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ABSTRACT

This thesis presents the results of a theoretical and
experimental study of thermal convection under the influence of
a central force field. Flows in the atmosphere and in the core
of the earth are thought to occur under a near balance between
Corinliig and buoyancy forces. Thus, a desirable model of these
flows would include spherical symmetry in the force field and
rotation. The present study, in which convection under a central
force field in cylindrical geometry has been achieved, is the
first step towards such a model.

The system consists of a cool outer cylinder and a hot
inner cylinder with a dielectric liquid (silicone oil) filling
the annulus between them. The common axis of the cylinders is
vertical. The inner cylinder is grounded and the outer cylinder
is kept at a high alternating (60 Hz) potential. This intense
alternating electric field provides the radial buoyancy force
which results in convectiv: heat transfer at a certain critical
temperature gradient.

"The fluid in the system is found to behave like a layer of
fluid in a gravitational field, heated from below. Below a

certain critical value of a dimensionless number (equivalent to



(ii)

the Rayleigh number with the electrical force substituted for
gravity) there 1s no convective heat transfer. ‘Above the critical
value, flow sets in with the convective heat transfer proportional
to the modified Rayleigh number. Marginal stability analysis
gives a critical electrical Rayleigh number in agreement with

the experimentally determined value.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 Introduction

In the last few decades, efforts have been made to study
motions in the Earth's atmosphere, oceans, mantle and core through
the use of laboratory models (Fultz, 1961; Long, 1954). The incentive
for the use of models comes from the .difficulties of solving the
equations of motion for general convective flow problems. At the
present time, the equations governing the general flows can only
be solved. approximately under .idealized conditions. Thus, laboratory
models have become. important inxgeophysicalpfluid dynamics.

The large scale circulation of the atmosphere occurs under
the combined influence. of a spherically symmetric gravitational field
.and the rotation.of the Earth. .It is suspected. that. a. roughly similar
. situation. prevails. in the Earth's .liquid. core... Thus, a.laboratory
model of these. flows. should .include both.the spherical symmetry of
the gravitational.field and. the rotation of the Earth. The effect of
...rotation has been..the subject..of study.of many authors (for recent
references, see. Greenspan,. 1968).. . In these.studies.certain flow
regimes have been recognized which seém to have their éounterpart
in the atmosphere.in. the form of large scale'eddies or cyclones.

However, no .laboratory model which simulates a spherically symmetric



gravitational field has yet been developed. In-the absence of a
suitable method of simulating a gravitating fluid sphere in the
laboratory, the validity of the rotating models is limited to the
polar regions where strong Coriolis forces are present as in the
core and the atmosphere., In the thin shell of the atmosphere,
however, this defect is not so serious because.the flow is essentially
two dimensional as opposed to the core flow which is three dimensional.

This thesis is the outcome of a preliminary investigation
for setting up a laboratory model of gravitational convection. Smylie(1966)
first suggested the use of strong electric field gradients in
dielectric liquids to simulate the central nature of the gravitational
field. The electrical properties of a.liquid are functions of
temperature. For a nonpolar liquid the variation of dielectric.
constant with temperature is due solely to the change in densit§
(Debye, 1929, p 27). Thus, in the presence of temperature variations.
in the dielectric liquid, an intense electric field results in a
buoyancy force. This buoyancy force will produce an instability
in the fluid. However, the viscosity, thefmal.conductivity and the -
boundaries will.act to stabilize the fluid and significant convective
heat transfer should occur only when the temperature gradient is .
appreciable,

In ‘dielectric liquids of moderate dielectric constant, the
thermal. convection produced by the electric buoyancy force is analogous
to gravitational convection, where the instability occurs as a result of

heating from below (or cocoling from above). In contrast to the ubiquitous.



and unalterable gravitational field, however, electric fields can
easily be generated and shaped in the laboratory by existing
techniques.
In a steady electric field space charges -accumulate .even.

in a good dielectric and the circulation of.the liquid 1s due to
the movement of these charges. The free charge buildup occurs
exponentially in time with a time constant e/c where e is the-
permittivity and ¢ is the conductivity of the fluid. This constant
is known.as the electrical relaxation time. If an alternating
field is applied at a frequency much higher than the .reciprocal
of .the relaxation time, free charge does.not have time to accumulate.
Thus, in an alternating field, the dielectric .effects dominate-
the free charge effects. The electric body force depends on thg
gradient. of the square of the electric field. For most .dielectric
liquids (for example,.transformer 0il and silicone o0il), 60 Hz is
a sufficiently high frequency to prevent the -buildup of free charge.
At the same time, dielectric loss at 60 Hz is so low that it makes
no significant contribution to the temperature field. Further,
variations in the body force are so rapid that its mean value
can be assumed in determining fluid motions, except in the case .of
liquids of extremely.low viscosity.

. Both theoretical and experimental study of electroconvection
(convection under steady fields) has been reported by many éuthors
(for example, Kronig an& Schwarz, 1949; Turnbull, 1968; Malkus and

Veronis, 1961; Melcher and Taylor, 1969; etc.).  The electroconvective
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instability occurs even in,the-absence'of-temperature.variations;
Avsec and Luntz (1937) have observed two dimensional toroidal motions
in a dielectric liquid filling tﬁe gap between”tﬁowconcentric
cylinders. When the inner cylinder is earthed and the eleétrical'_
potential of the outer cylinder is rﬁised, then at some critical
potential difference, steady céllular batterns are formed-in the
fluid.

Recently, Gross(1967) and Gross and. Porter(1966) have
suggested the.use of space charge effects in modelling geophysicai
flows. In .these models, charge transport becomes the analogue of
heat .transfer and if.temperature gradients are present, heat will
be advected by..the .charge induced flow. The mechanisms of charge
generation and transfer at the electrodes, and the nature of the
process by which charge motiqﬁ,stirs the fluid are noﬁ‘well under-
stood. Therefore, the quali;y of analogy to geophysical‘phénomena

is not clear.

1.2 Thermal convection and Geophysical applications:

Although the phenomena of thermal convection as a‘mode 6f
heat transfer was discovered in,thé.18th century, the first quanti-
tative experiments.on .convection were done bleénard(l§00). He
found that 4if a thin layer of liquid, free at its.upper surface, is
'heated-uniformly,atithe lower surface, a regime of polygonal convection
cells is formed:as soon as a certain critical temperature gradient is
reached..: The walls of these cells are vertical and the movement

of the liquid is .upward in the centre and downward at the periphery.



Rayleigh(19l6) laid the theoretical foundation for the
explanation of Bénard's results. 1t appears now, however, that the
convection in Bénard's experiments. was actually partially driven
by the variations in the free surface conditions and not entirely
by the buoyancy forces as Rayleigh assumed. In later experiments
(see. for example Chandra, 1938; - .Schmitd and Milverton, '1935; and
Silveston, 1958), the free surface has.been,eliminated by placing
an isothermal 1id on top of the fluid layer. These experiments also
showed the development of regular hexagonal cell patterns. The
critical temperature gradient at whichlgonvection cells develop
increases rapidly as. the.layer becomes ;hinner.A Several modifications
of Rayleigh's theory (for example, Jeffreys, 1926; Pellew and
Southwell, 1940; Low, 1929; etc.) to fit tpis case give excellent
agreement with the experimental observations. Rayleigh's approach
to the problem.(infinitesimal. perturbations on an equilibrium state)
still remains the basis of the modern treatment of the marginal
stability problems (Chandrasekhar, 1961, chapter 2).

It is believed that many flows of geophysical interest are
driven by thermal convection. It has been suggested that large
scale convection currents exist in the Earth's mantle in attempts
by many authors to interpret certaln topographic features of the
Earth's surfaée (Vening-Meinesz, 1962). Recently, McFadden(1969)

has considered the effect of a region of low viscosity on thermal

convection in the Earth's mantle to .try to explain how convection
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in‘only the upper mantle could lead to flows of continental horizontal scale.
The presence of thermal convection in the atmosphere was

éuggested b& Hadley (1735); differential heating between different

latitudes gives riée to ascent of air in tropical regions. This leads

‘ to a flow of air towards the equator at lower levels and a flow

.away froﬁ the equator at higher levels. The combined effects of

surface friction and thé rotation of the earth deflects these

¢urrents and -thus, according to Hadley's original theory, easterly

" winds form at lower levels and westerlies at higher levels. From

: :his idea, the well known cellular model for the circulation of the

whole atmbsphere has been derived (Rossby, 1941).

The geomagnetic field is now considered to originate from

"~ electric currents produced by inductive interaction between hydrodynamical

motions in the Earth's conductive fluid core and a small adventitious

magnetic field. Thus, a satisfactory theory for the Earth's magnetism

" requires a satisfactory theory for the hydrodynamics of the core.

Sevéral speculations have been made regarding the energy source that

drives the fluid motions in the core. Among them thermal convection

is one of the possibilities (Bullard and Gellman, 1954).

Oceanographers haQe long studied the circulation of the

qceanié currents. The ocean currents are believed to be the result

6f the combined effects of the thermohaline motions (density inhomo-

genelty caused by temperature and/or salinity differences) and

the wind driven motions. The former are thought to be more important



in deep water. However, unlike the case of thé atmosphere, the

thermal convection in. the oceans occurs, not because of heating from
Below, but because of cooling from the upper surface. The thermohaline
circulation .originates as a .vertical flow sinking to mid-depth or

even to the .ocean bottom, followed by horizontal motion.

1.3 Scope of the present work

This. thesis .is intended to .demonstrate the feasibility of.
using an intense alternating electric field acting on a dielectric
liquid to produce a .spherically symmetric force field. A buoyancy
force is. produced by the .variation of dielectric constant with
temperature. Since it is a feasibility study,.the experiment was
sef.up.in cylindrical. geometry to.simplify .construction. ‘Howevef,

. the techniques. learned here can be carried directly over to the
spherical.case, which is .the real geometry .for large scale geophysical
..flows.

