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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'B to 1700 mm of Hg’

.absclute. The inhclinationa of the axis of the cylinder with the

horizontal were 00, 300 450 600 and 900. The range of Rayleigh

number covered was 103<RaL<1 2*108. The surface temperature of
the heated cylinder ranged from 8500 to 15500.
The investigations revealed that heat transfer coefficient

varied logarithmically with pressure. The plots of Nusselt 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_differenceé'

were within +12% at atmospheric pressure with McAdams and
Nagendra et al equations. Arabi and Salman equation,however,
indicated large differences throughout the range of pressure
inveatigated., At low pressurea'most of_thé correlations compared
~ exhibited large differences but the equation of Kyte et al did

" not vary much from the observed results. With one set of argon-

data the maximum deviation with Kyte et al was about 20%,

From the experimentél results a correlation was.developed in

terms of Nusselt ‘number,Rayleiﬂh_‘number.normaliaed preasure and
inclination eof the oylinder. This relationshlp correlates all of
the experimental data of this work within $10%.
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NOMENCLATURIE
Meaning
Effective heat transfer area

X-Area of a thermocduple wire
Constant for a given inclination

- Specific heat for a viscous fluid

S8pecific heat at constant pressure
Specific heat at constant volume
Outside diameter of the cylinder
Inside diameter of the cylinder

. Wire diameter

Eckert number,Uczl(cpdiT)._
Gebhart number,gBL/cp
Grashof number,gﬂL%&T/q}z‘
Heat transfer coefficient

Absolute Pressure inside the vessel

Thermal'bonductivity

Thermal conductivity of dopper
Thermal conductivity of constantan
Cylinder length

exponent. |

Nusselt number,hL/k

Fluid pressure in the enclosure
Ambient fluid pressure

Prandtl number.jgcp/k

Perimeter

Heat transfer rate

Heat tranafer by conductidn

Heat transfer by radiation
Total heat input to the system
Actual heat input to the cylinder
Heat transfer by convection

Heat flux '

Heat generation rate

VI

kJ/kg K
kJ 7k ’K
KJ/kgk
m
o
m
dimensionless
dimensionless
dimenéionleaa
-w/mZ'Ok
mm Hg
- W/mOK
w/mOK
W/mOK

. dimensionless

N/m?
N/m?
dimensionless

E ¥ £ ¥ ® =

W/m2
W/m3



Symbol . Meaning - Units

R Gas constant | KJ/kgOK
r Correiétion coefficient ' dimensionless
Ra Rayleigh number,gBL%ATAgD dimensionless
Re Reynolds number,V'fL/LL dimensionless
ty Temperature of ambient fluid 0C
to Temperature of heated surface OC
T Cylinder surface temperature OK
To Temperature of any heated surface OK
T, Vessel temperature OK
Ty Ambient fluid temperature OK
AT Temperature difference between the
' cylinder surface and ambient fluid Ok
u Velocity component in x-direction m/8
Velocity vector ‘ - m/s
Volume o : , m3
X Thickness along x-direction m
Uc Convection velocity ‘ : m/a
Aufflx
X based on variable dimension x
L based on length
D based on diameter
W wire
Special Characters
& thermal diffusivity,k/fc, m?/s
B coefficient of expanmion,1/T, /%
lk absolute viscoslty , ‘ kg/(ma)
2) _ kinematic viscosity mz/s
€ emissivity ' dimensionless
¢ - dengity . kg/ma'
g Steafan -Boltzman constant, ' ' : W/(m2x4)'
) 5.77%1078 | 3 '
i time variable ' - 8
3] inclination with horizontal degree

Note: A parameter withot any specific dimension indicates length

asm the characteristic dimension.
1A



CHAPTER 1

TNTIRODUCTTCON

1.1 General

The science of 'heat transfer'seeks Lo explain and
predict the process of energy transfer which may take plaoe.
between material bodies as a result of temperature difference.
The physical processes inveolved in the generation and utilization
of héat has‘great many practical importance. Areas of study range
from atmospheric and environmental problems to thosé in manufact-
uring systems and space research.

f There are three basic processes of thermal energy tran-
‘sport:conduction,convection and radiation. Conduction occurs if a
temperature difference exiata in a material and is due to the
mot.ion of the micromcopic particles that comprise the mnt«rinl.
The motion of the particles is dependent on local temperature in
the material and the energy diffurion is due to differences In
motion. ) ]

The energy transfer in the last mode, radiation, is in the
form of electromagnetic waves. Fnergy is emitted from a material
due to its temperature level ,being larger for higher. temperature,
and is then transmitted to another surface through the interveni-
n¥ space,which may Be vacuum or a medium which may absorb,reflect .
or transmit the radiation depending on the nature and extent of
the medium.

In convection, heat tranafer proceases take place with Lhe
motion of the .fluid. ‘As a consequence of this fluid motion,the
heat transfer rate, as given by conduction is considerably
altered. _ B , .

In the diversity of the studies related to heat
transfer,considerable effort has been directed at the convective
mode,in which the relative motion of the fluid provides an
additional mechanism for the transfer of energy and material.
Convection is inevitably coupled with the conductive mechanism,
mince, Lthough the fluid motien modifiea the tranmport prnqunn,thn

pventun! trnasfer of energy from one fluld element, to another 1y



its neighbourhood ié thfough conduction. Also,at the surface, fhe
process is predominantly conduction due to'thé relative Tluid
motion being brought to zero at the surface. ‘

# The convection heat transfer i further divided into
two basic 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 hgated 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 object itself.’
Such problems are very frequently encéuntered 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
difference gives rise to busyancy effects due to which the flow
is generated. A heated body cooling In ambient air,generates such
a flow in the region surrounding it.:Similarly,the buoyant flow
ariaing from heat rejection to apmoaphere.in bodies of water and
many other such heat tranasfer proceases in our natural
environment'as well as many other technologlcal applicatlons, is
included in the area of natural convection. s

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

- - rotating system,for instance,centrifugal and coriolis forces

aéﬁist as body forces. Flow of cooling air through passages in the
roﬁéf}ng.blgdes of gus turbines Is an example of flow under the
influence of such forces. In the boundary layers which suround
mianiles flying with high aupersonic speed, temperature may be so
high that the air may be ionized and therefore the atoms and
molecules may carry electrical charges.,ln this case electric or
magnetic forces may arise which as body force will influence the
flow. 7

EThe main difference between natural and forced

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

B2
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convection,the externally imposed flow is generally known,whereas
in natural bonvection;the flow results from an .interaction of the
densiyy diffefence with gravitation@l or some éfher.fields. Ag
such, the motion that arises is not known at the onset and has to
be determined from the considerations. of heat ahd mass transfer
processes cbupled with flow mechanisma, In generaﬁ natural conve-
ction velocity levels are much smaller than those encountered in
forced convection. |

Processes involving natural convection are generally
much more complicated than those in forced convection. Special
techniques and methods have,therefore to be devised to study the
process with a view to obtain information on the flow and the
heat transfer rate. Y

Natural convection has both upper and loweér \imits 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 is also relevant for safety
congiderations under conditions when the forced convection fails
and the system has to depend on natural convection to get:rid of
the generated heat. Thim ia pnrﬁiculnrly nignificant jn many
electronic devices and systems and in power generatlon, where

such considerations in deslgn are essential to avoid over

heating. The lower limit is _mportant for heat losses from
appliances like evaporators and/plant pipings.

' Although literature /ahows a huge yolume of theoreﬂicél
and experimeﬁtal works,yet there are many situations for which
ordanized experimental dnta;are not uvai]ab]e and sufficient
experimental investigations are required toﬁget actual views of

heat transfer for these situations, |

e

v

-2 Heat transfer from cylinders.

The cylindrical{configuration is important for many
prnhlumﬁ.nluln an hoat. tranafer from pipaﬁ.tuhqﬁ @nd acables, Dus
to the relevance of thijgylindrical geometry té the heat reject-
ion systems like nuclea reactors.heuting elemeﬁts,pipea conveyi-
ng hot and cold fluids |in energy generation.RYhtama, chemical



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.

Cyllnders can be divided in three classes: wires, small

and medlum diameter 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 dlscussed in literatures.

Free convection flow is caused by temperature differen-
ces in a gas or a liquid. Boundary layers are formed on thé
surface of the sclids transmitting heat. Because of the low
velocities encountered in natural convection these boundary
layers are thicker than those in forced convection.

* Since buoyancy plays the major role in natufél 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 Horizontal Cylinders

The manufacture of rolled rods,extrusion of tubes,
horlzontal pipes carrying hot feed water or steam are the common
examples of heat transfer from horizontal tubes. The most simple
case of hor1zonta1 cylinder is one which is infinitely long -and
has gonstant wall temperature. Far 1sothermal cylinders, a number
of people have suggested correlations in terms of either Nusselt
number and Rayleigh number or Nusselt number, Grashof number and
Prandt]l number. The constant heat flux and partly adiabatic and

partly isothermal situations have also been.atudied'by several

investigators. Cursory examination of different 'investigations.-

for horizontal isothermal situations show that they deo 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 iﬁvestigated in various fluids like



'alr.watér.silicon 0il etc. Experiments for long horizontal wires
in air showed that the length to diameter ratio (L./D) effect was
not present for L/D ratio greater than perhaps 104. The
inveatigations wifh finite horizontal wires showed, for the low
Grashof number range,the Nusselt 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 coefficient 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
this region. The phenomenon is an important one slnce the
mechanism underlying the generation of thé wake above the body
may considerably affect the local heat transfer rate. This
realignment causes a rapid increase in the flow velocity which
results in an increased heat transfer rate, deapite the
accompanying increase in boundary layer thickness.

Almost all investigations in the past have been carried
out. at atmospheric preasure. A semi-empirical equation has been
suggested by one of the studies that converts the heat transfer
coefflcient of atmospheric pressure to that at high or low press-
ures by introducing a factor that covers the moderate pressure
runge. "A correlation on the basis of wire data at reduced
pressure has been suggested by one of the studies considering the
of fect. of flree moJecule conduction. The scarcily of the heat
transfer data at pressures other than atmospheric pressure

requiren further investigntion.

.2.2 Vertical Cylinders -

The natural convection flow over vertical cylinders ia .

an  important case,due to 1ta relevance to many applied problems,



such as those related to flow over tubes as in nuclear reactors
and cylindrical heating elementa etc,

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

and 1.0 it has been observed that the.results with cylinders are
about 5% greater than those with flat plates. Actually for small
values of L/D ratio, obviously the results are very élose to the
flat plate 6nes. The limiting value of this L/D ratio has been
estimated in terms of Grashof number for Prandtl numbers 0.72 and
1.0, Investigations have been carried out with air,wafer,helium.
argon and other fluids in beth laminar and turbulent regions.

Experiments with constant heat flux condition show that
cylinders have been classified in three dgroups: short cylinder,
long cylinder and wires. Correlations of the similar pattern with
differont coefficients and exponents have been suggested for
these groups of vertical cylinders. The comparison also shows
that the constant heat flux condition Nusselt number differs by
about 6X with that of jisothermal casme. For Vertical cylinders,
numerical solutions have been obtained for linedrly varying
surface temperature with the cylinder length using a temperature
gradient Grashof nuhber.

