 2.0 25

Normollsed pressure (p IPo)

FIg-4. CompoI'lson of heot tronsfer coefficients obtolned (rom the two specimens In both 011'ondor~n
for 60 dt1IJreeIncllnotlon of the cylinder with horizontal.

-t~~(';~.,
! ,.'.'

;,;i1i,: .
....\,.(~:-,:';j, -.".. - ..• , ',< -. ,.. ... ~. -',,"'';'~:''.-'.'"



20

••• 12w
•••••
•••
~•••••••••-••.~
t
I
II 8••.:
II••••••••••••• Fluid t. Specimen no.••••.0::

c Air •~p' I
• Air . sp' 2
• Argon. ~p' 14 • Argon. sp , 2

o
0,0 0,5 1.0 1.5 2,0 2,5

Normollsod pressuro( PIPo)

Flg-5. Comparison of heat transfer coefficient obtained from the two specImens In both air andargon
for vertical posftlqn of the cylinder.

fAA~ ," ;, '
, -,
.7~



24

20

16

•••••

~
••••
~••••••• 12III
III-I>;:•••
8
~:•• aIII
III~
•••
••III
III••

4

o
00 0.5 1.0

Normalised prBSsure( PIPa)

1.5

Inclination
with horizontal

(degree)

o 0
• 30
+ 45
o 60
• 90

2.0 2.5

Flg-6. Plot of observed~eot transfer coefficient for different Inclinations

of the cylinder In air /IOClnstnormalised pressure.



•

••••w
"'II

"):
~•••••.•.••..~t
8••
10:
II

.~

••
j

16

12

6

4

o
00 0.5 1.0

Norm.ollsed pressure( PfPo)

1.5

Inclination
wi th horizontal

(deQree)

Cl 0
• 30
+ 45
o 60
• 90

2.0 25

Flg-7. Plot of observed heet transfer coefficient for different Inclinetlons
of the cylinder In er~n ooalnst normalised pressure.

, ~ • -.: -l

•i;7 7,,: .." '-.



20

IJ

Pressure
. (bar abs,)

IJ 2,0
• 1.5
+ 1,0
o 0,5
• 0,2

--.
lG

8 ..•------_______. .

. ---- ..------...

12 •--.....------
------:... '-..-.•..•..•..•.

,'. . .e•.•••_. _

-------.

••••w".•••
):..,•••-••E
!

4
o 15 30 45 60 75 90

Incllnollon( dogroo)

. Flg-8, Plot of observed hell! transfer coefficient versus Inclination of the cylinder In air,

\ J i'.I

"~78''. . '~.



14

••••wMe
••••
):
••••••.,.•.
"i
••:••••••••••••.,
A

12

10

8

6

4

•
••

Pressure
(ber ab;.l

Cl 2.0
• 1.5
+ .\.0
Q 0.5
• 0.2

2 o 15 . 30 45 60 75 90

Incllnotlon(degree) ~

r Ig- 9. P lot or observed hoot tronsfer coerrtclent versus Incllnotlon or the cylinder ror organ.

, ,79.
"'



8

?

o
0.0

-..-. . ..

05 1.0

P/Pa

1.5

----~

•

2.0 2,5

F10.-IO. Comparison of the normalized heat transfer coefficientoooinst normalised
pressure for horizontal cylinders In air usino different correlalfons.

>80.
.~.:.( -



6

7

6 CorrelatIon used

B Arabi & Salman
• McAdams
.~Kyte et al

5-•u
•••
"I;:••u
0 4"••:a•••- 3-.,.!