. . The system consists. of two vertical concentric cylinders of
. radii . rl and vr2 ( r2>rl).. The .space between the cylinders is filled
with a dielectric liquid. (silicone o0il). The inner .cylinder is

-maintained at a fixed temperature T, which is higher than the comnstant

1

temperature T, of the outer cylinder. In addition to a temperature

2
. .gradient, a radial, alternating electric field is also imposed
. between:.the cylinderé.

In chapter II, the marginal stability equations for this:



problem are derived under .the assumptions of the Boussinesq
approximation. The effect.of the Earth's. gravity has been ignored

for this. theory. .The solution of the marginal stability eqqations‘
has been found numerically .and it is shown that .the convection induced
by the electrical body. force occurs only when the dimensionless number
(equivalent .to. the Rayleigh number with .the electric buoyancy.

force substituted for.gravity) exceeds .a.certain critical value.
‘When,the.gap-thickness is very much smaller than the mean radius

of the .cylinders (in this limiting case boundaries take the form of
..plane surfaces. rather than cylindrical surfaces),.the .marginal
stability equations .are. shown to reduce to the case of the Bénard-
Rayleigh inétability.
In. chapter III, the experimental arrangement, technique

and.resﬁlts of electrically induced convection in-a vertical

annulus are‘descriﬁed. The onset of thermal convection was detected
by heat .transfer and temperature measurements. The final experimental
. results are shown.in the form of“a“graph4of.the4Nusseltlnumber
Uaéainst:the”electric.Rayleigh number.

..The..study .is.summarized in the final. chapter.



CHAPTER II

THEORY .

2.1 INTRODUCTION

The problem to be.studied is the thermal copvection occuring
under the electrical body force in the enclosed .annular region formed
by tWo.vertical“concentric_cylindgrgvpfur;§§i.rl.and r, (rl<ré).
This:geometry is shown in figure 1. . Conventional cylindrical coordinates
(r,6,2) are indicated with z vertically upwards.
- The inner wall.of the cylindrical cavity is held at a fixed
which is. greater .than .the..constant temperature T, of the

1 2

outer wall. In.addition to a.temperature difference, there is also an

temperature T

alternating.difference of electrical potential between the cylinders.
..In the absence.of:any temperature variations, an electric body
force is.produced .in.the liquid,.and. in. .an equilibrium situation, this
body force is:entirely.balanced by the generation of a‘pressuré gradient”
‘(Landau 'and. Lifshitz, .1960, pp 64-69). - The presence of. temperature
. variations: in the. liquid results in buoyancy forces whereby warmer
liquid haswautendency.tdﬂseek regions of less intense electric field,
cooler_iiquiduhas.antendency_to‘seek.regions.of more intense electric
field. However,.this.natural .tendency on the part .of the fluid'will

be inhibited by its .own. viscosity. Thus, if the temperature difference.



FIGURE l CO-ORDINATE SYSTEM AND THE CAVITY.
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between the vertical bounding walls is sufficiently small, the heat
supplied at the inner wall is transferred to the outer wall by conduc-
‘tion alone. For greater temperature differences, the electric buoyancy
force is sufficient to overcome viscous dissipation and the fluid
assumes a convective motion. In other words, we expect that the
temperature difference between the cylinders must exceed a certain
minimum value before convective heat transfer is realized.

The problem under consideration, then, is to solve the
marginal stability equations for an incompressible fluid layer bounded
by vertical cylindrical walls at different temperatures, in the
presence of a radial electrical buoyancy force.

2.2 The Perturbation Equations

The following simplifying assumptions are made in deriving
the perturbation equations:
(1) The fluid is incompressiﬁle”and the density comstant, except
as it modifies the electric- buoyancy force term.
(2) The mean square-electric field and the temperature distribution
in the annulus are functions of radius only.
(3) The cylinders are of. infinite extent, so that the end effects
can be ignored.
(4) The motion is slow and .the components .of velocity are sm#ll enough
so that in a first approximation, their products and squares can

be neglected.
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(5) The kinematic viscosity and the .diffusivity of the fluid are true
constants.
(6) The various perturbations are axi-symmetric and thus independent.
of 0.
(7) In deriving the. marginal stability equations, the effect of the
earth's gravitational field can. be ignored. Strictly speaking it
“is.not so.. Batchelor..(1954). shewed that.in.a.narrow cavity
betweenuvertical.boundaries.atudiffereﬁtwtemperatures, there is
'a slow vertical -flow but..the heat. transfer across the cavity
is due mostly to .conduction. Thus, the present problem is unstable
for .all. temperature gradients since the earth's gravityAis always
present. The maximum Grashof number involved .in .the experiment
‘(described. in .the next chapter) was about 7.5. This is roughly
wlO?..times..less..than the .Grashof number..at which free convection
;sset3>inﬁ(Mest.anduArpaci,”i969),m The gravity.induced flow is
..likely. .to beuvery.smallﬁat.thehGrashofdnumber.involved in the
- experiment. . It would be.an important generalization to carry
‘through .a .solution .taking into account .the interaction of the
.convection induced by. the electrical. forces with the vertical
. .gravitational base .flow,. but this difficult problem has not

-..been: tackled here.

. .Consider that initially there are no motions. Thus, the initial
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state is characterized by

>
U=20

T = T(r) (D

where ﬁ is the velocity vector and T is .the temperature.
In' the absence of .any .metions, the hydrostatic equation reads
-gradp +f =0 o (@
o 0
where E;.is‘the electric body.force per unit volume at density
R and temperature To; P, islthe pressure .distribution.

.The: temperature distribution..is governed by the equation

d ,_ dTo

T ) =0 (3)

The solution of equation (3) .appropriate to the boundary conditions

gives
o . T o1
dr T r (4)
1n ?2;
1
-The solution for the electric field distribution EO is
.
EO ='-(Eoso’0)s . (5)
g oo 1
So T Ty, ok (6)
- 1n I
1

where,Vo is the root mean .square value of the applied potential

difference.
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Let the perturbed state be characterized by the velocity

components
UrQ Ue, Uzs (7N
’ -> -
body force f = fo + fw, (8)
1
density p=p +opo, ¢))
-> > >
electric field E = E0 + E , (10)
1]
temperature T = To + T, (11)

1
and pressure p = P, +p,

primesrindicgting flow induced .quantities.

The. general .equation for ﬁhe body. force resulting from
electric fields in fluid dielectrics .is developed by Landau and Lifshitz
(1960,p.68). They showed that in.an uncharged.fluid dielectric of.

uniform.composition,..the .electric body force. per unit volume.is given

by

2 3
- 1/2Ed ( 5T )Qograd To . (12)

AT Ty
_bedjil/Zporgrad[Eo (‘3 To]

where ¢ is the electric permittivity of the fluid.

In the perturbed state at temperature T and density ¢, the

body force.per unit wlume is

E o= 1/2 pgrad [87 (2251 - 1282 () graa 1 (13)
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The permittivity of a substance is a function of deﬁsity and
témperature. If the éérturbations are small, the permittivity at
temperature T.and density p can be expressed in terms of permittivity
at thejreferenge teﬁper&ture To and'density'po by writing a Taylor

expansion. Thus,

E(D,T) = e(po’To) + '5_‘; )T O ( ) T'
2 ° 328 2
) .
12 [ S0 w2 (-a—p-a-—T—)p p o' (22 1'%
op o 0’0 oT* Po
+ higher order terms » T | (14)
Therefore, we can write
2 2 v
, 0€ 9%z e
(=)o (=) + (—5), o'+ ( ) T'
% ‘T 3p T° ap; To apai po,To
' and
3¢ 3¢ '
(<= ) = (== +(—=)_ T p' (15)
3T M o 3% Po 303T Po’To
Cbmbining (8), (12), (13) and (15), we get to first order in the
flow-induced quantities,
5 . ' 2 , 3¢ _ 2 3¢ 1
£ 1/2p grad[Eo ( 5 )To] l/2Eo (aT )pogradT
T oph 3¢ - (E P e
+ pograd[(Eo E') ( 50 )To] (E_°E") ( 5T Yo, gradT
+1/2p gradl[E 2.{( 235 ) ' ( 235— ) T'} ]
' Pod o 2 't P dT ’p ,T
ap o o' o
-1/2 E 2[ ( *3-2—6') T' + (-3—25—) p'lgradT (16)
0 8T2 po 3paT po,TO o
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" Chandra (1969) showed that for a fluid‘diglectryc of moderaté
dielectric cons#ant, the flow-induced changes in the electric field
caﬁlbe neglected; The order of magnitude of the second deﬁsity and
'temperature coefficients of ﬁermi;tivity for fluids is very small
and can also be .taken to be..zero. . Thus,“the;electric-buoyancy force

:per unit volume can-be written as.

2 ‘ o€ 2 E 2 o€ '
f' = v 2= - -0 2= Ct
S f‘ 1/2 p' ( 5 )T grad E, 3 ( o )p grad T _ (17)

‘with p' = = opT' . o (18)
¢ denoting the coefficient of thermal expansion;
The eqhation (17) is quite general and can be applied to a
N fluid dielectricubf.any.shapem.AUsing.eqﬁation.(6), the electric
buoyancy force per unit.mass .for the.cylindricél case under consider-

ation can be written as

2. ~

o
£ v 3 o1, % 1
Cm— @ —2 e TN — =« 1/2 =—( =) =+ == gradl']
5 1, z[a( ap')T r3, P T 2
(1n ==] ‘
' 1 (19)

where T is the unit radius vector.

Haviﬂg foundian expression for the electric buoyancy force
per. unit mass, the linearized perturbation.equations can be written
'és follows: .

© (1) :momentum

. . X ‘ ’ 2

i , U v e
R S - 2, _ Xy, __ O " e I
Yyt ar(p ) + v (VU 7 )+ — [a( % )p 3
. o T 2.2 .

