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ABSTRACT

A theoretical basis is laid down for determining the radial

‘conductivity for electrical coils of cylindrical censtruction made

from electrical grade round copper wire covered ¥ith a thin layer of

plastic insulation, both with and without paper,interleaying-between

the windings. A novel technique ig used to give the radial

conductivity-of a coil in tke form of eguations: which ére functions

of the thermal conductance of the insulation onithe_wire, the

conductivity of the air, the maximum compressioﬁ of the insulafion under

load, the relationship between the thermzl conductance of ﬁaper and

the ‘applied load, and general dimensions, The techniogue approximztes
the lines of heat flow through the coil by a system of lines éhat

can be analysed by one-dimensional heat transfer theory.

Methods are described for determining the properties of the

. constituents of the coil that are required for the calculation of the

conductivity, and the results of experiments are given that show that

the accuracy of the.the theoretical prediction of the conductivity is
better than Z215% of that obtained by direct test upon the coil,

The aﬁalysis for the radial conductivity of non-interleaved
coils is exteﬁded to cover axial conducfivity but no experimental
verification is given. The use of th; two conductivities, axial
and radial, in obtaining the température distribution by numerical
analysis is.shown and the limitations of the'analysis is discussed.

Finally a computer programme is provided for calculating the

conductivity of paper interleaved coils,
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3
- INTRODUCTION,

Electrical coiis are used throughout the electrical industry for
producing an inductance or' a short tractive force as in transformers,
electromagnets, solenoids etce The inductive effect is produced by
passing a current through windings which are wra?ped avound a central
core. An unfortunate side effect of this is thé production of heat
within the windings which must be removed by conduction to the outer
==surface and then dissipated into the surrounding medium. A review of
design manuels, British Sfandards, text books efc., reveals that a
considerable amount of work has already been cafried out into the
mechanism involved in the transfer of heat from the surface of a coil
into the surroundings, but the techniques available for obtaining the
temperature distribution within the coil .are sevénely restricted because
of the lack of a satisfactorq method for predicting the apnarent
conductivity of the main body of the coil.. -The only technique that
gives any indication of thé temperat;re within a coil is that given in
British St;ndard 171 (1970) for testing transformer coils, The technique
-invnlves Qetermining a mean temperature in the .coil by récording-the
change in resistance of the ﬁindingé as the coil heats ﬁp. This mean
temperature only bears a léose relationship to the higheét temperature
in the windings which would depend on the geometric shape of the coilj
gxamples érom.a few text books and design manuals will illustrate the
present state of knowledge on this subjept. Advanced Electrical
Technology'by'Cotfon (1) makés no reference to the temnérature

distribution within the windings of a transformer but only refers to the

surface temnerature of those windings, M;G. Say, in his Electrical

Engineering Design Manual (2) makes comment "That the hot spot




" temperature in a coil may be estimafed if ‘the coil has a.simple
geometric shape (see Example 3-2 and 3-3). 'Thé results, however,

are not strictly reliable owing to the uncertainty of thé‘data and the
heterogeneity of the conditions; but they may be used for the purposes
of comparisbﬁ". Say's g;amples-use an average on an areg_basis of the
conductivities of all the constituents of the coil. éink:&'CaTP°1 (3)
have a single paragravh on the temperature distribution'wifhin the
windings of a ;ransformer and they give an equation T = Rt; t.I)t

where T is the tempefature droﬁ, Rt is the thermal resistance, t is the
distance\through which the heaf has to Pass, and Dn is the heat flow,

but they éive no way of determining the value of Rt' A second book

by Say, Tﬁe Performance and Design of Alternating Current Machines (4)
makes the épmment "the average windipg temperature is limited to about
100°¢C (-with\\{lot spot temperaﬁres possibly 30 to 40°C higher)";

the average ésmperature he refers to is that determined'ﬁy the.method in
BS.171. Est{hgtgs vary.as to ﬁhe'difference between the ﬁot'spot and
m;an temperature, British Standard 171 récomﬁehds mean teﬁperatures

in transformer windings 45K to 55K below tﬁe mgximum working temperature
of the insulation as given in BS. 2757 (i956). Probably one of the most
accurgte techn;ques fof obtaining the apparent thermal conductivity of the
windings of a coil i;_given by Richter im Elektrische Haschinen_(S)._
The technique'igvolves assuming a change in the geometric configuration
of the windings in order to make the calculation dhple. The technique

is dealt with in more detail in latér parts of this text.

The only heat transfer literature with any reference to coils is

that of Jakob, Heat Trénsfer Vol.1.(6) which gives mathematical analysies




for determining the temperature distribution within the coil from the
apparent conducti&ity, but the techniéue given for determining the
apparent conductivity leaves a considerable amount to be desired

and is in fact very similar to Richter's (5) teéhnique. In a number

of places Jakob (6) is inaccurate in referring to other texts and he

makes comment tﬂat Moore (7) and Richter (5) have graphical techniques
for determining the apvarent conductivity of a2 coil, Examination of \\\\
Moore's (7) book reveals no such technique, oniy an illustration of

a method of drawing the lines of heat flow through a simplified coil

and Richter (5) uses virtually the same technicque as Jakob (6).

From the above it would seem that the outlook was extremely bleak
for a coil designer. However, the empirical techniques for designing
coils tend to be self correcting as regards temperature within the
windings, i.e., once a succeésful first transformer has been designed
it will be relatively easy to scale a second without knowledge of the
iemperature distribution within the windings. This is because a
transformer coiliis designed on constant surface temnerature for which
there is an adequéte theoretical basis, Increasipg the size of a
transformer would involve increasing the heat Butput by the cube of the
linear dimensions and the surface area by the squaie-of fhe linear
dimensions, Therefore, extra surface area will be required to maintain
the same coil surface temperature as the prototype coil. This is
usually obtained by snlitting a large coil jnto-small ones which of
necessiﬁy would have a lower hot spot temperature than the large coil,

Thus a certain amount of compensation for hot spot temperature is

obtained.,

~ The transformer designer could in fact do better than he anpears




' 40 have done from the literature since it is possible to calculate

the apparent conductivity from the mean temperature of éhe coil

obtained by BS.171 test. This is unfortunately allong_a#d

complicated pfocedure (a method is suggested in Jakob (6) without

details) and will only_gpply to0, coils without a core, cpi;s with a

very 1arge core and pahcake éoils. Even so, the effecf of change

in wire size cannot be vredicted with present techniques. !Therefére'

a technique fdr obtaining the apparent conductivity of a wéund coil would -
have considerable annlication.

The conclusion is borne out by a discussion with a local
manufacturer of coils (Westool Ltd.,) They commented that it would
be of considerable value to be able to predict the temperature to which
the hot spot of a coil would rise under a given condition of current and
vbltage.

This vroject is therefore devoted: to devising'a method of
predicting, with reasonable accuracy, the apparent conductivity of a coil.
However the number of different types of coil at present in use make it
possible to covér only a small range of wire, insulations and sizes.
Therefore, for the purpose of this analyéis, the type of coils under
consideration were made from electrical grade round cooper wire with
a thin layer of plastic insulation and wound on a cylinérical former with
or without paper interleaving between the windings. Radial conductivity
was tested fully and the analysis was extended to.axial heat flow.

To derive the aoparent conductivity, a novel method is used whereby
the true lines of heat flow through the coil are approximated by lines of

heat flow that can be anﬁlysed mathematically from one dimeﬁsional heat




transfer theory, In this way an algebraic solution is obtained.
In the first chapter a theory is deve10pedjfrom which the
' apparent bonductivity of a coil may be obtained by the substitution
of various characteristics of the constituents of the coil into certain
equations.. However some of the characteristics required are not
Eavailable in reference literature. Theréfore, in the second chapter,
precise experimental methods for the determination of these
_ charécteristics are described and tested. In éhe fhird chavter the
accuracy with whfch the method will predict the apparent radial
conductivity is determined, and in the fourth chapter the technique
is exﬁended to cover axial conductivity. Pinally, in a discussion,
the general method is analysed and a comparison made between this and
the method of Jakob (6) and Richter (5).
A considerable amount of the detail of the project is left out
of the main text and put into the anpendices, This was thought
| necessary since some of the derivation of the theory is long and.
comnlicafed and not essential to the main argument. ’ Also, the
derivations. of standard equations that can be obtained from other

literature are not given,




CHAPTER 1.

DEVELOPMENT OF THEORY, .

1.1 Basic definitions,

The main theoretical basis of this thesis, excluding that involved
directly with the experimentation, is given in this chapter. Throughout
a preference is given to the use of conductance rather than the more

common conductivity, conductance being defined as follows s~

C = )
A > = —ei)
where C = conductance, '
A = the area throughiwhich the heat flows,

q = the heat flow,

-9—2- ahd—ei = the tempefatures at the ends of the body

for which the conductance is to be found,

This preference for éonductanée arose.because it was, in-the
practicallsense, simpler to obtain %he conductance of thin films such
as paper and insulation rather than.the conductivity. Also, in a number
of placeé it was necessary to define the heat_flow through non uniform
sections, in:which case, conductance was easier to use than the
-conductivity where a thickness measurement would have to be given, This
was similar to the use of conductance for film coefficients where a
thickness measurement is difficult to obtain. However, in some
seétions it was also found easier_to-dispense with the area measurement
A in the conductance and define a new term for heat transfer, vhich,for
want of 2 better name will be called the "heat rate" and will be the

product of conductance and area as defined bBelow:—

q

H = c.A = \
' _ (ﬁa "ei,)




where H = heat rate = heat flux per unit temverature
- difference.

Now in order to show how the heat rate will be used in the text,
two theorems are given below which will be referred to in later parts
of the chapter,

Theorem 1.

"The overall hgat rate for any number of bodies in parallel with
the same end temperatures is the sum of the individual heat;rates
for each body, provided there is no heat transfer between ;he.bodies" .
" This can be shown to be true by consideiiné two bodies as shown
in Pig. l.1. The figure shows two bodies in parallel with perfect
insu}ation between, fo stop heat transfer from one body to the other,
" The ends of the bodies are immersed in a perfect conductor, the top

at a temperature-ei. the bottom 2t a temperature of-eb

Therefore the heat transfer through Body 1 will be:
The heat transfer through Body 2 will be:
and the total hezt transfer will be:
qt = ql + q2
which makes the overall heat rate:

Hy = 9, ) = H +H,
(e, -5;) (e, - 5y)

thus verifying Theorem 1.
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Theorem 2. _ _ ' N

"The reciprocal of the heat rate for any number of ﬁodies ih
series is the sum of the reciproéals of tﬁe heat rates for the
"individual bodies." |

This can be shown to be true by considering Fig 1.2 which shous
two bo&ies in: series surrounded by thermal insulation and”wéth -the free
surfaces at either end at temperafures of-Oi and-GE-resbgctively.
Putting the overall heat transfer equal to qa and'the overail heat

rate equal to'H% and the temverature at the interface equal to-ﬁi then:-

H, - 9 - (1.1)

H = Q4 ‘ (1.2)

H = qt ' ' ’ . (1.3)

b3

o, -0 = 2 + %
R A
' 2 1

Which may be extended by insvection to any number of bodies,
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thus verifying the theorenm.

-It is worth noting that the heat rate for a body is a property of
that body and is independent of temperatures within, or heat flow

through, that body. : _ |

i.2 Preliminary theory.

.Jakob (6) shows how the radial temperature distributions within a
céil can be calculated from the co#ductivity of that coil. However,
no reference could be found which verified that the conductivity of

‘& ©co0ll was coﬁstant. Therefore, it was thought necessary to verify
this, and in order.to cover the exverimental work, this preliminary
theory was taken from Jakob (6).

Consider first the coil is a homogeneous thick walled cylinder
with the ends covered by a perfect insulator;. If a heater is placed
in the core and the heat allowed to leave the outer surface of the_
cylinder, then after time t = |
distribution will be given by the equation:-

g .loger = =g 4+ C (1:4)
2 L.k

vhere C is an arbitrary constant.

Tﬁus, the temperaturé, as would be expected, will fall with increasing
radius, and since there will be no heat transfer from the ends of tie cylinder,
there will be a constant temverature distfibution longitudinally. If it was
required to obtain the conductivity of the material of the cylindef, this could
be done by taking readings of the heat input at the heater, temperature at

the heater and temnerature at the outside surface. Substituting these

|
|
|
i
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readings and the physical dimensions of the coil into Eg.1.4 would give
the conductivity (k) of the éylinder. Now if the'samé cylinder wére
heated so that the heat was generated fhroughout the body of the cylinder
and the rate of heat generéfion was a linear function of temperature,

then from Jakob (6) the temperature distribution would be given by the

equation:-
= - ] . 3 . .
& % + CT (r/%) + Cpu¥ (r%) _ (1.5)
J, = Bessel function ( first kind; order zero )
Y = Bessel function ( second kind; order zero )
k = conductivity
* = radius
€ = temperature

and heat generation = (= + PQJ

;

which could be solved by substituiing for k plus the other pé;ameters. (Qﬁ
It.will be shown in Chapters 2 and 3 thaf fhe conductivities of
£he typé of coils tesied are constant and that the apparent conductivity
can be used to.predict the température distribution in the coil when
heat is flowing through the windings. The equation used for this would

bYe Eq., 1.5 since the electrical resistance of the windings will change

with temperature such that the heat generation is equal to o + RO

1.3 An‘annroximate method for calculating the conductivity

of non~interleaved coils, -

In order to obtain the avparent conductivity of a coil (from now

on called 'the conductivity') it is necessary to assume a configuration
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for the windings within - the coil. PFor the purpose of the approximate
method it is assumed that a cross section through the windings is as
shown in Fig. 1.3 i.e., the windings'are lying on top of each other

in a diagonal manner, In practicé; the windings cannot lie in this
way for the whole of a turn, since the helix of ome winding is in the
opposite direction to the one below. Thus, on each turn the wire on
top must overlap the wire below. Insvection of a coil indicates that
this overlap takes place in about 360 of c%il rotation and for the rest
of the rotation the wire on top lies in th% groove made by the wires
bélow. _An approximation is therefﬁre introduced by this assumption.

A second assumption is that the coil is dbuilt up of'identical
rectangular blocks of unit length whose crogs section is shown outlined
in thick black lines in Fig 1.3 and that the lines of heat Flow are as
shown in the figure,. In this way the conductivity of the block will be
the same as the conductivity of the whole coil. In pracfice, the cqil

- is not made up of rectangular blocks dbut of sectioné of -a toroidghowever,
provided that the diameter of the coil is much larger than the diameter
of the wire, the error caused by apbroximating a rectangular block to
a section of a toroid will be small," Aiso, the heat flow lines in the
sketch are a reasonable approximatioﬁ.that can be analysed mathematically
but are not identical to those in practice. It must be notéd that

the heat flow lines do not cover the whole of the air Space,_but only pass

thréﬁgh the shaded section. The error involved in neglecting this small.
amount of air snace will bemgligible since the low conductivity of air

will cause most of the heat to pass tiirough the narrowest part of the

alr space.




Further assumptions are:-

1) copper has infinite conducfivitx;
| 2) there is no heat transfer by convection;
3) there is no heat transfer by radiation. L
Considering each of the above iﬁ turn: |

1)  Although copper has finite conductivity, this will be
at least one order of.magnitude gfeatef than the
condﬁctivity of aﬁy of the other.componenté.
Therefore, theerrors involved in assuming infinite
conductivity will be small, |

2) Tﬁe air svaces are smali. Pherefore, an appreciable
amount of convective heat transfér is unlikely,

3) Radiation across thg air space in Ehe coil will
-only have a detecfable effect at much higher
temperatures than are likely to be reached.

Now the conductivity of the block outlined in black in Fig 1.3,

and hence the conductivity of the coil, may be found as follows:-

Qb _ (1.6)

K = =
R

r
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* where kr = the conductivity of the coil and hence of the block

9, = the heat flow through the block

Ab = the area of the block verpendicular to the
direction of the heat flow
-iﬁ_ = the temperature at the bottom of the block

9, = the temperature at the top of the block
h = +the height of the block

Also, from the definition of the heat rate

H

- %W (.1.7)

€ -9

bl

whervre Hbl = the heat rate for the block

Pherefore, substituting Eq. 1.6 into Eq. 1.7 gives:-

k. = Hb}:t;h- 5 (1.8)
which gi;es the conductivity of thezcoil in terms of the ﬁeat rate
for the block (this equation will be used in later parts of this thesis).
Insvection of Flg.l 3 1ndlcates that D/2 can be substltuted for Ab
since the block is D/2 wide and of unit length.

Therefore

Kk = lpB . (1.9)

- D/—_
Now to obtain the heat rate of the whole block,. the heat rate
for each individual part of the block must be found.

Consider first the shaded part of Fig. 1l.3. This part may be split
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" into four identical quadrants each having the same heat rate. Therefore
by obtaining the heat rate for one quadrant the heat rate for tﬁe
whole of the shaﬁed area may be found.
To obtain the heat rate for the quadrant, consider element Sx in
the figure. |
Froir definition of heat rate, bage 8 thé heat rate for the vart
of the element in the air space will be:— .
X
m! |
where ka is the conductivity of the éir
m'! is the length of the:part of_the element in the air
and the heat rate for the part of-the elemenf passing throughlthe
insulation will be:~ '
BRY:

1

Gos@

vhere Ci is the conductance of the insulation.
. Therefore, applying Theorem 2 to the two equations above will give

the heat rate for the whole element thus:

.k :Sx . Ci.gx :

a' L ]
X - k .5- C- C_éx .
-a R T
m! Casd.

