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ABSTRACT 

A t h e o r e t i c a l basis i s l a i d down f o r determining the r a d i a l 

c o n d u c t i v i t y f o r e l e c t r i c a l c o i l s of c y l i n d r i c a l construction made 

from e l e c t r i c a l grade,round copper wire covered w i t h a t h i n layer of 

p l a s t i c i n s u l a t i o n , both w i t h and without paper i n t e r l e a v i n g between 

the windings. A novel technique i g used to give the r a d i a l 

c o n d u c t i v i t y of a c o i l i n the form of equations: which are functions 

of the thermal conductance of the i n s u l a t i o n on the wire, the 

c o n d u c t i v i t y of the a i r , the maximum compression of the i n s u l a t i o n under 

load, the r e l a t i o n s h i p between the thermal conductance of paper and 

the applied load, and general dimensions. The technique approximates 

the l i n e s of heat flow through the c o i l by a system of l i n e s that 

can be analysed by one-dimensional heat transfer theory. 

Methods are described f o r determining the properties of the 

constituents of the c o i l that are required f o r the c a l c u l a t i o n of the 

c o n d u c t i v i t y , and the r e s u l t s of experiments are given that show that 

the accuracy of the the t h e o r e t i c a l p r e d i c t i o n of the conductivity i s 

b e t t e r than il5Jb of t h a t obtained by d i r e c t t e s t upon the c o i l . 

The analysis f o r the r a d i a l conductivity of non-interleaved 

c o i l s i s extended to cover a x i a l conductivity but no experimental 

v e r i f i c a t i o n i s . given. The use of the two c o n d u c t i v i t i e s , a x i a l 

and r a d i a l , i n obtaining the temperature d i s t r i b u t i o n by numerical 

analysis i s shown and the l i m i t a t i o n s of the analysis i s discussed. 

F i n a l l y a computer programme i s provided f o r c a l c u l a t i n g the 

c o n d u c t i v i t y of paper interleaved c o i l s . 

sen ct 
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INTRODUCTION, 

E l e c t r i c a l c o i l s are used throughout the e l e c t r i c a l industry f o r 

producing an inductance or" a short t r a c t i v e force as i n transformers, 

electromagnets, solenoids etc. The inductive e f f e c t i s produced by 

passing a current t h r o u d i windings which are wrauoed around a central 
i 

core. An unfortunate side e f f e c t of t h i s i s the production of heat 

w i t h i n the windings xvhich must be removed by conduction t o the outer 
i 

surface and then dissipated i n t o the surrounding medium. A review of 

design manuals, B r i t i s h Standards, t e x t books e t c , reveals that a 

considerable amount of work has already been carried out i n t o the 

mechanism involved i n the t r a n s f e r of heat from the surface of a c o i l 

i n t o the surroundings, but the techniques available f o r obtaining the 

temperature d i s t r i b u t i o n w i t h i n the c o i l are severely r e s t r i c t e d because 

of the lack of a s a t i s f a c t o r y method f o r p r e d i c t i n g the apparent 

c o n d u c t i v i t y of the main body of the c o i l . The only technique that 

gives any i n d i c a t i o n of the temperature w i t h i n a c o i l i s tha.t given i n 

B r i t i s h Standard 171 (l970) f o r t e s t i n g transformer c o i l s . The technique 

involves determining a mean temperature i n .the c o i l by recording the 

change i n resistance of the windings as the c o i l heats up. This mean 

temperature only bears a loose r e l a t i o n s h i p t o the highest temperature 

i n the windings v/hich would depend on the geometric shape of the c o i l ; 

examples from a few tex^; books and design manuals w i l l i l l u s t r a t e the 

present state of knowledge on t h i s subject. Advanced E l e c t r i c a l 

Technology by Cotton ( l ) makes no reference "to the temuerature 

d i s t r i b u t i o n .within the v/indings of a. transformer but only r e f e r s t o the 

surface temperature'of those xd.ndings. K.G, Say, i n his E l e c t r i c a l 

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



temperature i n a c o i l may be estimated i f the c o i l has a.simple 

geometric shape (see Example 3-2 and 3-3). The r e s u l t s , however, 

are not s t r i c t l y r e l i a b l e owing t o the uncertainty of the data and the 

heterogeneity of the conditions; but they may be used f o r the purposes 

of comparison". Say's examples use an average on an area basis of the 

c o n d u c t i v i t i e s of a l l the constituents of the c o i l . Pink & Carrol (3) 

have a single paragraph on the temperature d i s t r i b u t i o n w i t h i n the 

windings of a transformer and they give an equation T = R^, t.D^ 

where T i s the temperature drop, i s the thermal resistance, t i s the 

distance\through which the heat has t o pass, and D̂  i s the heat flow, / 

but they give no way of determining the value of R.. A second book 

"by Say, The Performance and Design of A l t e r n a t i n g Current Machines (4) 

makes the c'pmment "the average vjinding temperature i s l i m i t e d t o about 

100°C (with^hot spot temperatures possibly 30 t o 40°C higher)"; • 

the average t^emperature he r e f e r s t o i s that determined by the method i n 

BS.I7I. Estimates vary as t o the difference between the hot spot and 

mean temperature. B r i t i s h Standard 171 recommends mean temperatures 

i n transformer windings 45^ t o 55K below the maximum working temperature 

of the i n s u l a t i o n as given i n BS. 2757 (l956). Probably one of the most 

accurate techniques f o r obtaining the apparent thermal conductivity of the 

windings of a c o i l i s given by Richter i n Elektrische Haschinen (5). 