(In =37 _
_ 1
. 1 3¢ 1 57T :
= N2 5= (g, 7% ]l - (20)
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oU U -
) 2 .
3" VIV -] ~ | 2D
r .
2
au . A
3 ! 2 - 1,5 1 oT"'
e (vt -1 1 2 (F) S 5o (22)
- o . _ ' 2,2 _ r
( In =5’
o 1
(ii) continuity
U U_ U .
ar + ;_'+ oz =0 ' v (23)
(iii) energy
R G U (24)
t r, T : =
lnr—- '
1
where Vz has the meaning
2 a2 _
2o 13 3 o (25)
2 r ot 2
ar! o0z

and v and x are the kinematic viscosity and the thermal diffusivity
of the fluid.
By analysing the disturbance into normal modes, the solutions

of equations (20)-(24) are to be found in the form

Ur = eth(r) coskz, T! = eptO(r) coskz,
Uy = ePY(r) coskz, p' = ePta(r) coskz, (26)
; .
o
Uz = eptW(r) coskz.

where k is the wave number of the disturbance in the axial direction
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and p is a constant which may be complex. For solutions of the

form (26), equations. (20)-(25) reduce to

2
Y
2 Yo o By @ 1 %, 1 30,_
VOD,-p/U + —2— [w( )y 5 - 5 (570, 35 1= D @)
2 T T
(In ';*)
1
? .
(DD, - k° - p/VIV = 0, (28)
2 1 o e k0 _ _
v(D,D-k -p/VIW + % - ( 5T )p > = kQ, (29)
2.2 e
(1n )
1
DU = -kW, (30)
T.-T
(D*D—kz—p/K)O S i H—, (31)
5y T
kln P
1
and v° = D,D-k%, (32)
where D = 4 (33)
dr
=4 1.
and D, = e (34)
For the case when p=0 the solution of equation (28) is
V = AT (kr) + BK_(kr) (35)
where Io and KO are modified Bessel functions of zeroth order.
Substituting the boundary conditions that on rigid boundaries V=0,
we get
A=B=20
. Hence, V = 0. (36)

This shows that for the form of assumed solutions, there cannot
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belany.veloCity perturbation along 6. Thus, the basic flow is in-
the form of ring vortices.

Eliminating'w between equations (29) and (30), we get.
’ 2
5 v

| '. _,__ " 1 o e " ko _ S
(D D~k p/v)D U+ = % 5, , (37 )p 2 = -kQ (37)
L (ln ;f‘) .

1 s
Substituting the above expression for.( in equation (27),

we get after some.simplifying steps

2
v 12
o k= 3¢ 1, % o
o [o ( ) 5 ( 37 )p] 3 (38)
(in —‘) T

(pn*-kz-p/v)(nn*;kzju =

For fluids of uniform composition, the permittivity may be.

regarded as a function.of. .the .state.variables alone'apd we may write.

1 , 3¢ o€ 1 3¢
o (ar 0 m8lg 0 =5 (op)y - €D
‘Thus;; .equation .(38). reduces to
2 .
v .2
2.,y 2000 = o) k™, 3¢ o
(DD, -k “-p/VI(DD KU = = —2— S (42 3 (40)
. 2.2 r
(In ;—9
: 1
Equation. (40) must be solved together with
_ . T.~-T
(0 D-k?-p/iye = - —2—2 . L (41)
2.
kln T
1
Equations. (40) and (41) are the marginal stability equations, the
solution of which must be found under the boundary'conditions‘
U=D0=0=0 : ' o (42)

at -r=r. and re=r_. -
1 2
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Dimensionless parameters to describe solutions in general
form may be obtained by non-dimensionalizing the equations in a

suitable manner. A convenient. set. of non-dimensional variables is.

_ITh
5 d

o= 24 -
N (43)
a = kd
4a_
31

where the cavity gap r_ -

P is written as d. The equations (40)

through (42) become

DD, -a2 2, o &l 13, e (44)
(DD, ~a"~0) (DD, ~a")U = - (1n fZJZ rl3 Vp 3T “p (1+AC)3
1
T,-T 2
2 e 1 2 4 U
(D,D-a"~P0)®© Ty, T (i) ° (45)
Kln'-r--"
1
U=DU=0=0 at { =.0 and 1. (46)
D and D, now have the following meaning
4
D= 3 > 47)
_ d A
D* d§+m’ (48)

and P'(a f-) is the Prandtl anumber:
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It is convenient to make the transformation

KY r
‘."'_1“_2' 1n;29+@, (49)
(T,-T,)d 1

where @ now has the dimensions of velocity.
The marginal stability equations become
2
(DD, -a°~0) (DD,-a?)U = -Ra® —O& (50)

o)

2 v
and (D D-a"~Po)0O = Tt | (51)

R may be interpreted as the electrical Rayleigh number.

4
og Bd
Rs ——m (52)
VK
where v 2 .
-9 1 (3¢
g =" T " ( 5T )p . (53)
- e 3 2.2
T (In —)
o

can be regarded as an electrically derived gravity at the surface of

the inner cylinder and

=, (54)

is the temperature gradient at the inner cylinder surface.

| Clearly, the electrical gravity, 8> is a strong function

- . of . radius .and .varies inversely as the cube of radius.
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Table 1
The electrical body force at the inner and outer cylinders.

for a given voltage across the gap.

r, = 1711 x 10 ’m e, =.8.854 x 107 farads/m
r, = 1.903 x 102 . p =937.7 kg/m°
. _3 o .
a 1.08 x 10 ~ cefec/’c o %__( ) = 3.72 x 10 3/oc
. T € '
[0
VOLTAGE ACROSS ... .. ._(”Electricalvgravigy ) :( Electrical gravity )
CYLINDERS "~ ...". Earth's gravity Earth's gravity
kv(rms) ‘ ‘at r=r ' at r=r
: 1 2
2 ... .0.2343 , 0.1703
4 . .. . 0.9372 0.6812
6 ‘ 2.1087 : 1.5327
8 .. 3.7488, 2.7248
10 ... 5.8575 4.2574
12 | , . 8.4348 6.1307

In Table 1, the values of electrical gravity compared to
earth's gravity are shown.bothiét~the surface of the inner
cylinder and that of‘outer.cy‘linder° At 8.0 kv rms woltapge diffevence
.betweenhthe cylinders, theﬁaﬁerage electric gravity is three times
that»of‘the earth's gra§ity,g Above this voltage difference, it
rises even more_sharply.

.The form of the equations. (50) and.(51) and the boundary conditions (46)

‘shows. that,..in the marginal state (i.e. when 0=0), for a given value
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of a, the dimensionless parameters whose values are sufficient to

determine uniquely the distribution of U and O are the electrical

Rayleigh number R and the gap to inner radius ratio A.

2.3 The Exchange .of Stabilities

In general O is a complex .quantity and is a function of the
physical quantities involved and of the parameters characterizing
the particular- pattern.of. the disturbance.. If R1l(o) is positive,
the.disturbance increases, .but if it.is .negative, .the disturbance"
dies away.. In a.set of possible.disturbances, the mode for which
Rl(o)is. a.maximum.will. be .the first to appear beyond stability. When
the R1{c) is just equal to zero, the limiting condition of stability
will. be realized. . It.ils important to know.if .the Im(c) is zero
when:the R1{0)is. . If .Im(c)..is not.zero,.the.disturbance manifests
itself .in. the. form of. a wave.motion. and the .system is said to be
overstable. -When Im(oc) is zero if the Rl(c) is zero, we say that
the_principle.of“exchange_of,stabilities is valid. Since the
.vanishing:.of o. means.that all time variations disappear, this limiting
condition. represents .a.steady..state in which theidisturbénCe just
-maintains itself.
mTo,considerhfhe,priﬁciple.of exchange of stabilities for
.the. problem. in hand,. it is.slightly more convenient. to write the

‘non-dimensionalized.form of equations. (40)-(42). with respect to
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Tys the radius of fhe outer cylinder. Then, we have

2 2. 2.0
(DD*—al -01)(DD*_31 U = Rlal r3 (55)
2 _ U
(D,D~a, “~Po)0 = — (56)
and U=DU =0 =0 atr=n and l. 57
=4 =4 1
where D = i D, =-5s+7 > (58)
ar,
a; = kr2 =3 (59)
e r 2R 20
%1% VTR 2 (60)
d
T
R =% and  n-—= . (61)
| A 2
Multiplying equation (55) by rU* (the star superscripts
represent complex conjugates) and integrating in the interval
r=r7 and r = 1, we get
1 2 2 2 ¢l o
% -a_ ‘- - = - = y%
Sn rU (DD* a; cl)(DD* a; YU dr Rlal In r2 U* dr (62)

Since U and its derivative vanish at the boundaries, the
left hand side of equation (62) can be shown to be positive definite

(Chandrasekhar, 1961, p297). Thus

[l' rU*(DD*—alz—ol)(DD*—alz)U dr
n

1 . 18
- I r| (0p,-a, >y u] %ar + clI e189 %+ &+ a?0]u)?) ar (63)
T n
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. Substituting for U* from equation..(56) in the right hand side

of equation (62), we get

1 S] 1 S} 2
3 — % = . —_ : - * *
!ﬂ 7 Ukdr ln ~ (D,D-a, “~Bc*)O*dr (64)
_l__l_z_
1 0 2 1 0
= = %dr — %
jn " D,DO*dr (a1 +Po*) Jﬂ. . dr (65)

Again making use of the boundary conditions on © and integrating by

parts, we.can easily show that

0 2 o
12 D,Do*dr = - l L |DO|2dr + 1 =0 DO*dr (66)
' r ¥ n T n rz

Combining equations (62), (63), (65, and (66), we get

ol. + 1, =

2 .
1YL = Ral

(a12+Po*)13 + I, + 15] 67)

4

where

1 el 2 1 2 2
11 = ‘Iri [rlLU| + (—r—+ a r)|U| ] dr (68)

I, = St r| (DD*—aZ)U|2dr (69)
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1
I, = 1
3 Jn v-;!@fdr (70)
I, = ]1 L1po|2ar (71)

Ancor

and

I, = -2 Il 0 Do*dr (72)
no 2 -

I, and I, are positive definite while

The integrals Il’ 12, 3 4

’ 15_15 complex. Equating the imaginary parts of equation 67), we
obtain.