For vertical cylinder the data in the literatures other
than atmospheric pressure are very limited. Although ﬁ correlati-
6n has been suggested on the basis of wire data at sub-atmoapher-~
ic pressure in air, it is not applicable to most practical cases
due to its low Rayleigh number range. In order to understand the
process more convincingly further‘ﬂtudieﬁ in the field are

required,
1.2.4 Inclined Cylinders

Apart from the horlzontal and verﬂicdl tylinders and
Lubes,incliped cylinders and tubes are also used in heat transfer
in different plants. Tnclined pipes and -tubes carrying steam, hot
or cold chemicnla are common examples of heat transfer from or Lo,

P b ined oy lindeionl surfaces, inetaed eylinders have gol, 1{0t]e



attention of the investigators and have not been studied extensi-
vely like horizontal or vértical cylinders, Analytical solutions
of wuch problems are almosl absent in the literatlures. Although
few investigationa have been reported for both iaothermal and
constant heat flux situations in air at atmospheric pressure
further investigations are necessary to observe the heat transfer

behavior in other fluids at higher and sub-atmospheric pressures.
1.3 Present Work Sel ec:t'ic)h

In the present work attention is directed tb the
natural convection heat transfer characteristics from an inclined
cyllnder at different pressures under constant and uniform heat
input condition lin both air and argon. Although a lot of
investigations have been conducted with horizontal and vertical
cylinders, little have been carried out‘with inclined cylinders.

Furthermore little 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 bresent study.

Many industrial and house hold appliances,like refrige-
rating units,steam and feed water connections in power plants and

industrial processes,electrical and electronic equipments employ

natural convection from outside surface of cylinders for heatihg‘

and coobing, Thewss vyl ldeboal s Paces are In i fferent. lnclina
Livns with horigsontal, Since the buoyancy 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 ava11ab111ty of vacuum producing equipments and by the
increased use of vacuum processes in food,pharmaceulical,metallu~
rgical and other industries. Besides low pressure,high pressure
is also employed in many applications like gas turbines and
compreéanra. Therefore a carafuj inveatigation of heat tranafer

rale in Lhese pressurs ranges 18 of vital {nterest,,.

£



Inert gases like helium,argon,neon eyé; have many indu-
strial uses. In aerospace applications heliﬁm purge is used in
‘pressurising space craft. It is also uéed as a protective
atmosphere in the fabrication of titanium,zirconium and other
metals, and the growth of transistor crystals and as a shielding
gas for welding. It is also used for leak detection and cryogenic
application. Neon has well known applicationa as a filler gas for
display lights., It is also used for high energy research,
instrumentation, safe low temperature cryogenics for special
applications and in deep sea diving with mixtures of helium.
Argon is used in metallurgical proceéses as a shielding gas in
the welding of metalw auch as aluminum and stainlems nlecl, iIn
decarburizing in the production of stainless steel, in the
réfining of exotic metals such as zirconium, titanium and many
othér alloys, as a filler gas for incandescent light bulbs and
has multiple userin many other applications.

Due to the numerous applications of the inert'gases it
is essential to understand their heat transfer behaviour. For the.
presentlinvestigation 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 Objeétive of the Present Work

The objectives of the present study are as follows:
(1) To design an experimental set-up for the determination of
average heat transfer coefficient for horizontal,vertical and
inclined cylinders.
(2) To compare the results of the study with other relevant
works and correlations available in ljiteratures.
(3} To determine the dependence of average heat transfer coeffic-
ient on presasaure,
(4) To determine the effect of inclination on heat transfer coef-
icient. a
{5) To detérmine the dependence of heat transfer coefficient on
Rayleigh number.
(6) To develop a possible correlation in terma of non-dimensional

paramelers which combines the objectives (3),(4) and (5).



CHAPTER 2
LITERATURE RIEVIEW

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 connectlons in
steam power plants,rod and cable manufacturlng and of nuclear
reactors. For fluids whose den31ty changes w1th change of temper-
ature there will be natural convection heat transfer but there
exists a limiting situation where the buoyancy will be small
compared to viscous and conduction effects. The noanimensionhlr
group that indicates the relative strength of these effects is

the Grashof number defined as
(88aT x%) /202 (2.1)

where, x is the characteristic length dimension of fluid

layer, AT is the temperature difference across the layer, g is
the gravitational acceleratlon,‘ B is the coefflclent of thermal
expansion and 2)13 the kinematic v1scosxty When the critical
value of the Grashof number for the situation is exceeded{the
value depends on the boundary cﬁnditiona), a disturbance in the
fluid will pbopnuutn amnd will result in a niundy motlon  {nsloead
ul dampening [leelf., The resul Ling ounveotive nmtlun ling musn ot
less a regular cellular roll pattern. The laminar flow reglme 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-
1§n 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
Schlieren system. The temperature field in the plume above wires
wilh Jongth Lo diamebler rallos of 260 and 1200 in lIQuld sillicone
(Pr=6.7) was determined using a 20cm Mach-Zehnder‘interferometert

* . C i -
The number in the parenthesis indicates reference number,



-Various wire heating rates were used yeilding Grashof numbers,
based on vertical distance in the plume, in the rapge from 4*103
to 1.7*106. Excellent agreement of the tempera ure"distribution
with theory wﬁa found for large length to di ter ratio wires .at
Grashof numbers around 105. A regular natupAl swaying motion of
the plume was observed at high Grashof~number,causing temperature
fluctuations across the plume width. -

Warrington ‘and Powe [31 investigated the natural convec-
‘tion heat transfer between concentrically located isotheérmal
apherical, cylindrical and cubical inner bodies in an isothermal

cubical enclosure. They suggested the following correlation
Nuj, = 0.1*Ra 0:317 | mommmmme oo (2.2)

with a maximqm'déviation of 15%,

Gebhart [4] suggested that the Grashof number range of
validity for the laminar boundary layer flow appeared to be
approximately 104 to 109 for vertical plates in air. Beyond l
this range of Grashof numbers the observed data were higher than
that predicted by boundary layer results. In the ‘range of Grashofl
number smaller than 104 it occurred because the bogndary layer
conception was no longer sufficiently. accurate in this range. -In
such conditions Lhe boundary layer thickness wns Loo large,
relative to the size of the object,for the boundary layer
approximation to be valid. The deviation at (}r)lO9 occurred
because the flow in the convection iaYers was 8o vigorous that

“transition to turbulence occurred. This deviatioh of the mechani-
sm of tranaport Into redimes characterized by ranger of Grarhof
mumher is a general characteriatio of patural convection process,
Low Grashof number flows have thick boundary layers and the flows
are very weak, whersas high Grashof number flows have thin
boundary layers, the flows are vigorous and lead to lamindr 
instability and transition. L

- The faminar flow is an-orderly flow,whereas the turbul-

ent. une im Interwoven and lrregular,where indivlidual fluld partl-
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
océurred at infinity.

' Bertein,M. [6) studied the compatibliily and mutunl
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 QCas

)C=cv3 AT/(g8))% = Reb/(Gr2Ecd) —mmmem- (2.3)

2.2 Variable Fluid Properties

Most studies were based upon the assumption that. the
f1u1d propertles were uniform,except for density. Most flu1ds,
however, had properties which were temperature dependent.
Therefore for processes involving large temperature differences
the equations had serious limitationm. As repofted'by Gebhart
[4], Sparrow and Gregg have shown that for property variationé.
commoen to gases,the properties other than 8 should be evaluateq
at the following reference temperature t.r for vertical isothermai

plates within laminar boundary layer.

tp=ty-0.38%(t -t,)

Bertela [6] pointed out that viscous dissipation was
not always negligible in natural convection. Fand and“Brucker [7]
obtained a mignificantly better correlation for heat transfer by
ﬁatural convection from horizontal isothermal cylinders assuming
Lhat 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=0_4pr0.0432RaO.25+0_503Pr0.0334na0;0816

’ +0.958Geo'122/(Pr0'06.Rao'0511) __________ . (2.4)

Karim ol nl [8) concluded that tLhe conflnement uf a
heatod horlzontal cylinder by vertical adlabatic walls enhanced
the heat transfer from the cylinder. The magnitude of the

11



rélative enhancement decreased with the incrgaae-of Rayleigh
.number for all W/D,where W was the wall spacihg. The enhancement
of heat transfer from the cylinder decreased with the increase of

spacing., They augygented the following equation:

Nu=[0.481+0.172exp. (-0,258(W/D)) JRap?"* 25 —mceen_ (2.5)

2.3 Vertical Surfaces

Warrington and Powe (3] reported that based bn Sander’s
data Lorentz had suggested an equation for vertical surface at

uniform temperature given by:
Nuy=0.548%Ray 1/4 oo (2.6)

Gebhart (4] gave two correlations for the average convection
coefficient for vertical plates of height L or for large diameter
vertigal cylinders in fluids having Prandtl number around 1.0.

The characteristic dimensions used was L. '
Nup=0.59%Ra; 174 ; 10% ¢ Rap ¢ 108,
Nup=0.13*Ra; 174 108 ¢ Ray. wemeeeeeo (2.7)

The fluid properties were evaluated at the film temperature,
(to+t,}/2. | _
Holman [9] reported a number of values of constant C and
exponent m to determine thelaverage Nusgelt number from
NUL = C % R&Lm H

where, C and m were given for the Followlng.Ruylﬂlgh number

range:
e e et —— e e '__l .
[ . [} ll ) B A [
H C ! m 1 RaL range h
I I P e !

! 0.59 : 1/4 : 10* - 107 1

; 0.021 , 2/5 : >109 !
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Holman also suggested the following correlation using
different references

Gry™ = Gry Nuy =(gBax*)/(k)) ;  —ececliies (3.9

where, er* was the modified Grashof number and q,, was the
wall heat flux.
The local heat transfer coefficient was correlated by the

following relation for .the laminar range :
Nuy=hx/k=0.60(Gr, "Pr)1/5; 105 ¢ gr <101, oo --  (2.10)
9y = constant.

For turbulent regions the experiments were correlated as :

H

Nuy = 0.17%(6r,"Pr)1/4; 2%1013¢6r *pr<1016, —o____ (2.11)

q,, = consgtant.

Properties were evaluated at the film temperature.

For constant heat flux
h = 5/4hx=L i @, = constant, —~——e———___ {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.
Nu=0.53pr0+ 314,174 | o 520p;0.1295,1/28 ________ (2.13)

They élaimed that the correlation was in éood 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 fhe’
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



2.4 Horizontal and Inclined Plateé

For square plates placed horizontally Gebhart[4] sugge-

sted the following correlations for heated surface facing upward:
Nu=0.54ral/4 ; 10%<rac107, |
Nu=0.14Ral/3 ; 107<Raca*1010, oo (2.14)

The length of the plate was taken as significant dimension.
For heated surface facing downward the following relation was

recommended by McAdams {13]
Nuz0.27Ral’/? | 3%10%Rac¢3*¥1010 |  eeoo. (2.15)

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
used for surfaces where other effects could be neglected.

Fujii and Imura [14] conducted expgriments- for heated

plates in water at various angles of inclination,®. This 8 was -

considered positive when heated surface faced downward. For

constant heat flux the following correlation was suggested :
Nug=0.56(Gr *Pr *sin@) /4 | oo (2.16)
for  2%e<90% , 105<Gr *pr *sinecioll .

" whare,properties axcept. O,were evaluated al a temperature
Te defined by

Tg = Ty - 0.25(Ty - T,) , e (2,17)

and B was evaluated at a temperature‘of,Ta + 0.25 (To'—Ta) . For

almost horlzontal platoen 9320,with heated face [aclng downward
the suggested correlation was : |

Nug=0.68(Gr e )0 o 100car pr <10t e (2.18)
For 6 between -15‘to -75 and 105<GrePresin9<1011,_
i 1/3_ 1/3 '
Nug = 0.14[(Grepre) (GrcPre) ]
+0.56(Gr Prosin®) /4, —eoooooee —  (2.19)

The quantity Gr,, the critical Grashof number was dependent on 6.

They recommended the following vaiues of Grg:
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: =] Gr, '
b e e |
1 1 1
b =75 1 %109
' -60 t 2%10° !
b0 108
I -15 i 108 !
i

' -

e o e i e ——— —— -

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
er* was replaced by er*aine.

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 dlsk
Raylelgh number increased. Beyond a Rayleigh number of approxima-
tely 105 sthe outer flow might be ignored in calculatlng the disk
heat transfer rate.