The technique involves assuming a change i n the geometric configuration 

of the v/indings i n order t o make' the c a l c u l a t i o n ample. The technique 

i s dealt w i t h i n more d e t a i l i n l a t e r parts of t h i s t e x t . 

The only heat t r a n s f e r l i t e r a t u r e ii f i t h any reference t o c o i l s i s 

th a t of Jakob, Heat Transfer V o i ; i . ( 6 ) which giyes mathematical analysies 



f o r determining the temperature d i s t r i b u t i o n i v i t h i n the c o i l from the 

apparent c o n d u c t i v i t y , but the technique given f o r determining the 

apparent conductivity leaves a considerable amount t o be desired 

and i s i n f a c t very s i m i l a r t o Richter's (5) technique. I n a number 

of places Jakob (6) i s inaccurate i n r e f e r r i n g t o other text.s and he 

makes comment that Moore (7) and Richter (5) have graphical techniques^ 

f o r determining the apparent conductivity of a c o i l . Examination of 

Moore's (7) book reveals no such technique, only an i l l u s t r a t i o n of 

a method of drawing the l i n e s of heat flow through a s i m p l i f i e d c o i l 

and Richter (5) uses v i r t u a l l y the same technique as Jakob (6), 

Prom the above i t would seem that the outlook v;as extremely bleak 

f o r a c o i l designer, Hoxveyer, the empirical techniques f o r designing 

c o i l s tend t o be s e l f c o r r e c t i n g as regards temperature v/ithin the 

windings, i . e . , once a successful f i r s t transformer has been designed 

i t w i l l be r e l a t i v e l y easy t o scale a second without knowledge of the 

temperature d i s t r i b u t i o n v j i t h i n the v/indings. This i s because a 

transformer c o i l i s designed on constant surface temrierature f o r which 

there i s an adequate t h e o r e t i c a l basis. Increasing the size of a 

transformer would involve increasing the heat output by the cube of the 

l i n e a r dimensions and the surface area by the square of the l i n e a r 

dimensions. Therefore, extra surface area w i l l be required t o maintain 

the same c o i l surface temperature as the prototype c o i l . This i s 

usua l l y obtained by s p l i t t i n g a large c o i l i n t o small ones v;hich of 

necessity would have a lower hot spot temperature than the large c o i l . 

Thus a c e r t a i n amount of compensation f o r hot spot temperature i s 

obtained. 

The transformer designer could i n f a c t do better than he appears 



t o have done from the l i t e r a t u r e since i t i s possible t o calculate 

the apparent conductivity from the mean temperature of the c o i l 

obtained by BS,171 t e s t . This i s unfortunately a.long and 

complicated procedure (a method i s suggested i n Jakob (6) without 

d e t a i l s ) and v j i l l only apply t o , c o i l s without a core, c o i l s w i t h a 

very large core and pancake c o i l s . Even so, the e f f e c t of change 

i n v/ire size cannot be predicted xvith present techniques. Therefore 

a technique f o r obtaining the apparent conductivity of a wound c o i l would 

have considerable a p p l i c a t i o n . 

The conclusion i s borne out by a discussion w i t h a l o c a l 

manufacturer of c o i l s (Westool Ltd.,) They commented tha t i t would 

be of considerable value t o be able t o predict the temperature t o vjhich 

the hot spot of a c o i l ivould r i s e under a given condition of current and 

voltage. 

This project i s therefore devoted t o devising a method of 

p r e d i c t i n g , w i t h reasonable accuracy, the apparent conductivity of a c o i l . 

However the number of d i f f e r e n t types of c o i l a t present i n use make i t 

possible t o cover only a small range of wire, i n s u l a t i o n s and sizes. 

Therefore, f o r the purpose of t h i s analysis, the tj'pe of c o i l s under 

consideration v/ere made from e l e c t r i c a l grade round copper wire w i t h 

a t h i n layer of p l a s t i c i n s u l a t i o n and wound on a c y l i n d r i c a l former with 

or vri.thout paper i n t e r l e a v i n g betv/een the viindings. Radial conductivity 

vjas tested f u l l y and the analysis v/as extended t o a x i a l heat flow. 

To derive the apparent c o n d u c t i v i t y , a novel method i s used whereby 

the true l i n e s of heat flow through the c o i l are approximated by l i n e s of 

heat flow t h a t can be analysed mathematically from one dimensional heat 



t r a n s f e r theory. I n t h i s vjay an algebraic s o l u t i o n i s obtained. 