In(0) [il + Rja %P1,] - klalzim(ls) . C(73)
ﬁgﬁd:nd gegeral:conclusions:fégarding.theJStability of flow can be
"drawn from this equation. The validity of the exchange of stabilities
cannot:bé rigorously, proved for this problem.

In .the next.section, it is shown that, for a narrow gap,
the stability equations reduce to the. form of the Rayleigh-Bénard
case.. The principle of the exchange of stabilities for the Rayleigh-
Bénard forﬁ.of equations has been proved elsewhere (Chandrasekhar,
chapter 1I).. .In.chapter III, the experiments on electric body
force.sinduced convection are described and they show that the instability
appears o set iu as a ztaitiousry copvaciive ficw. Without attempting
.;aﬂtheoretical justification of the principle of exchange of

stabilities, we shall assume its validity to obtain the numerical

solution. of the eigen-~value problem.
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2.4 ‘The equations. for the case of a.narrow gap.

If the gap r ~r1(£&) between the cylinders is small compared

2

.to their mean radius ri+r2(=ro),D* can be simply replaced by D,
(Chandrasekhar 1961, p 402). In this scheme of approximationm,

equations (40) and (41), become

2 . eV 2.2 .
(0%-a°-0) (D%-a2)u'= - -7 © ad” ( Bc., O
D-a _ e S =) ,
. r, , v T 'p, 3
(In =17 . °
' 1
2 2 (-t ya?
and. (D"-a"~Po)O = - 12 U
‘ . r r
Kln —
where g = ‘1, k =~§', p/v = EE
d ' d

The boundary conditions (42) are

Uz=zDU =0 =0 at z=0 and 1

By making the traﬂsgormatien
;:f(Tl-TZ)d
T

Kt In —

CEEE

U U

equations (74) and (75) become
(0%-a%-0) (0%-a%)u = -Ro
(0%~a®-po)o = U

.where 4
ageBd

R =
VK

(74)

(75)

(76)

an

(78)

(79)

(80)

(81)
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&q and B are now defined at the mean radius r and have the following

‘meaning 2
Vo 1, s
8 =" T 1. oalamp (82)
3 .. 72,2
r (ln;—)
1
T.-T
and g = 1 i (83)
r, In ;Z
1

Equations (79) and (80) are the same as for Rayleigh-Bénard
instability (Chandrasekhar, chapter 2). The principle of exchange
of stabilities for this case holds and the instability occurs at a
Rayleigh number 1707.762 corresponding to a = 3.117.

This analysis serves to show that the principle of exchange
of stabilities is.valid in the small gap approximation. However, it
ignores the curvature effect of the cylinders and cannot be used for

any comparision with the experimental results.

2.5 The solution for a wide .gap when the. marginal state is stationary.
In the marginal state (0=0), the equations (55) and (56)

become .

22, o 2 O
(DD, - a;,")"U = -R;a, 3 (84)
2 U ’
and (b, D - a; o = T (85)
On eliminating. U between equations.(84) and (85), we obtain
l4a
VI 7V 5 2, IV 6 1 III
0"+ 0 + (5 -330)0 " - (—5+——)0
T T
2 2 4
5a 5a 7a
3 1 4 11 3 1 1 I
TG o3 )0 - (- ) °
r r T T
- a 69 = -R.a 2 (86)
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with the appropriate boundary conditions

2 .
a
_ 11 11 2 _ IIT , 211 _ 21 "1 -
0 =0 +;@ -~ a9 =0 + 20 a, o .0 =0
r
at r = f¥L and 1,
t2

(87

‘, Altérnately, we can eliminate O between equations (84) and (85).

The eigenvalue problem, then, becomes-

T 23312‘
U4 (S5~ 3a )0+ (- sl BN (ol - Ja, )U
: r 2 1 . 3 r 4 2
T . _ T T
, 2 .4 2 2
- Sa 9a . S5a.” 7a
: 3 1 1., I /3 - 1. . 1. 2°u
A U -G Tt e U s Ray
T r T r r r
subject to boundary conditions
| 2a 2 2a 2
ool IV, 2 IIT 3 2, 1I1. 3 1.3 "Tr
U, = U = U -+ !'U v (rz + 2a1 )U + (r3 g r )U —(r4 e rz

Y1
at' r = _—~ and 1.
T
2
The critical values of,Rl and al were, found by solving
numerically equation (86) with boundary conditions (87).

The. general sclution.of. equation (86) is

Q= Alel + A202 + A 6 + A4®4 + A 95 +A6®6, where‘Al,Az.aaA6 are
'constan_ts° The condition that these solutions 01,02 .96 form a

fundamental set is that their Wronskian is not zero. There is an

(88)

(89)
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infinite number of possible sets of solutions. One simple set can be
found by choosing Ol(r) such that

_ I _ I1 - PN _
Ol(rl/rz) T 1, @1 (rl/rz) = Ol (rl/rz) ....—Ol (rllrz) = 0 (90)

and defining en(r) where n = 2,3...6 as that solution thcH:Satisfies

the initial conditions
] :-l(r) =0 1ifm#n, m=1,2...6 ' _ (91)
c) :—l(r) = 1 ifm=n;,m=1,2...6 ' (92)

Then Ol(r), Oz(r),,, 96(r) form a fundamental set and the value

r .
of their Wronskiah at' r = ;l-is unity (Ince, 1956 ;p 119).
, 9 -
For a given value of a, and.iR1 the solutions Ol(x), Qﬁ(r),.yeé(r),

with: the initial c¢onditioens (903—(92),wefe'found.nqﬁericaliyiﬁf
the method, of Runge-Kutta by breaking the sixth order differential
equation (86) into six simultaneous first order equations

¢Ford, 1955, chapter 6) by .writing

ol = @
ol =
olII _
oV .y
o -1
and ‘
nd 2 2
l4a 5a,"
T, 7 . 5 a2 6 1 S ST
L+ L+ (F5-3a K- G+ —5)1+ Gg-—+ 3::_,1l H
r r r r
A .
3 5a1 7al ‘ a_2 6
(Fe - —— - )G + (R.°1 2 %0 =0 (93)
5 3 I |
r r r 4
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Knowing @1(r), Oz(r) eoe @6(r) and thus 0, the boundary
conditions (87) were substituted to give a set of six linear
homogeneous equations (three at the inner boundary and three at
the outer boundary). The condition that they have a non-trivial

solution is that the determinant

DET =, a a a

11 %12 %13 @ a

14 215 @

16 = f(al,Rl) = 0

81

%31

3,1
351

| %61 22

84 seneeren C (94)

Twheré alj (3 = 1...6) are the coefficients of Ajuin the first

equation; aZj are coefficients ofﬂAj in‘the“sécond“equatibn and
so om.

For a givem.value of.alausq@ehvalue of R, will cause the

1

. determinant to vanish.‘.TbAfind that value, determinant (94)

1 till the determinant

' changed sign.. Knowing.positive and negativé.values of  the

was calculated .for increasing valugs of R

determinant. corresponding to two values af'Ri@ a }inear interpolation

scheme'(régula falsi method, Mathews and Walker, 1964, p339) was used
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to iterate and find R, for which the determinant wanished. Rl’ in

1
general, converged to.a finite value (to eight significant figures)
within six iterations. For these values of a; and Rl’ the value

of the determinant was less than 10'_12 and was considered adequate.

Knowing a, and Rl’ the .corresponding values of a and R were found

1
by making use .of equations (59) and (61). The results of these
computations are shown.in figure 2.

The solution of interest is the minimum value of R for
which f(a,R) .= 0. Quadratic iteration was used here to find the
value of a for which R is minimum. The methoé.has been ‘described
by McFadden(1969). . The critical values of Rc and a, found numerically
are

Rc = 2119.346.;. . . a, = 3.117
using the values

.= 1.711 cms.; = 1,903 cms.

ry r,
for the radii of the cylinders.

- These values were also calculated by solving the sixth-
order equation in U and were found to . .agree within three decimal
places (seven significant figures).

Figure 3 shows the profile.of the velocity distribution
corresponding to.Rc and ac...Figure 4 shows the temperature

distribution. The stream lines-at the onset.of instability are.

shown. in figure 5.
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CHAPTER III

EXPERIMENTAL ARRANGEMENT AND RESULTS

3.1 Introduction

Chandra(1969) has described the cylindrical experimental

" arrangement in detail. He also presented some preliminary results
" on electrical body force drivén convection. Although the heat
trinsfer"measuremenfs clearly indicated the change from conduction
" to convection fegime, the measured Nusselt number (ratio of total
heat transfer to heaﬁ transfer by conduction alone) in the conduction
'regime.wés found tovbe_lo-lsi less than 1t§ value of unity. No
" definite explanation for this discrepancy could be given. However,

it w#s suspected that the discrepancy arose partly due to the heat
1093e§'from th§ ends of the heaﬁing coil and partly due to the errors
in the inference of the temperature of.the outer cylinder. The outer
- cylinder was cooled by transformer oil kept at a constant temperature
by circulating it through,an'e#ternal thermostatic bath. The |
temperatures. at the inlet and outlet points (figure 6, 11 and 12)
~ to the thermal flask were measured and their mean was taken to be
the. temperature of'the.outer cylindef. ﬂowever, for -a short contact
time of flowing ;iquid at a temperature lower than that of the solid
”wéllg.the'fluidutemperature changes appreciably only in. the immediate

iiicinity oflthe wall (Bird, Stewart and Lightfoot, 1966, p349). Away

BN
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from the wall, there is hardly any change in fluid temperature even
when there is increésed heat transfer between the gylinders.

It was therefore, felt necessary to do the experiments
again to be able to compare experimental results with theoretical
values. In.these expefiments, the heating coil was placed much
closer to the wall of the inmer cylinder to minimjze heat loss
from the ends and to assure radial heat .transfer, However, heat
transfer and temperature measurements showed that this could not
account. for. the observed discrepancy.