Now from Theorem 1, the sum of the heat rates of each element
over the quadrant of the shaded area will give the heat rate for the

quadrant;




Eq. 1.10 can best be summed by putting Sx in terms of ¢

Therefore putting
X =
50 that

dx =

Substituting into Eq.1.10 and changing Si to dx gives:s-

However m' varies with ¢ therefore m' must also be obtained in

terms of ¢ thus

Substifuting into Ea

which simplifies to

H =
X

4D.5in ¢

1D.Cos®, 4d

k

a
EIT '_12'D. COS¢.d¢l
EE Cos( )
m' C +

#0.(1 - Cos$>

1,11 gives:-

. k :
' 2 L ,
zD.(1 - Cos’) iD.Cost. df
k Cos{

a
T )
£0.(1 - Cosf) ¢,

+

ci . COS'»I) nkao'gfi'Doé.(b

.ci.%b + Cos¢(kal- Ci.zD)

1




which can be abbreviated to

18

.Therefore summing Hx over the quadrant gives:-

*2 ¢; .Cos.k_.3D.ad ,
He = Hy, C..5D + Cose.(k. - C..3D)
i a i g

0

where ﬁlq = the heat rate for the quadrant
x, = the limit of the guadrant in the x direction’
Gb = the angular limit corresponding to X,
6& = zero, but will be retained for completeness

since the integral will be used in a later

part of the text,

b

_ a.Cosd.ap . - (1 1.
qu - ¢ c.CosP + Db (1.12)
1l
where a = 0,.k_.3D
a
A
b= €D
c = k. = C..5D
a R
o
$, = 30
.4’1 =0

Intezrating ( the complete integration is given in App.1l)

m

l' ‘I‘an-l(_f_L_.Tan—?_ﬂ)_;)] - Tan'l(;. Tan{*;d}-]]'}}(l.l})
3 m AJ .

H. = af¢, -4 - 2b
ta 3{‘ h T-om |




when.the function b + ¢ is positive or ; . .
b-c ' '

- |
H, = 2d¢,-¢,-__ b _|log Tanid, = m , Tendd) + Mg 4y
. a i {o =¢)m e Tanzd, + m Tan—g{bl -m_l

when the function b + ¢ is negative

b-c¢ s
where m2 = the positive value of ——-:;: :

For all practical purposes the function b + ¢ will be positive
- ) b-c¢c ’

: sb the result may be simplified by eliminating Eq, 1.14. A further
simplification may be obtained by substituting for ¢1 and ¢2 which

results in the equation below:~

o S -1 N
By = %_%,524 - _?.-ocmEan g:%.?lg:]} (1.15)

It can be shown, using Theorems 1 and 2, that the heat rate for
the quadrant is the same as the heat rate for the whole of the shaded
areay i.e., the four quadrants,

Now from the heat rate for the shaded area, the heat vrate for
thé area bounded by thick black lines may be found. Considering again
?ié. 1.3, the part of the 2ir and insulation between the edges of %he

shaded area and the edges of the section is aszsumed to have no heat flow




and will therefore have zero heat rate, The copper is assumed

to have infinite conductivity and therefore it will have infinite heat

rate. Combining all these according to Theorems 1l and 2 gives the

heat rate of the whole section as ‘

=

B

where Hbl
Therefore

Hpa

the heat rate for the section in this case

qu

Novw to obtain the conductivity of the coil a substitution

is made into Eq.1l.9 thus:-

K, = 9_{).524 -
C

where m2

c

h

2b Pan™10.2679 | L h (1.16)
Zb - ij m '-f} _

b+c
b-c¢c

C..3D.x
i a
C, 3D
i*%
- “4

the radial pitch of the wires ( see Fig.l,3)

Note, h would normally be taken as D.J/3 .

2
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The foregoing equation can nowlbe used to calculate the radial
conductivity of a coile An investigation into.the accuracy of the

equation is carried out in Chapter 2.

1.4 Theory involving the contact area.

. The theory in Section 1.3 based oﬁ-Fig 1.3 does not take into
account any contact areé between the insulati?n of.adjaéénﬁ wires since
it was assumgd that there would only be line.contaét. :Pressure
between the wires is in fact likeiy to result in.some defoémation
of the insulation giving a finite contact area. Now the resistance to
heat flow through this finite contact area will be low_compared to that
where the heat has to pass through an air space, éince the thermal '
resistance of the insulationm will be low compared with that of air.
Therefore, a method which takes this into accpunt should give a more
accurate result than that of Section 1.3. Assuming for the vresent that
the amount of heat which passes through the air space is negligible
compared witﬁ that passing through the contact area, then the equatioﬁs
governing the conductivity of the coil may be derived as shownbelow:

As in Section 1.3, consider a block of unit length with the cross
section shown in Fig 1.4, outiined in thick black lines. The figure shous
the wires to have a finite contact area, the shaded area being that through
which the heat flous, Under the assumptions in Case 1 énd the additional
assumption that the shaded area is rectangular in shépe with a depth equal
to twice the thickness of the insulation, a relationship can be obtained
_for the heat rate of the shaded area, The additional assumption made
in.this case is reasonable and will onl& cause small errors, provide@'(a)

the contact area is small compared with the diameter of the wire and (b)




‘the reduction in thickness of the'iﬁsulation is small compared with
"~ the thickness of the insulation.
| B Therefofe, considering the shaded area in the sketcb, both top
and bottom:ﬁalves will have a conduétance the saﬁe.as the insulation
Ci and the heat raté for_each half will be Ci.M where M is thé width
of the contact area. .

Therefore the heat rate for the whole of the shaded area may be

obtained thus:-

g - . (c..) . (c, M)-
2c: (C;.M) + (C;.M7

= Ci.M. - (1.17)

2

which could be used in Eq. 1.9 to obtain the conductivity of the coil.
Howe&er, this will not be earried out here since the assumption
that therg is no heat flow through the air svace is unlikely to be
correct, |

To take into account the heat transfer through the air space
Fig 1.5 must be considered, This shows the area which must be taken
into account in'adﬁtion to the sﬁaded area in Fig. l.4. Inspection of
Fig. 1.5 shows that it is very similar to Fig. 1.3 for Section 1.3
in that the configurafion of the componenfs is the same exceot that
the centre section is missing. However, apart frbm the centre section,

another difference_is-that the centres of the wires are closer together
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by.an ammount equal to the flattening of the insulation on each wire,
Becaﬁse of the similarity between Section 1.3 and this section, the
éolution ip éection 1.3 may be used here, 'Considering a quadrant of

_the shaded area in Fig, 1.5, the heat rate of the element $x in that
quadrant-will be the same as for Section 1.3 and!will be given by Ea, 1.10

'fhus:- ) i

| Ka . Sx .
Hx= m!
k Cos)
_.E'.‘ 1
m! C. *
i

However,.in this case compared with Section 1.3, m' will be sméller
by an amount équal to the reduction in the thickness of the insulation.
Thus, instead of m' equalling #D(1 - Cos®), it will ecual
4D(1 - Cos9) — p  where p is the reduction in the thickness of the
insulation and can be calculated from M the contact area; ( in a later
part of this chapter the above - ecuation is used again with respect to
paper inierleaved coils, in which case p will equal half the reduction
in thickness of the paper)

Therefore, summing all the elements as in Section 1.3 gives:-

q) ) .
x ) 2 ah » L
} 2 B - H, - C, .Cos¢.x_.3D.ap _
. ) X T - C..2D) = .
X, - | ¢’1 CiezD 4 Cosq)(ka ci.__,_n C,.p
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However, ¢1-now has a different value from that in Sectionm 1.3.
It takes the value of the limit of the shaded area nearest the centre

of the section and can be obtained from:
8irQ, = M/D

Therefore Eq., 1.18 is of the form -

=]

2a =.j/@2'—ELEEEQLéQ—S
%

e.Cos¢ +

vhere & = Ci.ka.%b
= ip -
b = G40 -C..p
c = ka-ci.-,ie—n
T LA0
¢2 .= 30
0, = Sin”W/D

It can be seen that this equation is the same as Eq., 1.12.
‘Therefore, the solution will be Eq. 1,13 and Eq. 1.14.
These equations are rewritten below since the constants here are

different from those in Sectionm 1.3:

H, = a(6.~-0. - 2b ran~1{1.Tan -'1;-11. 201\ (1.18
2 ?k_z (bl b_c-m[an EE{ an(sz an [;.TTanf_(le-! (1;)
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when function b + ¢ is positive or
b-~c

LY o

. . Manld - 1k
H, = aJb, =0, - b log ranzd, ~ m ._Ta"2¢1 P 1(2.19)
SRS B )
' T Tanid, + m Tan%¢1_- m

when function b + ¢ is negétive : .
: — .

and wvhere m2 = the positive value 5? b+ ¢ The values
L v —o

of the other constants are given above. At this point the heat rates
of all parts of the section of coil under consideration have been
found. Thereforg the heat rate for the whole section can be

obtained by combining the heat rates:of each individual part,

. Thus, using Theorems 1 and 2 the heat rate for the whole sectioh will be:=

. v gy = Ero——

- i —————

H_ - H. + H (1.20)

b2 2q 2¢

which can be used to obtain the condﬁctivity of the coil by substitution
into Eq. 1.9, giving -
(m

K . \Hyy ‘+ H
r D/2

20) *B O (1.21)

The above equation can now be used to calculate the conductivity
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of a non~interleaved coil taking into account the contact area

between the wires,

1.5 A method of calculating the conductivity of

paper-interleaved coils,

The previous analysis deals oniy with coils without paver
interleaved between the windings. The introduction of’pa?er brings
another three variables into the problem, A;thouéh thig may seem
to increase the equations to quite unmanageable pfoportions;-
reasonable aoproximations can be madé to reduce their complexity.

The additional variables are, the thickness of the vaper, the amount
of compression the paper will undergo when comoressed into the windings,
and the thermal conductance of the paper.

The geometric arrangement of paper inter-~leaved coils is assuﬁed
to be shown in Fig. 1.6, The wirés are arranged diagonally as before
and the tension in the windings can be seen to comoress the vaper.
Assuming initially that no heat passes through the air spaces and the
heat vhich passes through the rest of the coil travels along the lines
of heat flow shown in the figure. Proceeding under the same assumptions
as in Section 1.3, the heat rate for the shaded area in the figure may

be Tcund.
* Consider an element Sx in Fig. 1.6. The heat rate of that

element may be derived from Theorem 2 thus:-

1 = 1 + 1+ 1 (1.22)
H C,.0x.Cos . C_.ox Ci.Sx.Cos¢
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An apvoroximation is méde here fhat the sides of the element are
parallel, in fact they are at an angle of(D/Z)wS&hCos ¢ radians
to each other, The error involved in using-this apnroximation
will be small, provided the thickness of thé insulation ié small
compared with the diameter of the wire, Another approximation
that must be made is té put Cos¢ equal to 1 simplifyiné.Eq. 1,22,

L]

1l = 1 + 1 + 1
H C..2x . C_ox C..ox
i : ) i .

The effect of this apnroximation is small pfovided the angle
of contact around the cirdumference of the wire is small,

Rearranging giveé:-

H - Ci.C .SX : (1.23)
Ci + 2Cp

In practice Cp will vary with the amount of comoression of the
vaper. Therefore, Cp will also vary ﬁith respect to X and this must
be taken into account in the equation. To do this it is assumed that
the relationship between the thickness of paner undef comoression and
the conductivity of the pavper Cb_isz-

(1.24)
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ﬁhere ¥ is the thickness of th; paper and v and s are constants. B
obtained by'exper{ment.

The equation is based on the assumption tﬁat’the ef}ect on
conductance of a_reduction in thickness of the paper by;compressiom
will be similar to that of a reduction in thickness b& removal of
material from the surf;;e. thn_the latter is the ca;e,ethe
conductance will be inversely oroportional to the thicknes;, i.é.,

Cp = g s and over a small range, when the paper is under compressicn,

this is likely to be correct; - the constant s was necessary to set the

end points.

Now substituting Eq 1.24 into Eq 1.23 gives:- _

Ci(y.+ s).S&

Hx =
C, + 2(v + s)
y
and rearranging:
H - (ci.V + ci-s-}')gx : (1.25)

x (Ci + 28)y + 2v

whilch gives the heat rate of the element (See Pig. 1.6)
In order to obtain the overall heat rate for the shaded section
in PFig, ﬂ.6 the heat rate for the element must be summed over that

area., To do this both x and y must be obtained in terms of ¢. o




ey =

Simplifying gives:- : ' i

29

Pirstly y may be obtained from basic trigonometrical relationships thus:-
y = B + 2(1D - 4D.Cosd)

where B is the minimum distance apart of the wires,

B + D(1 - Co$¢) | (1.26)

i yo=
:but
i = 4D.Sind '
Therefore )
dx = %D.Cosh.dd (1.27)

Substituting Eq, 1,26 and Eq. 1.27 into Eq. 1.25 gives:-

{C v + C, .s[3 + D(1 - Cos¢ﬂ} 4D.Cos$.d0
. T (C; + 2s) B+ D(I - CosQ) + 2v

' Réarranging and simplifying gives:-

* C.(B+ D) + 25(8 + D) + 2V - (c, + 2s)D.Cosd
which is of the form

. e. _

H = e.Cos + (2 - 5b).Cosd ad (1.28)
x c : " b - c.Cosd

vhere a = %D.Ci(v + 8.B + s8.D)

b = Ci(B +D) +2s(B + D) + 2v
c = D(ci + 25)
e = 40°.C,.s

L
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Integrating Eq. 1.28 over the shaded area will give H3c
the heat rate for that area. However, the limits of the integral
must be defined in terms of § which, in turn, may be determined

from the width M of the shaded arez thus:- |

-J;,_-l).sm\o2 = M

2
therefore 9, = Sin"lg
- D
N =1
consequently ¢1 = -Sin M
D

Therefore summing Eq. 1.28 over the shaded area will give -

ix ¢
Z EMH o zﬁf.Cost + _g.Cosd  )ad
A X 3¢ T b - c.Cosd)
2 ¢ .
<%
f = 2
c .
g = (a - ed)
) C
¢, = -9, = Sin"lm
2 = 1 P S

However, the integration is simplified by taking it between
¢2 and 0, and doubling the resuit since the equation is symmétrical
about & = O

Therefore s~
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. and the solﬁtion to the equation is
Hy, - 2|:i’.Sinq)2. . & -¢2)] (1.30)

( Full details of the integratioyn are given in App.l )

where v 2b Tan_lil.fan%¢2
, (b - ¢c)m m

m2 =D -.c
b +¢
Writing in full gives:- : 2'
(o o, ' ] 10 Y1
H, = 2Jf.5ind, + g 2b__ |Tan " [1.Tand |t - ¢
3c { 2 c<m L_: [m ZJ 2} o(1.31)

vhere | m2 = b=c¢

‘b + ¢
f = f_
c

=
' . =1
¢, = sin (¥/D)
a = #0.0,(v + s.B + 5.D)
b = Ci(B + D)+ 2s(B + D) + 2v
o = D.(Cy +25)
e = D2.C..S
. 1

As can be secn the result is iong'and complicated and would be

difficult to use. However a simplification is possible by epproximating
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the circular surface of the wire to a varabola., This apvroximation
is reasonabdly good provided M the contact chord is small compared with
the diameter, ~ A second aporoximation that must be made is to change

the equation for Cp from

C = 8 + ¥
P y
- to
c = 1 (1.32)
P s' + v,y

‘where s8' and v' are constants (different from s and v)

obtained by experiment.

The error involved in this will be small when used over a limited

range.

Therefore proceeding from Eq. 1,23 whichk is

C 2%

+ 2C

B = S
i P

x c

Substituting from Eq. 1.34 and simplifying gives:-

C;;SSX
1 .

', C..s!
Ci.v y o+ 38 + 2

Taking the local approximation to a circle to be:-

y = a'.x2 + b!




where a' and b' are constants which may be obtained from the conditions

X = 0 when y

= B
X = M wvhen y = T
2
where ..T- = the maximum-thickness 6f the paper
B = the minimﬁm thickness of the paper

Note: y is the -thickness of the paper at any point, i.e., the
distance apart of the two circular wires.,

Therefore, '
Ci.gx

Gi.vﬁ.a'.x‘ + Ci(v'.b' +8') + 2

which may be written in:the form

x 2
f.x + g
where f = C..,v'.a'
g = Gi(v'.b' + s') +°2
e = G0, .
R

As before integrating over the shaded area in Fig 1.6

will give H3c, the overall heat rate for the area,
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Therefore
Z-%M iy = Byor = (1.33)
_where X, = M/2
x5 = - H/2
As before the integration may be simplified thus:-
*2 e,dx
Hier = 2] T3, ¢
0
‘and the solution is:-
H = 2.é Tan-lx ' : (1.34)
3ot = L8 2 .34
f_.m ‘m

(Pull details of the integration in App.l)

where m = jgg
T .

As can be seen, the equation is simpler than the original Eq. 1.31
and will be considerabl& easier to use. Both original and simplified
equation have alternative solutions but these do not apnly to this
particular problem.

Equation 1.34 could be used as it sténds to obtain the conductivity
of the coil, assuming no heat transfer through the air spaces., However,
since the result does not give reliable predictions, no furtﬁer vork

will be carried out in this direction. Instead the analysis will be
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extéﬁded to.take into account the heat transfer through the air
spaces.

Considering the air space alone as shown in Pig.1.7, it is
assumed tha¥ the heat passes through this portion of the coil along
the lines of heat flow shown in the figure. Now the heat rate for
the shaded section could be found by integrating the heat rate for
an element over the whole shaded area as in previous cases.
Unfortunately the exvression for the copdpctance of the element is
exfremely complex and the intergral. woula be even more so,

However, by assuming a constant temperatu;é along the dotted line

in the figure, the conductance, and hence ihe heat rate, can be found
in two parts, that is, above the line and below the line.. The

heat rates can then be combined to.obtain the result for the whole

of the shaded area. The assumptiqn will'in fact cause an error,
siﬁce the dotted line will not in practice be an isothermal.