I n the f i r s t chapter a theory i s developed from which the 

apparent conductivity of a c o i l may be obtained by the s u b s t i t u t i o n 
i 

of various c h a r a c t e r i s t i c s of the constituents of the c o i l i n t o c e r t a i n 

equations. However some of the c h a r a c t e r i s t i c s required are not 

available i n reference l i t e r a t u r e . Therefore, i n the second chapter, 

precise experimental methods f o r the determination of these 

c h a r a c t e r i s t i c s are described and tested. I n the t h i r d chapter the 

accuracy w i t h v/hi'ch the method w i l l predict the apparent r a d i a l 

c o n d u c t i v i t y i s determined, and i n the f o u r t h chapter the technique 

i s extended t o cover a x i a l conductivity. F i n a l l y , i n a discussion, 

the general method i s analysed and a comparison made between t h i s and 

the method of Jakob (6) and Richter (5), 

A considerable amotmt of the d e t a i l of the project i s l e f t out 

of the main t e x t and put i n t o the appendices. This was thought 

necessary since some of the d e r i v a t i o n of the theory i s long and 

complicated and not essential t o the main argument. Also, the 

deri v a t i o n s of standard equations that can be obtained from other • 

l i t e r a t u r e are not given. 
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CHAPTER 1 . 
DBVELOPHENT OF THEORY. , 

1.1 Basic d e f i n i t i o n s . 

The main t h e o r e t i c a l basis of t h i s t h e s i s , excluding that involved 

d i r e c t l y w i t h the experimentation, i s given i n t h i s chapter. Throughout 

a preference i s given t o the use of conductance rather than the more 

common co n d u c t i v i t y , conductance being defined as follov;s:-

where 

C r: 

C « 

A rz 

q = 

A^2 - '^•^ 

conductance, 

the area through 

the heat flow. 

which the heat flows, 

a n d -^ the temperatures at the ends of the body 
•for v;hich the conductance i s t o be fovmd. 

This preference f o r conductance arose because i t was, i n the 

p r a c t i c a l sense, simpler t o obtain the conductance of t h i n f i l m s such 

as paper and i n s u l a t i o n rather than the conductivity. Also, i n a nximber 

of places i t was necesoary t o define the heat flov; through non uniform 

sections, in- which case, conductance was easier t o use than the 

con d u c t i v i t y v/here a thickness measurement vjould have t o be given. This 

was s i m i l a r t o the use of conductance f o r f i l m c o e f f i c i e n t s where a 

thickness measurement i s d i f f i c u l t t o obtain. However, i n some 

sections i t was also found easier t o dispense V 7 i t h the area measurement 

A i n the conductance and define a new terra f o r heat t r a n s f e r , which,for 

want of a b e t t e r name w i l l be called the "heat r a t e " and w i l l be the 

product of conductance and area as defined belows-

H = C.A 



where H ss heat rate = heat f l u x per u n i t temperature 
di f f e r e n c e . 

Now i n order t o show how the heat rate w i l l be used i n the t e x t , 

tv;o theorems are given belov; which w i l l be re f e r r e d t o i n l a t e r parts 

of the chapter. 

Theorem 1 . 

"The o v e r a l l heat r a t e f o r any number of bodies i n p a r a l l e l w i t h 

the same end temperature i s the sura of the i n d i v i d u a l heat' rates 

f o r each body, provided there i s no heat t r a n s f e r between the bodies" , 

This can be shown t o be true by considering two bodies as shown 

i n Pig. 1 . 1 . The f i g u r e shows two bodies i n p a r a l l e l v;ith perfect 

i n s u l a t i o n between, t o stop heat t r a n s f e r fvow one body t o the other. 

The ends of the bodies are immersed i n a perfect conductor, the top 

at a temperature-©j^. the bottom at a temperature of-©g 

Therefore the heat t r a n s f e r through Body 1 w i l l be: 

^ 1 - V * 2 - * l ' 

The heat t r a n s f e r through Body 2 w i l l be: 

and the t o t a l heat t r a n s f e r w i l l be: 

^ t = ' l l ̂  ^2 

which makes the o v e r a l l heat rate: 

thus v e r i f y i n g Theorem 1 . 

" l ̂  h 
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Theorem 2. ^ 

"The r e c i p r o c a l of the heat rate f o r any number of bodies i n 

series i s the sura of the recip r o c a l s of the heat rates f o r the 

i n d i v i d u a l bodies." 

This can be shown t o be true by considering Pig 1.2 which shows 

two bodies in- series surrounded by thermal i n s u l a t i o n and wi t h the free 

surfaces a t either, end a t temperatures of-Oj^ and-©^ respectively. 