Next, temperature of the outer cylinder was measured at
zero applied potential independent of. the inlet and outlet temperatures.
The true temperatuierf the outer cylinder was found to be different
from the mean. A.linear relation was obtained between the mean
of the inlet and outlet temperatures and the true temperature of the
outer cylinder. This was dope only when there was no potential
difference. across the cavity. When the outer cylinder was at a high
voltage, 1ts temperature could not be.measured directly. However,
from the linear relationship, the temperature of the outer cylinder
was found indirectly under the assumption that the flow and temperature
distribution in.the thermal flask are not altered by the high
voltage. The Nusselt number now gave a value of unity in the

conduction regime.
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3.2 Experimental Arrangement

The apparatus, detailed in.figure 6, consisted of two
coaxial cylinders (1 and 2) of stainless steel. The cylinders
were polished to a mirror finish to avoid any sharp points which-
might cause electric breakdown at high voltages.

The inner cylinder (2) was.constructed in two pértso‘ The:
central part was made.from brass tubing in which holes at 8, 9
and 10 were drilled to accept thermistors. A tight fitting
stainless steel tubing was then forced over the brass tubing. End
pieces were machined from stainless steel and fitted to the central
part with inside corners at the lines of contact to prevent the
occurrence of corona. The heating coil. (7), made of a close wound
30 S.W.G. diamel coated'Mancoloy 10' wire on a. fibreglass rod,
was a close. fit inside the inner cylinder. After installing
calibrated thermistors in the receptacles at .8, 9 and 10, the.
heating coil was centered. and the remaining space inside the inner.
cylinder was filled_with-thermal epoxy and allowed to set. Besides
the end points, the heating coil was also tapped at two intermediate
points directly opposite the thermistors at 8 and 10. The leads for
the thermistors and the heating coil were brought out the top of.
the cylinders.

The .inner cylinder was located coaxially inside the outer
cylinder (1) by means of plexiglass centering devices at each end.
The locations . of the centering devices were well beyond the measure-
ment length between: the points 8 and 10. The outer cylinder was.

equipped with toroidal terminations to prevent the occurrence of
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corona. Table 2 summarizes the important dimensions of the completed

cell.
Table 2

Cell Dimensions.

Radius of the ,inner cylinder
Inner radius = 1.455 0.002 cms.
Outer radius = 1.711 + 0.002 cms.

I+

Radius of the .outer cylinder
Inner radius = 1.903 0.002 cms.
Outer radius = 2.114 %+ 0.002 cms.

H

Length of the measurement section between the points 8 and 10
L = 8.25 + 0.02 cms.

The assembled apparatus was set in a double walled thermal-
flask (5) filled with transformer.oil. This o0il was circulated
through an external thermostat, thus enabling the temperature of
the outer cylinder to be maintained constant. The temperature in
the thermal flask could be controlled to +0.02°C.

The present.setup didnot.allow to.observe fluid motions
visually.. The onset of thermal convection was detected by making
heat transfer and temperature measurements.

The Heating Circuit: The control circuit for the heating coil is

shown in figure 7. As already mentioned, the heater was a three
sectioned heating element. Currents in the three sections were

adjusted by means of the rheostats R, and R, until the thermistors

1 2

at 8, 9 and 10 gave the same. temperature reading (control to

about 0.01°C was found feasible) to ensure uniformity.of.temperature
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T1 on the surface .of .the inner cylinder. At equilibrium the

heat transfer occurring in. the.section.between the points 8 and
10 was taken to be .equal .to the dissipation of electrical energy

in the central section of the coil. The ammeters I1 and 12 and"

the voltmeter V1 were all of 1% accuracy (made by Weston, Model 81).

The current for the heating element was.drawn from a direct.
current.. (Hewlett Packard, model 6290A) power ‘supply. The power
input in the central .section .of the .coil.is. given by

(i, - iz) vy watts

1

The Thermistors: The glass coated thermistors of .043 in. diameter

had a nominal resistance of 50,000 * 20% ohms at 25°C and a
dissipation.constant in air of 0.7 milliwatts per °C. All
thermistors.were .calibrated before use. .The. calibration was per-
formed.againstaa.NEP;L.“calibrated.platinum resistance thermometer.
The.calibration points were recorded over a 15-28°C interval.
The results were analyzed.by the.method .of least squares for fit
v.to.. the..orthogonal. polynomials for the function
InR = A+ B/T + C/TZ’

where.R.is..the.resistance.of the thermistor at temperature T°C
and..A," B:.and.C. are .the. constants.of .the .cubic equation.

- .Thenresults.ofuéalibration and the difference between the
caiibrationwresistance.and‘the“computed resistance, are listed in

tables. 3 and. 4 .(Appendix 1).
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The resistance of the thermistors was read with a direct

reading bridge specially designed for this purpose (figure 8).

The High Voltage Supply: In all experiments, the inner cylinder

wés.grounded and the outer cylinder was kept at a high alternating
voltage. The 60 Hz high voltage was supplied from a step-up |
transformer made by the Universal Voltronics Corporation. A
voltage stabilizer was inserted between the. mains apd the input to
the transformer. This eliminated the fluctuations of.the power'
line and gave a constant output voltage.

A high accuracy (1%) electrostatic voltmeter was used to

measure the applied potential difference between the cylinders,

The  Dielectric Liquid: The dielectric liquid for these experiments

was DC200 electrical grade silicone oil (supplied by Dow.Corning)
whose physical.properties. are. listed in table 5. The silicone o0il
was selected because it has a high electric strength and is.

available commercially in any desired viscosity grade. The dynamic:
viscosity and the. dielectric constant of the oil as a function of
‘temperature were measured using a falling ball viscometer and a
standard capacitive cell respectively. In figure 9, the kinematic
viscosity of the oil is plotted as a function of temperature.

Figure 10 shows the variation of dielectric constant with temperéture.
Other properties listed in table 5 are taken from Dow Corning

Bulletin 05-213 of July 1968.
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Table 5

Physical Properties of Silicone 01il*

Density,. p=.0.9377 gm. cm_3
Coefficient of volume expansion, o= l,08xlO_3 OC—1
Thermal coanductivity, x = 3°2x10—4 cal. cm-l secflioc—l

Specific heat, Cp= 0.43 cal. gm,*l oc—l

Dielectric constant, Ke=A2.64_

Kinematic viscosity, v = 12,225 cm2 secfl

*All properties are given at 23%%.

3.3 Experimental Procedure:

The cylindrical annulus, previously cleaned, was filled
with degassed electric grade silicone oil. The cavity was. further
connected to a vacuum pump to remove any tiny bubbles sticking to
the walls of the cylinders. Having made all electrical connections,
the external thermostat was switched on.. In-all experiments, the
temperature of the outer c¢ylindern, T2, was kept lower than the
temperature of the inner cylinder, Tlo

An initial run, to correlate the temperature of the outer
cylinder, T2, with the mean of the inlet and outlet temperatures,
was done without. any high voltage across ;he cylinders. For this,
two thermistors were attached to the wall of the duter cylinder.

The inner cylinder was heated and when the conditions became stable,

the temperatures at points 8, 9 and 10 (figure 6) were measured.

The currents in the three sections of the heating coil were adjusted
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with rheostats R, and R2 (figure 7) until all the temperature.

1
readings on the surface of the inner cylinder were within 0.01°cC.
The temperature of the outer cylinder .and that of the inlet and
outlet points.were all noted. After 10 minutes, all temperatures
were measured again and if.there was.no change then tﬁe readings
were accepted.  ‘The procedure was repeated for several values of
heat. transfer. rate across the.:cavity.. It was found that the actual
temperature of the outer cylinder less the mean temperature read
by the inlet and outlet . .thermistors (1l and.1l2 in. figure 6) is
linear.in the heat transfer.rate.between the;cylinders.as shown

-in figure 1l.

ol . When the. heat: transfer. and. temperature measurements were done

. with :the-outer cylinder. at a high alternating potential, it was not.
_possiblewto.measu;e.its.tempe:ature. Since the flow and heat

‘transfer .in: the..circulated .transformer oil filling the thermal flask

i;areﬂlikely_to*bei@a;gely“unaffectedmby“the"potential.of the outer
'cylinder,uitkwasggssumed.that.thishis4precisely so.  Knowing the

;:heatAtransferhrazghand;the\mean;of“inlet—outletmtemperatures, the
.nplothshownminwfigure,ll.providedﬂanwindirectwmeansrof-obtgining the

“temperature. of..the outer cylinder.

..The experiments.were run for.the .following values of potential

".difference across.the gap.

0 kv rms,. 4.06 kv rms, 6.00 kv rms, .6:92 kv rms, .7.91 kv rms, 9.63 kv rms,

‘x10¢15akvﬂrms,“10.80‘kv Tms.
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All the observed data is tabulated in. tables 6-13- (Appendix II).:

3.4 Errors and corrections.

The ammeters I. and I

1 .and the voltmeter Vl (figure 7)

2
were calibrated .against a laboratory standard of 0.1% accuracy. The
results of calibration .are .shown in figures: 12-14. All values of
currents and voltages.were,reduced‘using these graphs.  The corrected
values Of'il? i2 and vy and the average temperatures of the inner

and outer cylinders .are tabulated in tables..1l4 through 21 (Appendix III).

: “Exrrors..due..te. self heating.of“the”thermistors:,wThe thermistors were

specified to. have a. dissipation. constant .in.air. of 0.7 milliwatt per °C.
Acqordingly;.aqpower,ofJ0m7“milliwatt in..the .thermistor will

change its: temperature by.1°C which.will in turn change its resistance.
by about 5%. This is .referred to as.a self-heating error. It

‘can ‘be reduced by..properly .selecting the bridge voltage.

wlws cw.. The:self-heat effect.was.restricted. to less than the 0.01°C

: allowable4precisionwu.Taking.amneasonableuamount:ef error due to

. .selfrheating. to.be.50%..0f .allowable precision or 0.005°C, the max-

-dmum. power..allowed. through. the. thermistor. is.0..7 .x 0.005 = 3.5 x 10_6 watts.
Taking an average value for the resistance of the thermistor

to be 50,0000, we get for the voltage across the thermistor a

value 3°5x10_6x50x103 or 0.42 volts, We can, therefore, use a maximum

of 0.84 volts across the bridge.
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A bridge voltage of 0.5 volts was used for the resistance-
measurements which reduced the error due to self-heating far below
the required precision,

Error due to finite thickness.of walls .of the cylinders: The temperature

“of the inner cylinder was measured by :the thermistors mounted on

the inner wall. The temperatures of the. outer cylinder were.those

at the ‘outer surface. .For any true‘calculation,of conductive heat.
.transfer through the liquid, it is .essential to: correct for the finite
wall thicknesses.. The thicknesses of the walls were sufficiently
small that it was estimated that the maximum error introduced is-

less than 0.5% and it was not considered necessary to make -this

correction,

. Errors dpg};ofingernal:resigtagce:of ;1,112 and V1: The sensitivity
of.the”voltmeteruvl,.was,20,0609/voltg.;The'resistancecof,the ammeters
was 0.1Q on 1A range compared to about 130 for the mid-section of the
heating coil.. Lt was, therefaore, found unnecessary to do any corrections

--:for..the. internal resistance. of the meters.