Chen et al[16] on the basis of their analy51s con natural

convection in laminar boundary layer flow over horlzontal 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\y and 3‘where,_$.=
(Grycos6/5)1/5tane,and Y =(Gr, *cos6/6)1/Btane; and Gy * ) the  modif-

ied Grashof number for constant heat flux,(q"=gﬂqwx 4/k?)z) and
for given values of exponents m and n,the local surface heat flux
1ncreased with increasing Prandtl number.

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

'horizontal surfaces
Nu/Ral/=0.571Pr1/5/(141.166pr3/5)1/3, ______ (2.20)
fop an infinite strip with apecifigd surface temperature;
Nu/Ra*1/620.643Pr1/6/(141.122pc/2)1/3 . (3.91)

for an infinite strip with specified surface heat flux;

15
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where,Ra* was modified Rayleigh number=Gr*Pr=PnKngR’4/kﬂ2 and R’
was the half width of the infinite strip.

2.5 Vertical Cvylinders

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

the form: .
hD/k=1.058(Gr’ )1/ 4(pr2/(4+7pr)) /4 | oo (2.22)

For a surface whose temperature to increased linearly with

x,i.e.,to—ta = N¥x; Gr' was defined as temperature gradient

Grashof number -
Gri=gBDN/ 2 e (2.23)

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 of

sufficiently large diameter such that
D/L > 35/Gry YA . (2.24)

Arabi and Khamis [5] reported the correlation of Elenbaas for

stationary fluid around the vertical cylinder as follows:
Nup*exp. (~2/Nup)=0.6(D/L*Rap)1/4 ————____ (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 experlments by employing
& cylinder of 8 mm diameter and 305 mm length at constant heat
flux. They also theoretically studied the effect of diameter on
natural convection heat transfer from vertical cyllnders and

w1res They suggested the following correlation :
Nup, =0.6(Rap*D/L)%*2%, for Rap*p/L >10%;
=1.37(Rap*D/L)%-16, for 0.05 < Rap*D/L < 10%;

=0.93(Rap*p/L)%:0%; for Rap*D/L < 0.05;
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where,the average temperature difference was used in
Rayleigh number calculation. They claimed that the constant heat
flux results differed from conatant wall temperature ones by lesa_
than 5%, |

Fujii et al [19], on the basis of the é;parimentnl
investigation with water,spindle o0il and molybdenum oil,

suggested the following correlation :
(Nu )y (3/20)9212(0.017 4 0.002)%(QryPr) 2/3; —meeeeee (2.27)

for 1010 _(__(GrLPr)a

where, 'a' reﬁreaented the condition in the ambient fluid.

They claimed that the equation was also applicable for air.

- Lee et gl [20),0n the basis of their analysis concluded
that for the‘power-law‘variation in wall temperature.Tsza+a'*xn.

x being the axial coordinate,the local surface heat transfer
increased with increasing value of curvature for‘given values of

the exponent n and Pr.
2.6 Horizontal Cylinders

McAdams{13] analyzed experimental data of many inveatig-
ators to correlate the average natural convection heat transfer
for horlvontal cylinders. He derived an equation similar Lo Lore-
ntz's equation,namely

Nu=CRa™ ;. B T T B (2.28)

where,the constant C and the exponent m 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 to horizontal cylinders:
Nu=K(Pr)(Ra)®2% | 6102 ¢ Ra ¢ 2%107 ; —c-eoeeeo- (2.29)
where,K(Pr)=0.64 for 0.6 ¢ Pr ¢ 200 and K(Pr)=0.65 for
Pr>200.

Morgan|22] redommended a correlation similar to Lorentz -

‘and suggested the values of € and m as follows:
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Churchill and Chu[23] published the following correlat-

ion for natural convection from horizontal cylinders:
Nu=0.36+0.518{Ra/[1+(0.559/pr)9/16716/9;0.28 ~ ________ (2.30)

They also stated in their paper that the equation provided a good
fit and was representative for all Pr -and 10 6 £ Ra < 109,
except for the data of small diameter wires( ’ '
Mikheyeva {[24],investigated the process of natural .
convectiqn.froﬁ horizontal tubes.to air,water and oil and

recommended the following correlation:
Nup,=0.51%¢Ray 0+ 25(pry spr )0+25 ; (2.31)

where,the subscripts b and s referred to bulk and surface
conditions respectively' and the term (Prb/Prs)o'zs‘ was the
correction factor intended tc account for the influence of
property variation'with temperature, -

Fand et al[25)] presented the results of an experimental
investigation of natural convection heat tranufer from horlzontal
cylinders to,air,wﬁter and three silicone oils,with Rayleigh num-
bers ranging from 2.6*102 t0'1.8*107 and Prandtl number from 0.7
to 3090, On the basis of expérlmenta]\data three equations were
derived. The equatlons werce of ,the same algebralc form and
differed only in the method used to . evaluate fluid properties as

a funclion of temperature. The eguations are as follows: :
Nu =0,474*Ra0-25p 0.047
Nuj=0.478%Ra ;0-25pp ,0.05

- 0.25 0.067, __________
Nun—0.456(GrqPrp) Prp : (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 temperature defined by
+ J uo-t

a and j= 0.32, p=q=0.5,n=0.2

al
also n waa the surface correction exponent depcndent‘on Grashof

nunber and Prandtl number. . .
Eckert and Drake [26] suggested the following

correlation for vertical wires : _
Nup = 2/[1n{14(2/0.4Grpl/4)}1. —---meeee- (2.33)

Socio [27] presented a paper that dealt with the plane
problem of laminar natprél'convection around horizontal cylinders
with partly isothermal and partly adiabatic surfaces. The’
adiabatic surface subtended an angle 2& at the axias of the

cylinder, He suggested a correlation of the t.ype
Nu=BRa™, S ——— (2.34) .

For different values of &,half angle of the adiabatic sector, the

following values of B and m were suggested:

1 1

1 ) 1
A B ! m :
b e e e i | e e e - — | t
\ 1 ' .
' 0 ' 0.488 g 0.246 t
; 45 ' 0.543 ' 0.239 '
! 90 up ' 0.581 ' 0.241 s
' 80 down | 0.569 ' 0.236 H
' | 1 i
' 1 | '

o o b i i | A e i S |y — okt b et B di

2.7 Inclined Cylinders

For inclinedlcylinders data available are very limited.
Al-Arabi and Khamis [5)] analyzed the works of different investig-
ators like Crane and Eigenson. Crane carried out experiments on-
huuLed,chlndeﬁs of dlameter 6 mhi to 76 mm and lenglh 0.076 to

3.30 m in air. Eigenson carried out experiments on cylinders in
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gases only in the turbulent region. The following equation was

suggested: o
- 1/3, oo e
NUL = B(GPLPI') H - - (2-35)

where,8 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 (hqrizontal) to
900, The heat transfer coefficient was found to decrease with the
increase of inclination. No general correlation of the results
was suggested.

Oosthuizen [29] experimented with cylinders of length
between 152.4 and 304.8 mm and outside diameter between 19.1 and -

25.4 mm at angles of inclination between 00 to 900. The heat

"transfer rate was found to decrease with inclination and the

results were correlated in terms of P«IuD/(GrDcoaG)l/4 against
(L/Dcot®).

Al-Arabi and Salman [28] carried out experiments on a
cylinder of 38 mm diameter and 950 mm 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 : '

(1) 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 {(Gry,Pr) for the end of the laminar

region,decreased with the increase of ©.

{(3)Local heat transfer coefficlent for all angles of

inclination could be represented by the equation

‘ 175 .
Nu,=0.545-0.387(cos0) 1-462(gr_pr)1/4+1/12(cos0) ———  (2.36)
and the average heat transfer coefficient by the equation:

%5
Nuy =0.60-0.488(cose) ! +03(gr pr)1/4+1/12(cos6) ———= (2.37)

Al-Arabi and Khamis (5] carried out experiments to det-
ermine the average and local heat transfer coefficient by natural.

convectlon to alr from the outside surface of l1sothermal
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cylinders of different diameters (12.75 mm to 51 mm) and lengths
(0.3 meter to 2.0 meter) at different inclinations (300 to 900)
in both laminar and turbulent fegiona. The following conclusions
were made: '

{1} The average heat tranafer coefficient decreased with the
increase of diameter.

(2) For the bigger lengths,hb,average heat transfer coeffi-
cient based on L, decreased with ©. For the shorter lengths it
increased with 6. In between, a ’'limit length' existed at which '
the heat transfer coefficient was constant irrespective of O.
This was equal to the heat transfer 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 c¢ylinder length and then it_becamé 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 onlf decreased with the increase of
the inclination.

(5) Based on local héat transfer the critical traﬁsition po-
Int. representing the end of the laminar reglion was independent. of
cylinder diameter and depended on inclination only. The critical
point representing the beginning of the turbulent region,
howaver, appeared to be conatant.,

(6) The following correlations were suggested :
. !
Nug =[2.9-2.32(cos0) % 8Gr,~1/12[gr pr)1/4+1/12(cos0)

for 1,08%10%<Grp<6.9%10% and 9.88¢107car Pre(ar pr) ..,
Nup=[0.47+0.11(cou8)? Blary /12 1ar prg1/3, oo (2.38)

for 1.08+10%<Gr<6.9+10% and (GryPr) <0y Pre2.95+1010,
Nux=[2.3-1.72(cone)o'8]GrD_1/12[erPr]1/4+1/12(cose)

for 1.08%10%¢0rp<6.9#10% and 1.63%108¢0r Pre(ar pr)__..
Nu,=[0.42+0:16(cos8) °-81ary 1/ 12(Gr pr11/3, ool - (2.39)

for 1.08%10%<Grp<6.9%¥10% and (Gr,Pr),,._;<ar, pPrez.3¢1010,

cr-
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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 preasureé} Heat losses at
pressures ranging from 0.1 mm to atmospheric pressure were
determined for 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 19500 were employed,and subtractions were
made for radiation to obtain the net heat transferred by
conyectibn. . ‘ '

At low gas pressure the tﬁickness of convective houndary
layer and the éffect 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 heét'tranéfer 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 ;

T A e e e o T T W UL S S LS o sk o e o T TR R T SN T R T S T — - S s e i o

1077 to 101-5 q=2nLkb;a(Tb—Ta)/1n[1+7.09/(Rads’#)0°37]

q=MDLAPA'J (273.2/Ty) (T,~T;,)

1015 to 109 q=21Lkp, o(Tp-T,)/1n[1+5.01/(Rags 1)0+26]
q=NDLAeP&’| (273.2/Ty,) (T,,~Ty)
e (2.40)
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where,

q=2M1Lky, o (Ty,~T,)/1n[1+4.47/(Rags o D*/2)026)

Q=MDLAGPA’\(273.2/Ty ) (T,,-Ty )

T R TR MR S Sy S R SR G e S D S S L S e e T N W R W G S G S N RN N A S dmp o R TEE S W e W Aem N B S S A e e e e v Ama Mt

Ty=absolute t.'emperature at a' distance of?\b from the solid in

degree
gas at
P

al

Kelvin, A |, being the length of the mean free path of the
that temperature. ‘ '
=gas pressure in mm of mercury.

=zaccommodation coefficient.

‘Ao=free molecule conductivity of the gas at OOC,in

(W/m?) (%K) (mm Hg.)

k =thermal conductivity of the gas.

D'=D+2 Ay,
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 tﬁat 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'a=thermal conductivity evaluated at a mean temperat-
ure of (Tb+Ta)/2.

kw'a=therma] conductivity evaluated at a mean temperaf.-
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urature of(T"+Ta)/2.
g=rate of heat loss other than radiation.