P u t t i n g the o v e r a l l heat t r a n s f e r equal t o q.̂. and the ov e r a l l heat 

r a t e equal t o H.̂  and the temperature at the i n t e r f a c e equal to-St then:-

H, 

^ t 
^2 -^1 

•It 
•e-. 3. 1 

•^t 
^2 1 

(1.1) 

(1.2) 

(1.3) 

S u b s t i t u t i n g Eq. 1,2 i n t o Eq. 1,3 gives:-

^ 2 - ^ 1 - ^ t + ^ t 
H, '2 "1 

S u b s t i t u t i n g i n t o Eq. 1,1 gives:-

L. = 1- + 2-
«t h h 

Which may be extended by inspection t o any number of bodies , 



1 1 

thus v e r i f y i n g the theorem. 

I t i s worth n o t i n g t h a t the heat rate f o r a body i s a property of 

t h a t body and i s indiependent of temperatures w i t h i n , or heat f l ow 

through, t h a t body. 

1.2 Preliminary theory. 

Jakob (6) shows how the r a d i a l temperature d i s t r i b u t i o n s w i t h i n a 

c o i l can be calculated from the conductivity of that c o i l . Hov;ever, 

no reference could be found which v e r i f i e d that the conductivity of 

a c o i l was constant. Therefore, i t was thought necessary t o v e r i f y 

t h i s , and i n order t o cover the experimental work, t h i s preliminary 

theory was taken from Jakob ( 6 ) . 

Consider f i r s t the c o i l i s a homogeneous t h i c k walled cylinder 

w i t h the ends covered by a perfect i n s u l a t o r . I f a heater i s placed 

i n the core and the heat allowed t o leave the outer surface of the 

c y l i n d e r , then a f t e r time t = oo 

d i s t r i b u t i o n - v ; i l l be given by the equation:-

• l o g ^ r = —e- + C ( 1 . 4 ) 
2n.L.k 

v/here C i s an a r b i t r a r y constant. 

Thus, the temperature, as would beerpected, w i l l f a l l w i t h increasing 

r a d i u s , and since there w i l l be no heat t r a n s f e r from the ends of the cylinder, 

there v / i l l be a constant temperature d i s t r i b u t i o n l o n g i t u d i n a l l y . I f i t vias 

required t o obtain the conductivity of the material of the cy l i n d e r , t h i s could 

be done by t a k i n g readings of the heat input at the heater, temperature at 

the heater ^nd temperature a t the outside surface. S u b s t i t u t i n g these 
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readings and the physical dimensions of the c o i l i n t o Eq,1,4 would give 

the c o n d u c t i v i t y (k) of the cylinder. Now i f the same cylinder were 

heated so t h a t the heat vfas generated throughout the "body of the cylinder 

and the rate of heat generation was a l i n e a r f u n c t i o n of temperature i 

then from^- Jakob (6) the temperature d i s t r i b u t i o n v/ould he given by the 

equation:-

= Bessel f u n c t i o n ( f i r s t k i n d ; order zero ) 

= Bessel f u n c t i o n ( second kin d ; order zero ) 

k = con d u c t i v i t y 

r = radius 

= temperature 

and heat generation = (of + ^ ) 

which could be solved by s u b s t i t \ i t i n g f o r k plus the other peraraeters, / ^ 
( 

I t w i l l be shown i n Chapters 2 and 3 that the cond u c t i v i t i e s of 

the type of c o i l s tested are constant and that the apparent conductivity 

can be used t o predict the temperature d i s t r i b u t i o n i n the c o i l vjhen 

heat i s flovring through the windings. The equation used f o r t h i s would 

be Eq, 1,5 since the e l e c t r i c a l resistance of the windings v ; i l l change 

v/ith temperature such t h a t the heat generation i s equal t o o< • 

1.3 An a-Qproximate method f o r c a l c u l a t i n g the conductivity 

of non-interleaved c o i l s . 

I n order t o obtain the apparent conductivity of a c o i l (from now 

on cal l e d 'the condu c t i v i t y ' ) i t i s necessary t o assume a configuration 
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f o r the windings withi n •, the c o i l , Por the purpose of the approximate 

method i t i s assiuned t h a t a cross section through the windings i s as 

shown i n Pig. 1.3 i . e . , the vriLndings are l y i n g on top of each other 

i n a diagonal manner* I n p r a c t i c e , the vrindings cannot l i e i n t h i s 

way f o r the whole of a t u r n , since the h e l i x of one winding i s i n the 

opposite d i r e c t i o n t o the one laelow. Thus, on each tu r n the wire on 

top must overlap the wire "below. Inspection of a c o i l indicates that 

t h i s overlap takes place i n about 30° of c o i l r o t a t i o n and f o r the rest 

of the r o t a t i o n the wire on top l i e s i n the groove made "by the v/ires 

below. An approximation i s therefore introduced by t h i s assumption. 