3.5 Experimental Results.

: - Experimental results. in the form. of :the temperature difference
o betweennthe'cylinderswplotted against the.heat.transfer rate in.

the central section .of the annulus are shown in figures 15 through
22 .for the range of voltages applied to the“outer.cyiinderq For.

potentials .up.:to 7.91 kv. rms, the relations are linear, indicating
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conductive heat transfer even for the maximum temperature differences
attained: For éotentials«of 9.63, 10.15 and 10.80 kv rms, distinct
breaks occur in the linear relationship indicating the onset of
convective heat transfer.

All the results are summarized in figure 23 as a plot of

the Nusselt number
) vl(il - 12) 1n(r2/r1)
4.1854 [21rxL(T1 - T2)]

Nu

against the electrical Rayleigh number, R .(equation 52, Chapter II).

In the above equation ¥ is the thermal conductivity of the fluid and

L is the length of the measurement section between the points 8

and 10 (see figure 6). The values of viscosity and dielectric constant

entering in the expression for R were taken at the mean of the

temperatures of the cylinders. The thermal conductivity depends

so slightly on the temperature that its variation with temperature

was ignored. Other constants used for the oil. are listed in Table 5.
Figure 23 shows the experimentally determined critical

electrical Rayleigh number for the onset of instability to be

RC = 2200 + 100.

3.6° Accuracy
" The accuracy of the final results for Nu and R 1s estimated

to be. +5% when all the factors are considered.
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CHAPTER IV
DISCUSSIONS AND. CONCLUSIONS

4.1 Discussion of Results

The figures 15 to 22 show the plots of the heat transfer rate
against the temperature difference between the cylinders for a range of
voltages applied to the outer cylinder. For lower voltages the plots
are linear, indicating the heat transfer is by conduction alone. Above
7-91 kv rms, however, the plots show distinct breaks which occur at
the onset of instability (Schmidt and Milverton, 1935). The electrical
buoyancy force for small voltages was not sufficient to overcome thermal
and viscous dissipation even for the maximum temperature differences
created across the gap. However, if the temperature of the inner
cylinder is raised further, we should expect appreciable convective
heat transfer even for those voltages.

The plot of the Nusselt number against the electrical Rayleigh
number is shown in figure 23. 1In.the conduction regime, the Nusselt
number is found to have a slight downward trend from the expected value
of unity. 1If there is a small temperature drop at the outer wall
contact point during the initial run with no high voltage, this could
lead to an underestimation of the temperature difference of figure 11.
Consequently, the impressed temperature difference between the cylinders
would be overestimated.. A linear increase of this contact temperature
difference with impressed temperature difference could result in a small
decrease in the Nusselt number with increasing Rayleigh number.

The value of the electrical Rayleigh number at which the onset of
instability occurs is: Rc = 2200 = 100.

The theoretically determined value of Rc is 2119.346 and compares
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well with the experimental value. The disturbances which will be mani¥

fested at marginal stability are characterized by the wave length

The value of a, for this case is same as for the Rayleigh-Bénard
convection (ac=3,ll7). In the Rayleigh-Bénard instability, the Nusselt
number is a function of the Rayleigh number only. Here, however, the
Nusselt number depends on the electrical Rayleigh number and the ratio
of the inner cylinder radius to gap width. |
4.2 Conclusions

The present investigations have demonstrated the feasibility of
constructing a laboratory model of thermal convection to simulate large
scale geophysical flows that occur under a (nearly) central gravitational
field. The marginal stability analysis of the flow was done by making
several simplifying assumptions. The general‘validity of the principle
of exchange of stabilities could not.be proved for this problem. However,
the quality of the agreement of the experimental results with the
numerically determined value (assuming the principle of exchange of
stabilities) is a strong verification of thé validity of the analysis.

In constructing laboratory models of geophysical flows, we need
to proceed to spherical geometry and rotation. We should also be
interestéd in . the actual form of the flow pattern as well as the values
of various parameters at the onset of convection. All this will require
the develépment of some new techniques, but in principle it now appears

possible.
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APPENDIX I

TABLES OF THERMISTOR CALIBRATION
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TABLE NO. 3

TABLE OF CALIBRATICN POINTS FOR THERMISTORS ON THE
INNER CYLINDER. ,

. (1) (2) 3
TEVPERATURE RESISTANCE RESISTANCE RESISTANCE

DEGREES C . OHNMS GHIMS GHMS
15,037 79612 78068 72127

- 17.714 703¢€4 £8559 £3S11
20.450 61923 60155 55802
23.1¢€6 54671 52952 4G352
25,868 © 48310 - 466¢8 43625
28.646 42118 41164 38614

DIFFERENCE BETWEEN CALIBRATEC RESISTANCE AND
COMPUTED RESISTANCE. '

1y (2) (2)
TENPERATURE RESISTANCE RESISTANCE RESISTANCE
" DEGREES C " QHMS © OHPMS CHEMS
15.C37 -0, 81 0.25 1.13
17.714 -0.88. -0.25 -1.40
20.450 0.67 -0.96 . =0.86
23.166" be 42 2.98 1.39
25.898 -7.42 -2.51 0.24
28.646 4.10 C.74 -0.36

(1) THERMI STOR AT PCINT 8 ON THE INNER CYLINDER.
(2)THERMISTOR AT POINT 9 CN THE INNER CYLINDER.
{3)THERMISTCR AT POINT 1C ON THE INNER TYLINDER.
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TABLE NO. 4

TABLE CF CALIZRATICA FCINTS FUOR INLEY AnD CuTLEY
POINT THERQMISTOLKS. ? N

: {1 {23
TEMPERATURE RESTSTANCE RESTISYANCE
CEGREES C CHm S CHMS
11.914 S GCagl 15091
13.868 ' 82165 71816
15.824 T4697 65283
17.742 EBLCA 59555
19.677 2082 54242
21 .624 56632 45466

DIFFERENCE BETWEEN CALIBRATEL RESISTANCE AND
COMPUTED RESISTANCE.

(1) | (2)
TEMPERATURE RESISTANCE RESISTANCE
DEGREES C . OHMS OHMS
11.914 1,44 1. 69
13.868 6,63 ~-5.25
15.824 =044 : 2.06
17.742 7.C¢ . 2.70
19.677 | 4,19 -0.46

21.62‘? 008/(3 —0063

(1)THERMISTUR AT PCINT 11 AT THE INLET POINT TC
THE THERMAL FLASK. ‘

(2)THERMISTGR AT FCINT 12 AT THE OQUTLET POINT TO
THE THERMAL FLASK.



C 74

APPENDIX II

TABLES OF HEAT TRANSFER MEASUREMENTS



 VOLTAGE BETWEEN THE

(1)

16434

17.58
18.02
19,49

19.29
20. €1

-20.89

21.91

22.98

- 24.13

25,45

T .26.78

27. 82

12)
16.35
17.57
18.01
18,50

19.28

20.00

20.88

21.990

22.97

24,13

25.45

26,77

27.82

{(3)

16.35

17.57

18.00

18,49

19.28

20.00
20.88

21.89

22.97

24.13

25445

26.78

27.83

(1) -TEMPERATURE QF
(2) TEMPERATURE CF
{3) TEMPERATURE CF
(4) TEMPERATURE CF
{5) TEMPERATURE CF
{6) CURRENT Il IN AMPERES.
(7)) CURRENT I2 IN AMPERES.
{8) VCLTAGE vl IN VOLTS.
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TABLE NO. -6

INNER CYL INCER
INMER CYLINCER
INMER CYLINCER AT POINT 8.

CIRCULATING OIL AT INLET POINT 11.

CIRCULAT ING OIL AT OUT

0.0 KV

CYLINDER S=
ey sy e
16;61 16.82 0.0
16,61 16,78 0.263
16.59 16.73 0.304
16,61 16.80 0.349
16.62 16.82 0.402
16.63 16.78 0.446
16,62 16,78 €.466
16.66 16.79 3.543
16.60 16.74 0.596
16.60 16,74 0.643 .
16.73 16,83 0.598
16,65 16.79 C.T49
16.64 16.80 0.787

0.108 3.98
0.118  4.45
0.132 4.95
0.133 5.48
0.154 6.02
0.162 6.55
0.177 7.05.
o.xaé' 7.58

0.201 7.97

AT POINT 10.
AT POINT 9.

LET POINT 12.
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TABLE NCG. 7

VOLTAGE BETWEEN THE CYLINDERS= 4.06KY _
(20 (1 (4 J:(S)_'f ) (- (8
U 17.88 17.89 17.88 16465 16.85 0.303 0,088 2.90
18.41 18.42 18.42 16.62 16.80 0.353 0.113 3.50
19.03 19.03 19.02 i@.eg 16.86  0.402 0.124 3.74
19.68 19.68 19.67 16,65 16.83 0.450 0.l4l 4.18
s 20.47 2047 120.47 16.71 16.89 0.502 0.160 4.65
21023 21.23 21.23 1670 1686 0.547 0.174 5.33
22,17 22.16 22.17 16.67 16.91 0.594 0.189 5.50
23.23 23.23 23.24 16.82 17.11 0.644 0.?02‘.5.96._
24,37 24.38 24.37 1679 17,66 0.706 0.220 6.50
25.51 25.51 25.49 16.74 16.92 0.750 0.236 6.95
26070 26.70 26.69 16.76 16.98 0.801 0.255 7.4l
27.83 27.82 27.82 16.76 17.01 0.845 G.268 7.8l

29.33 29.33 29.34 16.78 17.02 0.858 0.286 8.37

(1) TEMPERATURE OF INNER CYLINDER AT PCINT 10.
(2) TEMPERATURE CFf INNER CYLINLCER AT POINT 9.