They also recommended that,free molecule conduction may
be ignbred for any gas at atmospheric preasure if the diameter of
the solid is 0.001 inch or greater and the solid surface
temperature was 200°C or less. In such cases it is required that
Rad',n'Tb and D' be replacéd by Rﬂd,n’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: : ‘
Nu=0.10Ral/3 |, Ra<1012, e __ (2.42)

Hesée 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 10X 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 aﬁmoapheric pressure should be
multiplied by the following factor:

(P/101.32)1/2 , for laminar cases and |
(P/101.32)%/3 for turbulent cases ; =--------- (2.43)

where,P was the pressure in KPa.
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CHAPTER 3

-

MATHEMATICAL 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 enefgy, kinetic
energy, thermal energy,momentum,viscous and pressure forces aid or
oppose fluid motion. It is possible to formulate differential
equatlions which rewult from the conasideration of the conservation
of mass (continuity), momentum (Navier-Stokes) and of energy
(enérgy equation}.

The set of eqﬁations of motion embodying the approxima-

.tion of Boussinesq are written beloﬁ for constant. transpcrt
properties A ,k and Cps from Gebhart [4]. Two energy equations are
given,the first for fluids of invariant density and the second

for ideal gases.

v.V=0

P [3V/aT +(V.V)V]=gBf(t-t,)i-gpy +LkVoV.

eIt/ +(V.o)tl=kvPtsq  +&(R3).

€ cpl 3 /X +(V.¥ )]k wteq  +(Dpp/DY) (R4)+D(py) (RO)/DY +A &(R3).
where, RO=g8x/R, R1=BAT, R3=0O(PrR0O), R4=O(BTRO/R1) and B=1/T

for gases,the magnitude of RO,R1,R3 and R4 are relatively small. -
For one-dimensional upward motion along a vertical surface

the diséipation function & has been represented by the equation

8=2(2u/ax)% - (2/3)(©.V)2.

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 cyliﬁder of the present inves-
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tigation was suspended from the top of a large container{vessel)
by copper wires. The L/D ratio of the test cylinder was about.
26,5 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 aﬁy particular data'point although considerable
changes of surface temperature of the test cylinder‘were ﬁoticed
among different data points. A constant electric energy input to
test cylinder was maintained which was converted into heat. This
heat waa trunuferred firatly by radiation to the containeaer,
secondly by conduction through the theﬁmocoupla and holding wires
and thirdly by convection to the amblent gas. The conductlion
losses were small and could be estimated. The amount of heat
transfer by radiation cbuld also be calculated directly by using

Stefan-Boltzman equation. The net heat transferred by convection,

natural convection in the present 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 t, in an extensive uniform medium at tqithe coordina-
lLe,velocity,pressure and tempergture are generalized by L,Uc, Ucz

and (to-ta) respectively,where Uc is the convection velocity and

can bo detearmined by using Bousninesq approximation, Acpordlug Lo -

Lthis approximation, pressure gradient can bhe approximated an n

pure temperature effect,?a-§3= ?B(t-ta) and the density variation

In Lhe conlinulty sgquation s Ignored, Thus

Uy =J(HBx(1g=14)]
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Neglecting energy generation and considering steady state.
condition,the equations for a gas in terms of generalized
quantities V,d=(t-t )/(t,-t,), p, (local hydrostatic pressure),p,

~{difference behweenrthe actual pressure and ph) and & become
V.v=0
(V.9)V=di-gp, +(U L) w2V,
(UL/)) (V.9) 8= (k/cp ) 7 2+ (88L/c ) (U LA (V.9) +(gBL/c, )&,
The boundary conditions are as follows: ‘
On the surface : V=0 and &1,
in the distant medium : V:O. =0 and by =0.

Twe sets of differential equations are similar ifrthey have
constant coefficients. Thua the above generalization of the
equations 1indicates that the temperature distfibutibn 5(x,y,z)
deﬁends only upon Gr,Pr and (gBL/cp). Thus the aimensionless‘

parameters that arlse in natural convection are -
Uebt= (golaTn)?) = far
cp M/k=(la/@)/(k/pey) =V/aC =Pr , and
gBL/cp.which is one form of Eckert number,Ec.
The quantity _ i
' Gr,the Grashof number is a measure of the vigor of the

flow induced by U, and represents the ratlo of buoyant force Lo

viscous force. '
Pr,the Prandtl number is the ratio of viscous

diffusivity .to thermal diffusivity. It affects the temperature

gradient. of a flow field.
' gBL/cP gives an indicatign of the relative importance of

viscous dimslpation.
Therefore the natural convection expressed in nondimen-

~mional form as Nusmselt number (shL/k) can be wrltlen in Lhe form

Nu=F(Gr,Pr.gBL[Cp) —————————————————————— {3.1)



3.4 Modification of the Similarity Equations
for the Present Problem

To account for pressure variation the normalized Prossure
P/Pa can be introduced in the Nusselt number equation. Assuming
heat transfer to ideal gases,the viscous dissipation function .can

be modified as
8BL/LP = (g/cp)(l/T)L = (B/Cp)(ﬂ/PV)L=(8RL/va)(J/P)-

For the present study the volume v is constant. So the term
(gRL/cpv) is constant, Therefore the last group in the Nuaue]p
number ‘equation (3.1) can be expressed in terms of pressure and
it. takes the form

Nu=F{Gr,Pr,P/P,). S (3.2)

For surfaces other than vertical,the inclination 6 should be
included in the Nusselt number equation., In evaluating convectlon
from an inclined surface,the -gravitational acceleration g in the
Grashof number equation must be replaced by gsin® [4] for ©>0
{l.e. except for horizontal aurfaceai. Therefore the Nusselt

number equation can be corrected for inclined surfaces as
Nu = F(GP,PP,P/Pa,Q). e e e e —————————— (3-3)

For cylindrical surfaces ﬁhe analysis is huch complicated
and 1l not readily available In the literatures. But as diacuséed
in section 2.6,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 purfaces to correlate the
non-dimeﬁaionsl parameters on the bgaia of the experimental data.
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CHAPTER 4
EXPERIMENTAL SEITUP

4.1 Goeneral dascriptbtion

This chapter describes the expgrimental aspects of thé
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 Equipmept{,
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 d‘voltmeter, an ammeter, a
vacuum pump,a high pressure connection line and a mercury

manomet.er,
4.2 Test Specimen

"Two test cylihdera made of copper were separately
tested and they were designated as specimen 1 and specimen 2. The
tést 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 mm outside diameter and 4.0 mm inside
diameter. The test cylinder was héatedlinternally by passing an
electric current through a Ni-Chrome wire. The Ni-Chrome wire was
passed through porcelain beads which acted as the”insulator
between the wire ahd the cylinder, Beads had approximately 3.85
mn outside diameter,abouy 1.0 mm internal hole and 3.5 mm length.
AL each end of the cylinder a Lead extended uvulside Ly abuout 2
mm. The Ni-Chrome wire was fastened to 0.62 mm diameter copper
wires at both ends for holding the test cylinder. The gaps
between the beads and the wire and between beads and the ends of
the cylinder were filled with asbestos wool so that the wire and 
the beads did not move axially or radially, This also acted as a .
safeguard against any electrical shdft circuiting bétween the

holding wires and the cylinder. Holding wires were 90 to 100 mm
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long and were attached at the other end to insulated flexible
wires. These flexible wires were suspended freely frém the cover
plate of the vessel top;and in turn supported the test cylinder.
The LQp cover plate had two screws, the lnner side of which were
connected to the suspending wires and the other slde lo eloctric

leads.
4.3 Temperaturae Measuring dewvices

.The ambient gas temperature{inside the vessel) could be
measured directly by a digital thermometer,provided in the
radiation and conveclive heat transfer équipment,using a No,368W
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) was sufficiently large, about’ 447 mm in dia. and
465 mm in height,so that the heated fluid rising upward from the
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,heatef,the test
cylinder,was equal to the heat that was conducted through the
vessel wall to the outside air before appreciable rise in the
inside fluid temperature was noticed. To measure the temperature
of the Leat,cylinder surface, No.,288W Copper-Constantan
thermocouples were used. The thermocouplesa were fixed to the
surface of the test cylinder by soldering them on equally upaced
holes, 1 mm deep and 2 mm in diameter. This is shown in figure
23. Through a hole at the bottom of Lhe vessel the insulated
copper leads (24 gage), connected Lo the thermocouple wirea, woroe
Broughl. oul slde the vessel and were cunnected to hhp digital_
milli-voltmeter(Drone Digital Indicator, Series 60) through a ;i
selector awitch (Cropicol, The digital milli=vollmeter ranges was .
-15.99 to 99.99 mV and the accuracy of the instrument was +0.,001

mV. Five thermocouples were connected to specimen 1 and three to

a0



specimen 2. The thérmocople 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 mm Hg

gage could be measured bylthis manometer.Atmospheric pressure was

measured separately by a barometer. To conduct the experiments at -

high pressure 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 disconnection valve and a
pressure regulator valve, attached to the apparatus, the desired
proesaure in Lhe vesmnsl could be malntained. Low pressure could be
maintained by operating the vacuum pump (1/4 hp,B22 rpm) of the
apparatus. With argon,the 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 apparatds could be
measured by the voltmeter and the ammeter provided in the
apparatus. In addition a calibrated wattmeter was used to monitor

the actual energy transferred to the test cylinder,



CHAPTER O

Experimental Measurement and
Test Procedure

5.1 Measurement of Temperature

Thermocouples fitted to the test cylinder surfacé were
connected to the digital milli-voltmeter through a selector
switch, as atated in section 4.3. These thermocouples were
calibrated in melting ice (OOC) and in boiling water open to
atmoaphere (IOOOC) and the ygraph was extended linearly over the
entire range of measurement(SOOC Lo 155 O'C). Both during
calibration and test run,the cold junction temperature of the
thermoéouple wires was maintained at OOC. 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 2.5%C. The mean of the individual local
temperatures was theréfore taken as the average temperature of
the cylindrical surface. This average temperature was used in
calculations and determination of. heat tranafer 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
The cylindrical surface of the test specimens, painted
matt. black had emluglAvll.y ol 0.97 for apecimen | amd 0,09 fFor
npnciﬁnn 2. The procedure of aesblmaling emisnslvily is whown in
Appendix B, -

5.3 Measurement of Pressure

Pressures in the enclosed vessel were measured by a U-

tube mercury manometer, An error of 2 mm was observed [or the
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dage pressure reading of #750 mm Hg. This might have been due to
the nonuniformity of the tube bore. The error did not affect the
result much.’Atmospﬁeric 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 plate was openqd.und
the supporting flexible wire length was adjusted. For horizontal
position,both supporting wires were of the same length. For
300,450 and 60° inclinations one supporting wire length was kept
fixed and the other wire length was reduced by Lsin® from the
,length of the wire in the horizontal position, whereby neglecting
the obliquity,the inclination of the cylinder could be taken as
e. 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 Transfer Coefficient.
The electrical energy lnpuﬂ to the test cylinder WA B
transferred partly to the enclosed vessel by radiation,partly fo
Lhe thermocouples and holding wires by conduction and the rest to
the ambient fluid by convection. The procedure of estimating each
of them are discussed below, liaving obtained the convective heal
“transfer rate.phe convective heat transfer coefficient was
determined by dividing the bonvective 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 émbient fluid.

5.5.1 Measurement of Input Power

A constant heat input. Lo the asyslem was maintalned.