•••••N.~-., 2 BI B••• •..,
~

°0,0 0,5 1.0

P/Pa
1.5 2.0 25

~Ig- 11, Comparison of the normalized hoat transfer coefrlclent agaInst normalIsed
pressure for horIzontal cylinders In arg:ln usIng different correlations,



2,5

Correlation used
tl Arabi 8<Selman
• Nagendra et a1

2,0

••II
II-U;: 0 0 0 0••• c 0 c
8 c 0 0 l!il1.5 0 0

0 0 0

••::l•••••••• •II • • •..: 1.0 • • •• •• •'a ••• •N-•••E••••
05

0.0
M 0,5 1.0 1.5 2.0 2,5

PIPe

Flg-12. ComparIson of normallzed hoot transfer coefficIent using the correlations of Arab1 8<Selman
and Nagendra et al6geinst normalized pressure forverticel cylinders in air,

.....
82



3.0

2.5

Correlation used

I:l Arabl &. salman
• Nagendra et aI

2.0

•••••-" I:l;: I:l 0••• 0 0•• 0 0 0 0II 1.5 I:l I:l

lo

-=a• /r~-."lo
••
] 1.0
) •--I
lo

II
0,5

0.0
0.0 0.5 1.0 t ,5 20 2.5

P/Pa

F1Q-13. Comparison of normal1zed heat transfer coefficient uslnQ the correlations of Arabi &. salman
and Nagendra et al egalnst normalized pressure for vertical cyl1nders In argon .

•J



7
Inclination

with horizontal
(degree)

C] 0
• 30

6 + 4S
0 60
• 90

••••••••4.-
E 5
a4.-
1M
of!a•• 4•••••• /-- .••J If.'
J-•••co 3e••••z

2
.C] C]• • • •• •

1
0.0 0.5 1.0 1.5 2.0 2.5

Normalised pressure( PIPa) )0

FIO~14. P lot or normellsed Mel treM(er coefficient tlIJtllnstnormallttld pressure (or different
Incllnotlons In olr usingcorrelation of Aroblond ~Imon.



•••II-II
E
II

.0

"••:!a••••••••.!
•••
=-i••
~

8

6

2
o

Incllnatlon
with horizontal

(degree)

o 0
• 30
+ 45
o 60
• 90

o
0,0 0,5 1.0

Normellsed pressure( P/Pe)

1.5 20 2,5,

FIg- 15, Plot of normalised heat transfer coefftclent ogolnst normalised pressure for different
Inclinations in argon using correlation of Arabi and Solman,



5,0

~•••••••~

4,5

4.0

3,5

o

25

Inc II notIon
with horizontal

(d~gr~e)

00
• 30
+ 45
o 60
• 90

2,0
-5 -4 -J -2

Ln(P/Pa) )

-1 o

Flg- 16, Lt),J-l()J plot of observedNusselt no.versus normalised pressure for air.,

\"' .

,,8~ !



50

~••••••a
••••

4.5

4.0

3.0

2.5

2.0
-5

c

-4 -3

•

-2

Ln(P/P~) ~.

.,

Inclination
with horizontal

(degree)

c 0
• 30
+ 45
o 60
• 90

o

Flg- 17. Log-Log plot of observed Nusselt no. versus normalised pressure for ar9Jn.
/ ..i<'81,,,:



,
140

s Air 0

• Argon 0, Air 30
• Argon 30
x . Air 45
+ Argon 45
~ Air 60
•. Argon 60
IE Air 90
• Argon 90

Fluid & Inclination60

40

20

••o.
120 • •

0

• •100

'" • •
IE •IE

•
80

.J
:I
Z

o
0.0.+0 2.0.+ 7 4.0.+7 6.0.+ 7 8.0.+7 1.0.+8 1.20+8

FIg-Ie, Plot of observed Nusselt no. for both air and argon .

....,



•••••••
~z
••••.,
oJ

5

4

3

y - 1.1963 + 0.1949x l! - 0.99: 0

y-1.1074+0.1952x'r-O.99:30

y - 0.9645 + 0.1995.x r. 0.99:45

y • 0.7209 + 0.2093x r. 0.99:60

yo 0.6041 + 0.210lK r. 0.99:90

•

Inclination
wlUl horizontal

(degree)

D °
• 30
+ ,45
o 60
• 90

1
6 6 10 12 14 16 16 20,'

Flg- '9. Log-Log plot of observed Nusselt no. versus Rayleigh no. for both air and argon

pO ._, •

.~p8~



5

y -2.3147. 0.126SxZ'-0.99: 0

y - 2.2295 • 0.1267x r;. 0.99:30

y - 2.1077-. 0.1316x Z' - 0.99:45

y - 1.9204. 0.1362x Z' .0.99:60

y -1.61 + 0.136Bx Z' -0.99:90

4

3

~••••••
III
••• Inclination .

with horizontal
(degree)

o 0
• 30
+ 45
o 60
• 90

I
. 0 4 6 12. 16 20

Ln( Rat.."PIPa) •

f'lg-20, Combined plot of observed Nusselt no. against PrOOuctof Rayleigh no. and.
normalised pressur~ fQ(bqth air and ar~n .