(3) TEMPERATURE OF INNER CYLINDER AT PCINT 8.

(4) TEMPEIATURE OF CIRCULATING OIL AT INLET POINT 1ll.
W(5) TEMPERATURE OF CIRCULATING OIL AT QUTLET POINT 12,
(6) CURRENT I1 IN AMFERES. : .
{7) CURRENT I2 IN AMPERES.

(8) VOLTAGE V1 IN VOLTS.
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TABLE ND. 8

 .VOLfAGE'BEwaEN THE CYLINDERS=  6.00KV
RN (R T ’.“'(3):ff (41 (51 (e (75_ e
19.49 19.50 19.50 16.86 17.08 0.437 0.139 4.03
20. 44 20.45 20.45 16;80 17.02  3.496  0.156 4.61
l'.21.36: 21.37 21.37 16.87 17.15 0.552 0.174 5.13
 22.35' 22.35 22.34 16.67 17.16 0.502 0.189 5.5
23.26 23.26_ 23.25 16.89 17.21 0.649 0.204 6.02
264,30 24.29 24.30 16.89 17.19 0.701 0.218 &.54
25.54 25.55 25.53 16.84 17.12 0.763  0.243 7.04
26,78 26,79 26.77 16.85 17.12 0.801 0.253 7.45

VZ'Y.SI 27.90 27.90 '16.83 17.04 0.848 0.273 7.85

{1) TEMPERATURE QF IMNER CYLINDER AT POINT 10.

(2) TEMPERATURE CF INNER CYLINCER AT POINT 9.

(3) TEMPERATURE COF INNER CYLINDER AT PGINT 8.

(4) TEMPERATURE CF CIRCULATING OIL AT INLET PUINT 11.
(5) TEMPERATURE CF CIRCULATING OIL AT QUTLET POINT 12.
{6) CURRENT Il IN AMPERECS. - ,

A7) CURRENT I2 IN AMPERES.

{8) VCLTAGE V1 IN VOLTS.
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TABLE NO. 9

_vOLraéE BETWEEN THE CYLINDERS= 6.92KV

@2 (5)  (6) (D (8
19.C5 19.05 19.06 16.70 17.02 0.404 0.126 3.75
19,67 19.67 19.67 16.74 17.G0 0.448 0.141 4.17
20,44 20.4% 20443 16.71 17.08 0.459 0.157 4.63
21.28 21.28 21.26 16,75 17.04 0.547 0.173  5.08
22.25 22.25 22.24 16.7§‘ 17.06  0.600 0.189 5.57
23.30 23.30 23.30 16.73.16.99 0.654 0.206 6.07
24.22 24,21 24.21 16,68 16,98 0.700 0.224 6.44
25.33 25.33 25.33 16.72 16.97 0.747 0.231 6.84
26.51 26.92 26,91 16.72 16,98 0.816 0.261 7.54
28.38 28.38 28.55 16.72  16.96 0.871 0.275 8.10

129.43  29.44 26.44 16.72 16.96 0.917 0.291 8.50

(1) TEMPERATURE CF INNER CYLINDER AT POINT 10.

(2) TEMPERATURE CF INNER CYLINDER AT PCINT 9,

(3) TEMPERATULRE (OF INNER CYLINDER AT PCINT 8.

(4) TEMPLCRATURE CF CIRCULATING OIL AT INLEY POINT 1l.
(5) TEMPERATURE CF CIRCULATING OIL AT DUTLET POINT 12.
{6) CURRENT T1 IN AMPERES. ' :

(7) CURRENT I2 IN AMPERES.

(8) VOLTAGE vl IN VOLTS.
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TARLE NO. 10

VOLTAGE BETWEEN THE CYLINDERSS 7.91KV

kl)" (2) (3) 4y (5) (61 TV - (8)

19.C4 19.04 19.04 16.66 16.92 0.402»»0;125 3.72

19.75 19.75 19.75 16,67 16,89 0.452 0.139 4.23.
20,62 20.62 2061 16.70 16.86 0.509 0.155 4.78
U 21.6T 21.68 21.67 16,68 16.90 0.560 0.168 5.32

22.83 22.82 22.82 16.67 16.92 0.627 0.196 5.83
264022 24,23 24.23 16.71 16495 0.700 0.226  6.43

25.57  25.57 25.57 16.74 16.94 0.769 0.252 6.98

26,68 26.67 26.67 16469 16.92 0.828 0.279  1.44

28.30 28.30 28.30 16.64 16. 82 0.895 0.291 8.20

(1) TCMPERATURE CF INNER CYLINGER AT PCINT 10.

(2) TEMPZRATURE OF INMER CYLINDER AT POINT 9.

(3) TEMPERATURE OF INNER CYLINDCER AT POINT 8.

(4) TEMPERATURE CF CIRCULATING OIL AT INLET POINT 11.
(5) TEMPSRATURE OF CIRCULATING OIL AT CUTLET POINT 12.
(6) CURRENT Il IN AMPERES. |

(7) CURRENT [2 IN AMPERES.

(8) VOLTAGE V1 IN VCLTS.



Cad,

g eda

1)

18. 41

19.05 "

19. 74

2C.66
21.52

23.98
24,51
25.¢€9

26 .68

27.53"

28.72

29.¢€5

(z)

18.42

19.06

19,75
20.66
21.52
22.84

23.97

24,91

25.70

26.68

27.52

28.72

29.65

VOLTAGE BETWEEN THE

(3)
18. 43
19.06

19.74

20.65

21.51

22. 84

23.97

2491

25.70

26 .68

27.52

28.73

29.66

{1} TEMPERATURE CF

(2} TEMPERATULRE CF

{3) TEMPERATURE OF
(&) TEMPERATURE OF
{5} TEMPERATURE CF
{(6) CURRENT I1 IN AMPERES.
(7) CURRENT T2 IN AMPERES.
{8) VOLTAGE V1 IN VCLTS.
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TABLE

CYLINDERS= 9.

RO

16. 71
16.€9

16465

16. 59

_16;66
16. 69
16,69
16.68
16.67

16.65

16. 63

16.71

16. 71

NO. 11

(5)
16.83

16.89

16. 89
16.88
16.86
16.86
16.88
16. 81
16.85

16.51

17.01

16.85

INNER CYL INCER
INNER CYLINLCER
INNER CYLINDER AT PCINT 8. _
CIRCULATING OIL AT INLET POINT 11.
CIRCULATING OIL AT OUTLFT POINT 12.

A3KV

(6)

0.351

U.402.

0.453

0,517

0.569
'0.543
0.7C7
0.757
0.8CC
0.855

0.898

0.953

0.998

Ty
0.10R

0. 125

0.144

Ce 166

0.187

G.213

0.235
0.250
G264

C.279

0.293

C.300

0.212

AT POINT 10.
AT PCINT 9.



VOLTAGE BETWEEN THE

()
17. 74
18.35
18.92
19.70
20.55

21.21
22.12
23.01

23.83

25.57

26.43

27.39

28,47

1 20.56

21.20
22.13
23.01
23.83

24 .62

25.57

26.42

27.39

28.46

()
17.75
18-3’)

18 .92

19,71

26,42

27.39

28.47

(1) TEMPERATURE (CF

(2) TEMPERATURE 0OF
(3) TEMPERATURE GF
{4) TEMPERATURE. GF
(5) TEMPZRATURE GCF
(6) CURRENT Il IN AMPERES.
(7) CURRENT 12 IN AMPERES.

(8) VOLTAGE V1 IN

81

TABLE NO. 12

CYLINDERS= 10,15KV

(4)
16.67
16466
16 .69
16. 68

16,69

16,67
16. 70
16.65
16. 63
16.63
16. 66
16.65
16.65

16.66

(5)

16.82.

16.88

16.82

16.85

- 16.83

16.86

16.88

16.83

16.80
16.85
16.79

16. 7S

16.79

16.80

INNER CYLINCER
INNER CYLINCER
INNFR CYL INDER AT PCINT 8.
CIRCULATING DOIL AT INLET POINT 11.

CIRCULATING OIL AT CUTLET PO

VaLTS.

(6)

0.391
0.449

0.507

. 0.550

0.611

5.661

0.700

0.744

0.800

0. 851

D.911

0.950

{(7)

0.088-
0. 103

0.119

0.138

0.161

S 0.171

0.198

0.215

C.231

0. 246
0.266

6.281

0.291

AT PCINT 10.
AY PCINT 9.