Input. voltage and amperage was measured by the voltmetler and
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ammeter provided in the apparatus. The test cyiinder was heated
electrically by a 220/230 V ac supply through a transformer and a
rheostat,contained in the apparatus. The voltmeter could read
upto 15 volt with an accuracy of 0.1 volt. The range of ammeter
wags 0 toll.O ampere and the minimum value 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
integrated which on multiplication to the [nput volt-mampere Kave
the heater‘energy consumption,

5.5.2 Estimation of Conduction Loss

_ Since thermocouples were attached to the surface of the
test cyllnder a portion of energy Benerated in it was conducted
through the thermocouples and holding wlres to the ambient 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-Boltzman
equation. The relevant, emisajivity vnlua uned wan oblained as

discussed in mection 6§.2.
5.5.4 Estimation of Heat Losa from the Protruded Beads

As mentioned in section 4.2,the heating Ni-Chrome wire
was passed through porcelain beads inside the cylinder and faste-
ned to the holding copper wires at each end. On both eﬁﬁs the
beads were extended 2 mm to avoid the electric contact between
Lhe cylinder and the wire. Since the end beads contalned Lhe onds
of Lhel 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
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made assuming that the amount of heat transferred from the
cylinder surf&ce was proporticnal to the length of the Nj-Chréme
wire contained in it. Thus the fraction of the total input lost -
by the beads was (4/L+4) and the fraction of total generated heatr
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
volt, ampere.and the modified factor yielded the heat transferred
from the surface of the test cylinder. Subtractions from this.
were-mﬁde for conduction  and radiatidn,as discussed in sections
5.5.2 and 5.5.3,to obtain the he-aa.t 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
éopper wire at each end,as mentioned in section 4.2. Heat
Honeraled by the Ni-<Chrome wlire was conducted through the
holding wiras; The holding wlres lay In vertical ponition
irreapective of the orientation of the cylinder and lost heat by
Uonduchlon,rudintlﬂn and convection. It was complicated Lo
account for the actual heat lost by the holding wires. Neglecting
the radiation the configuration was therefore analysed as an
infinite protruded rod. This is shown in Appendix A, The heat
lost by the holding wires were then compensated by an equivalent
nrea of the test cylinder to give the same heat loss by
convection and radiation. This area was estimated as 4% of the

cylinder surface,



5.6 Test Procedurae

The experiments were conducted with two cylindrical
-specimens marked specimen 1 and specimen 2,one after the other,
The two flqids used were air and argon., Five orientations of the
test cylinder making angles of 09,30°,45%,60% and 900 witn
horizontal were tested. A brief descfiption of the procedure is
given below: )

(1} From the two ends of the test cylinder holding wires were
taken out dnd connected to flexible wires,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 eqﬁal flexible.
wires(each 160 mm long) were used.

(2} The cover plate was held horizontal at the corner of a flat
table aﬁd the test cylinder was allowed to hang freely to see if
it lay at the‘aesired_configuration without any kink or twisting .
in the supporting wires,

(3) The cover plate waé 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 carry on experiments with air as the fluid, the gas
release valve was closed,the gas line disconnecting valve was
opened, the compressor delivery line was conneéted te the high
presaure connection line and the compressor was awitched on. The
gas disconnecting valve waé closed whén the Hg manometer showed a
gage pressure of about 900 mm. The compressor was switched off
and the gage reading was recorded.

(6) The heater switch was turned on, voltmeter and ammeter
readings were adjusted and the test cylinder was heated for
about two hoﬁrs. The milli-voltmeter was switched on to see the
variation of wV reading at. a particular location. The seleclor
switch was turned to see the readings'of different. thermocouplesn.
The mV readings of the thermocouples were recorded- when steady
mtate wan reached. This wam taken when the mV reading of a .
thermocouple did not change for at least five consecutive
minutes. +he voltmeter and ammeter readings were noted for any

variation of the original setting. In case of small variation of
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the original setfing all the relevant readings were taken.lIn
CHAOHA wheré the variations were appreciable the volltmebtor and
ammeter were readjusted to the origiﬁal value and the set-up was
allowed to attain steady state before taking the readings.

(6) The enclosed vessel temperature was recorded.

(7) The mahometer 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 time was allowed to attain steady state for the
next set of readings and the relevant readings were recorded.

(10)  Steps (8) and -(8) were repeated until the vessel pressure
became nearly atmospheric.

(11) The vacuum pump wés 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 wvacuum pump
connecting line valve was closed and the pump was turned off.

(12) Step (9) wan repeated.

{13) The vacuum pump was switched on again and the valve in the
vacuum pump connecting liﬁe 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 (8) waa rapeanted.

(15) The ateps (13) and (9) were repeated until vessel preésure
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
vessel to be atmospheric. The wires conneéting the heater line
were discgnnected and the cover plate was opened. _
{17) To align the cylinder at 300 inclination,one of the
supporting flexible wire lengths was kept fixed(160 mm) and the
other wire iength 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 mofe sets of experiments one for 459 and another for 609
were completed taking steps similar to (17) and (2) through (15).
(21) For conducting the experiment with vertical poaftion of the
test cylinder,one supporting wi;e 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
mm). Steps (2) through {15) were repeated.

(22) To carry oul investigations with argon,the alr pressure
inside the vessel was reduced to about 10 mm of Hg absoluté
before charging it with argon. The enclosed vessel was filled
with argon upto 800 mm Hg gage. The vessel pressure was 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

similar ateps as with air,
5.7 Data Analysis

A computer program was developed to calculate theofetical
heat, transfer 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
alwo Tor prohaaaing the experimental data of the present. work to-
calculate the relevant heat transfer parameters. This is shown in
Appendix C.
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CHAPTER 6

RESULTS AND DISCUSSIONS

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 with two cylinders one after another and the fluids used were
air and argon. The range of Rayleigh number covered was 103 to
1.2*168 and therefore the experiments were carried out in the
laminar region only.

The test cylinder and the fluid under consideration was
contained in the enclosureland as such the outside environmental
fluctuations did not directly affect the inside fluid properties
and heat transfer behavior. Although a variation of the outmide:
air temperature could raise or lower the enclosure—temperaturé
slightly and slowly,this has bheen 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 conatant heat flux condition nor constant
wall temperature condition. A reduction in ambient fluid pressure
was followed by an increase of surface temperature of the test
cylinder. The surrounding enclosure temperature change was
comparativeiy small. An increase of cylinder surface temperature
with a}most constant enclosure temperature ledd to an increase of.
radiation heat tranafer and with cdpatunt heat input to Lhe
system it ultimately lead to ; redﬁction 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 observed heat
transfer coefficients of the two specimens in both air and argon.
Figures 1,2,3,4 and 5 are for 0%(horizontal),30?,45%,60° and 90°
inclinations of the test cylinder with horizontal respectively.

As the two specimens were of same geometry and tested under
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aimilar boundary conditions,it was expected that they should show
the same heat transfer behavior. The graphs plotted have
confirmed this, The diascrepancies of the observed data may be
attributed to the experimental error and accuracy of the devicen,
From these graphs‘it is seen that for argon data specimen 1 shows
higher heat transfer coefficients than specimen 2 and difference
is more at low presures(beiow 0.5 bar) where variation as high as
10% is observed. For air data the difference between the two
specimens occurs at pressures 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
melting ice and boiling water open to atmosphere and the corresp-
onding graphs were extrapolated over the entire range of experim—-
ental data as mentioned in section 5.1. It is possible that the
assumption of linear variation of mV with temperature over the
entire range of temperature for the copper-constantan thermocouﬁ—
le could have introduced some errors in the results. -

Accepting the errors as mentioned, the results of the
two specimens might be conasidered to be reaaohabl& same. From
these graphs it is seen that the nature of variation of argon
data 1is similar to air. It is also observed that at any given
bressure,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 00,300,450,600 and
90O inclinations of the test cylinder with horizontal. It reveals
that the variations of the observed heat transfer coefficients
with pressure are logarithmic. The heat transfer coefficients
approach zero values as absolute fluid pressure approaches zero.
At low pressures the heat transfer coefficient increases more

than that at high pressures for equal increase of pressure.
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Although thore are some Intormixing of the data, tho lognrithmic
curve fitting gives high correlation ~coefficients (Appendix E),
0.97 to 0.99. At low pressures the density 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 velocity
distribution is logarithmic with pressure. So heat transfer
coefficient decreases logarithmically with 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 heat transfer coefflc1ent varies. 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 less than 0.95.

Figure 8 shows the variation of observed heat transfer
coefficient with the inclination of the test cylinders in air. It'
is seen that with the increase of 1nclinat10n heat transfer
coefficient decreases linearly and this rate of decrease is lower
at lower pressures. Figure 9 shows the plot of h vs O for argon
data. The curves in this figure are similar to that in figure B8,
With the increase of inclination the thickneas of the boundary .
layer on the cylinder surface increases. The. pattern of heat
transfer from the upper surface of the cylinder is unaffected by
the cylinder inclination except at vertical position. On the
upper surface,fluid molecules that come in contact with the
cylinder is heated and goes upward without interrupting heat
Leanufor from the cyllndnr Burface, From the lower half of Lhe
cylinder the fluid particles cannot directly move upward, they
have to overcome the cylinder circumference by enveloping it. For
the horizontal cylinders the heated fluld risea in the form of =n
plume and Lhé maximum length that the fluid particles remain in
vontaoct with the oylinder glreuamferencs while alslnu from tLhe
tower surface ta D/2, D bheing the diameter of the test cylinder,
For inclined oyl inders exeepl Lthe verlical one thies length in
Daseco/2, i.e. 9(88 89, with the constraint. that Dsec6/2 must be
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less than L,where L is the length of the test cylinder. In
verlical pomition (900),Lh0 fluld particles around the Lent
cylinder form an alinost semi-paraboliod boundary layer and the
extent of distance to which the fluid layers are in contact is
the cylinder length L, Aa the travel of the plume increases,
analytically it has been shown in literétures that heat transfer
coefficient decreases, That is as the extent to which fluid
particles remain in contact with the sclid 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 result 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 using

different correlations, are made at different pressures for the

horizontal cylinder in air. The normalised coefficients, obtained
by using Arabi and Salman [28] correlation,show that the curve is
logarithmic in nature. The values are very high at low pressures
and the curQes run toward infinity at vacuum. At high pressures
Lthe values are almost invariant and the curve tendsa to be
horizontal, From the graphs it is observed that at étnndard
pressure the ordinate value {m even greater than 2. This moans
that the observed heat transfer values are more than double than
that. predictoed by Arabi and Salman oquation, This value is quite
ﬂlgh. representing thalt the constanl heal flux condillon correla-

tion of Arabl and Salman la not applicable to the preasent. came of

almont. conmlant. heatl input. condition, The diameler in the present.

investigation waa 6.38 mm whereaa Arabi and Salman used a

cyllﬁder of 38 mm diameter.Therefore it is elther the curvature
of the test cylinder or the heat transfer condition that limits
the applicablliity of Avabi and Hailman correlation Lo Lhe prerent

investigations. At high pressure,about 2 bar,the normalised value

of heat transfer coefficient is within 1.6-1.8 but at low.

pressures the increment rate of these values is much higher. The



normalised coefficient valuea are 2.2-2.5 at 0.5 bar, 2.6-3.1 at
0.26 bar and 4.5-5.0 at about 0,06 bar. The curve drawn by using
McAdams [13]) equation is also logarithmic in nature. It becomes
almost asymptotic at both ends. It is almost parallel to x-axis
at high pressures and'parallel to to y-axis at very low pressures
(about 0.01 bar). Since,the McAdams equation shows large variati-
ons 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 their relative magnitudes. The grnph'obtuined by comparing the
observed heat transfer coefficients and McAdams equation 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 that
obtained by using Arabi and Salman correlation shows the values
of about 7.2,2.05 and 1.75 at the corresponding pressures. The
McAdams equation 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 McAdams would also shaw similar. or
higher order of variation. The results can be compared with Kyte
et al [30] correlation at low pressures only, as their equationA
is valid "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 horizontél
axir. This ratifies the accuracy of the data recorded in the
present experiments. As discussed in section 2.8, Kyte et aul
suggested two simultaneous equations for differeht Rayleigh
‘number ranges. The temperature at a distance ?‘b' Lthe mean free
path length, from the solid surface, designated as Tpiwas assumed
and each of the two equations were solved gsimultaneously. Both
the equations givé the convective heat transfer rate, q. When for
a particular assumed vﬁlue of Tys @ given by two equations beqome,
equal the iteration ia completed and the eatimation of ¢ Iu
considered correct. They also suggested that heat transfer rate

can be calculated using one correlationa when free molecule
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conducblon can be neglected. They sugganted correlation for both
hovivontal amd vertical cylinders, bul thelr range of Rayleigh
numbier did null‘ cvuver llayleigh number of Lhe experiments wilh
verltical cylinders in the present inveatigations. For the
horizontal cylinders In the present investigations the difference
of the cylinder éurface'temperature and the temperature Ty based
on the observed heat transfer rate was seen 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
dimonsion compared Lo cylinder diameter., In the exporiments of
Kyte et al a thin wire(0.00306 inch in diémeter) was used,and the
mean free path length was not relatively negligible, Therefore
although the present investigations do not explicitly and
completely accord to the conditions in order to neglect the
offect of free molecule conduction,the fact that T, did not vary
gignificantly from the surface temperature ultimately lead to the
situation for which free molecule conduction can be neglected.
For present investigations the heat transfer coefficient deri'ved'
uning Kyte ot al equation In compared in the form of a ratlo. The
normalised heat transfer coefficient which is the ‘ratio of
observed heat transfer coefficlent to that obtalned using Kyte et
al equation 1s plotted against normliéed pressure in figure 10.
Figure 11 is similar to figure 10 but drawn with the data of’
Argon, |