To obtain the overall heat ?éte, consider first the lﬁwer left
hand portion of the shaded section in Fig.l.7. This is identical
with the section in Section 1.4 (see Fig. 1.5 and pages Zi to 26) |
Therefore tﬁe heat rate for this part will be given 5y Eq. 1.18 and
Eq. 1l.19. Also, the same equations apply to the upper right
hand section since this is identical but inverted. The inversion
makes no difference to the result..

Consider secondly the lower vight hand part of the shadéd area,
In fhis part the heat will have to pass through the insulation, the

paper and then the air. Taking elerient s&, the conductance can be

‘found as follows:=
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The part of the element passing through the.paper will have a

total conductance of :-

Let this be called C.
. ip

It can now be considered that there are only two mafgrials
through which the heat hasgto"pasg.that of thé matefial #ith a
donductance Cié and the air, - Noﬁ if Ca (the céhductanceiof the air)
is revlaced by ka/h, the problem becomes the same as in Section 1.4
(see Fig. 1.5 and pages 21 to 26 )except that the conductance Ci

must be renlaced by cip'  Therefore, the solution must again be

Eq. 1.18 and Eq. 1.19 with Cp-replaced by cip thus :~

T

when function b + ¢ is positive
b=-c¢

or

. ,
B, = 8f0, -0, -__ b [log (T2 =D , Tani0, + m | (1.36)
3P c (o = ¢)m |Tanz®, + m 'Iurr,;(i) -n_i

7) )]

when function b + ¢ is negative
b-c
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where m2 = the positive value of b + ¢
- ' b~-c¢
H3p = the heat rate for the upper right hand shaded
quadrant in Fig, 1,6,
' o
al = C; . a.Dp/Z
bt = C. . D C. .
ip*®p~ ip*?
o' .= k, - C, .Dp/2
¢1 = Sin” M/DIJ
Y
9, = 30
Dp = diameter of wire + 2T
P = T -8B ’ e
2

Note that the diameter of the wire is increased since it no* has a
layer of paper on the part of the eurface under investigatioﬁ.

To sumMmarise, the heat rates for all parts of the section
outlined in thick black lines in Fig. 1.6 and Fig. 1.7 have been
obtained and thése are:~ : |

- (i) centre section shaded in Fig. 1.6 (H3c) given by Eq, 1.31;

- (ii) lower 1éft“and upper right quadranfs in Fig. 1.7 (qu)
given by Eq, 1.18 and Eq., 1.193

(1ii) lower right énd upper left quadrants in Fig. 1.7 (H3p),
given by Eq. 1.35 anmd' 1.36.

‘Now using Theorems 1 and 2 in the same way as in previous sec%ions,

.the overall heat rate for the section may be found thus:-
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Substituting into Eq. 1.9 gives the conductivity of the coil

thuses -

(1.37)

o

| k, = 2 H2q * H3g + H h
: H. .H e 0 13
: 29 " 3p J

or alternativly the equation for H3c_may be replaced by the simplified
version H3c'

The value of h in the above equation'may be obtained as follows.
Assuming that there is no gap between the wires in the axial direction,

then from Pythagoras

(» + B)?

(30)2 + n?

and

b

J&D.B + B® 4 %Dz (1.38)

1.6 Discussion on the theoretical basis

At this point equations have been derived which willgdve.the radial
conductivity of_all the types of coil under consideration. The analysis
is subject to a numbe; of assumptions and it recuires numerical values
for the proverties of most of the constiteﬁé;s of the coil. The basic e

concept behind the equations has been that the lines of heai flow

through the coil can be approximated by simple geomeiry without
significantly altering the overall conductivity, Subsequent chapters

will show the accuracy obtained by this technigue,

ey e e % S5 =i e m—————a T8 R4 =
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CHAPTER 2.

NON — INTERLEAVED COILS,

'2.1. Introduction,.

In Chapter 1. a general theory has been derived bj which the radial
conductivitj of a non—intérleaved coil can be calculated given certain
thermal and physical vproperties of the components of the coil, In the
first part of this chapter it is shown that a "conéuctivity" can be
thained for a coil and that it can be uséd in the conventional way
even though it is an apparent conduqtiviti composed of the individual
conductivities of the components of the cé?l. Secondly, techniques will
be desc;ibed by vhich the thermal and phys;cal vroperties of-the
components of the coil required for the caiculation of the conductivity

may be obtained. Finally, a comparison is made between theoretical -

predictions and experimental results.

2.2, Exverimental verification of constant-conductivitx.

L The equations that will be'uséd to calculate the temperature
distribution within a coil, Eq. 1;4:and Eq. 1.5, were derived for
thick cylinders of homogeneous material with constént conductivity.

It is therefore necessary to show that a coil has a constant
conductivity in the éadial direction. It was aléo necessary to

show that this conductivity does.not-vary with the amount ¢f heat
generated within the windings. If both these conditions weve met,

then the Eonductivity of a coil obtained by exveriment based on

Eq. 1.4 could be used in Eg. 1.5 to obtain the demperature disfribution
in a coil with heat -genevation within the windings. Also, since .
the-main:theory in Chapter 1 is based on heat conduction without internal

generation, both conditions must be met for the theory to be of value in
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predicting thé temperaturé distribution in live coils.

In order to vérify these conditions, GoillNo.l was constructed
as shown in Fig, 2.1. The coil was made from 1,62 mm diameter copper
'ﬁire covered with a 0,037 mm thickness of hard polyurethane insulation.
The wire was wound on a 25.4 mm diameter former, 127 mm long, with
thermally insulated ends. During the winding, eight 0,19 mm diameter
chrome~alumel thermocouples were vlaced in the coil, the positions
being shown in Fig., 2.1. These positionséwere selected so that the
méchanical and thermal disturbance created $y one thermocouple would
have the minimum effect on the next.. 4 sample of thermocouple wire
was:calibrated to read temnerature. ;The calibration curve is shown in
Fig. 2.2. After winding thé coil to:a diamefer of 156 mm, an electrical
heater was placed in the centre with:fhe endé thermally insulated to
ensure that all the heat passed through the windirgs. The whole unit
was then wired up as shown in Fig. 273.

The first test to be carried oﬁt on the coil was to pass a direct
‘current tﬁrough the centre heater and allow.sufficient time for the heat
transfer within the coil to reach thé steady state. Direct current was
necessary to avoid induction from he;ter to windings., Readings were then
taken of the voltage across, and the current through, the heater, and the
temperatures at the thermocouvles, 'Full details of the readings are
given in App.2.

To obtain the conductivity of the coil from_the ;bove results,-a
graph was drawn of thermocouple ;eadiﬂg against logé of the radius,
and.the slope of this graph was substituted into Eq. 1.4, Full details

are given in App.2 and the graph-is shown in Fig; 2.4.
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. The conductivity obtained for Coil No.l in this way was:-

k, = 1.045 J/m s X

The second test to be carried out was to pass a.current through
the windings of Coil No,l and ke readings of voltage across, and
" current through, the windings, and the temperature at the
thermocpuples as before. Full details of the results of this test
are given in App.2, and the temmeratures are plotted against the radius
in Fig. 2.5, A second set of temverature againét radius results was
obtained by substituting the value of conductivity obtained in the first
test (kf = 1,045 J/ m s K), the current vassing through the windings,
and the oroverties of the wire into Eq. 1.5. (full details of this
calculation are given in App.2.) This second set of results is
superimposed upon the first in Fig. 2.5.

2,3 Discussion on the tests for constant conductivity.

The results of these two tests indicate that the apparent
conductivity of a coil can be used in the same way as the conductivity
of a homogeneous cylinder. The conductivity of ééil No.l is constant
at any radius, since any change in the conductivity would be indicated
by a change in the slove of the line in Fig. 2.4. The use of this
conductivity for calculating the temnerature distribution with a current
flowing through the windings is indicated by.Fig. 2.5. The two curves
of this graph do not coincide but it can be seen that the conductivity
would be of use in giving an indication of the temperature in a live coil.
A voint worthy of note is that some of the difference between the two

curves is caused by the leakage of heat from the centre of the coilj

this is indicated by the temperature drop between the highest temperature
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in the coil aﬁd the temperature in the core. The heat loss will
probably be small dut will contribute towards the_difference
in temmervatures. An indication of the effect of this heat loss on
the theoretical predictions is given by the the third graph in
Fig. 2.5. The points - for this graph were calculated in the same
way.as‘those for the theoretical graph No.2, but the boundary condition
of zero heat flow, which was originally agsumed to be at the core,
was instead, taken from the experimental graph at a value of 30 mm,
This third graph can be seen to underesﬁim;te the temperature.

The linearity of the graph in Pig. 2.4 has a second implication,
i.e., the conductivity is relatively independent of the pressure between
the adjacent windings. For a coﬁstant winding tension the pressure
between the windings at the centre of thé coal would be greater than
the\pressure between the windings at the outéide of'the coil. Therefore,

gsince the conductivity was constant it must be independent of pressure

between the windings,

REE ]

2.4 Analytical prediction of k_

As shown in the previous section of this chapter, the conductivity
obtained by an experiment with central core heating could be used to
predict the temperature distribution in a live coil, Thevefore, if
the conductivity could be derived with reasonable accuracy anaiytically,
the prediction of the temperature distribution in the coil would be
greatly facilitated. |

Iﬁ Chgpter 1 two analytical methods were described by which the
.conductivity of the coil could be obtuined. The methods use equations

from which a result may be obtained by the substitution of certain
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properties of the coil, These proverties are given-below, together
with their origin.

1) the conductivity of air - International Critical Tables.

2) the dimensions of the wirg - measurement;

3) +the dimension of the coil = measurement;

4) the thermai conductance of the insulation on the

wire - eiperiment;
5) the contact area between the wir%s - experiments
(this prOperfy is only required éor the second method).

As can be.seen,certain of these propefties require exverimental

deternination, details of which are-given below:

2.5 Conductance of the insulation.

A number of methods were considered for obtaining the conductance
of the insulation. Each of these Jill be described and the various
advantages and disadvantages will be given. )

Method 1. Seek information from the manufacturer. Even if
available, such information will probably be very inaccurate and will
require checking.

ﬁethod 2. Obtain a solid bloék of insulation and shovne it to
fit a conventional conductivity testing maehine. This would be very
simple practically, but the film bf insulation on the wire, which is
very thim, may have a-conductivity thgt is dependent upon surface
effects, e.g., air diffusion into the surface during hardening.

Method 3. Paint the insulation on to thé surface of a block

of good conducting material and use in a Lees' disk. Again this would

be simple enough to carry out but difficulties may arise in ensuring
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that the layer had the same thickness as the insulation and was also
uniform.

Each of the above ﬁefhods entail measuring the conductance
away from the wire and they all have the same basic disadvantages.
Firstly, that no guavantee can be given'thét the conductivity of the
~insulation will be the same when coated on the wire as it is in the
practical situation, andd secondly, that the thickness of the
insulation may vary, which would mean thaflan average conductance was
" requivred. If the conductance can be fo%nd whilst the insulation is
actually on the wire, or, after beiﬁg removed from the wire, then the
above difficulties are avoided. The following methods were considered
to satisfy these conditions and are analysea in a little mére detail,

In general a method for finding the coﬁductanée of,the insulation
-whi}st it is on the wire is most likely to entail passing heat through
the insulation and measuring the temperature difference across the
insulation.

Method 4. Heat fhe copper wire by paésing a current through the
vire and cool the outer surface in é bath of highly agitated liquid.
The teﬁperature of the inside of the wire could then be obtained by
using the copper as a resistance thefmometer and the temperature of the

outdide f the insulation would be the temperature of the liquid. This
. »

' o
assumes that the agitation is sufficient to aé&%%é*the heat transfer

coefficient between water and the surface of the wire to a value which
. 5 “"{e‘: o ) R
is negligible compared with the conductance of the insulation. The

—r

disadvantage of this method is that high electrical currents are required

to heat the covner since it is a good conductor of electricity.
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Method 5. - Calibrate a length of wire as a resistance
thermometef and arrange a s&stem'so that the femperature can be recorded
© with respect.to time. Then, plunging the wire info a highly agitated .
bath éf hot iiquid will give a recording of the rate of increase of
temperature of the copper or, in other words, the rate of heat flow
throuch the insulation. Therefore, from this recording, assuming the
surface temperﬁture of the insulation is fhe same as that of the liquid,
the conductance of the insulation may be 6§1culated. Again, the
difficulty with this method lies in ensuri#g sufficient agitation to
avoid surface effects from the water on thé wire |

Method 6; Remove the insulation from the wire and use a Lees!
disk apparatus to obtain the conduc%ance. The difficulty here lies in
_actually removing the insulation which is.like a film of paint attgched
very firmly to the surface of the wirg.

‘ ‘The method selected for use wés number 5. It was thought that

in addition to this primary method it was necessary to carry.oﬁt a check
by another method. To do this would require'a method which would

not be susceptiblé to any errors that may be involved in the primavy
method. Method 6 is therefore to-be.preferred since the other methods
could suffer either from the effect of an insulating film vhen immersed

in the fluid or a resistance thermometer error,

2.6 Basis of the orimary method'(AMéthod 5).

It was assumed that the copper wire inside the insulatioﬁ was a
mass of material of infinite conductivity so that -the temperature at the
interface of copper and insulation would be the same as for the rest

-of the copper. Therefore, by using the copper as a vesistance
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thefmoheter, the temperature at the inside face of thcfinsu}ation could
be obtained. It was also assumed that the bath of highly agitated
water would aét like an infinife—capecity heat source gf infinite
cpnductivity, so that the temperature at tﬁe interface of tﬁe liquid and

- insulation-would be.the saﬁe temperature as the main body of the liguid.
Therefore, the outside temperatufe of the insulation may be obtained
from the temperature of the main body of the liquid., Also, it was
assumed that the temperature of the liguid would remain eonstant ﬁith
respect to time,

In practice, certain errors arise from the above considerations.
Firstly, the copper has an finite eondﬁctivity and the passage of heat
through the insulation would cause a.temperature distribution in the
copper. However, since the copper is likely to have a eonductivity
so much greater than that of the insulation, the error would be small.
Secondly, the temperature of the main body of the liquid would be
dlfferent from the temperature of the surface of the insulation,
since heat transfer takes place through a medium of finite conductivity.
However, this temperature difference could be-reduced to negligibie
proportions by vigorous agitation. This was shown to be so by

* . ' by repeating the test with different amounts of agitation. A different
result for the repeat iest would indicate ; teﬁperature drop that

varied with the ammount of agitation. The same result for principal

and repeai test would_indicate that the temperature drop was

negligible. An attempt was made to calculate the heat transfer
coefficient from water to wire'( see App. 2 ). This hqwever indicated
that the error would not be inappreciable but the result was rejected in

favour of the exmerimental check. Thirdly, the main body of the liquid
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would not be constant temperature but would cool down when the cool
wire was placed into it; again the error would be negligible provided the
mass of water was largé enough.,

2.7 _Procedure for the primary method (Method 5).

The apvaratus was set up as Ehown in PFig. 2.6. A length of wire
to be téste&'ﬁas arraﬁged to have a small constant éurfent passing
through it. The current-was to have a 50 Hz ripole about 1% of, the -

DC value in order to measure time in the final recording. The voltage
across the length of wire was measured by a UV recorder. Handles were
available for eaé& maniﬁulation of the wire. A test was carried out

as followsi-

Firstly, the copper wire was calidbrated o read as a thermometer by
placing it in water of fixed temveraiure and allowing time for all heat
flow into the the wi?e to stopy +the UV recorder would then be recording a
voltage-that corresponded to the temverature of the water. THis pracess
was then revéeated a number of times for v;rious water teﬁperatures, thus
building up a temperature calibration chart.

Secondly, a vessel of boiling water and a large vessel of ambient
temperature water were prepared and the temperature taken in both vessels. -
The ﬁire was immersed in the boiling water until the trace on the UV
recorder became steady, i.e., there was no further heat flow across the
insulation. The wire was thén placed in“the cold water and agifated
.manuaily at a rate of two 300 mm strokes per second producing a itrace on
the output of the UV vrecorder. The process wasireneated with four 306mm
strokes_per second. The curves were then comvared to find if there

were any insulating liquid film effects and then used to calculate the
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conductance of the insulation.

2.8 Theoretical basis of the nrimary method (Method 5).

The temperature increase of the cooper is given by fhe equation

log &t = A - Kyt : (2.1)

€ T.eD_ep C ' :
. . io wo/icc pc .
where

9+ = the temperature drop across thé insulatibn,
Dw = +the outside diameter of the wire excluding the insulation,
ki = the thermal conductivity of the insulation,
T, = the thickness of the insulation,

/oé = the density'of copner,

<
3
n

the specific heat of copver,

|-
L]

an arbitrary constant
A full derivation of the equation is given in App. 3.
It can be seen from the equation that the temperature drop across

the insulation has a logarithmic relationship with time. Therefore, if

the logé of the temmerature drop is plotted against time, a straight line

graph should result, the slope of "which is:-

4k,

Ti'Dw'fb'CPc

thus

4k,

S = = 1
TiiD"f.fc.cPc




49

where S is the slove of the logé-elagainst ¥ greph

However, since the relationship between temperature and an
electrical resistance of copper wire was linear, the slope S of the
logée‘ against t graph would be the same as the 510pe S' of the
1og;Cm against t graph where Cm is the height of the UV recording
above the steady state line of the cold water temmerature. This can

be shown to be so by considering:-
- t
o - c.0

vhere ¢' is a constant

Therefore, substituting into Eq. 2.1 gives

log C + log®' = A - 4ki't
enm e %) or
i*w'e"w
thus
St = - ' 4ki

and
(2.2)

Fil ~
[T (Y
]
Q
=
L}
1
3
B
L ]
<Q
g
Q
Q

Therefore the conductance of the insulation may be obtained by
first plotting the 1pgé of the height of the trace from the UV ?ecorder
against tiﬁe. The height must be measuredlfrom the datum corresnonding
to the temverature of the water into which fhe wire was plunged ( the

temperature of the outside of the insulation). Then substituting the

slope of the gravh, which should be a2 straight line, into Eq. 2.2 gives
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Ci the conductance of the insulation.
An interesting point here is that the conductance has been found
vithout actﬁally calibrating the resistance thermometer. It is

sufficient to know that the resistance temperature relationship was

- 1linear. This was checked prior to carrying out the experiment to

exclude errors due to non-linearities in the electronic equipment.