A second assumption i s t h a t the c o i l i s b u i l t up of i d e n t i c a l 

rectangular blocks of u n i t length whose cross section i s shovm outlined 

i n t h i c k black l i n e s i n Pig 1.3 and t h a t the l i n e s of heat flow are as 

shown i n the f i g u r e . I n t h i s way the conductivity of the block w i l l be 

the same as the conductivity of the v/hole c o i l . I n pra c t i c e , the c o i l 

i s not made up of rectangular blocks but of sections of a toroid;however, 

provided t h a t the diameter of the c o i l i s much larger than the diameter 

of the w i r e , the e r r o r caused by approximating a rectangular block t o 

a section of a t o r o i d w i l l be small. Also, the heat flow l i n e s i n the 

sketch are a reasonable approximation t h a t can be analysed mathematically 

but are not i d e n t i c a l t o those i n pr a c t i c e . I t must be noted that 

the heat f l o w l i n e s do not cover the whole of the a i r space, but only pass 

through the shaded section. The e r r o r involved i n neglecting t h i s small 

amount of a i r soace V7i l l be n e g l i g i b l e since the low conductivity of a i r 

w i l l cause most of the heat t o pass through the narrowest part of the 

a i r suaoe. 
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Further assumptions are:-

1) copper has i n f i n i t e c o n d u c t i v i t y ; 

2) there i s no heat t r a n s f e r by convection; 

3) there i s no heat t r a n s f e r by r a d i a t i o n . 

Considering each of the above i n t u r n : 

1) Although copper has f i n i t e c onductivity, t h i s w i l l be 

at least one order of magnitude greater than the 

c o n d u c t i v i t y of any of the other components. 

Therefore, the errors involved i n assuming i n f i n i t e 

c o n d u c t i v i t y w i l l be small, 

2) The a i r spaces are small. Therefore, an appreciable 

amount of convective heat t r a n s f e r i s u n l i k e l y , 

3) Radiation across the a i r space i n the c o i l w i l l 

only have a detectable e f f e c t at much higher 

temperatures than are l i k e l y t o be reached. 

Now the conductivity of the block outlined i n black i n Pig 1.3> 

and hence the conductivity of the c o i l , may be fovmd as f o l l o w s : -

(1.6) 
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where k^ = the conductivity of the c o i l and hence of the block 

a the heat flow through the block 

Aj^ a the area of the block perpendicular t o the 

d i r e c t i o n of the heat flow 

-©̂  t= the temperature at the bottom of the block 

"©•g «s the temperature at the top of the block 

h B the height of the block 

Also, ftwtt the d e f i n i t i o n of the heat rate-

H. b i 
^2 - ^ 1 

(1.7) 

where Ĥ ^ = the heat rate f o r the block 

Therefore, s u b s t i t u t i n g Eq. 1.6 i n t o Eq. 1.7 gives:-

H^^.h (1.8) 

which gives the conductivity of the c o i l i n terras of the heat rate 

f o r the block ( t h i s equation w i l l be used i n l a t e r parts of t h i s t h e s i s ) , 

Inspection of Pig.1,3 indicates that D/2 can be substituted f o r A^ 

since the block i s D/2 wide and of u n i t length. 

Therefore 

H_̂ .h 
D/2~ 

(1.9) 

Now t o obtain the heat rate of the whole block, the heat rate 

f o r each i n d i v i d u a l part of the block must be found. 

Consider f i r s t the shaded part of Pig. 1,3. This part may be s p l i t 
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i n t o four i d e n t i c a l quadrants each having the same heat r a t e . Therefore 

by obtaining the heat rate f o r one quadrant the heat rate f o r the 

whole of the shaded area may be found. 

To obtain the heat r a t e f o r the qiiadrant, consider element Ŝ x i n 

the f i g u r e . 

Pronr d e f i n i t i o n of heat r a t e , page 8 the heat rate f o r the part 

of the element i n the a i r space w i l l b e i - . 

k r a.bx 
• ; 

where k i s the c o n d u c t i v i t y of the a,ir 
3r 

m' i s the length of the part of the element i n the a i r 

and the heat r a t e f o r the part of the element passing through the 

i n s u l a t i o n w i l l be:-

C^.^x 

Cos(t> 

v?here i s the conductance of the i n s u l a t i o n . 

Therefore, applying Theorem 2 t o the two equations above w i l l give 

the heat r a t e f o r the whole element thus: 

H 

k .^x . C.^x 

a J. _ i 
I 

(1.10) 

m 

Now from Theorem 1. the sum of the heat rates of each element 

over the quadrant of the shaded area w i l l give the heat rate f o r the 

quadrant. 
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Eq, 1.10 can best b,e summed by p u t t i n g %x i n terms of (J) 

Therefore p u t t i n g 

X = iD.Sin (|) 

so t h a t 

dx = -̂ D.Cpse-.diJ) 

S u b s t i t u t i n g i n t o Eq.l.lO and changing to dx gives;-
i 

k 
•|-D.Cos(|).d(|) 

H m 
X ~ k Cos()> (1.11) 

a -
1 

However m' varies w i t h (j) therefore m' must also be obtained i n 

terms of ()) thus 

m • = i D . ( l - Cos^) 