Figure 12 shows the comparison of the normalised. heat
transfer coefficient obtained by Arabi & Salman [28] and Nagendra
et al [18] correlations using 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 pressurg.-the-normalised
heat transfer coefficients have values within 1.5-1.6 and the
normalised coefficients are very high at low pressures. The high
values of the normalised coefficient indicate that the observed
heat. transfer_coefficient valuea are much higher than the heat
transfer values predictéd 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
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observed results are not in agreemént with that predicted by'
reference [28].. The curve drawn by using Nagehdra et al {181}
equation shows that at high pressures the vélues 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 nérmalised coefficient is reduced to within 0.77-0.84,and
at about 0.01 bar it is further reduced tb 0.5-0.6, The closeness
"of the normalised heat transfer coefficient to‘unity indicates
good agreement of observed results with theoretical ones.
Therefore 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
gives loﬁer values of heat transfer coefficient while KNagendra
et al corfelation gives highef values of hegt transfer
coefficient than the observed heat transfer coeffient. 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
Salmnn and Nagendra et al correlations show opposite
chargcteristic at low pressures., The normalised heat transfer
coefficient. given by Arabi & Salmnnrahowa very high valuesn and
tends  to go l4>-inf1nity upward,at. vacuum,bul. Lhal given by
Nﬁgundrn et al equation show low values and tend Lo zero at
vacuum. At pressures above atmosphere both the curves are almost
parallel to horizontal axis,i.e., with the increase of
pressure,normalised heat transfer coefficient does not change
wignificantly . Although both the curves are logarithmle in nature
there remains a considerable difference In their numerlcal values
ovaer the anl;iré presaurae range. At pressures of about 0.01,0.06,1
and 2 bars the normalised coefficients uging Araki 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 12,the logarithmic fitting of

the curves in figure 13 shows high correlation coefficient for.
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both the curvea and their values are not less than 0.94 for nny
of the graphs.

Figure 14 shows the plot of normalised heat transfer‘
coefficient against normalised pressure for differoent inclinat.io-
ns of the test cylinder in air using Arabl and Salman 1 28]
equation. The figure consists of five curves for five orienations
of the test cylinder. The inclinations are Oo(horizontal), 300,
450.600 and 900. The curves are similar and logarithmic in
nature. They become almost parallel to horizontal axis at high
pressures and run upward toward infinity at very low pressures,
The curve with 00 inclination has values considerably higher than
other positions of the teat cylinder over the éhtire range of
pressure investigated. The normalised heat transfer coefficient
dec;eases with the increﬁse of inclination, The highest and
lowest values occur ‘corresponding to the horizontal and vertical
positions of the temt cylinder. Butl at prosaures ahbove
atmosphere, except for the 00 curve,the curves lie on one another
and cannot be d1st1nguished sharply. The curves with 459" and 600
Incllnntlonu are very closme to each other, All the curves show
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 9=300,450 and 600 lie between the curves obtained for
e=0° and 909, The curves with 00 and 909 inclinations were also
shown in figures 10 and 12 respectively, where they were compared
with the results of other investigators., But because of Lhe
unuvdi]nbillty of data in literature the high normallised
coefficient. values for 9=300.450 and 600 prefrented by the curven
In Migure 14 could ot be compared wlLh any, other correlations.
Figure 15 is aimilar to figure 14 with argon data,

Flgure 10 shows the log-log plot.uf Nussgelt nﬁmber tor
air data given by figure 6, versus normalised pressure. There are
five curves in the figures corresponding to five inclinations of
Lhe teml cylinder. Like the heat (Lranafer coefflcient. as In
. Flgure 6,the Nusselt number also decreases with the increase of
inclination 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 coefficignt of 0.96 or better.
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Figure 17 ia similar to figure 16 but, with the data of argon,
Figure 18 shows Lhe average plot of observed Nusselt
number versus Rayleigh number for both air and argon for

different. Inclinations of the tesl cylinder, From ULhe graphn |t

is ‘seen ﬁhat 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 curﬁes show high
correlation coefficient,not less than 0.98.

' Since pressure was considered to be a pertinent variab-
le in natural convection, it waa felt necessary to incorporate it
with Rayleigh number.Accordingly a group formed by multiplication
of Rayleigh number with normaliased pressure rained to the nth
power was considered. Various values of n like 1/2,1,2 etc. were
checked for their fitting and the best result was obtained for
n=1.

Figure 20 is the log-log plot of Nusselt number versus
the product of Rayleigh number and norhalised pressure with
linear curve fitting. The curves show correlation coefficient of
thé order of 0.99. The correlation proposed’ in this thesis haw
been derived from this plot.
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CHAPRPTIVR 7

CONCLUS TONS AND RIDOOMMENDAT IONS

7.1 Conclusions:;:

The important conclusions as a consequence of the
presént investigations are enumerated below:
{1) The natural convection heat transfer coefficient,h, was found
to be depeﬁdent not only on fluid properties associated, but
was also influenced considerably by environmental pressure (P/P;r
and orientation (8) of the cylinder,
{2) The natural convection heat.transfer coefficient increased
logarithmically with the increase of pressure,
(3) The natural convective heat transfer coefficient was seen to
be lower for argon than that for aif 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'hgrizontal and vertical positions of the
cylinder respectively.
{5) The obmerved heal transfer coefficlents were wlthin 12X of
McAdams and 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 McAdams but the values of
the normalised heat transfer coefficienﬁ showed large differences
throughout the range of investigation. The correlations of
McAdams, Nagendra et al and Arabi and Salman showed large
differences at low pressﬁres. The correlation of Kyte et al
showed good agreement (within 10%¥) even at very low pressure
(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.
(7) The plot of Nusselt number {(Nu) with Rayleigh number (Ra)
could be represented by a linear curve fitting in the log-loyg

plot with high correlation coefficient,
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(8) The plot of Nusselt number (Nu) with the broduct of Rayleigh
number (Ra) and normalised pressure (P/Pa) could also be
represented 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 (©) by the.

empirical equation:
Nu =C(Ra*p/pP,)™
where,C and m are funtions of ©.
Their values should be determined by the-following relations:
C =10.292-0.04849 |
m =0.1382+0.0499c0s6-0.1405c0s26+0,0808cos 0

for 0.65 <Pr<o0.72, 0.0lgP/PagZ.S, 3*1045Ragj.2*108, and 0<B<850.
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 transfer element (like wires, different

L/D ratio etc.)}. . ' '

.(3) Investigations may also be carried out by.deiermining
experimentally the velocity and temperature field using methods
like interferometric technigue and Laser Doppler anemometry
(LDA) . ' '

(4) By controlling the heat input,the investigation can also be

carried out with constant wall temperature.
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APPENDIX A
A.l1 Calculation of Conduction Losé for Thermocouples

‘Aa mentioned in section 4.2, 5 thermocouples were connected
to specimen 1 and 3 to specimen 2. To estimate heat loss through
them,radiation loas from these wires was neglecyed‘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.

D, =diameter of either a copper or a constantan wire=0.27%1075 n
A’ =(11 /4)Dw?25.7255%10~8 n2 '
k=386 W/nlC, Koon=26 W/mOC
.p' =N Dw=8.4823%10"% n
Heat loss through.a set of thermbéouple

= Heat loss by a copper wire +Hea£ loss by a constantan wire
qcondz‘{\H"A'kcuh+Jp’A’kconh)AT |

=W -(JT‘::U*'J_]‘—m:m )J-FAT

=6.97%1078([386+26)/h aT

=1.7245%10" 4R aT O - (1)

Value of h was assumed .to be 15 W/mzc

50 heat loas for each thermocouple
Gcong=1+7245%1074JTB AT

=6.679%10"AT Watt  cmmmmmmeee (2)
For specimen 1 |

_ ' -4
Aoond=5%6.679%107 AT

23.3%1073AT  cmmmmeecemoee (3)
and for specimen 2
o -3
Qeong=3*6.679%1073A T
=2,0%1073AT  cmmeee (4)
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Therefore equations (3) and (4) give the heat loss by condution

through the thermocouples from specimens 1 and 2 respectively.
I

A.2 Calculation of Conduction loss for holding wires

As mentioned in section 5.5.6,the holding wifes 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 cylinder to give the same heqt loss by convection ahd

radiation. A brief calculation procedure is shown below:

- -3
D, =0.62%¥10"3

P’  =ND,=1.948%1073 m
A’ =(1/4)D,%=3.019%10"7 n?

kcu =386 W/mC

h =12 W/mZC {assumed)

qconcl'-'2 J P'A ’kcuh AT

=2 [ 1.948%1077 * 3,019%10™7 * 386 *12AT

=3.3%10"% T watt
Since AT varied with pressure,an average value of AT could be
taken for the eatimation of this conduction loss. This assumption
was a resonable one since at low pressure 0T inéreased but h
decreased and the product (JHAQT) did not change significantly.

In the present calculationsi&T'waa taken as 70C. So the S PR became
deond=33¥1073% 70 =0.231 Watt.
Total power input,qT was maintained at 6.0 Watt and hence,

dcong/ap =0.231/6.0 =0.0385 20.04

Therefore instead of caculating conducLion loss through the
holding wires the test cylinder surfape area could be increased
by 4%. This would give the same heat loss by convection and

radiation.



APPENDIX B

Emimsgiwvity ]EE;t:janut;icbrx

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 lowest attainable pressure which
was about 10 mm Hg”absolute for the present apparatus. The
manufgcturer of the apparatus recomﬁended that the temperature
difference between the test cylinder 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 of AT i.e.,(Te—Tv) with Hl/4;where H is the
absolute pressure inside the vessel in'mmng,for spécimen 1 and
specimen 2 with cbnstant heat input of 6.00 and 5.96 Watt
respectively.