2.9 Results from a test on the wire from Coil No.l.

Reproductions of the trace obtained ?rom the UV recorder can be seen
in Fig.2.7. (Unfortianately the original was too faint to reproduce, A
priht of a typical recording is shown in Fig. 2.9). The resulfant

logarithmic graph is shown in Fig. é.8. The slope of the logarithmic
. \ ' b b

graph was found to be =-2.44. Substituting this into ‘Eq, 2.2 gives a

value of conductance for the insulation of =
1

c, = 33.9x10° J/n%s K

.

FPull details of the calculation are givenmih App. 3.

Diécussion.

The two curves shown in.Fig. é.7 cohsist of three main parts, a
horizontél part, a shallow sloning part and a steeply sloping part,
(the horizontal part is not shownm but can be seen in Pig. 2.9_which is
a print of a typical recording) and which is asymptotic to thg datum line
corresponaing to the water temperature.'- The horizontal part corresponds tp
the temverature of the hot water, the shallow sloping part corresponds
to the passage of the wire through tﬂe air prior to imﬁersion in the
coid water, i.e. cooling in air,_and'the steeply sloping nart corresponds to

the immersion of the wire in the highly agitated water. It can be seen
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~ that both graehs are identical, indicating that the tempevature drop
_between the main.body of the liquid and the eueface is negligible
compared with the temperature drop across the insulation. Another
indication of the lack of insulating water film is the straightness
of the loge graph; any film on the surface of the wire would tend to
vary in thermal eonductance during £he period of the test and this
variation would be indicated by a lack oflinearity in the log graoh.

It is worth noting that the conductivity of the insulation

could have been obtained here but if this ﬁad been done the result

would not have been of the same accuracy aezthat of the conductance
vhich has in fact been found. Thie is because the calculation for
conductivity would require a thickness for the insulation which would
involve furtﬁer errors mainly due to the thieknese being non-uniform.
This non-uniformity of the thicknese of the insulation, although likely
to alter the local thermal conductance from place to place on the wire,
vill not affect the final resultlsiece the length of the wire in the

test was eufficient to obtain a good mean and it is this that is required
to calculate the conductivity of the:coil.

Further slight errors maj have been involved through a loss of
heat'through the ends of the wire an& a loss where the voltage connections
were madef This loss would be of negligible pfoportions since the wire
was long,comnared with its diameter ( anoroximately 1 metre; the
calculations are independent of length) and the length of wire affected by
the loss from the ends would be a limited number of wire diameters.

It was initially thought that beiling water would pnrovide sufficient

agitation to reduce the hezt transfer coefficient between the water and the




.surface of the insulation to negligible oropgrtions but this was found
~not to be the case.’

2,10 Preliminary work on the secondary method (Method 6).

At this point errors may have arisen that have not yet been
accnunted for and it was necessary to carry out an independent secondary
-test, The method to be used for this test will be Method 6.

In order to use Method 6 a sample of insu}atioﬁ was required
that had been removed from the wire. Examination of the wire inéicated
that the insulation could not be scraved from the wire without
damage. Therefore,-after an investigation info a number of methods,
it was considered that the only one capnable of producing a satisfactory
sample.would be whgre the covver was dissolved electrolytically from the
centre of the insulation. The equipment used for this is shown in
Fig. 2.10, The figure shows a hollow cathode of smaller diameter than
the inside of the insulation. The cathode was supplied with a fully
saturated solution of agqueous sodium chloride and the copper wire was
made the anode of a 24 volt supply.

The cooper was vemoved from the insulation by feeding the cathode
on to the wire by hand. As the cathode appfoached the copper wire, a
current started to flow through the electrolyte and the distancs between
the cathode and anode could be judgéd by the current. Therefore, by
. maintaining a omstant current, a constant feed rate could be obtained.
fhe optimum -condition fof maximuﬁ rate of removal of copper was to
obtain maximum current through the electrolyte. However, excessive
cufrent 1ended to make the eiectrolyte boil and cause a short circuit.
The méiﬁmum current obtainadle in practice was 0.6 A which corresponded

to a feed rate of 0.6 mm per hour. The maximum length of insulation
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obtained was 30 mm. At this length sparking occurfed which damaged
the end of the insulation, The regson for this was thought to de
that at'30.mm depth of penetration of the cathode into the insulation,
" the electrolyte flowing down the inside of the cathode received heat from
the hot electrolyte passing up the annular space between the cathode
and the ihsulation, thus causing the electrolyte to boil at a lower
current., Another difficulty that occurred was the precipitation
of salt on the inside of the cathode; fhis was avoided by mixing the
solution at a slightly cooler temperature tgan that at which it was to
be used.

The tube of insﬁlation producea by this method could be split
along its length té produce a flat piece of insulation approximately

5 mm wide by 30 mm long. .

2,11  Basis of the secondary method : (Hethod 6).

| At this stage it was necessary to design equipment to obtain the
thermal conductance of the sample of insulation obtained as.above. The
equipment selected for this was of the Lees' disk type, although a svecial
design was required because of the sﬁall size of the sampie. .However,
in general the equipment had to consist of two good conducting plates
"~ between which the sample of~insu1ation could be held while heat vwas passed
through it, Also, temperatufe indication was required on both:plates,.
and heat losses had to be kept to é minimum. = A number of designs of
Lees!' disk equipment were tried and it was found from initial trials thet
an essential.propertyof the Lees! diskifor this application was that it
musf exert a considerable vpressure on the sample.of insulation in order

to obtain good contact between the insulation and both plates of the
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Lees'! disk. The reason for this was simply that the sample was
_originélly cylindrical and tended to crinkle wheq flatteneds A
consi@grable pressure was therefore required to remove the distortiom,
The equipment used is shown in Fig. 2.11'and consisted'of'two 4,66 mm
copper bars each with one end ground flat and the other tavered down

to a 13 mm sphere. Each bar had a thermocouple soldered close to the
face so that the temperature of the face could be méasuréd.- The cobner
bars could be pressed tightly togefher with the sﬁhere aé each end
centralising the loading,and in order to provide a temperatﬁre difference
across the faces, heat was put in at the end of one bar by transferring
through a 1.626 mm diameter copver wire from a heat source. The amount
of heat passing into the bars was measured by placing two thermocounles
a known distance avart along the copper wire,and from the temperature
drop along this wire, the heat flow could be measured, Heat was
removed from the other copver bar by a water jacket and the whole
apparatus was enclosed in insulating material.

2,12 Procedure for the secondary method (Method 6).

A test was carried out on the equipment as follows:

'A sample of insulation was placed between the faces of the cownper
bars and a load was exerted across the ends of the bars. Thermal
insulating material was then placed round.the whole apparatus.
éhe cooiing water was turned om and heat applied to the ends of the
cooper wire supplying heat to one of the copver bars. Time was allowed
for £he heat flow to reach steady state and then readings from all the
thérmooouples were taken., This prbcess was repeated for differeat

sampleé of insulatioﬁ and- at various loadings on the ends of, the

copner bars,




2,13 Theoretical

basis of secondary method (Method 6.)

The heat flow'thfough the sample of insulation is given by:-

where

Q =

% =

®a0 =

Ad =

'C, =
1

(Og = Og0)-Cie8y | (2.3)

heat flow £hrough the avvaratus,
temperature of the hot facé,
temperature of the cold fa;e,
area of thé face,

conductance of the insulation.

The heat flow through the copper wire is given by:-

where

1

.9_
W
'9}2

A
W

L
W

k
W

Substituting

k
LA (ehl

W

k - |
o R ;
fE" ( Wl : Jﬁ2) ‘ Aw

W

temperature at the hot end ;f the copper virve,
temperature at the cold end of the cooper wire,
cross éection area of the wire,

-distance between the thermocouvles,
conductivity of covoner.

for Q above givesi-

= ('e' - 'e' ) '] ciuﬁ.d

8.5) « Ay a1 a2
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Therefore

. = K(%n = EplA - (2.4)

N o

Results of Hethod 6 for the insulatiom from Coil No.1l.

Six tests were carried out on three samples of insulation at two

different loads, and the conductance of the insulation was calculated

for each test, (full details are given in Anp.3.) .The resultant

conductances are given below:-

_ Average

Test. Conductance. Load. conductance,

1 - 30.6 x 102 J/n’%s% 5 kg

2 33.8 x 10° " 5 kg 31.7x10° 3/m°s K

3 30.6 x 102 " 5 kg

4 29.8 x 10° "o 10 kg

2 . : 2 2

5 28.5 x 10 10 kg 29.6x10° J/m“s K

6  30.5 x 102  m 10 kg '
2.15 Discussion om the tests using Method 6.

The results show a slight inverse correlation with pressure.

‘Phis is unlikely and is probably by chance since an increase in pressure

- on the sample would tend to have the following effectst~

a) .The contact between the coprer and the insulation
would imnrove.

b) The insulation would be slightly reduced in thickness,

3bth these effects wouid-tend to increase the value of conductance

obtained irom the test.

-~

The above.resulté are a little lower than the resulf of

c, = 33.9x 10° J/m%s X




obtained previousl& in the primary experiment, but the discrepancy is
" well within the exverimental error of both tests. The main reasons
‘for the error are: |
a) a poor contact between the copper b;rs and the insulation;
b) slight variation in the diametér of . the copner wire used
to measure the: heat flow.
¢) +the result was obtained from a short length of insulation,
whereas the primary method gave a ﬁean result over a
considerable length of insulation and if the short section
happened to be thicker than the average, this could ;ccount
fof the error.

The results do indicate however that the error involved in either
test is likely to be small.

Por the vrest of:the project the primary exveriment was used.fo
establish the conductance of the insulation. This was because of its
applicébility to small wire sizes and its ability to give a mean value
for the conductance, wheﬁ the thickness of the insulation varied along
the length of therwife.

:2,16 Substitution into the main theory to obtain the conductivity

of €oil No.l.
The information available at this point is sufficient f;r
substitution into Eq. 1.16 to obtain the radial conductivity of the coil.
The aquation is based on the éssumption of line contact only between one

wire and the next within the coil.
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Substituting the values of:-

¢, = 33.9x10° J/n’s K
k, = 2.94x107° J/msK
D. = 1,7 mm

into Eq. 1.16 gives a value for conductanpe of

k, = 0.925 J/n s X

(Full details of the calculation aré'giveﬁ_in Apn.4).
which compares well with the value of | |

kr = 1,045 J/m s X

obtained by direct test on the coil,

2.17 Discussion on the results for the conductivity of Coil No,1.

The résults above show that Zq. i.16 is likely to give a good
in&ication of the conductivity of tﬁe coil, However, an error is
involved; the greater part of which ié believed t o be due.to the
'assumption that line contéct exists'between one wire and the next within
the coil. If this is the case, fhen the error involved could be quite
xlarge vhen the contact area was large, This is because-a finite contact .

area between one wire and the next wpuld have less thermal vesistance

than the air space which is assumed in this equation, The error would

also be increased by improved conductance—of the insulation since this

would reduce further the thermal resistance of the contact area.
For these reasons it was thought worth while to investigete the effect
of . the contact area.

2,18 Invesiigation into the contact areca.

To provide a starting point for the investigation, an assumotion
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had $o be made about the relationship between the contact area and
" the loéd-between the wires. It was assumed that this rglationship
vould be as shown in Fig, 2.12, i.e. thatlat loWwloads the contact

area would increase for an increase in 1oad,-bu€ after the load reached
a certain value no further measurable increase in contact area would
- take place. This would mean that there would be:.a limiting load
beyond which the contact area would be constant. If this assumption
vas correcl, then it could be considered that tﬁe tension in the windings
of the coil was sufficient to produce a loading between one wire and the
next, greater than the limiting load, thus giving maximum contact area.
Therefore the contact area would be constant througshout the coil.

It was necessary to verify this assumption,and to do this. tests
ﬁere carried out in an attempt to illustrate the limiting load effect.
The first test attempted was to cement two vieces of the wire into the
javus of 2 pair of pvliers so that when the jaws were squeezed together
the wires were pressed gainst each other lﬁngitudinally. The ends of
the wires were ground flat and éolished, so that by looking through a
microscope the compression of the insulation could ‘be obserYea. This
‘was not entirely successful since althnugh the compression could be
observed, magnification of involuntary movements hindered viewing.

In the second expneriment an attempt was made to obtain the coptact-
area between two steel rollers under load. The basis of the methgg
was that thé electrical resistance of the contact area between two
parallel rollers under load was in some way vrelated to the area of
coﬁtact. Since only the maximuﬁ contact area was of interest it was

not necessary to know the relationship between contact area and
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reeistance oﬁly that one was constant at the same time as the other.

The apparatus to carry out this experiment is shown in Fig, 2.13.
'Rollers were placed in an insulated "Vee" block to hold them square.
A constant current was passed from one roliet to tﬁe next and the--
potential across the joint_face measured. Loads could be added to
the top roller by means of weights écfing on a lever,

A test was carried out by adding weights to the top roller.
After the addition of each weight, the poﬁential across the contact
face of the rollers was taken. Then on re%oving the weights the
votential was again taken at each wéight. 1 The resulting graph of
potential against load is shown in Fig. 2.14. Inspectiop of the
gravh indicates.that.a limiting load exisfs.past which any further
increase in load will not increase the contépt area. No attempt was
made to relate the limiting load on, the rollers to that in the coil,

2.19 Determination of the contact area between the wires in Coil No.l.

A number of methods for obtaiﬁing the contact area were tried
with varying degrees of success. Some of the less successful methods
are described here in brief wifh thé most reliable method given in detail,
In general it was considéred that the amount of flattening of the
insulation that occurred when one wire was vpressed ageinst the next
could be reproduced by pressing the Vire against a hard flat surface
of high Youné% modulus. This is illustrated in Fig. 2.15. Pressing
the wires together will result in an arrangement that is symmetrical
about the line of contact. Thereforé if one wire is replaced by a flat.
rigid surface the other wire is unaffécted.

The first attempt to obtéin thelcontact area entailed vressing
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: the wire against an inked steel surfece so that a print could be
" obtained of the eontaet area between the insulation and the surface.
The wire under test was wrapped around a steel drum and loaded by means
of hanging'weights from the ends of the wire,. After reﬁeving the wire
from the inked drum a print should be left of the contact area.
Difficulties arose w1th thls method due to smudg1ng of the .impression
when the wire was removed, A second method was tried Uhereby the wire
vas loaded against a flat ihked plate, but again the same difficulties
arose,

It was concluded from the firsf two attempts that the most important
part of a test of this tyve was the removal of the wire from the plate on
_which the impression was made.In order %o achieve this, the method

described below was used.

2,20 Basis of the method to obtain the contact area between the wires

in Ooil No,1,

This method entailed the yrapping of the wire round a steel drum
and rolling the drum across an inked plate. In this way, 2s the drum
vas rolled, the wire was neatly removed from the print on the vlate,
However, the condifions in the test were far removed from the conditions
inside the coil where one wife is pressed against the next; within the
coil the contact area will be flat with parallel sides, whereas in the
test the contact area between insulation and plate at.any instant would
be flat with elliptical boundaries, Although these differences exist
it is assumed that the minor axis of'the ellipse will be the same length
as the dlstance between the parallel sides of the contact area in ihe coil.-
In other words, the print on the nlate will g1ve a good estimate of the

coil contact area, This can be shown to be a reasonable assumotion by




S T T

- 62

considering the shape of the ellipse, If the diameter of the drum on

. which the wire is wound ié 30 times the width of the contact area then
the major axis of the ellipse will be approximately 5% times the minor
axis, which means that the centre portign of ﬁheiellipse close to the
minor axis will have edges that are almost parallel. Therefore, over
lthis section the loading is very similar to the loading in the coil
-itself, and since a limiting loading is likely to occur, then the result
_from this test will give a good indication of tﬁe conﬁact area.

The equipment used to obtain the contact area is shown in Fig.2.16
and consists of a drum around which is wrapoed two lenzgths of the wire
to be tested, The drum can be rolled across a flat piece of inked
glass to leave a ovrint in the ink that can be viewed through a
-microscope. It was considered that the Young's modulus of glass-was
sufficiently greater than that of the insulation to make any deformity
of the glass negliéible.

2.21 Procedure for obtaining the contact area.

The drum with the wire wrapped round it was rolled over the surface
?
of the inked glass, (engineers marking ink was used) under two different
loads. The width of the print left in the ink was then measured by

viewing through a microscovpe, and using a measuring device attached to

the microscope; ( a Vickers' pyramid hardness testing machine microscope |

vas used since this had the required measuring device).

2622 Results of tests to obtaim the contact area.

For the wire used in Coil No.l,'the width of print left in the ink
-was 0,178 mm, and bBoth ihpressions at different loadings were the same,

indicating that limiting conditions had been reached.
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2.23 Substitution into the main theonry to obtain the conductivity

of Coil No.1l.

At tﬁis point sufficient information was available for substitutiom
into Eq., 1.21, This equation is an extension of Eq, 1.16 and takes into
account the effect of contact area.