INT 12.
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TABLE NC. 13

. VOLTAGE BETWEEN THE CYLINDERS= 1C. 80KV
(1) A.(z1 ,“(3) sy U5y ey UT) BNTY
17.64 17,95 17.95 16.€6 16.76 0.310 0.095 2.88°
_18;4; 18.42 18.42 16.€1 16,77 0.354 0,108 _3;39
19.09 '19.10 19.09 16.59 16.77 0.408 0.126 3.80
L 19477 19,77 19.77 16,66 16,78 0,462 0;147 4.27.
20.45 20.45 20.44 16,60 16.76 0.505 0.161 4.68
2144 21.44 21.43 16.61 16,77 0.568 0.181 5.20
22,14 22.14 22.14 16. 61 16,71 0.607 0.197 5.55
23.1C 23.10 23.10 16,61' 16.76 - 0.662 0.216  6.05
f23.83. 23.83 23.082 16.57 16.68 0.707. C.230 6.45
26,49 24,49 26.50 16.66 16.82 0.752 0.245 6.85
25.35° 25.34 25.34 16.¢6 16.78 0.792 0.251 7.34
26.10 26.10 26.10 16.65 16.77 0.830 0.257 7.75
26060 26.80 26.81 16.65 16.80. 0.869 0.267 * 8.14
A27.76  27.77 27.77T 16.€7 16,76 0.919 0.283 8.63

28,72 28.72 28472 16.62. 16.81 0.575 0.298 9.06

(1) - TEMPERATURE OF INNER CYLINDER AT PQINT 1G.
(2) TEMPERATURE CF INNER CYLINCER AT POINT 9.
(3) TEMPERATLRE CF INNER CYLINDER AT PCINT 8.
(4) TEMPERATURE OF CIRCULATING OIL AT INLET POINT 11.
(5) TEMPERATURE GF CIRCULATING. QIL AT QUTLET POINT 1l2.
(6). CURKENT I1 IN AMPERES. o L ‘ -
(7) CURRENT 12 IN AMPERES. -
- {8) VCLTAGE V1 IN VOLTS.
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. . APPENDIX III

. TABLES OF CORRECTED DATA



s
oL

(L)

16. 35

17.57
18,49 -

13.28

20.0G0

20.88
2190
22,97
264.13 .
":25.45

26,78

(2)

16.36

16.82

16.98

1717

17.48

17.75

18.06

18.45.

13.95

19.31

19.93
'20.29

20.70

84

TABLE NO 14

(3

C.0

.C.2658

0.3078
.3524
C.4048

C.4487

C.4986

0..5446

 0.5966
€C.6430

. Ce6974

C.7482

0.7860

(4)

0.0

C.C742

0.0858

0.0980

 0.1100

0.1200

0.1340

 0.1400
0.1556

0. 1638

0.1785

€.1902

0.2019

(1) MEAN TEMPERATURE DOF INNER CYLINDER.
(2) MEAN TEMPERATURE
{3) CCRRECTED Il.
(4) CORRECTED I2.

(5) CORRECTED V1.

QVOtTAGEIBETNEEN THE CYLINDERS= 0.0 KV

{5)

. 0.0

2. 611
3.03C
3,462
4.060

4,466

4,952
5.510

6.049

6.568

7.058

7.584

OF OQUTER CYLINDER.. ,



B R A

D O U O U PR A

A_‘VDLTAGE BETWEEN THE CYLINDERS=

o
17.88
-15;42
19.03
19.68

20447

21423

22.17
123,23

24.37

25.5C

126,76
- 27.82

©29.33

(2)°
16.94

17.15

17,42

17.64

17.98

18.29

18.67

19.11

- 19.94

20.32

20. 76

21.32

85

TABLE NO 15

(3)

O.3CeES8
C.3561

0.4C48

C.5947
€. 6440

C.65994 -

C.74%3
€.8CCO

C.8432

€.8952

4,06 KV
(4) {5)

£.0898  2.947
0.1150 3.540
C.1260  3.770
6.1430 . 4.199
0.1617 4,661

© 6.1755  5.330
0.1902 5.530
6.2029  5.990
0.2206  6.520
0.2365 . 6.962
0.2553  7.415
0.2684 ‘,7.812”
C.2864

 8.370

(1) MEAN TEMPERATURE OF INNER CYLINDER.
“{2) MEAN TEMPERATURE CF

(3) CORRECTED Il
. (4) CCRRECTED 12.
~.(5) CCRRECTED Vvl.:

OUTER CYLINDER,
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TABLE NC 16

VOLTAGE HETWEEN THE CYLINDERS= 6.00 KV

2 3 )
19.50  17.69  0.4393  0.1410
20,45  18.05  0.4985  C.1578
21.37  16.51  0.5534  0.1755
22.35  18.84  C.6024  0.1902
23,26 19.23 - 0.56490  0.2049

24030 . 19.65 . €.7003  0.2187
25 .54 20.03 C.7622 0.2433

26,78 = 20.44 6.7999 . 0.2533

27.9C  20.82 . 0.8463  0.2733 .

(53
4;049
4e 622

5.1560

5.610

6.048

6,559

~ 7.648

7.851 ~

{1) MEAN TEMPERATURE OF INNER CYLINDER.
{2) MEAN TEMPERATURE OF COUTER CYLINDER.

{3) CORRECTED [1.. :
(4) CCRRECTED [2. -
(5) CORRECTED V1.
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TABRLE NQ 17
VOLTAGE DETWEEN THE CYLINDERS= 6.92 KV
(1) (2) (1) (4) (%)

19.05 17.48  C.4068 0.1280  3.780

| l9.67i ‘_17.74 0.4506 -  0.1430 4. 188
20.44  18.04 | 0.5014 »0;1588_ 4.642
>,2i{28 R 18.35 Q. 5484 0.1746  5.110
C22.25. ‘18.75 0.6064  0.1902  5.600
23.30 19.08  C.4539 0.2069 6.097
24,21 19.36  0.6994 O.é246"' 6.46l>
25.33 19.81  0.7463  0.2316  6.852
26.91  20.40  C.8l42  0.2613  T.S44

28.38 21.07. 0.8684  0.2753 8,100
29.44  21.49  0.9128  0.2913  8.500

(1) MEAN TEMPERATURE OF INNER CYLINDER.
(2) MEAN TEMPERATURE OF OUTER CYLINDER.

' (3) CORRECTED I1l. |

"(4) CORRECTED I2.

{5) : CCRRECTED V1.
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cot

TARLE NO 18

VOLTAGE BETWEEN THT CYLINDERS=S 7.91 KV

(1 . 2y (3

19.04  17.43  C.4049 0.
19.75 17.69  C.4546  G.
20.62 18.93- _6.5112 0.
21067 18.43  C.5613 o
22.82  18.90  0.6271  C.
24.23 . 19.61 . .C.6996 0.
25.57  19.88 - C.7682 0.
 26.67  20.27  0.8267 o,
28.3c 20.95  C.8922  q.

t4)

1300

1410

1568

1667
1671

2246

2523.

2793

2913

()
3.747
4e 247
4.788

54350

" 5.860.

6. 590

7.445

3200

" (1) MEAN T.EMPERATURE UF INNER CYLINDER.
{2) MEAN TEMPERATURE CF GUTER CYLINCER.

(3) CORRECTED 11.
‘(4) CORRECTED I2.
{5) CCRRECTED V1.
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TABLE NO 19

| VOLTAGE GETWEEN THE CYLINDERS= 9.63 KV
S (2) (3) 14y (5)

18.42 17.20  C.3544 0.1100  3.207

.19.06v 17.45  G.4C49 0. 1270 3. 760
’_i9.73f 17.73 04557 0.1460  4.390
20066 18.02 . €.S191  0.1677 4,777
21.52  18.37 0.57C1 . 0.1883  5.210
22.84.  18.88  C.6430 0.2137  5.860
23.97 19.27  C.7C63 0.2356 6,404
26,91 19.58 . . 0.7562  0.2503  6.863

125,70 . 20.03  C.7990  0.2643 . 7.257

26,68 . 20.59  0.8530 €.2793 . 7.822
27.52  21.00  C.8952  0.2933  8.240
28.72  21.82  0.9493 0.3058 - 8.840
29.65  22.26  0.9980  0.3177  9.235

{1) MEAN TEMPERATURE OF INNER CYLINDER.
(2) MEAN TEMPERATURE OF OUTER CYL INDER.
{3) CCRRECTED Il.
- (4) CORRECTED I2.
(5) CORRECTED V1.
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"~ TABLE NO 20

BT U RN T T EY
17.75  16.93  0.2906  C.
18.35  17.17  C.3436 0.
18.92 17;39-_ C.3541 'lc.
19.71 . 17.70  0.4517  O.
20055 17.99 5093 o
21.20  18.24  C.5514  C.
f'_zé.lz 18.60 0.6116 0.
;23.01  18.88 ;  C.6610 O.
23.83  19.18  0.6994 0.
24062 - 19.57  0.7432 0.
'25.57  19.99 c.7950 . C.
'26.42 120.48 . C.8490 0.
27.39 . 21,02 €.9083 0.

28.47 21.67 0.9477 0.

{(4)
n8s8

1050

1210

1400

1628

1724
119C

2157

2316 .

2464

2643

2813 -

2913

2943

" VOLTAGE BETWEEN THE CYLINDERS= 10.15 KV

s
2.682
3.246
3.683-*
4,228
4.790
5.050
5.500
50942

6.373

» 6. 784

T.257
7.752‘
8. 283

'8.850 -

 l1) MEAN TEMPERATURE OF INNER CYLINDER.

(2) MEAN TEMPERATURE OF QUTER CYLINDER.

{3) CCRRECTED 1Il.

(4) CORRECTED I2.
(5) CORRECTED Vl.
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JABLE NO 21

<,

VOLTAGE BETWEEN THE CYLINDERS= 10.80 KV .

@ (3)  (a) . 5)

17.95 16497 63138 0.0568  2.927

le.42  17.15  0.3574  0.1100  3.240
19.09  17.40  C.41C9  0.1280  3.628 R

19.77 - 17.67  0.4647 = 0.1490 4,287

20045 17.87  €.5073  0.1628  4.690
21,44 18.26  0.5692 ;ﬁ-6.1824‘?1 5. 230
22.14  18.57 0.6074 . 0.1980  5.580
23.10  18.89 . C.6618  0.2167 - 6.079
23.83  19.18  0.7C64  C.23C6  6.472

':24.49 * 19,64 fc.7512 0.2454 j 6.863"1,

25.34 20,08 0.7910  0.2513 7. 247

26,10 . 20.50 °  0.8284 0.2573 : 7.753

26.80 20.93  C.B667  0.2573 8.140.
'27.77  21.48  0.9158  6.2833 . 8.630
28.72 2204  C.9710  0.2983  9.058

(1) MEAN TEMPERATURE OF INNER CYLINDER. -
" (2) MEAN TEMPERATURE OF OUTER CYLINDER.
~13) CCRRECTED I1.

{4) CORRECTED 2.

(5) CORRECTED V1.
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