‘ In the figures,the linear curves have been extrapolated
to reach the absolute zero pressure i.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-Ty,) at vacuum can
be read from the graph. From figures B-1 and B-2 this valge is
seen to be approximately 130.500 and 131.800. From observation it
was seen that the vessel temperature T, did not vary much,the
va;iation was less than 2OC,the average temperature corresponding
to the three lowest 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 accpunts

for the bead loss and Wattmeter correction.
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Di mm
deond Watt:
CA=NDL+M1/4(D?-Di%)mm?
A=CA¥1.04 m?
fac=0.95%L/(L+4)
qin=qT*fac Watt
9r=9in"9cond
€=a,/[A6(TA-T, %) ]

6.35
4

2.0%1073% T =0.2636

3230.91
3.360%1073
0.927
5.5247
5.2611
0.99

A dn a e a  AAe o ——————

3.3%10°3% T =0.4307

3191.01
3.319%1073
0.927
5.562
5.1313
0.97

Therefore the emissivity for specimen 1 was 0.97

that for specimen 2 was 0.98.
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APPENDIX C
COMPUTEIR PROGIRAM

INTEGER T,PM,SP,FL
PARAMETER (T=12,N=5) .
DOUBLE PRECISION MU,Z,Z1,GL(T),GD(T),RAD(T),RAL(T) ,NUL(T),NUD(T),
+NUS(T),Z2,Z3,NUOL(T) ,NUOD(T) ,RLP{T),RDP(T),01(T),02(T),MU1,GD1,RD1
DIMENSION PM(T),P(T),TEK(T),TVK(T).HTHI(T),SIH(T).QC(T),QCM(T)
REAL SI(T),SIV{T),HOB(T),HTH(T),HTS(T),YI(T),YZ(T),Y3(T),Y4(T)
REAL L,M,K,K1,QT(T},TV(T),V(T),AI(T),SUM(T),MV(T,N),B56(T),B6(T)
REAL MVB(N),MVRF(N},TM(T,N),P1(T),B(T),B1(T},B2(T),B3(T),B4(T)
REAL QM(T),HK(T)
OPEN(UNIT=1,FILE='IN’,STATUS="'OLD’)
OPEN(UNIT=3,FILE="'0QUT’,STATUS='NEW')
¢ FL,SP,INC,PM,TB, TRF,MVB,MVRF,MV AND TV indicate fluid,specimen no.,
tinclination,absolute pressure in mm.lig,upper reference Lemperature
- +,lower reference temperature,MV at upper reference temperature,MV
+at lower reference temperature,milli volt reading of the element
+thermocouple and vessel temperature respectively.
READ (1,*) FL,SP,INC
READ (1,*) (PM({I),I=1,T)
READ(I,*)TB-,TRF,(MVB(J),J=1,N),(MVRF(J),J=1,N)
READ (1,%) ( V(I), I=1,T)
READ (1,*) (AI(I), I=1,T)
READ (1,*)((MV(1,J),I=1,T),J=1,N)
READ (1,*) (TV(I),I=1,T)
¢ Converting MV readings into temperatures and calculating input power
bo 29 I=1,T
SUM(I)=0.0
DO 30 J=1,N
YY= MVB(J)}- MVRF({J)
TM(I,J)=TRF+{TB-TRF)* (MV{I,J)-MVRF(J))/YY
30 SUM{I)=SUM(I)+TM(I,J)
XTM=SUM(I}/N ;
c TEK is average specimen temperature and TVK is vessel temperature.
TEK(1}=XTM+273 '
C Vessel temperature correctlon 20 C. -
TVK(I)=TV(I)+2+273
QT(I)=V(I)*AI(1)
29 CONTINUE
G=9.81
SI1G=5.77
D=6.35E-03
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BL=4.E-03
PI=3,1416 .
-= Bmissivity estimation =~-—rm-—mmmmmm o __
DI=4,E-03
CH=0.95
IF(SP.EQ.8) THEN
L=158E-03
QT0=6.00
DT0=130.5
CC=3.,3E-03
TV0=306.5
ELSE
L=161E-03
QT0=5.96
DT0=131.8
TV0=303.1
CC=2.0E-03
ENDIF
" RR=0.04
CA=PI*D*L+(PI/4)%(D*¥D-DI*DI)
"A=CA*{1+RR) |
FAC=L/(L+BL)*CH
L=A/{PI*D)
QIO=QTO*FAC
QCONQ=CC*DTO
Q0=QI0-QCONOD
TEO=TVO+DTO
TO0=(TEO0/100)**4~{TV0/100)**4
EP=Q0/ (TOO*SIG*A)
WRITE(3,6) SP
FORMAT(/,15X, 'Specimen No.='I1) _
------- Constant and index values for Arabi and Salman equation ---
IF {(INC.EQ.Q) THEN '

M=1./3.
- K1=0.158 B
ENDIF
IF (INC.EQ.30) THEN
M=0.315
K1=0.229
ENDIF
IF {(INC.EQ.45) THEN
M=0.296
K1=0.335
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ENDIF
IF (INC.EQ.60) THEN

M=0,275
K1=0,422
ENDIF
IF (INC.EQ.90) THEN
M=0.26
K=0.6 -
ENDIF . ‘ -

WRITE(3,7) INC
FORMAT(/,5X, 'Inclination with horizontal is:',12)
' FAC=(L-4E-03)*0.95/L
DO 99 I=1,T '
TF=(TEK(I)+TVK(I))/?-
DT=TEK(I)-TVK(I)
——————— Fluid properties for air -----
IF(FL.NE.0O) GO TO 11
- PR=0,7
R=23, 3%G
WRITE(3,96)
FORMAT('1',/,16X,'Air’)
IF(TF.GE.300.AND.TF.LE. 350 ) THEN
X=TF-300 : .
K=(0.03003-0.02624)/50.%X+0,02624
MU=((2.076-1,8462)/50,%X+1,8462)*1E-05

ENDIF

IF{TF.GE.350. .AND.TF.LE. 400)TH
X=TF-350 o
K=(0.03365~0.03003)/50.*X+0.03003
MU=((2.286-2.075)/50.%X+2.075)*1E~05

ENDIF

———————— Fluid properties for argon -~-—---———---
IF(FL.EQ.0)GOTO 12
PRINT*, 'Argon data'’

PR=0.662
R=21.2%G
WRITE(3,*) 'Argon’
IF(TF.GE.273;AND.TF.LE.373)THEN
X=TF-273

K=(0.02117-0.016151)/100.%*X+0.016151
MU=({2,76-2,15)/100.%X+2.15)%9,81E-06
GOTO 132
ENDIF
PRINT*,"Air data’



132 P{I)=PM(I)*13.6%G
RO =P(I)/(R*TF)
FID=K/D
FIL=K/L
Z1=MU*MU
Z2=RO**2, /7]
Z=22%DT
Z3=Z/TVK(I})
GL(I)=G¥L**3,.%Z3
RAL{TI)=GL(I)*PR
GD{I)=(G¥D**3,0%RO**2.*DT ) /{MU**2 , *TVK(I))
RAD(I)=GD(I)*PR
‘01(I)=LOG(RAL(I))
02(I)=LOG(RAD(I))
e —m-—- Calculation of Heat Transfer by Arabi and Salman equation --
NUL(I)-KI*RAL(I)**M
HTH(I)=FIL*NUL(T)
PRINT*, 'HTH(',I,’)=’ ,HTH(I) : - - -

TO={TEK(T)/100)%*¥4, - (TVK{T)/100)%%4,
QR=AXS [O*EP*TO)
QI=QT{ I)*FAC
QCON=CC*DT
Q=QI-QCON
QC(T)=Q-QR
PRINT*,'QC(',1,"')=",QC(1)
HOB(1)=QC(I)/{A*DT)
o —————— Procerssing observed heat transfer coefficloent. —----
NUOL( 1)=1I0B () /FIL
NUOD( I)=HOB(1)/FID
P1(T)=PM(1)/760,
RLP(I)=Pt({I)*RAL(1)
RDP(I)=P1(I)*RAD(I)
Y1({I)=slLOA(NUOL(T))
YHT)sLOO{RLIP(1))
Y2(1)=LOG(NUOD{1))
Y4(I)=LOG(RDP(I))
B1({I)=RAL(I)**%0.25 o ‘ -
B2(T)=NUOL(TI}/B1(I) '
B3{I}=ALOG(P1(T))




€458

c SI is the normalized heat transfer coeff.

44

N(T)=ALOGIR2(T))
MACT)SRAD(T ) #%0, 26
BGE(1)= NUOD{!1)/B4(1)
BO(1)eALOG(DB{T))

+Salman equation.
SI(I)=HOB{I)/HTH(I)

PRINT*, 'HOB(',I,’')=',HOB(I}
PRINT*,'SI(',I,')=",SI(I)

Al Ml o A T N i S ) e — . A e bk e g vy T e A

IF{INC.NE.O)GOTO 74
NUS(I)=0.,525%RAD(T)**0,25
HTS(1)=NUS(1)*FI1D
SIH(I)=HOB{I)/HTS(I)
PRINT*, ' ADVANCE’

IF{INC.NE.90)GOTO 44

------ Comparison with Nagandra et al correlatlon

Y=RAD(I)*D/L
IF(Y.GE.10E04) NUD(1)=0,6%Y**0,25
IF(Y.LE.10E04.AND.Y.GE.0.05) NUD(I)=1.37*%Y**0,16
IF(Y.LE.0.05) NUD(I)=0,93%Y**¥0,05
HTH1(1)=FID*NUD(I)
SIV(I)=HOB(I)/HTH1(I)

————————— Comparisocn w1th Kyte et al correlation_

PRINT* 'NUL(',I,')= NUL(I)
IF(INC.NE.O.AND.INC.NE.90)GOTO 99
IF(PI(T).GE.0.99,AND.P1(I).LE.1.01)QOTO 614
IR(PM(T).GT.760)THEN

QCM(1)=9E-14

GOTO 468

ENDIF

AL=0.90

IF{FL.EQ.0) THEN

VO=163.6

ELSE

vV0=92.3

ENDIF

CH=-QUL L) /UL oD% $VO$IM{ L ) $ALL)
CO=CI1*C1/273.2

C=CO%CO/ 4, vPIK (1) *CO

TAsTEK( 1) +0.6%CO-SQRT(C)
IF{FL.EQ,0}THEN
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C —m=———- XLA is the mean free path length ~-—-——--—=----

XLA=3.46E-08%TAX*1.28/PM(1)

ELSE

XLAS2 . 29FE-08%TA¥*1,36/PM(T)

ENDIF

D1=D+XLA

AK=PI*D1*L+PI*0, 25*{D1**2-DI**2)

TF1=(TA+TVK(1))}/2,

DT1=TA-TVK(1)

1F(FL.NE.0)GOTO 662

1F{TF1.QE,300.AND.TF1,LE.360)THEN
X1=TF1-300
K1=(0.03003-0.02624)/60.%X+0,02624
MU1=((2.075-1.8462)/50,%X+1.8462)*1E-05

ENDIF
IF(TF1.GE.350. .AND.TF1.LE. 400 ) THEN
X1=TF1-350
K1=(0.03365-0.03003)/60.%X+0,03003
MU1=({(2.286-2.075)/50.%X+2.075)*1E-05
. ENDIF
652 IF(FL.FQ.0)GOTO 129
IF(TF.GE.273.AND.TF.LE. 373) THEN
X1=TF1~273 _
K1=(0.02117-0.016151)/100.%X+0.016151
_ MU1=((2.75-2.15)/100.%X+2.15)*9,81E-06
ENDIF )
129 PRINT*, ' 1000’

CZ=MU1*MU1*TVK(1I)
GD1=(G*¥D1%*%3, *¥RO**2,*DT1)/CZ
RD1=GD1*PR
C =vrmmm—————e Horizontal low Rayleigh number -—-=-—----
IF(INC.EQ,O0)THEN : '
IF(RD1.GE.1E-07.AND.RD1,LE.10%*1,5)THEN
QCM( 1) =2*PT*L*XK1¥DT1/LOG(1+7.09/RD1%¥0,37)
(@ mem s Horizontal high Hayleigh number — —----=--~-
ELSE IF{RD1.GT.10%%1,5,.AND.RAD(I).LE.1E09)THEN
QCM{ 1) =2%PI*L¥XK1*DT1/ LOG(1+5.01/RD1*%0, 26)
ENDIF
ENDIF )
¢ ——=--w—=s===-= Vertical --=---------- -
IF{INC.EQ.0)GOTO 468
XX=RD1*D1/L
IF(INC.EQ.QO.AND.XX.GE.lE—ll.AND.XX.LE.]O**(—4.5))THEN
QCM(I)=2*%PI*L*XK1*DT1/ LOG(1+4.47/XX**O.26)