Therefore substituting the values of:-

c, = 33.9x0° J/m’sk

k, = 2.94x107° J/m s X .
. D = }.7 mm

M = 0,178 mm

give a result of
Xp = 0.995 J/msX

(full details in App.4).

Which comvpares extremély weli=with the exvperimental conductivity of

ky = 1,045 J/msk
‘obtained by direct exp=riment,

2424 - Discussion on the results for the conductivity of Coil No,1l

using contact area.

It can now be considered that a satisfactory theorédtical basis has
been found for preaicting the thermai conductivity of an electrical
coil without paper interleaving between the windings. Althoﬁgh
the result obtained theoretically.is within 5% of the result obfained
experimentally, it is not thought that this is a typical accuracy.
As a'gui@e,ltaking into accnunt later.work in this text, the author
beiieves that with care the results ovtained from this method would be
within : 15%. The method using Eq. 1.21 will give.a more reliable result

than Eq. 1.16 but the latter could be of great value provided that care is
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-

| taken in assessing its applicability to the coil. . Por hard, thin,

" poorly conducting insulation Eq. 1.16 would givé a reasonable résult,
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PAPER INTERLEAVED COILS.,

3.1 Introduction.

" In the first part of Chapter 1 the general theory for calculating
the conductivity of non-interleaved coils was derived, and in Chapter 2
this was tested againét an actual coil, in theilatter part of Chapter 1
the theory wasextendgd to cover paver interleaved coils and in this
‘chapter the extended theory will be tested against a number of actual coils.,
Also, techniques will be described by which the properties of the paper, |
required for the calculation of t@e conductiviti, may be obtained.

3.2 Exverimental verification of constant conductivity.,

The initial experiments on the interleaved type of coil were the same
as that carried out on the non-interleaved tyve as described at the
beginning of Chapter 2. The exveriments are described here in brief sinqe
similar experiments have already béen described in detail.

Firstly, a coil (Coil No.2) was made with thermocouples-throughout
and with a heater at the centre. A test was carried out by heating the
coil from the centre and taking readings from the thermocouéles.

Drawving a 1ogé radius v temverature graph (Fig. 3.1) énd substituting the

slope into Eq., 1.4 resulted.in a value for radial conductivity of -~

k, = 0.53 I/ msX

Full details of the calculation are given in App.5. Conclusions drawn

from this result are the same as fdr Coil No.1l, namely, that the conductivity

of the coil was constant throughout and independent of winding tension.
Secondly, the coil was heated by passing a current through the

wiﬁdings. Temperatures taken at the thermocounles were vlotted ageinsi the

radius (see Pig. 3.2). A second set of temnerature v, radius results was
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obtained by substituting the conductivity from the first test into Eq.1l.5
together with the current through the windings and the nroperties of the
wire. The second sét of results were sunerimposed upon the first

(see Fig. 3.2). The similarity between the graphs indicated that the
conductivity derived in the f;rst experiment can.be used to predict the
jemberature distribution in the live coil. Pull details of both these
tests can be seen in App.S}'

In Chapter 1 the method giveh for predicting the conductivity of
paver interleaved coils requires the substitution of certain physical and
thermal characteristics of papet-and vire iﬁto an equation (Eg. -1.37).
Methods for oBtéining—the characteristics of the wire are given in the
previoué chapter, and methodsfor obtaining the characteristics of the
paper are described in the following part of the present chapter, These

characteristics are the conductance of the paper in its normal condition,

the conductance of the paper at maximum compression;( this will be described

at a later stage), and the contact area between wire and paver.

3.3 Contact area between wire and naver.

The contact area is formed by the pressure between the windings
deforming the paver so that a finite area of contact exists between wire
and paper. For the purvnose of thg present work, the contact area is
defined as the chord of éontact between paper and insulation across a
section of wire, ﬁer unit lengths; this is referred to as } in the theory
and was found to be one of the most difficult parameters to obtain.

The initial experiments took the form of pressing inked wires into the
paper and measuring the mark so left. Although a result could be

obtained by this method, repeats of the tests were not consistent and a

R
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reliable indication of the contact area could not be obtained. Therefore
‘a diffevent line of attack was considered.

3.4 Basis of the method for determining contact area.

It was assumed that the behaviour of the paper under load was as shown
in Pig. 2.12, i.e, the stress—gtraig curvé for a piece of paper across its
thickness would be asymptotic to a certain value corresponding to the
ﬁinimum thickness of the paver. It was further assumed that within the
coil the paper was at maximum compression. This;would be so if the loading
within the coil was above the voint marked L in Fig. 2,12, Under these

conditions the contact area can be calculated from the minimum thickness

of the vpaper.

3.5 Procedure to obtain the minimum thiclmess of the vaver.

A device was constructéd, as shown im Pig. 3.3, which consisted of
é support block which held the paper against the marking table, a loading
bar which could be slotted through the support block to press on the paper,
and a dial gauge to measure the displacement of the loadiné baf. Heights
could be added to the loading bar to increase the load on the paper.

An experiment'was carried out by first setting up the appafatus
without any paper, in order to obtain a zero reéding on the dial gauge.
Papgr was then pul into the apparatus and weights added to the loading bar.
For eéch load the displacement of the loading bar was recorded., This would

be a displacement above a zero reading, decreasing as the load increzsed.
HWeights were added until no further change in disvlacement took place.

A test carried out on the paper from €oil No. 2 gave a graph of

displécement ageinst load as showm in Fig. 3.4 ( a5faﬁle of" results is

given in App.B). This indiégtes that a load is reached beyond which there

— . gy 3
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' wi}l be no fufther reduction in thickness. It is therefore considered
that this condition arises within the windings of the coil and that the
loading between the windings is sufficiiént to reduce the paper to its
thinnest, a value of:-~ |

B = 0,102 mm (see Fig. 3.4).

3,6 Calculation of the contact area.

Within the coil, the paper and wire have a oonfiguration as shown in
Pig.1l.6, i.e., the vaper will de compressei between two adjacent wires so
that the diétance aparf of the wires will b; equal to the mimimum
thickness obtained above, Now it cén.be seen from Fig,l.6 that the pavper
is in contact with at leasf one wire for the whole of its width but.there
are only limited sections of the paper Where.it is in contact with both_'
adjacent wires-at the same time and it is the:chord across %hese sections
that is called the contact area, marked M in the figure. Now M can be

calculated from the minimum thickness B as shown below:-
2

o e

Where T is the thickness of the paner in its uncompressed condition,

On simnlifying

Mo - 2]_('1'_;_13)_[ -_(2_-2-__1;1] - (3.1)

Thus the contact area can be obtained and for Goil No.2 has a value of:-

M = 0.2998 mm

(Full details in App.5. page 127)
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3.7 Conductance of the paper.

The thermal conductance of the pa?er was obtained by using a
standard Legs' disk;'

A test was carried out oﬁ the equipment by inserting the test paper,
switching on the water and electricity, and allowing time for the
equipment to reach a steady state-femperaturé. Readings were then taken
of the temperature at each face of the disk and the voltage and current to
the heater, From these results the cond#ctance could be calculated in the
normal way, A test carried out on the p%per from Goil No.2 gave a

conductance of -

2 2
cpl | = 4,76 x 10 J/m' s K

Full details of the calculation are given ih App. 5.

3.8 Conductance of the naper under compression.

In the theory of Chapter 1, the relationship between thickness
of the paper and thermal conductance is required and is assﬁmed
to be:- c = i

| P T vy

where s' and v' are constants. Oné of these constants can be oﬁtained
from the conductance of the_paper a2t maximum thickness, but for the
other a conductance at a,différent thickness is required.

It was found that after the paper had been compressed to its
~ thinnest and the load removed, the paper only recovered slightly,
if any, in thickness. Therefore, obtaining the conductance at this

pbint would satisfy the condition for the second constant in the +theory,
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This was done by compressing the paver to its thinnest, releasing'the load,
- measuring the thickness and carrying out a secoﬂd-Lees' disk experiment.

On completiéﬁ of the exveriment the thiékness of the-papér was again
'checked.

The result of a test on the paver from Coil No.2 gave a value of

conductance of c 2

8.1x10° J/m%s K

p2 T
at a thickness of 0,102 mm
(full details in App.5).

3.9 Substitution into theory to obtain the conductivity of Coil No. 2,

At this point methods have been described by which all the information
.required to calculate the conductivity of a paper interleaved coil may bYe
obtained. Therefoée, in order to'test the theoretical basis for the
calculations, the conductivity of Coil No.,2 was calculated and comonared with
the value of conductivity obtained by direct exveriment in the first part
of this chapter. The characteristics of th; paper have been found in this
chapter;'the conductance of the insulation ofi the wire was found by the
method described in Ghanter é. (full details of.all the exneriments and
calculations are given in App. 5).

The theérefical basis to be used will be the simplified version

resulting in Eq. 1,37 from Chapter 1. Therefore on substituting the

following values:—




i et e A 1P

71

c, = 51.8x10° 3/mn’s ¥

T o= 0.1472 - mm

B = 0,102 mm

c ) = 4.76x102 JI/ms X

C , = 8.1x10% I/ns X at 0,102 mmll_

D = 1.016 mm :
k= 2,94x10™2 J/m s K | |

into Eq. 1.37 gives a value for the conductivity of the coil of

k, = 50.08x1072 I/m.s.X

Pull details in App 5.
which compares extremely well with the value of

kp = 53x1072 I/ msX

obtained by direct experiment ofi the coil.

3,10  Discussion on the results for the conductivity of Coil No.2.

The above results indicate that a satisfactory theoretical basis
has been’found for.calcuiating the radial conductivity of a paper
interleaved coil. However, the result does not give an indication of
the accuracy of the method since the accufacy of the above result may
not e typical. @ It was therefore necessary to confirm the accuracy of
the method by further experimentation with different coils.

3,11 Determination of the accuracy of the method for obtaining the

conductivity of naver interleaved conils.

Because of the number of variables involved (6), a considerable

e A S e et it T
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number of tests would be required to show the effect on accuracy of a
phangé in each variable, It was therefore decided to examine a number
of coils over é range of wire sizes which would give some indication
of the accuracy of thé method and avoid involvment in a great amount
of repetitive work.

Seven different coils were made with thermocouples and a heater as
for Coil No. 2, Each coil was made witﬁ a different paper, with three

of the coils made from one wire size and four from another..

3.12 Proceedure for testing the accuracy of the method for 6btaining

the conductivity of paner interleaved coils

Each coil was tested by the method described at the begining of
Chapter 2 ( pages 39 to 41 ) to obtain tne radial conductivity. The
characteris%ics of the wire and the paper vere found by the methods
described in Chapters 2 and 3, These were then substituted into Eq. 1.37
to obtaiﬁ the theoretical radial conductivity of each coil. The
conductivity obtained by each method was then compared by plotting one
against the oither, A pepfect agreenent between experiment and theory
woﬁld be indicated by a straight line, passing through the ofigin
with a slope of 450. The scatter of the points about this 1ine vould
indicate the accuracy of the theoretical calculations.

Full details of the tests carried out on the seven cCoils are givep
in App. 6. The conductivities obtained by both methods are plotted

in Figo 3-70

e o ———— —r ——y
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. 3,13 Discussion on the accuracy of the method for obtaining the

conductivity of vaner interleaved coils.

Inspection of Fig. 3.7 shows that reasonably good agreement is
obtained between theory and oractice, and over the range of variables

involved, a maximum error of ¥ 15% could be expected with this method.
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CHAPTER 4.

EXTRHSION OF THE THEORY TO COVER AXTAL HEAT FLOW.-

4.1 Introduction.

In the previou; chapteré it has been showﬁ that the radial
conductivity of a coil can be obtained with reaéonable accuracy.
However, it is by no means certain that the axial conductivity will
have the same value as the radial conauctivity. Therefore, it is
pronosed in this chapter fo extend the theory to cover axiél
conductivity. .Also,.a method 1will be given whereby thé overall
temnerature distribution under conditions of two dimensionél heat - ‘
\
transfer can be obtained.

4.2 Axial conductivity of non-interleaved cnils. -

It is assumed in general that ﬂhen heat flows radially thrsugh
a coil, the heat paths are as shown in Fig, 4.1. Comparing this with
Pig. 4.2 for axial heat flow it can be éeen that some of the heat
trqvels through the coil by the same method as for radial heat flow.
However, an additionél %acfoﬁ is at work when the heat flows axially.
Therefore, consider a tyvical section in the coil to be as shown in
Fig. 4.3 and consider the part of %hat section outlined in thick black
lines to be the same as all other sections within the coil., Now in the
same way as in Chapter 1, assuming that the lines of heat flow are as
shown in the figure, the axial conductivity of the coil mzy be found by
obtaining the heat rate for the section outlined-in-thick black lines and
substituting into 2q. 1.8.

Insnection of the individual shaded sections in the figure reveals
.théf they are the same as those which.have already been analysed in

Chapter 1. The centre section marked 1 in the sketch is identical

with that in Secction 1.4; therefore, the value of the heat rate for




| by Hb1 as in Eq. 1.15.
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this section will dbe Hb2 as given by Eq. 1.20. The outside sections

- marked 2 and 3 may be joined together to form a section idsntical with

the shaded area in Section 1.3 and the heat rate will therefore be given

Now if it is assumed that the temperatures:at either side of the
=section outlined in thick black lines in Mg.4.3 are constant, it can
be seen by insvection that the overall heat raté is givén by :-

Ta = T * Fo 4.1
where Hba is the heat rate in the axial direction
for a typical block in the coil,
This assumption is reasonable since the top vart of the left hand side
of the section is in the cooper, which, having a very high conductivity
will be at constant temverature. The bottom part may be considered at

constant temperature since it is a dividing line perpendicular to the

direction of heat flow separating two identical sections. The part in

thé middle where the insulation.passes through the edge of the section
is obviously not at constant temverature but if it is considered that

the line itself is a very thin piece of insulating material then the

problem is not altered significently and the constant temperature condition

may be assumed without serious error.

The conductivity of the coil may now be obtained from Eq. 1.8
H
X = "b'h

Ab

Now it can be seen from Fig. 4.3 that for the case in question

h and Ab will take up the following values:-

g e mn e
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h = Df2
b, = 203
2
therefore
H .
k' = ba | - (4.2)

a . 7'3'- ; | i

In order to give some indication of the relative magnitudes of
the axial conductivity compared with the radial, the axial conductivity
was calculated for Coil No. 1. Full details are given in App. T

The resulting axial conductivity wass-—

"k, = 0.64 J/msK

vhereas the radial conductivity was:-—

k, = 0.996 J/m sX

4.3 Discussion on axial conductivity

The axial conductivity_of-the coil was obtained by a method similar
to that used for the radial conduciivity, althouch the axial method is in
two indepeﬁdent parts, The calculation on Coil No. 1 showes the axial
conductivity to be lower than the rﬁdiai. Errors may be involveé in the
calculation of Hb1 in thét it is assumed that there is no gap axially
between the wires, whereas, in practice a gap exists and will reduce the

value of Hbl’ making the value of axial conductivity lower than that

given., If the axial gap between the wires is known, then with a small
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change in the theory a modified value of Hbl can be obtainedto éive
a more accurate value of axial conductivity. .

The axial conductivity of a-paper interleaved coil can also be
obtained in a similar manner. |

No experimentation has been carried out with resvect to the axial
conductivity of either type of coil. Therefore no experimental
verification of the technique for obtainihg the axial conductivity is
available at nresent. :

A.4 Combined axial and radial heat flow tbrou:h a coil.

If it is assumed that the radial and axial conductivities of a
coil can be found with reasonable accuracy, thgn, in order that these
may be of any practical value, a méthod must be found for calculating the
temperatures within the coil from these coﬁductivities. The velaxation
method was thought to be the best &ay of determining theée. The
derivatibn;of a method of relaxation for two dimensional polar
coordinates with two different conductivities is given below;
It is assumed that the coil is homogeneous with differing conductivities
in the axial and radial di?ecfions. Therefore considering an element
df coil shown in Pig. 4.4 theheat transfer through the lefi hand

curved face

= k, 39-(r.5¢ oz)
T or

Heat transfer through the right hand curved face

= k, (39+¢)'93—r)(r5¢ Sz+5r5¢ Sz)
dx P




Heat transfer through the near face

= k,, .g_:—.(r-.SQJ.S_r)

Heat transfer through-the far face

2 Y
- ka,:ga£+ %_3 2) (5r.r.99)

The heat transfer through the top and bottom element is assumed to
be zero because of the exelent conductivity of copper,
Now, summing all these quantities entering the eiement should give -

zero, thus:-

dr &

+ k| .DG-.(rSQ).Sr) - ka'@é' +}_2_-6-.Sz)(gr.r.s¢)
dz dz 937

+ qg(gr.r.SQ).Sz) = 0

kr.g_e_-.(r.sfb.Sz) - kr@e +&.Sr)(r.%¢.32'+ Sr.SQD.gz)_

Simplifying and moving to the limit gives:-

~ 5 g

¥d T )

K 9% + k 15+ k Q% +a = O
I = r - a >
z

Which is the general eguation for heat transfer within the coil.

Converting this {0 a2 finite difference eouation gives:-

By + 0y -20) g (8 - 8y)
r r——————-—
2 T 2a
a
| + k,.(e:l+62 2,) @ = O
| a 2 g
a

e T A

. _ L L e e e R
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where a ‘= the pitch of the grid
'-eb = temperature at the node
'ei &-63 = the temperature above and below the node respectivly E
-Gb'&-ez = the temperatures to the right and left of the node ‘
r = the radius of the node
qg = heat generation per unit volume

Notes the axis of the coil is taken as horizantal,

Now the value of 9% for the coil will éot be constant since
the electrical resisténce of the coppér in {he windings will vary'
with temperature according to the equation :

qg = Q(+ P-'e'o'

Therefore, this must be substitutéd into the finite difference equation

to gives-
'kr._(.e.'l':+ H-2) kr._l_.(e'l - 9)
2 b 2a
a” i . _
' &, +9, - 26 '
+ ka|.( 4 2 O) + X +Q.—GB = .O
a2 ' :

The.above equations can now be used with the appropriate boundary
conditions to obtain the temperature Aistribution throughout the
coil. The heat tiansfer through a'core-or fixture attached to fhe
coil would be an added difficulty ﬁut.this was thought to be outside

the scope of this prbject.
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CHAPTER 5.