S u b s t i t u t i n g i n t o Eq.1.11 gives;-

H 

which s i m p l i f i e s to 

k Cos(l) 
i D . ( i - c o t 4 ) ' + 1 

H 
C^.Cos(|).k^.-5D.d(j) 

X Ĉ .-ft-D + Cos(t>{k^ - Ci.-^D) 
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Therefore summing over the quadrant gives:-

H . = X I q 
C^,Cos(l).k^,-jD,d(j) 

G. ."ID + Cose-7(k - cTTp) 

V7here H, = the heat rate f o r the quadrant 
i q 

x^ = the l i m i t of the quadrant i n the' x d i r e c t i o n 

•e-g = the angular l i m i t corresponding to x^ 

•©•̂  = zero, but w i l l be retained f o r completeness 

since the i n t e g r a l w i l l be used i n a l a t e r 

p a r t of the t e x t ^ 

which can be abbreviated to 

H I q 
a.Cosili.d'1) 

i.Cosij) + 1 (1.12) 

where a 

b 

c 

*1 

= 0. ,k An 

= C.,iD 

= k - C.,-i-D 
a 1 " 

= 30° 

= 0 

I n t e g r a t i n g ( the complete i n t e g r a t i o n i s given i n App.l) 

H. I q (j) - 2b 
(b - c)m L m rn 

s(l-13) 
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when.the f u n c t i o n b + o i s p o s i t i v e or 
b - c 

" ' (b - c)m 
log . ''Tan^^ - m Tani^^ + TO' 

Tan^<t), + m Tan44^ - m̂  
14) 

v/hen the f u n c t i o n b + c i s negative 
b - c 

where = the p o s i t i v e value of ^ ''̂  ° 
b - c 

For a l l p r a c t i c a l purposes the f u n c t i o n b + c w i l l be p o s i t i v e 

b - c 

so the r e s u l t may be s i m p l i f i e d by e l i m i n a t i n g Eq. I . I 4 . A f u r t h e r 

s i m p l i f i c a t i o n may be obtained by s u b s t i t u t i n g f o r and which 

r e s u l t s i n the equation below:-

H I q it •524 - - ?b 
(b ~ c)m 

Tan"-"- 0:2679 y (1.15) 

I t can be shown, using Theorems 1 and 2, that the heat rate f o r 

the quadrant i s the same as the heat rate f o r the vjhole of the shaded 

area, i . e . , the four quadrants. 

Nov; from the heat rate f o r the shaded area, the heat rate f o r 

the area boiuided by t h i c k black l i n e s may be found. Considering again 

Pig, 1,3, the part of the a i r and i n s u l a t i o n between the edges of the 

shaded area and the edges of the section i s assumed t o have rto heat flow 
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and w i l l therefore have zero heat r a t e , The copper i s assumed 

to have i n f i n i t e c o n d u c t i v i t y and therefore i t w i l l have i n f i n i t e heat 

r a t e . Combining a l l these according to Theorems 1 and 2 gives the 

heat r a t e of the whole section as 

1 = 1 + + 1. 
H,, 00 Ht + 0 + 0 00 b l I q 

where H^^ = ?£he'heat rate f o r the section i n t h i s case 

Therefore 

H, - = H-b l I q 

Now to obtain the c o n d u c t i v i t y of the c o i l a s u b s t i t u t i o n 

i s made i n t o Eq,1.9 thus:-

k a Co. 524 - 2b 
(b - c)ra 

I 

1 
Tan"-^0.2679 

J 
(1.16) 

where m b + c 
b - c 

a = C..tD.k^ 

b = C-iD 1 ~ 

h = the r a d i a l p i t c h of the wires ( see Fig.1.3) 

Note, h would normally be taken as D./J 
2 
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The foregoing equation can now be used t o calculate the r a d i a l 

c o n d u c t i v i t y of a c o i l . An i n v e s t i g a t i o n i n t o . t h e accuracy of the 

equation i s carried out i n Chapter 2. 

1,4 Theory i n v o l v i n g the contact area. 

The theory i n Section 1,3 based on Pig 1,3 does not take i n t o 

account any contact area between the i n s u l a t i o n of adjacent v/ires since 

i t was assumed tha t there would only be l i n e contact. Pressure 

between the wires i s i n f a c t l i k e l y t o r e s u l t i n some deformation 

of the i n s u l a t i o n g i v i n g a f i n i t e contact area. Now the resistance t o 

heat f l o w through t h i s f i n i t e contact area w i l l be low compared t o tha t 

where the heat has t o pass through an a i r space, since the thermal 

resistance of the i n s u l a t i o n w i l l be low compared with that of a i r . 