N
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614

468

1t
C

Wi

ELSE
QCM(1)=9E~-14
FNDILE
GOTO 468
Free molecule convection neglected ----==—----------
e HOI‘iZO]’lt&l T esEmmm——
IF{INC.EQ.0)THEN
IF(RAD(I).GE.1E-07.AND.RAD(I}.LE.10%**1.5) THEN
QCM(I)=2*PI*L*K*DT/ LOG(1+7.09/RAD(I)*%0.37)
ELSE IF(RAD(I).GT.10%*1.5.AND.RAD(I).LE.1E09) THEN
QCM{ 1) =2%PI*L*K*DT/ LOG(1+5.01/RAD{1)**0.26)
ELSE ‘
QCM(I)=9E-14
ENDIF
ENDIF
————————— Vertical --~-=—=cm—m-—-
IF(INC.EQ.QO.AND.Y.GE.IE—II.AND.YJLE.10**(-4.5))THEN
QCM({I)=2%PI*L*K*DT/ LOG(144.47/Y*%0.26)

" ELSE

QCM(I)=9E-14
ENDIF

PRINT*,'QCM(',I,")=",QCM(I)
HK(I)=QCM(I)/(AK*DT1)
PRINT*, 'HK{',I,"')=",HK(I), 'SSS8=',8SS, 'DT1=", DTl
QM(T)=HOB(T)/HK(I)
CONTINUR _
*******************,****#*#****#*** End of do ].O()p A ok ok oK o K e K ok K ok ok ok ¥
IF (INC.EQ.0) THEN
WRITE(3,92)
FORMAT(/, ' 1", UK 0K, PPX/PAY 1K HI-K 2, THON  1X, THRH-ARY, 2X
+'S1',2X, 'NUL-AR',1X, 'RAL.NO.',2X, 'NUL-0',1X, 'L-NOL*, 1X, 'L-RAL', 1X,

. +'L"MD’ .2x| 'Bz',zx, ’L-le |2X| '35' ,zx,'L*B5' ,2x| '_'I‘EK’ ,ZX| 'QC"W' .2xp

-C

16

f'QC-HP’,2X,'L—RLPR'.2X.'HTH-H'.1X,'SI—H',/)
ago 10 698
ENDIF

IF(1NC.EQ.90) THEN

WRITE(3,16) : : )
FORMAT(/, 1H1,'PX',2X,'PX/PA’,1X,' SI-K ’,2X, 'HOB', 1X, '"HTH-AR',2X,
+'SI’,2X, '"NUL-AR',1X, '"RAL.NO. ', 2X, 'NUL-O',1X, "L-NOL',1X, 'L- RAL',1X,
+'L-RAD',2X, 'B2',2X, 'L-B2',2X,'B5"',2X,'L~B5',2X, "TEK ", 2X, 'QO-W', 2X,
+QO-MP', 2X, "L-RLPR', 2X, "HTH-V' ,1X, 'S1-V*,/)

6O 10 598

)



41

H98

63

10090

13

2000

23

317
367

ENDIF

WRITE(3,41)

FORMAT(/, 1H1,'PX",2X, "PX/PA' ,1X,'L-P/PA' , 1X, "HOD"', 2X, '"HTU-AR",
12X, 'SI',2X, 'NUL-AR’,1X, 'RAL.NO.',1X, 'NUL-OB’,1X, 'L-NOL", 1X,
2'L-RAL’,1X,'L-RAD’, 2X,'B2’,2X,’L-Bz'.ZX,'BS’,SX,'L—BS’.ZX,’TEK’,
32X, 'TVK’,2X, 'QT-W’,2X, 'RL*P/PA’,2X, 'L-RLPR',/)

DO 367 I=1,T
IF(INC.EQ.0) GOTO 1000
IF(INC.EQ.90)GOTO 2000

WRITE(3,63) PM(I),P1(I),B3(I),HOB(I),HTH(I),SI(1),NUL{I),RAL(I),NU
+OL(I),Y1(1),01(1),02(1),B2(I),B(X),B5(I),B6(I),TEK(I),TVK(I),QT(I)
+,RLP(1),Y3(I)

FORMAT(14,F6.2,3F6.2,F5.2,F7.2,E9,.2,F7.2,F5,2,2F6.2, 2(F5. 2 F6.2),
+2F6.1,F5.2,E9.2,F6.2)

GOTO 317
PRINT*,'0’

WRITE(3,13) PM(I),P1{I),QM{I),HOB(I),HTH(I),SI(1), NUL(1}, RAL(I),NU
+OL(I},Y1(1),01(I),02(I),B2(1),B(I),B5(I),B6(I),TEK(I),QC(I);QCM(I)
+,Y3(I),HTS(I),SIH(I)

FORMAT(I4,F6.2,3F6,.2,F6.2,F7.2,E0,2,F7.2,F6.2,21°6,2,2(156.2,16.2),
+F6.1,F5.2,F6.2,F7.2,2X,F6.2,F5.2)

GOTO 317
PRINT*, '90" -

WRITE(3,23) PM(I),P1(YX),QM({I),HOB(I),HTH(I}, 31(1) NUL(1),RAL(1),NU
+OL(I),Y1(I),01(I),02(T),B2(1),B{1),B56(1),R6(1), TFK(I) QCIT),QCM(1)
+,Y3(1) ,HTH1(I),SIV(])

FORMAT(14,F6.2,3F6.2,F6.2,F6.2,E9.2,F7.2,F5,2, 2F6.2,2(F5.2,F6.2),
+F6.1,F5.2,F6.2,F7.2,2X,F6.2,F5.2)

PRINT*, 'OK'
CONTINUE
STOP

END
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APPENDIX D
CALIBRATION OF THERMOCOUPLES

The hot or measuring Jjunction 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 -IOQOC
and t;he calibration curve was extended upto 15500. The schematic

diagrgm of thermocouple is shown below.

/ ~THERIIQIOE y EA
e —————————,
corree  f COPRER —
CONSTANTAN ]‘w COPPER
.o X
MR8 TG VY e
SHIIALS T T Ay bﬁ - . SELECTOR v ¥y
/:‘ _D- . . 6”_{7::/4‘ ' D.;!‘J- . /
JeE—" . - ) . $7/ERER VoL - mETER
PAN - et T i —:i-'— e e AT ER
| R 2

C REFEREANCE TUNCTION

DIRGRAN OF THE THERMICOUPLE CONNECTION

n The reference junction of the thermocouples were maintained
at OOC by placing both the measuring and the reference junctions
in a pan cbntaining crushed melting ice,equilibrium with water.
The mixture was continuously stirred. A calibrated thermometer
wua-uéad to check temperature of the mixture. The accﬁrucy of the
thermometer was 0.500. The bult; of the Hg thermometer and the
thermocouple Junctions were kept just below the surface of the
water. The calibration at 100O was done by putting the cold or
reference junction in the melting ice pan as before and placing
the measuring Jjunctions in another pan containing boiling water'
open to atmosphere. A separate thermometer of the same order of
accuracy and the measuring junctions were immersed in the beiling
. water, The thermocouple Junctions and the thermometer bulb were
‘kept. Just below the éurfuce of the water at locations close Lo

each other.
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Since the thermocouple wires are expensive, extension.copper
wires were used for the connection .to the seleqtor_switch and
digital volt-meter. The necessary condition to avoid the effect .
of Introducing the third metal was that the cul. Junctlons be kept
at the same temperature and the lengths of both extenslon wire
are same. These copper wires were connected to the digital volt-
meter which measured the emf produced by the thermocouples

through a selector switch. .
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APPENDIX It

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
(-} and hath (") symbol on a variable indicate the mean and
regression line respectively.

Let
$8TO= T (¥4-Y)2
s .2
SSE = Z(Y;-Y;)
SSR =z(?i—?)2 =SSTO-SSE

Here SSTO stands for total sum of squares of the deviations
from the mean. If SSTO=0,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=0,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
!undzéntal one SSH=0,oLherwise SSR {is poaitive., SS5R may Le
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 accounting for

the total variation in the Y observations.
Coefficient of Determination -

It is a measure of the 'degree of association"between X and
Y; denoted rz by the following relation:
r2=(SSTO-SSE) /SSTO=SSR/SSTO=1-SSE/SSTO
‘Since 0<SSE<SSTO, it follows that 0<r?<i.

This r may be interpreted as the proportionate reduction of
total variation associated with the use of the independent
varinble X,Thusk,the larger the rz.thu more iR the total variation

of Y reduced by Introducing the independent variable X.
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Coéfficiént of Correlation

The aquare root of ré,

In ealled the coeffjciqnt of correlation. A plum or minum sign im’
attached to this measure according Lo whether Lhé glope of the
Titted regrossion line is ponitive or negative. Thus Lhe range of
rolw -1<rgl.

Whereas r? indicates the proportional 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 r instead of r2
" in much applied work in business and acnnomics. It. is worth

2

noting that since for any r“ other than 0 or 1l,r <|r| r may glve

the impression of a closer relationship between X and Y than does
the corresponding rz. For instance r2=0.10 indicates that the
total variation in Y is reduced by only 10% when X is introduced,
yet {r|=0.32 may give an_impression of greater association
between X and Y. The grapha in the present investigatlions 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 r;whidh automatically

furnishen the proper sign,is
= (X400 (v T I200E (=X 20y -1 212
SE XY - (TX E V) /n)/ L Xy -(zxi:‘/n}{zvi& (% vy 2/m)l/2

A value of r or rz close to 1 is taken as an indication that
sufficiently precise inferences on Y can be made from the

knowledge of X.
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Fluid & Specimen no.
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heat transfer coefficient{W/m K)
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Normalised pressure {(p/P3) —>

Fig-2. Comparison of haat tronsrar coafficients obtained from the two specimens In both alr and argon
for 30 degree inclination of the cylinder with horizontal. '
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- Fluid & Specimen no.

8 Air ,sp¥ 1
¢ Air ,sp®2
& Argon,sp ¥ |
° Argon,sp¥ 2

heat transfer coefficient{W/miK)
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Fig-3. Comparison of heat transfer coefftcients obtained from the two specimens in both alr and argon
for 45 degree Inclination of the cylinder with horizontal.
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Fig-4. Compar tson of heat trarisfar coefficients oblained from the two specimens In both afr and argon
for 60 degree Inctination of the cylinder with horizontal.
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- Fig-10. Comparson of the normalized heat transfer coefficient against normalised

pressure for horizontal cylinders in air using different correiations.
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Fig-11. Comparison of the normal fzed hoat transfer coefficlent ageifist normalised
prassure for horizontal cylinders in argon using different correlations.
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Fig- 12. Comparison of normalized hest transfer coefficient using the 60rrelat1ons of Arabi & Seiman

20

and Nagendra et al égainst normalized pressurs for Vertical cylinders in air.

| 82.

25



Mormalized hest tramsfer coefficient

30

Correlation used

B Arabi & Saiman
+ Negendra et al

'Y A Be-
Pl
p/»
05
00 e .l i 1 - L "~ L

00 05 10 15 20

P/PE — 3

Fig- 13. Compar {son of normalized hest transfer cosfficient us1ng'lha corrglations of Arabi & Salman
and Nagendra et &l against normalized pressure for vertical cylinders in ahgon.
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Flg=14. Plot of normalised heat transfer coefficient egainst normalised pressure for differant
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Fig-16. Log-Log plot of observed Nussalt no. versus normalised pressure for

air.
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Fig-17. Log-Log plot of observed Nusselt no. versus normalised br%sura for argon,
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fig-19. Log-Log plot of observed Nusselt no. versus Raylefgh no. for both air and argon.
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Fig. B~ 1 : Temperature difference(aAT) versus H' ‘curve for Specimen 1.
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