DISCUSSION AND CONCLUSIONS,

The whole of this dissertation may be consideéred as a preliminary
.inveétigation into hethods'of predicting the teéperatures within an
eleétriéal éoil that is heated dﬁe-to the dissibation of electrical
energy as heat within the windings. Literatufé surveys have indicated
that the only work of any signifiqance that has been carried out up to
the present, is that described im Jakob (6) and Richter (5), (comparison
between Jakob's method and the one in this text is giveﬂ at the end of
this discussion). The method used here was not a deveIOpﬁent of an
existing technique but the-fouhdation of 2 new tgchnique which has the
potential for development over a far wider range of coils than have been
investigated ﬁere.

The theoretical basis for this thesis was decided upon after first
- investigating a considerable number of simpler methods. Averagas of the
conductivities of 2ll the constituents were not-thought to be of value,
The assumption that. the gir spaces act as regions of zero cénductivity
was tried but very little agreement was obtained. A statistical approach
was éonsidered but discarded since firstly, any prediction from this type of
method would have,a probability of being too greatly in error, and
sécondly,the number of experimental vresults necessary to obtain a
reasonable correlation would have been considerably greater than the number
required here. | |

The méthod used was the result of an analysis of the heat flow through
a section of the coil, It was réalised that a purely numerical analysis
could have been used to obtain the temperatures through a small secti;n

of the coil, and provided a computer was used, the temperatqrgs throughout
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the whole coil could have'béen obtained in the éame way.- However,
although thid would have givén the temneratures within the coil (it is

by no means,cértain that a successful analysis could have been carried
out, since the problem of various conductivitie; in series and parallel
would have been extremely complex).it would havé been very difficult to

| glean any further information about the coil from this technique. Whereas,
in an algebrgic analysis, general iﬁformation;such as the relative effect
of different dimensions and different conductivities can be readily
obtained. Hoyiever, it was realised that a comprehensive algebraic
analysisy which would have invelved analysis of two dimensional heat
iiansfer through various conducting materials was out of the guestion.
Therefore a compromise was attempted by apvroximating tﬁe lines of heat
flux for a numerical analysis to 2 system fhat could be analysed by one
dimensional.heat transfer; The result would be algebraic and would have
the consecquent advantages of simplicify and flexibility.

The_decision to use conductances rather than the more conventional
conductivity was arrived at by virtue of the fact that the who}e of the
analysis could be carried out (using-conductance) without reference to
~ the tﬁickness of the insulation. 1In this way one variable, which could
only be obtained with doubtful accuracy was eliminated;

The assumed configuration of the windings, one winding lying in the
groove left by the two windings below, was.thought to be the closest
.approximation to an actual coil that could be successfully analysed.

In practice the wihdings cannot lie on top of each other in this way for
the whole of a turn, since the helix of one winding is in the opposite

direction to the one below, Thus on each turn, the wire on top must,




82

at some pointy. pass over the wire below, but for most of the diameter
tﬁé wire on top lies between the wires below, An error is therefore
involved in this assumption which is likely to make the theorétical value
of conductivity greater than the actual, since the regions of overlap,
having a greater proportion of air space, will have a lower conductivity.
The regions of overlap are well distributed throughout the coil since in
one 1ayer of.windings the 30° of overlap is not situated axially along the
- coil but follows a helix around the coil, %nd in the next layer the
overlap.is unlikely to be directly over thé previous overlap since the
space between one winding and the next at ;ﬁ overlap is greater then in
other parts of the coil; hence the Qinding layer on top is almost

certain to fall into the grooves left by the winding below at the point

of overlap, An indication of tﬁe error caused by the overlap can be
estimated by assuming that fhe regiéns of overlap have zero conductivity
and sincé fhey occupy an area of 300 at each layer, the total

volume of overlap will be 30/360 of 8.3% of the total volume of the
windings. Thereforé, the maximum error that would be expected would be
8.3% and since the regions of overlap will have an appreciable conductivity
the error from this source will proﬁably be considerably less than this
amount,

The complexity of the final.eqﬁations was unfortunate since it
makes the calculations involved in obtaining a result long and difficult
with a possibility of numerical error but no.method could be found to
gimplify them without limiting their scope. Yt was thoﬁght at one point

that the approximation used for the heat transfer through the paver, i.e.
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apprbximating the surface of the wire to a parabola, could bBe used for
the air spaces., This was rejected on the grouﬂdS'that most of the
heat would paés through the thinnest part of thé airspacé, where any
dimensional inaccuracy, although small comvared with the diémeter,
would be large compared.with the air snace and could we%l cause a large

error in the conductivitye.

However for anyéne wishing to obtain the conductivﬁty of a naper
interleaved coil -by this method, a computer programme has been written
see App.8.

The approximate method of obtaining the ccnductivity of the
non interleaved coils (Eq. 1.16) could well be,of considerable value
because of its relative simplicity and limited data requirements.

It may also have apnlicétion to non cylindrical coils but no experimental
information is available on this,

It-is important to note that.the theory fits the experimental
results.without.the need'for any arbitrary cérrection factors., Therefore
although the tests carried out cover oqu a small mnge of vapers and wiré
sizes, it is very likely that the method will be applicablé to a much
wider range of coils than has been tested provided the materials of the
coil afe comnatible with the assumptions in-the theory. It is thought
that one of the more important assumptions is that the interleaving
vaper must have a well defiﬁed minimum thickness, If the paper does not,
or if the loading to reach the minmuﬁ thickness is large, then the
resulting §oil could well have a variable cdndﬁctivity Bince changes in

the loading between the wires would alter the contact area and hence the
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conductivity. . Extremely hard papers may deform the insulation on the
wire, but with slight modifications to the equations this could be taken
into account. -
Errors could arise with coils that are shoLt compared with the
.diameter since at the ends of the coil the windihgs are not as orderly
as in the centre and would orobably have a lower conductivity at this
foint. With long coils, the vpart of the coil'fhat has this low
conductivity would be small and could be neglec£ed.
The scope of the equations is limited by the assumptions used
in their deviviation. These limitations are detailed below:-
1) the thickness of the insulation on the wire must
be small compared with the diameter of the wires
2) the reduct;on of the thickness of the insulation
due to the pressure of one winding on the next must

be small comnared with the uncompressed thickness

of the insulations
3)  the diameter of the wire must be small compared

with the diameter of the coilj

A) the coil must be wound at such a tension that the
pressure of one winding on the next is above the
limiting load for which an increase in load will
not cause an increase in contact aréa;

5) only tadial conductivity Ean bé found in this way,
axial conductiQity will be a different valuej

6) the wire must be covoper, or another good conductor

of heats

o —4_
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7)  the coil must be long compared with the diameter
of the wire;
'8) 'the paper must have a well defined minimum thickness.
It is unfortunate-that most of the limitations do not have a

precise numerical value - they must'nevertheless be éccepted and until
furtﬂer work is carried out numerical limitations cannot be given.
Although there are a considerable number of limitations, most
commercially available coils will fall within the scope of the method.
The coil used in the initial experiment-wa% large comnared with the
coils used in the final exveriment. Thisawas primarily because it

was thought that the proverties of the materials would be easier to

obtain when larger samnles were available. - However, it does show the
size range for which the techniques are valid; although there is no
reason vhy this shogld be the limitation t6 the range.
The single coil used in the.first.egngriment was not dunlicated because
of the difficulty of making non-interleaved coils of good quality.
The single result from the non—interleavéd coil makes it difficult to
draw any conclusions as to the general accuracy of the method with this
type of coil, However, the same technique used on paper-interleaved
cnils gave gnod results for an intrinéicall& more difficult problem.
This suggests that the accuracy of the calculation for non—intgrleéved
poils would also be very good. |

The method for obtaining the copduétivitylof the interlea&ed
coils gave results that were better than A 15% of the exverimental result.

This may be considered the best fhat'éould be obtained for a heat transfer

calculation with such complex geometry.

Certain errors would be involved in the exnerimental devivation of
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| the conductivity but these were thought to be small. Repeat tests were
carried out with good agreement., Also, the calculation in&olved the
use of the slope of a straight line which tended to average out small
errors in single readings. It was thought that the exnerimental
conductivity would be obtained to better than ha 3%.

As mentioned previously, the only other methods available for
calculating thé_condubtivity of a coil without recourse'toiactual
exverimental tests on the coil is that of Jakob(6) and Richter (5).
_Both methods involve assuming that the section of the wive is square with
appropriate dimensions ;o that the same ﬁumber of windings fit into the
. same space as the original coil, Under these assumptions the
conductivity of the coil may easily be calculated. The conductivity
fop Coil No,1 was calculated in this way giving a reéult'of

k, = 1.84 J/ msX
which does not compare at all well with the value of

k= 1.045 J/msK |
obtained by direct experiment. However it is the author's ovinion
that although not mentioned specifically, Jakob (6) only intended the
method %n be used on cotton covered wires, which would probably |
give a betier result. Richter's (5) method was originally derived_
for rectangular wires but he says that it can be used on round wires
by assuming that the wire is square! Using Richter's (5) method, the
conductivities were calculated for Coils 2 to 8 and the calculated
conductivities comnared with the exnerimental results in Fig., 5.l

Comnaring ?ig. 5. 1apd Fig. 3.7, it can be seen that Richter's (5)

. e o oy trmr—t




817

method does not give the accuracy obtained wiﬁh the method adepted
in this text.

Chapter 3 shows how the technique can be e;tended to cove;
axial conductivity. No exnerimental verification is given for the
result and it is the author's opinion that accouﬁt will have to be

!taken of the axial gap between the.wir;s before a reasonable

accuracy will be obtained., The modification t@ the equation in order
to introduce a term for the axial gap would be relatively simple but
predicting the dimensions of the gap would be considerably more
difficult,

The method given for the calculation of the temneratures within
the coil under conditions of both axial and radial heat transfer is
a standard technique but one which is usuwally given for constant

conductivity in both directions, Therefore, for completeness, the

equations were derived.
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Solution of integrals

Bquation 1,12

o=}
[}

lo 2 a.CosmgﬁQ

c.Cosh + b
0, o

can be reduced to
) ' -2
By, = 2[00 - bodd |
- c b b+ c.Cosd)J
. 1 ;

Let

a
1}

g
S

so that substituting for

t = Tan%d)
gives
b - c | b + ¢ 2
th. b -c¢C + b
-where ) = Tan-li
i ' f 1
1,
Mo = Tan 2¢2

From this voint two alternative solutions arise devending on whether

b + ¢ is positive or negative.

b - ¢
Consider firstly b + ¢ to be positive
b ~-c
Putting
m2 = b+ce
b c
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so that _
. D2
U= 2 _zdt o
b-c¢ 1 +m

substituting for

n.Tand

t

gives

vhere

therefore

H, =2;0,-0, - 2b [?an-l-l.Tan%QZ - Tan—l_l.Tanéml
1 (v -c)m m m

Consider secondly b + ¢ to be negative,

b -¢
Putting
m2=- b +c¢
) b-c¢
gives
2
U = 2 3 at .-
b - ¢ ¢ = m
D1
Thgrefore
U= 1 logeg_g-m.'j_lqvn
(b-c'n 92+m ’Dl-m




Substituting‘gives

At

|—l
-clw

91

[ ]
aﬂ%¢2 +m

Equation 1,29

H3c =

can be reduced to

H

3¢

Putting

2
0

2f,51

and simplifying gives

vV =
Putting

U =
gives

U =

2 2f.CosO

nf,

+ g.Cos@ )d

b - c. Cos@)

/2

g.Cos0,.dd

COSQ _g.Cos0.40

b - ¢,Cos?

dt.

'elo
+11
lO Q

Do
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Substuting for
m2=3- b - ¢ ’ ;
b + ¢

gives the same solution as for U in Eq. 1.12. Therefore substituting .

for H3c givess - : 3 .
' - !
H3§ = 2f.,5ind + 2.g)- ¢2 +_2b ,1 |Tan 1 _}_.Tan%{pg ;

c b+cm|| m J

The a2lternative solution with m2 = - lb - c'does not apply
. h + ¢

Equation 1.33

2
Hyer =2 __pe.&x
Jb fx~ + g
Putting
2
m =g
f
gives
x
'H30' = _g __2e.dx2__
f X +m

0]

H3c' = %l

5]lo
3

5
1
TS
~

which has the solution ‘ l
\
|
|
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_ APPENDIX 2,

Bxperimental results from Coil No. 1, .

| Results of the first test carried out on Coil No.l.

In this test:the coil was heated with the central heater. Time
was allowed for the coil fo reach steady state and then readings were
taken of the power input to the coil and voltage at each thermocouvle.
The voltage was then plotted against the loge of the raéial position
of that thermocouple. (This is equivalent to a temperéture v log radius
graph since the voltége from the thermocouples was pronbrtionai to the
temverature over the range used). The slone of the granh was then used

to calculate the conductivity of the coil by substitution into Eq. 1.4.

Length of coil "= . 127 mm
Voltage across and current through the heater "= 10,54 volis and
: 2,6 anmps.
Readings from the coil:

Voltage at ~ Radius of . ' Log. of

thermocouple. " thermocnuple. radius.
mV : mn
3.39 : | 22,22 3.1
2.96 e 30,01 - 3,404
2,66 o 35.75 © 357
2,522 40.6 3.704
2.125 55,0 . 4.0
1.97 ) : 62,0 - : 4.127
1.85 68455 4,228
1.74 | T4.5 4.31

Pen thermocouples were originally put into the coil but two failed to
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© work. Plotting these results gives the gravh in Fig. 2.4 .vhich has a '

slope of=0,73. This slope can be changed into-a-temnerature v log
radius slope by multiplying by the number of mV per K which equals
0.0419 (see calibration curve for the thermocouples Fig; 2,2) thus:-
slope = -~.0.0303.
Now ffom Eq. 1.4.£he slope of the temperaturg log?;adius graph

equals:-

- k .L.2.TT
e

Therefore

kr = - slope.q
. LOZQT\-

and substituting gives:-

k, = 1.045 J/m s K




Results of the second test carried out on Coil No,l.

In this test the coil was heated by passing a current through the

windings, Time was allowed for the coil to thermally reach steady state,

: i
Readings were then taken of power input to the coil and the voltage at

each thermocouvnle.

Diameter of the coil = 156 mm
Length of the coil o 127 mm
Voltage and current through the heater = 2.65 amps and 18 volts.

Readings from the coil:

Voltage at " Temperature at Radius of

thermocouple | thermocouple. thermocouple
mv - X | mm
3.15 75.4 o 22,22
3.19 764 30.01
3.17 75.8 35.75
3.18 - '}6 : ' 40,6
3.0 R T1.6 . 55.0
2,86 S 68.6 62,0

EX 65.6 68.55
2.6 62,2 | 145

These results are plotted in Fig. 2.5




Calculation of the temnerature distribution in Coil No.,1l

under the conditions of heat generation within the coil.,

Current passing through

the windings I = 2.05 A,
Electrical Resistance of -
" the windings R = 7.05 (1 + 0.003520- )t
Thermal conductivity = 1.0}5,5 J/ msK
Length of coil = 127 mm
Diameter of coil = 156 mm
Diameter of core = 25.4 mm

'Using Bq. 1.6:

_ .e - _.% + cl°J°'_(rv/I_§—;) +62.Y°.(r‘/%.')

Hhere heat generation = (°< + (39')

‘'which can be obtained from

L2.05)2x7.05:c(1 + 0,003523)

1°.n -
volume = (15612 _ (25.4)% 127x1077
: 4
= (1.258 + 0.443)x10°
therefore ‘
‘ 2
o = 1.258x10
and |
' 2
(5 = 0.443x10
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" . Calculating
/& = 6.5
' ko
T
3

Now since r has a maximum value in ithis case of 78 x 10 °m .
the function.rfégl will have a maximum value of 0,56.
T .

Therefore terms in J6 and Yo

4 6

2
J._-.l-x + X + X
° 22, 42 22 ,42.62
.Yo=_g(10gx+ K)Jo
. N
X = I"£

T
having x to greater powers than 2 may be neglected; therefore the

Bessel equation may be simplified.to the following:-

o 2 X (1 _%2)(01' + -czj(_g.logegzc_ +%))

P

7.

Now in order to obtain values for the constants d6 is required
dx

Note: d& does not introduce an x2 term from the original ‘equation

dx 4
since the next term in the sevies is x7.

= € [2 -x(y+ 1 +2dogx)| =C,.x
-?Exx ( 2% T e'2‘)] L

Now substituting the conditions of -

513

& = 62.2°C at v = 75.4 mm
(This condition is obtained from the temperature at a thermocnupie

but could be the surface temperature in practice).
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and
: 8 = 0 at r = 127 mm
dx
’ : ( No heat transfer to the core)

Therefore, for the first condition

X = T5%.4 % 6-5
1

03
= 4.9 x 107
for the second céndition
x = 12.7 x 6.5
10°

8.268 x 1072
Substituting into the simplifyed equation gives:-

¢ 368.16

1

02 ‘= 3.01

' Therefore writing the equation in full

& - - 2841 + (1 - x%) |368.16 + 3.01(2.1og x + 0.5772)] S
o a I B . i

" Now substituting for r in the above equation gives:-—

T S |
12,7 mn 80.9 K
20 mm 80.2 X
30 nmm 79.5 K
40 mm 77.5 K
50 mm T13.6 K
60 - mm 69.8 K
70 mm 64,3 ¥
78 - mm 60.5 K

The above calculation was repeated but with the condition

36 -0 atr=12.7 nn changed to @6 = 0 at * = 30 mn  which
dx - _ dx :
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corresponds td the actual feadings from the coil (see Fig. 2.5).