Therefore, a method which takes t h i s i n t o account should give a more 

accurate r e s u l t than t h a t of Section 1,3. Assuming f o r the present that 

the amount of heat which passes through the a i r space i s n e g l i g i b l e 

compared w i t h that passing through the contact area, then the equations 

governing the conductivity of the c o i l may be derived as shownbelow: 

As i n Section 1,3, consider a block of u n i t length with the cross 

section shown i n Pig 1,4> outlined i n t h i c k black l i n e s . The f i g u r e shows 

the wires t o have a f i n i t e contact area, the shaded area being that through 

which the heat flovjs. Under the assumptions i n Case 1 and the ad d i t i o n a l 

assumption th a t the shaded area i s rectangular i n shape with a depth equal 

t o tv/ice the thickness of the i n s u l a t i o n , a r e l a t i o n s h i p can be obtained 

f o r the heat rate of the shaded area. The ad d i t i o n a l assumption made 

i n t h i s case i s reasonable and w i l l only cause small e r r o r s , provided" (a) 

the contact area i s small compared wi t h the diameter of the wire and (b) 
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the reduction i n thickness of the i n s u l a t i o n i s small compared with 

the thickness of the i n s u l a t i o n . 

Therefore, considering the shaded area i n the sketch, both top 

and bottom: halves v i i l l have a conductance the same as the i n s u l a t i o n 

and the heat rate f o r each h a l f w i l l be Ĉ .M where M i s the width 

of the contact area. . " 

Therefore the heat r a t e f o r the whole of the shaded area may be 

obtained thus:-

H - = (C^.M) . (C. M) 
° (C-.M; + (C..M) 

= Ĉ -M (1.17) 

which could be used i n Eq. 1,9 t o obtain the conductivity of the c o i l . 

However, t h i s w i l l not be ca r r i e d out here since the assumption 

t h a t there i s no heat flow through the a i r space i s u n l i k e l y t o be 

correct. 

To take i n t o account the heat t r a n s f e r through the a i r space 

Pig 1.5 must be considered. This shoves the area which must be taken 

i n t o account i n adHtion t o the shaded area i n Pig, 1,4. Inspection of 

Pig, 1,5 shov/s that i t i s very s i m i l a r t o Pig, 1,3 f o r Section 1,3 

i n t h a t the confi g u r a t i o n of the components i s the same except that 

the centre section i s missing, Hoviever, apart from the centre section, 

another d i f f e r e n c e i s tha t the centres of the v.'ires are closer together 
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by an ammount equal to the f l a t t e n i n g of the i n s u l a t i o n on each wire. 

Because of the s i m i l a r i t y between Section 1.3 and t h i s section, the 

so l u t i o n i n Section 1.3 may be used here. Considering a quadrant of 

.the shaded area i n F i g . 1.5, the heat rate of the element %x i n that 

quadrant w i l l be the same as f o r Section 1.3 and ' w i l l be given by Eq. 1.10 

thus;- i 

H m' 

ra' 

Cos(j) 
+ 1 

However, i n t h i s case compared w i t h Section 1,3, m' v : i l l be smaller 

by an amount equal to the reduction i n the thickness of the i n s u l a t i o n . 

Thus, instead of m' equalling ^ ^ ( l - Cos^), i t w i l l equal 

-ĝ D(l - CosO-) - p where p i s the reduction i n the thickness of the 

i n s u l a t i o n and can be calculated from M the contact area; ( i n a l a t e r 

p a r t o f t h i s chapter the above equation i s used again with respect to 

paper interleaved c o i l s , i n which case p w i l l equal h a l f the reduction 

i n thicknesr: of the paper) 

Therefore, summing a l l the elements as i n Section 1.3 gives;-

C. .Cos({!.k .-|D.d(|) 
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However, now has a d i f f e r e n t value from that i n Section: 1,3. 

I t takes the value of the l i m i t of the shaded area nearest the centre 

of the section and can be obtained from: 

Sin(|)j = M/D . 

Therefore Eq. l . l B i s of the form -
I 

H 2q = _a.Cos(j).d(i) 
1^ c.Cos(j) + b 

where a 

b 

c 

^2 
On 

Ĉ .k̂ .-i-D 

C^.iD - Ĉ .p 

k^ - Ĉ .-i-D̂  

= 30^ 

Sin'-̂ -M/D 

I t can be seen th a t t h i s equation i s the same as Eq, 1,12. 

Therefore, the s o l u t i o n v / i l i be Eq. 1,13 and Eq, 1,14, 

These equations are r e w r i t t e n below since the constants here are 

d i f f e r e n t from those i n Section^ 1,3: 

H 
m 

T an -1 l.Tan-g(l) 
vm / 

-1 an l . T a n ^ 
/ J 

(1.18) 
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when f u n c t i o n b + c i s p o s i t i v e or 
b - c 

H 2q m 
log. '̂Tan-|{l)„ - m + m 

Î Tan7̂ (|)2 Tan^^^ - m)_ 
,(1.19) 

when f u n c t i o n b + c i s negative 
b - c 

2 
and where ra «s the p o s i t i v e value of b + c The values 

; b - C 

of the other constants are given above. At t h i s point the heat rates 

of a l l parts of the section of c o i l under consideration have been' 

found. Therefore the heat rate f o r the v/hole section can be 

obtained by combining the heat rates of each i n d i v i d u a l p a r t . 