.ril,90 ir:'"-_._ .. J



MANO METER

V, PUMP

•

INSTRUMENT

447mm DIA

CYLINDER6'35 mm D IA

Thermocouples -----

/
/

....-._~ __ •.. 0.- .

v () , IJ 1).. V,'\ \ '" ;)

FI(l,' 21

VESSEL

, 91



• I

HoI! ing wi rf

------------L--------------_
--.-------.- - ,----,,.-- - -- ---- - - -- C- - - - - -- - ---"'(--.---4----4----".1.:-- __L__ ._ - --.,- :.;---.,.__.•.-=~__--..: _ •. _- :. --- ....:.--=-"" --='-- -f -- - - - =p:- - - - -- - --:::""::1- - - --____ ..L .k. ) ..,1. ..l __ .;. Jl J. _

TESTCYLINOER

FIG. 22' ',\ESTSPECIMEN

L. 160mm
O.6.301mn.
Oi. 4.0mm

Ho~s tor soldering Themocouples

o o
I

o o

FIG. 23 CY LI NOER WITH HOLES FOR THERMOCOUPLES

l,



vaSSEL OUT\,tT

..-"4 Drill through
-\

~
..-, , SIB

I I
I I

--• I . : ~ 1 Boll(a)- I I

: I

'<Jl ",., ~l

'"~ 1 washer (b)

.~ :' I"., II• 11 __ '__ - - --~ -/

~ I I fJ, 1 3ts- -I I- I I, I

• So c k et (c)S

~
~ II. '/4 Dr ill

FIg: 24 BOLT, WASHER AND SOCKET

93 -



140

130

'-.,

120

110

...•• 100
~
S
••"c•••..:!. 90 .1~~•••:;
•••..
::l•..•••.. 80"Cl.
E
••~

70

60
o 2 4 5 ,6

Fig, B-1: Temperature difference(AT) versus H'/"curvefor Specimen ,.

\ 94 .'



140

130

c

~l

I
I

120

110

"

"" 100
I-

'«'">II
"<:>II••: 90•••,-
'">II••"•••••• 80>II .
•••E
>II
I-

70 \
60

0 2 3 4 5 6

Fig. B- 2


	00000001
	00000002
	00000003
	00000004
	00000005
	00000006
	00000007
	00000008
	00000009
	00000010
	00000011
	00000012
	00000013
	00000014
	00000015
	00000016
	00000017
	00000018
	00000019
	00000020
	00000021
	00000022
	00000023
	00000024
	00000025
	00000026
	00000027
	00000028
	00000029
	00000030
	00000031
	00000032
	00000033
	00000034
	00000035
	00000036
	00000037
	00000038
	00000039
	00000040
	00000041
	00000042
	00000043
	00000044
	00000045
	00000046
	00000047
	00000048
	00000049
	00000050
	00000051
	00000052
	00000053
	00000054
	00000055
	00000056
	00000057
	00000058
	00000059
	00000060
	00000061
	00000062
	00000063
	00000064
	00000065
	00000066
	00000067
	00000068
	00000069
	00000070
	00000071
	00000072
	00000073
	00000074
	00000075
	00000076
	00000077
	00000078
	00000079
	00000080
	00000081
	00000082
	00000083
	00000084
	00000085
	00000086
	00000087
	00000088
	00000089
	00000090
	00000091
	00000092
	00000093
	00000094
	00000095
	00000096
	00000097
	00000098
	00000099
	00000100
	00000101
	00000102
	00000103
	00000104
	00000105
	00000106