The results obtained were as follows:-

T ) o | *3';
30 mm _ 174 K. |
40 mm _ '_ 73.2 X
-50 ‘am o R 1.1 K
60 mm - ' - 67.6 X

These points are plotted in Pig. 2.5. .




Calculation of the heat transfer coefficient from water to the surface
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of the wire used to construct Coil No. 1

This heat transfer coefficient may be calculated using the

equation from Coulson & Richardgon (8)

Nu =

where Nu =
Re =

Pr =

0.26.(Re)0'6.(Pr)0‘3h

Nusselt number

Reynolds number

Prandtl number

which gives the_héat transfer coefficient to a single round bar of

infinite length when water is passed at constant velocity across

the bar in the direction perpendicular to the axis.,

This is not identical to the conditions in the test to find

the conductance of the insulation, since the wire is ngt straight

and the velocity is not constant, but the result will give some

indication of the magnitude of

Data
Diémeter of the wire

Specific heat of water

‘Thermal conductivity

of water

:Viscosity of water

Density of wster

Velocity

Heat transfer
coefficient

o

Symbol

D

Q\\“\_\hsmincz i
FEB1974

SECTION
Ligr AR

{ a8

the coefficient to expect,

Value
1.7x102

4.1868x10

0.607 - -
0.55
1000

1,2

UNIVE

3

_Units'

J/kg X

J/m s K

Ns/m2
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Calculating numbers

Re = V.0 = 3710

Y,

Notes This is turbulent since turbulence begins at 200 for a bar

Pr = fZ.cPW = 3.79
ks
W
therefofe
e = Pe? . 0.26(3720)°°6.(3.79)°°3 ,
W’
so that
. 20.1x107 .J/n’s K

This value of heat transfer coeficient is only a factor of
six greater than the value of conductance found for the insulaticn
and could lead to an error of 16% in the value obtained. However
the check carried out during the experiment and confirmation of
Method 6 for obtaining the conductance indicate that error involved

is considerably smaller than that indicated here,
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APPENDIX 3.

Calculations involving the conductance of the insulation,

Derivation of Eq. 2.1.

-t

logéGJ = A -
Ti'Cpc' c

Consider a unit length of wive, If the surface temperature

of the insulation is raised above the temperature of the copper,

the heat flow into the copper can be equated to the heat flow through

the insulation thus:~

2 ';
.-IT.DW .fc.Cpc.GO' - 9'.7\’.])“.1{__5.
4 Ty '
Where Dw = Diameter over the cooper
/ﬁc = Density'of copoer
Cpc = Specific heat of coppef 
Ti = ' Thickness of insulation
ki = Conductivity of insulation
\ _ )
© = Temperature drop across the
. I'd
Therefore
'I
Pefortre® O L
4 dt '1'i '
Solving for ©' gives:
( 4ks .t )

at.o (Tie Dus fc.CPc)

insulation
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Where A' is an arbitrary constant

Taking logs

log®' = logA' - s
.Ti' w'/%‘cPc
loge-eJ = A = Aot

i
Ti'DW°ﬁ:'c?§
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Calculation of the conductance of the insulation on the wire from

the granh obtained by UV recorder for Coil No.l.

The curve obtained from the UV recorder is reproduced in Fig.2.7.
The original giaph had small cyclic oscillations on the curve which
reptesented-1/50 S. Paking the height of the main curve above the

datum at each fifth oscillation gives the height of the curve at 1/10 s

intervals, thus:-

Height of curve. _ | Time.' . 1ogé of height.

.cm s ..
5,23 0.1 ! 1.65441
4.22 0.2 1.44
3,28 0.3 1.188
2.58 o 04 0.95

2.0 0.5 0.693
1.6 06 0.47
1.23 o 0.7 10,207
1.0 0.8 | 0,000

Now plotting the logé of the height of the curve against time
gives the graph in Fig 2.8 which is a straight line which has a slone
of =2.44., Substituting this slope into Eq. 2.2 will give the

conductance of the insulation thus:-

Diameter of wire 1.6?6 mm .
(excluding insulation) o '
-'Spe;ific heat of copper" . 0.3815 x 10° J/xg X
‘Density of cOpﬁer _ 8.95 x 103 kg/m3 -
: 'Eq. 2.2 '
C; = -_I;‘E./ac“.Cpc'.S'

33,9x10% 3/ns K

Q
f=lo
L}
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Results of the test on the small Lees' disk.

Test —Gal : -9(-12 -9;11 '-6;12 Load,
1 19.3  16.55 31.5 . 20.97 5 ke
2 18.85  16.43 30.5 20. 25 | 5 ke
3 251 17.39  5T.8  27.9 5 ke
4 18.82 16,08 30.5 20,26 10 kg
5 19.3 16.43 . 30.75 20.5 10 kg
6 25.1 17.62 56,6 27.9 10 kg
Substitution into the equation - |
¢, = :wzzrl ::::M;:iw
w'vdl " “a2’*"a
‘where k, = 387 J/ msK
L‘:‘r = 61,8 mm
A = 2,09 m®
-'Ad = 16.4 mm2
givesi-
Test - > 5
1 C; = 30.6x10 J/n° s K
2 C, = 33.8x10° I/’ sk
3 ci. = 30.6x10° J/m? s X {
A c, = 29.8x10° J/m% s X
5 6, = 28,5x10° J/m% s K
' 6 c, = 30.5x10°  J/m° s K
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APPEEDIX 4.

Calculation of the conductivity of Coil No.l.

Calculation of the conductivity of Coil Ho.1 from Fag. 1.16

as given below:-

Units

J/m2s K

mm

J/m s X

-1
k. = a |0.524-__2b Tan —0.2679 h
r c L_ Zb - cjm [ m %5
where m = /b + ¢ :
b -¢
' s
a = C Dk,
b = c.o%
1
1
C = ka - cioz
h =J3.D
2
Dat; Symboi Value
Conduictance of the insulation c 33.9x102
Diameter of wire over the
insulation. D 1.7
Conductivity of air ka: 2.94x10"2
' -3
a = 8406 x 10
b = 28.8 x 107t
= 28.5x 107!
m = T.14 x 10~2
therefore
pan—t 0.2679 =  1.31

m

Source.

App. 3

measurement

Int.Crit.Tables.




and

Therefore

L}

110

18.5

'0.925 " J/m s K
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Calculation of the conductivity of Coil No. 1 using Eg, 1.21
as given below
— J_ I °
kr - (H2q i I2c) i%
. ' I
where '
H, =af¢,-¢, -__2b Tan ;.Tarr,;;b]- [lTa ¢]}
2q c{ 2 1 Im [ [m . 2 1
C. .M ' '
H = . i
“2¢ 5
m = b + ¢
4 b-co¢
= !
a = Ci.ka.gD
b = 0,30 - 3)
¢ = k_=0C,.%
a i
0
9, = 30
. =1
¢, = Sin (/D)
h = \/z .D
2
p o= Ez-_..l.
4 D
» Data Symbol Value Units _ Source
Conductance of the ) , ”
insulation ci 33.9::10-2 J/m s X App. 3
Diameter of the wire
. over the insulation D 1l . mm measurement
Conductivity of air ka 2.94x10—2 J/m s X Int, Crit. Tables
Contact area M 0:178 mm experiment.

(see page 62)




Calculating

Pan™? l.Tan—%&bz
m

=1
';‘a.n % .Tan%¢1

2q

2¢

7.14 x 10~

28.8 x 10~}

- 28.5 x 107

0.466 x 1079
' 2

0.1048 (Radians)
1.31 - (Radians)-
0.64 (Radians)

2.72 x 10'1.

3.02 x 10~}

0.995 J/m s X
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APPENDIX 5.

" Bxveriment2l results and calculations for Coil No.2.

Results of the first and second tests carried out on Coil No.2.

. Tests carried out as in Apvp.2.
Length of coil ) 63.5 mﬂ
Diameter of coil ' 36,8 mm

First Test.

4,86 V. 1.475 A.

Voltage and current through central heater

Readings from coil:-

Voltage at Radius of _ Log of
thermocounles. thermocouonles., radius.
mV mm
3.1901 T.14 1.966
2.845 - 9.32 -.2.232
2.464 : 12,35 Co2.,514
2.1 15.44 2,737
.92 17.41 2.857

Plotting these results gives graph in Fig. 3.1
The slope of the graﬁh = = 0,702,
This S}Ope can be changed in{o a temnerature v loge radius slope
by multiplying by the number of mV per XK = 0,0419 (see czlibration
curve for the thermocouﬁle).

Which gives the slope to be 0.702 x 0,0419 = -10.0294.

Subétituting the above resulis into Zg. 1.4 gives:—

k = 0.53 I/ms ¥

T




~

115

Results of the temverature distribufion in Coil No.2 when

current was nassed throuch the windings.

Readings from the coili~

The test on the cnil was carried out in the same .way as described

13.82 . - 85.4

Calculating the temneratures from Eg. l.5.

. in Ap»n.2,

Voltage at Temperatures at
thermocouples, - thermocouples,

mV X

3.56 : 82.5

3.62 83.2

3.675 ' 83.8

3.8 ' ' 85.2

" Radius of

theTmocouples.
; mm
T.14
9.32
12.35
15.44
17.41

The temperatures are calculated in the same way as in Aop.2.

Pemperature.
. | K
86.2
86
85.1
83.5
82.0

Radius.
mm
3.175
5
10
15
18.4

Plotting the above results gives the graphs in Fig. 3.2.
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Results of the comnression test on the naver in Coil No.2.

_ In this test the paper was compressed in the apvaratus shown in
Fig.3.3. The following results give the thickness of the paperlunder

different loads. Two tests were carrvied out on the same naper. |

1st Test, 2nd Test,

Load., Thickness. Thickness.

kg mm ' | mm
o - 0.1472 0.1472
0.545 0,132 0.125 '
2.353 - 0.122 i 0u122
4.163 0.114 o 0.112
5.973 0.112 0,107 .
7.783 | 0.105 0,107
9.597 0,102 0.102

11,403 | 0.102. . 0.102

These results are plotted in Fig., 3.4.

The minimum thickness to which the vaper can be compressed = 0,102 m
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Calculation of the ccnductance of" paner used in Coil No.2,

"Results from the Lees' disk.

Voltage across heater in

Lees' disk = 4.21 V

Current through heater in

Lees' disk = 0.86 A.
Readings of thermocouple .

on cold face of Lees' disk = 0.25 mV.:
Readings of thermocouple )

on warm face of Lees' disk = 0,88 mV. "

Area of faces of Lees! _4' >
disko = 5.06 X 10 m

Tempverature difference across the varer can be found from the

difference in the thermocouple voltages divided by the mV per K, thus:-

(0.88 - 0.25)
0.0419

= 15.05 X

Heat transfer through the paper is given by voltage x current thus:-

4.21 x 0,86 = 3.63 J/s
therefore thermal conductance of paper
= _3.63
| 15.05 x 5.06 x 1074
- C | = 4.76 x 102 J/mzc X

pl
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- Calculationnof the cnnductance of paner used in Coil No.2

after it has been comvressed to its thinnest.

Results from Lees' disk.
Voltage across fhe-heater

0. 84 vo

in Lees' disk

Current through the heater
in Lees' disk = 4.2§.A.
Readings of thermocouplgs ‘ |

on the colﬁ face of Lees' disk = 0.16 mvV,
Readings of thermocouples

on warm face of Leés' disk = 0,53 mV.,

4

Avea of faces of disk = 5.06 x 10

As in previous calculation:

Temperature across paper

= 0.53 .- 0.16
0.0419 .

8.85 K

Heat transfer through the vaper

= 0.84 X 4.26 . = 3.58.

Thermal conductance of paner
8.85 x 5.06 x 10

| Cp2 = 8.1 «x 102 J/hz s X
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Calculation of the conductance of the insulation on the wife

from the granh obtained by UV recorder for Coil No.2.

The curve obtained from the UV recorder is reproduced in Fig. 3.5,
The original graph had small cyclic oscillations on the curve above the

datum. Bach fifth oscillation gives the height of the_ curve at 1/10 s

intervals, thus:-

Height of curve. Time. N log;lof height,
cm ' 8 . i
0.3 0,48 - 1.20398
0.5 . 0.4 . -~ 0.69351
0.95 - 0.3 - 0.05130
1.8 0.2 - 0.58779
3.435 ' 0.1 1.20896
4.8 - ' o 1.56862

Now, plotting the log; of height against time gives the graph in
| Fig. 3.6 which is a straight line Qf slope - 6.31. Substituting
this slope into Eq. 2.2 will give the conductance of the insulation
thus:~ |

Diameter of wire
T (excluding insulation)

0,965 mm

0.3185 x 10° J/kg K

9 ) Svecific heat of copper =
Density of copver = 8.95 kg/m2
Eqe. 2.2
Ci = --%E./?c.Cpc.S'
¢, = 51.8x10"2 J/ms K
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Calculation of the conductivity of Coil No,2 from Eq41.37}

" Eq. 1.37 is given as follows:- .- .

. H -. .
ko o= Jollat Tple omy |,
) H, +H [ T
2q 3p 2D

Note: The simplified version has been used, i.c., H3c is replaced

by H3c'

Eac¢h of the above terms wili be. calculated sépafa#ely below:

The data required for calculating these tefms is as %ollowé:-

Data Name Symbol Value  Units Source.
Conductance of insulation. c, 51.8 x 10° J/m? s K App. 5
Phickness of paper P 0.1472 mm App. 5
‘Phickness of paver under

maximum coﬁpression‘ B 0.102 mn - App. 5
Coﬁductance of vavner - _

uncompfess;d__ _4.76_x 102 J/m2 s K App. 5
Conductance of paver under |

maxi mum compression 8.1 x 102 J/hz s X App. 5
Diameter of wire over

insulation o D 1.016 mm  Measurement
Conductivity of Air x  2.94x10%2 J/msX  Int. Crit.

N Tablcs.
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To obtain H3c'

From Eq. 1.34

By, = 2¢ Pan" (X2 _]
f.m m) |

M/2 !

where_ x2 =
. m = jE
o _ f
e = C.
i
f = C..v',2!
1.
g = Ci(v'.b' +_s) .+ 2

and a' & D' can be found from

y = a'.xz + b'
vhen x = O, y =3
and x=M4,y="T

2

also, v' & s' can be found from

C = 1

P SV ¥ vy
when Cp = cpl’ y="T
and C =¢ B

p-p23y=
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Calculating M

- From Eq, 3.1

e 2 [EIET T ESE

.'_-.'\'! 5 >
"therefore S
| M =

" 0.2998 mml;i- -

Calculating at' & b!
" Substituting the conditions of

O“Af,y = ﬁ

n

.

and x=Maty="T
2.

into . - 2

y=alx +D0 .
gives

a' = T - B and - b =B

(/22

therefore

a!' = 3 = 0,102 x 1073

2,0115 x 10" and b!

Calculating v' & s!

Substuting the conditions of

C,=Cyaty =T
and Cp = sz at y =B
into
' ’ y= .1
st + v,y
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givés
v! = QR? qpl
cp2.c 1.('11 - B)
thereforg
v = 19,165
also
st = _1 = T.!
Cp1 :
therefore .
' = 0.721 x 1073
Calculating g
g - ci.(v'.b' + s') + 2
therefore
g = 8.,3833
Calculating f_
f = Ci.v'.a'
therefore
£ - 199.691 x 10°
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Calculatihg m

/5
f
therefore

m = 0.20491 x 1073

Calculating x.-

1
X = M
1 2
therefore
X, = 0.1499 x 1073

Calculating H3c'_ |
H3°, = 2e ; Tan_l(fg
o (m) _

3¢! = 0,1605 J/s K

therefore

This value of H is the heat rate for the part of the coil

3c!

where the paper is in contact wiht the wire above it and the wire below

as illustrated in Fig. 1.6.
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pl N

To obtain H

From Eq. 1.19

' _ . B (Tanig, = m Tan}0, + m)]
H, = _% 0, - ¢, -__0 (&oge 2 . 1 |
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t
2q (b = c)m | ! Tanﬁ@z +Mm Tan%Ol - mJi
- AN g
where a = Ci.ka.%D
= 1D -
b = Ci.gD Ci.p
' : 1
C = ka - .ciozD
9, = 30°
. =1
¢, = Sin (M/D)
P = T - B
2
m = [b+¢C
c-Db

Note that Eq. 1

is negative

Calculating a

. therefore

.19 has been used rather than Eq. 1,18 since b + ¢
' b~-c

- !
a.. = Ci.1'€a- 3])

7.7365 % 10°

Y
it




p

therefore

Calculating

therefore

Calculating

therefore

Calculating m

therefore

Calculating b

C

)
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= 1D -
b = crED , Ci.p
-1
b = 25.143 x 10

Q
n

© = 26,016 x 10

¢1 - sin (/D)

1

m = 0.13063

- ¢1 = 0.301 Radians
m = b+c
c - b.
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Calqulgtlng_ qu

' (Ta n T n%b
Hyy = %%’2"4’1'.(___)_" [:log' ni0, - m- & :

Tan—¢ Tan%@l -

1)

b-¢)m
therefore
2

2q J/s K

H = 16,937 x 10~

This value of H, 1is the heat rate for the part of the coil

2q

where the heat flows from the copper through the 1nsu1qt10n and

into the air space as illustrated in Fig. 1. 7

.'.H
To obtain 3p

)y From Eq. 1.35

!02 Ql - 2b Ta.n-l(l.Tan%@z) - Tan—l ‘(}_.Tan%ql\i— }
- - L’“ ) Y

Zb - 05m

ole

where a

C. .ka.-é-

o
]
o
[ ]

) i .
]
Q

L]

©
[
1t
[92]
| o
=
it}

—~
g
o
S

C. = 1 E]'.__
P T.rC
i rl
P = T—B
2
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Note that Eq. 1.35 has been used rather than Eq. 1.36

- since b + ¢ 1is positive
b -c

Calculating Gi

D
c..C
ip = i’ vl
- 0, +C
i pl
therefore _ ‘
_ 2
cip = 4.3594 x 10" |
Calculating a
8 = C, .k_.3D
ip"a’*"p
therefore
a = 8,39746 x 107>
Calculating b
b ‘= C, 3D -C, . s
ip*®'p ~ “ip’?
b therefore
b = !

2.73596 x 10~

v = —————- = e wmemeer e

T i e T et otttk Nt
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Calculating c¢

¢c = ka - cip'%np

therefore ' ' o
o = 2.5628 x 107}
|
Calculating m
m . = 'b+c
b c
therefore
m = 0.18105

Calculating H3p

H' - a fq) ._—4,- - 2b !_,I,an-l Zl'.Taﬁ%(D- —Tan-li/l. Tanid —!
3p ;iZ I O I 2 o Y

therefore

H = 6.5 % 1072 J/s K

3p

This value of H., gives the heat rate of the part of the coil

3p

vwhere heat flows from copver through insulation and paper, and into the

air space as jllustrated in Fig, 1.7




130

Finally to obtain kr - o _ -

" From Eq. 1.37

n

]

)

=]

o
=

Calculating h

From Eq. 1.38

therefoie

' 0.99085 mm

=2
n

therefore

k_ = 49.6 x107° JI/nsK




131

APPENDIX 6.

~ Results of tests on verious ceoils,

In this appendix the results of tests-on'seven independent

paper interleaved coils are given. . .

The tests carried out on each coil were:-

l. To obtain the radial conductivity of theecoil
by the direct exmerimental method described'at

the beginning of Chapter 2.

2. To obtain all the characteristics of the
constituents of the coil required to calculate
the radial conductivity of the coil by the method

~described at the end of Chanter 1.

The results for each coil are given on a sevarate page.
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COIL No.2.

Dimensions,

Diameter

Length

Diameter of wire over insulation
Diameter of ﬁire exc}udiﬂg insulation
Thickness of vaper

Thickness of vaper under maximum

compression.

Proverties.

Conductance of insulation
Conductance of paper uncompressed
Conductance of paper comoressed

%0 0.102 mm

Results.

Radial conductivity obtained by experiment:

J/h

k, = 53 x 1072

Radial conductivity obtained by calculations

X = 49.6 x 1072 J/m

T

36,88 mm
63{5_ mm
1.016 mm
0;965 mm
0;1472 mm
0.102 mm

51.8 x 102 J/m® s K

4.76 x 102 3/m% s X

8.1 x 102 J/m2 s K
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o .- COIL No.3.
¥
Dimensions.
Di#meter : = 34.5 mm -
Length . =... - 63.5 mm
Diameter of wire over insulation =! 0.762 mm
Diameter of wire excluding insulation ) = 0,711 mm
| Thickness of paéer = 0.1472 mm
Thickness of papef under maximum | f
compression. ; 0.102 mm
Pronerties,
Conductance of insulation = 55.4 x 102 J/m2 s K
) . | Conductance of paper uncompressed = 4.76x 102 J/m2 s K .

Conductance of paper compressed

0 0,102 mm 8.1 x 102 J/m° s X

s .

Results.

Radial conductivity obtained by exveriment:

) | Xk = 39.5x102 J/msk

r

Radial conductivity obtained by calculatiom:

X = 450x102 JI/mskK

r
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COIL Ko, 4

Dimensions

Diameter ' = 35.3 nmm
Lé;éth _ = 63,5 mm
Diameter of wire over insulation = - 1,016 ma
Diameter of wire excluding insulation = | 0.965 mm

Thickness of paper - 0,1016 mn

Thickness of paper under maximum _

compression .= 0.,0788 mm
Properties
Conductance of insulation = 55.4 % 102
Conductance of paper uncompressed = 6.67 x 107
Conductance of vaper comvressed
to 0.795 mm . 11.8 x 10°

Results

Radial conductivity obtained by experiment.

kK = 55x10°2 JI/msK

T

Radial conductivity obtained by calculation

k, = 52.2% 107° J/m s X
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COIL No.5.

Dimensions.
Diameser _ - =
Length - ' _ ' =

Diameter of wire over insulation =

Diameter of wire excluding insulation =

Thickness of paver

Thickness of paner under maximum

comnression. : " =

Pronerties.

Conductance of insulation

‘Conductance of paper uncompressed

Conductance of vaper com~ressed

to 0.0674.

s

Resultse.

‘Radial conductivity obtained by experiment:
k, =  46,5x102 J/msk
Radiai conductivity obtained by calculation:

X, = 51.2x10°2 J/msK

35.6 mm
38,1 mm
0.762 mm
.0.711 mm

0.0814 mm

55.4 x 10°

11.07x 102

13.35x 10°

I/’ s K

I/m° s X

I/m® s X
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COIL No. 6.

Dimensions
Diameter
Length
Diameter of wire over insulation .
b .
~Diameter of wire excluding insulation
Thickness of paver
Thickness of paper under maximum compressicn
Propérties
Conductance of insulation
' Conductance of paper uncompressed

Conductance of paper compressed 1o 0.234mm

Results

Radizl conductivity obtzined by experiment

2 J/m s K

Xk = 36.1 x 10
r .

Radial conductivity obtained by calculation

r

kK = 35.0x10° J/msk

39.5 mm
63,5 mm
1,016 mm
'6@965 mm
0;295 mm
0.234 mn

51.8x10° J/ms K

0.2195x102 J,/m2 X

0.254710% ° J/m° K
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~ COIL No,z.
Dimensions,
. Diameter : o = 3T mm
Length. = 63,5 mm
Diameter of wire over insulation . = 1.016 mm
Diameter of wire excluding insulation = 0.965 mm
Thickness of vaner uncomnressed = 0.1142 mm
Thickness of »naper under maximum
. cbmpreséion _ _ i = - '0,0814 mnm
Eyouérties.
Conductance of insulation ' i = 51,8 ’x-102 J/mzs K
Conductance of péper uncompresséd | a 6.544x 102 J/hzs K
Conductance'of paper compressed’ |
to0 0,965 mn - = 10.732x 102 J/n’siK

Rgsults;'

Radial conductivity obtained by experiment:

k, = 595 x 1072 J/m s X

Radial conductivity obtained by calculation:

k. = 546 x 1072 3/m s K




138

COIL NO. 8-

} Dimensions.
Diameter = 26 mm
Length | = 38,1 mm
Diameter of wire over insﬁlatfon. ‘ = 0.762 mm
Diameter. of wire excluding insulation = 0711 mm
Thickness of paper : : = 0.0864 mm
Thickness of péper under maximum
compression | E = . 0,0564 mm
Eipnevties.
Conductance of insulation - | : = 55.4 x 102 J/m2 s K
P ' Conductance of paper-uncompressea | = CTeT x 102 J/m2 s X
Conductance bf paper comnressed ; ' = 15.5 x 102 J/m2 s X
Results. i

Radial conducfiviﬁy obtained by exveriment:

k, = 655 x107° JI/nsK

Radial conductivity obtained By calculation:

“‘kr = 60.3 x1072 JI/m sk
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APPENDIX 1T

To obtain the axial conductivity of Coil No, 1

by substitution into Equation 4.2

H
k. = ba
&' T3
where Hba = Hbl + HﬁZ

[c]

Now H, . may be obtained directly from App,:4 that is,
and Hb2 may be obtained directly from App. 4 that is,
H o = 0.575 J/s K
therefore
N B, = 1:109 J/s X
and . .
k. = 0.64 J/msK
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APPENDIX &,

A comnuter vrogramme for the calculation

" of the conductivity of vaver interleaved

coils,

-

The cpmputer nrogrammne at the end of this anvendix will calculate
the conductivity of paver interleaved coils by the méthod given at the
end §f Chapter 1. The vprogramme is written in Fortran 1V as used on
an IBM 1130 and requires input and output through a card reader and a
1132 printer resvectively.

The progfamme will take an input frém the cards of the following
numerical valueé:- :

Conductance of the insglation (J/hz s k ).
Thickness of the paver ( mm ).
Thickness of fhe vaner under maximum céﬁpression ( mm ).
Conductance of the paver at full thickneés (J/hz s X).
Conductance of the paper under ﬁaximum compression (J/m2 s_K).
Diameter of the wire over the insulation ( mm ).
Conductivity of air (J/ﬁ sX ).

- The figures in brackets give the units that must be used. -

The innut format is givén.in statement No,l in the_programme
and isi-

FORMAT (FP8.1, 2F7.4, 278.1, FT.4, F8.6 ) .

On receiving the above information the vprogramme will orint out
on fhe line pminter.the input data in the above format and two lines
below will vrint out the radial conductivity of the coil in the form below:;

RADIAL CONDUCTIVITY = XXX | JMETRE SEC DEG K |

whére XXX represents the calculated -ralue of the conductivitye.
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After printing out the valué of conductivity the programmé
will read the neit'card in the card reader. If this card is a
negafive integer number -the nrograﬁme will refu%n control to the
mohitor. if the card is blank or'any positive'integer; the
progfammé willlread the next card and calculate a second
conductifity from the data thereon. Therefore any nﬁmber of
calculations may be carried out in this vaye |

The programme follows basically the same 6alcu1ation=as

carried out in App.6, and with reference to this appendix the

. programme may easily be followed.
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_// JoB. T .

'Loe DRIVE ~ CART SPEC  CART AVAIL PHY DRIVE
0000 0003 - - 0003 0000 .

V2 M10  ACTUAL 8K 'CONFIG- 8K

“ // FOR

#ONE WORD INTE GERS
. #JOCS(CARDs1132 PRINTER) _ R - . ' ..
- % LIST SOURCE PROGRAM e ' Thig card provides |
- REAL KAsMsM1 KR IMDUM N2 : a print of tais )
10 READ(241)CIsT9eBsCPLlsCP23DsKA . _programme and will
- WRITE(351)ClsTsBeCP1sCP2sDsKA " not normally hy -

1 FORMAT(FBo1s2F70492FBe1sF7041F846) .. reguired. .
D=D/10##(+3) - L
B=B/10##(+3)

T=T/10%%(+3) - '
' M=2%SQRT(((T=B}/2)#(D={T=B)/2)])
- ADASH=(T=B)/((M/2)%#%2) .
BOASH=B
VBASH=(CP2=CP1)/( (T~ a)*cp1*cpz)
SDASH={1/CP1)={T*VDASH) - _ S |
G1=CI*(VDASH*BDASH+SDASH)+2 : - U
F1=CI*VDASH*ADASH _ - " : L
M1=SQRT(G1/F1) : - e o -;_‘
X11=M/2 T S
H3CDS= IZ*CI/(FI*MI))*(ATAN(XII/MI))
I=1 |
7 A2=CI*KA*D/2
- B2=CI#D/2~CI#((T~B)/2) . -
C2=KA-CI*D/2 - -
PHI12=ATAN{M/SQRT (D##2=M##2)) L |
MDUM=(B2+C2)/ (B2=C2) | - ;
IF(MDUM)2+92+3 ' : ' ’
.2 M2=SQRT (=MDUM) . ' : - -
" H= (A?/cz)*(o.soqse-PHI12-(82/((52-C2>*vz))*(ALOG((<1N(o. 5478)~M2%
CCOS(0625478))/(SINI0e25478)+M2#COS(04254781)#{SINIPHI12/2)+M2%COS
| C(PHIIZ/Z))/(SIN(DHI12/2)-H2*C0$(PP112/2))))) T SR
GO TO & o _ -
3 M2=SQRT(MDUM) S .

- . DDUM= ATAN<(1/V2)*(st(o.5*pH112))/cosco.s*pnxlz)l L
COUM=ATAN( (1/M2)#((SIN(0e25478))/C0S5(06254731) 1) |
H=(A2/C2)%10450956=PH112=(2%B2/( (B2- C2)*H2))*(CDUH—DDUM))

& GO TO(596)s1I
. 5 1=2
: ' - H2Q=H
| CI-(CI*CPI)/(CIFCPI)
 C=D+2%T
. 60 TO 7 - . -
6 H3P=H
. SMALH= SQRT(Z*B*D+B**2+((D“Z*T)**Z)*O.?S) -
- KR= (2% (H2Q#H3P )/ (H20+H3P)+H3CDS) *SMALH*2/(D=2%*T)
'WRITE{3+8)KR | ' ' -
8 FORMAT(/' RADIAL CONDUCTIVITY = 'yF9e3s*' J/METRE SEC DEG K '///)
READ{239)J : | ' :
9 FORMAT(15)
IF(J)111510410
11 CONTINUE |
- CALL EXIT
) END-
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LIST OF TERMS,

Area,

Cross section area of a block taken.
perpendicular to the direction of heat flow.
The block is considered to be a macro element

in the goil.

Area of the face of the small Lees! di#k.

Abbreviation for avpendix.

Cross section area of the wire used to feed heat

into the small Lees' disk.

Minimum thickness of the interleaving paper in
the coil

. Thermal conductance defined as hezt flow ver unit

area, unit time, degree of temperature difference

across the material.

Arbitrary constant,.

-Thermal conductance of the insulation on a wire

' Combined thermal conductance of a layer of paper and

a layer of insulation from a wire.

The height of the UV recording above the steady state

line of the cold water temperature,

I/’ s K

J/m2 s K

J/m2 s K

mm

Lok s




()

Eq..

Fig;
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~

Thermal conductance of the interleaving paper.

Specific heat of covper.

Specific heat of water,

Diameter of a wire over the insulation. .

'

The diameter'of a wire that has been wrapped

in a layer of paver.

The diameter of a wire excluding the insulation.

Abbreviation for equation.

Abbreviation for figure.

Heat rate defined as heat flow per unit time,

degrees of. temverature difference across a body.

Heat rate
Hezt rafe

Heat rate

Heat rate

Heat rate

of body No.l,
of body No.2.

of the quadrant in Section 1.3.

of the quadrant in Section 1.4.

of the centre. part of the section

in Section 1.4.

J/m2 s K

J/kg X

J/kg X
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Heat rate of the centre part of the seétiom_

in Section 1.5.

Heat rate of the centre parf of the section in

Section 1.5 calculated by the simplified method.

Heat rate of the quadrant containing the paper.

Heat rate of a block which is considered to be a

typical macro element in a coil.

Heat rate
Heat rate
Heat rate

Heat rate

of the
of the
of the

of the

Total heat rate

block in Sectionﬁl.3.
block in Sectiom 1.4.
block in Section 1l.5.

block unde? axial heat flow.

Heat rate of element Sx

Height of a typicél section in a coil measured in

the direction of the heat flow,

Electrical current.

‘Bessel function ( first kind} order zero).

"Thermal conductivity.

J/ms X
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-

ka Thermal conductivity of air. ] J/m s K
ka' Apparent axial thermal conductivity. J/ms X
ki Thermal conductivity of the insulation on
~ the wire, ’ J/m s X
kr Apparent radial thermal conductivity. J/h s K
kﬁ Thermal conductivity of the wire leading heat
into the small Lees' disk. J/m s X
L Length of coil. ' _ : : m
Lw' Length of wire. : L _ ‘m . }
) , | | |
m' Length of an element in the air space. m
M Contact area measured as the chord of contact
between one wire and the next, or a wire and .
- the interleaving paver. N m
_ 'hw'D . |
N Nusselt number ' . |
. u - k . |
) W
Fa)
Pr Prandtl number QD.“?EM

1-
n_y

W

The amount of denression in the insulation on

D

the wire or in the papef caused by the tension

in the windings. ] m -
Q Heat flow through the small Lees' disk Js
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Heat flow

Heat flow through body 1.
Heat flow through body 2.

Heat flow thrqugh a block which is considered

to be a typical macro element in a coil.
Heat generated per unit volqme.
Total heat flow.

Re?nolds numper V.D.

N

_The slope of the logéO' against t graph.

The slope of the logecm. against t graph.

A constant in the exnression for the thermal

conductance of paper.'

A constant in the aporoximate exvression for the -

thermal conductance of paper.

~Thickness of paper.
Thickness of insulation.

Time.
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A constant in the exoression for the thermal

conductance of paper.

A constant in the approximate expression for

the conductance of paver,

A linear limit of integration in the x direction.

A linear limit of integration in the x direétion.

Bessel function._ (2nd kina; oréér zero).'
Svace coordinates.

Electricaliresistance of cépper wiré at . 273 K-

Change in resistance of conper wire per .273 K

Viscosity. of water

Temperature.-

Temperature at one end of a'body.

Temperature at the other end.

Temperature difference across the insulation

on a wvire.

m

m

AY2

se/X




dl

a2

wl

'6%2

Fu

.

%

q)l
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Temperature at the hot face of the small

Lees! disk .

Temperature at the cold face of the smali

Legs' disk,

Temperature at the hot end of the wire

leading into thke small Lees! disk

Temperature at the cold end of the wire

leading heat into the sm=211 Lees! disk

Density of water

Density of copper

Angle

Angular limit of integration
Angular limit of integration

A constant

K

Radians

Radians

Radians

- —




(1)
(2)

(3)

(4)

(5)'

(6)
(7
(8)
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HARD FELAT SURFACIT -

"The sketch illustrates how the contact area would be the same
for one wire tvressed against another or against a hard flat surface

of hizn Youngs modulus
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