Thus, using Theorems 1 and 2 the heat rate f o r the whole section will be:-

h2 - «2q - So (1.20) 

v/hich can be used t o obtain the conductivity of the c o i l by s u b s t i t u t i o n 

i n t o Eq. 1.9, g i v i n g -

k = i ! 2 L U 2 c ) - ^ 
^ 572-

(1.21) 

The above equation can now be used t o calculate the conductivity 
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of a non-interleaved c o i l t a k i n g i n t o account the contact area 

between the wires. 

1,5 A method of c a l c u l a t i n g the conductivity of 

paper-interleaved c o i l s . 

The previous analysis deals only w i t h c o i l s vathout paper 

inte r l e a v e d between the windings. The i n t r o d u c t i o n of paper brings 

another three variables i n t o the problem. Although t h i s may seem 

t o increase the equations t o qui t e unmanageable proportions, 

reasonable approximations can be made t o reduce t h e i r complexity. 

The a d d i t i o n a l variables are, the thickness of the paper, the amount 

of compression the paper w i l l undergo when compressed i n t o the windings, 

and the thermal conductance of the paper. 

The geometric arrangement of paper inter-leaved c o i l s i s assumed 

t o be shown i n Pig. 1,6, The wires are arranged diagonally as before 

and the tension i n the windings can be seen t o compress the paper. 

Assuming i n i t i a l l y t h a t no heat passes through the a i r spaces and the 

heat which passes through the res t of the c o i l t r a v e l s along the l i n e s 

of heat f l o w shovm i n the f i g u r e . Proceeding under the same assumptions 

as i n Section 1,3, the heat rate f o r the shaded area i n the f i g u r e may 

be found. 

Consider an element Ŝ x i n Pig. 1.6. The heat rate of that 

element may be derived from Theorem 2 thus:-

1 = 1 + 1 + 1 (1.22) 
H^ "cTT^xTCosi^ . C ,lx Ĉ .Sx.Cos(|) 
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An approximation i s made here th a t the sides of the element are 

p a r a l l e l , i n f a c t they are at an angle of(D/2)'Sx.Cos ^ radians 

t o each other. The e r r o r involved i n using t h i s approximation 

w i l l be small, provided the thickness of the i n s u l a t i o n i s small 

compared w i t h the diameter of the wire. Another approximation 

t h a t must be made i s t o put Cos(|) equal t o 1 s i m p l i f y i n g Eq, 1.22. 

1 = 1 + 1 + 1 
H C, .Fx "cTFx C, .̂ x 

The e f f e c t of t h i s approximation i s small provided the angle 

of contact around the circumference of the wire i s small. 

Rearranging gives:-

H = ^ i ' % ' ^ ^ (1.23) 
^ C. . 2C^ 

I n p r a c t i c e w i l l vary w i t h the amount of compression of the 

paper. Therefore, w i l l also vary vdth respect t o x and t h i s must 

be taken i n t o account i n the equation. To do t h i s i t i s assumed that 

the r e l a t i o n s h i p between the thickness of paper under compression and 

the c o n d u c t i v i t y of the paper i s : -

C = s + V (1.2'!) 
P • 7 
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where y i s the thickness of the paper and v and s are constants, 

obtained "by experiment. 

The equation i s "based on the assumption that the e f f e c t on 

conductance of a reduction i n thickness of the paper "by compression! 

w i l l be s i m i l a r t o tha t of a reduction i n thickness by removal of 

ma t e r i a l from the surface. When the l a t t e r i s the case, the 

conductance w i l l be in v e r s e l y proportional t o the thickness, i . e . , 

C ss V , and over a small range, when the Dauer i s under, compression, 
p y 

t h i s i s l i k e l y t o be correct; the constant s was necessary t o set the 

end p o i n t s . 

Now s u b s t i t u t i n g Eq 1,24 i n t o Eq 1,23 gives:-

+ s) .Sx _ C^(«. + sj.ax 
^ T. + 2(v + s) 

and rearranging: 

(C^.v + C^.s.y)?% ^ ^ 2 5 ) 

whi 

I n 

i n Pig. 1! 

H 
^ (C^ + 2s)y + 2v 

ch gives the heat rate of the element (See Pig. 1.6) 

order t o obtain the o v e r a l l heat rate f o r the shaded section 

.6 the heat rate f o r the element must be summed over th a t 

area. TiO do t h i s both x and y must be obtained i n terras of (j). 
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F i r s t l y y may he obtained from basic trigonometrical relationships thus:-

y = B + 2(4D - iD.Cos(|)) 

where B i s the rainiraum distance apart of the wires. 

S i m p l i f y i n g gives:-

y =. B + D ( l - CoB(|)) (1 .26) 

but 

X = -|D.Sin(|> 

Therefore 

dz = •gD.Cos(|)id(l) (1 .27) 

S u b s t i t u t i n g Eq. 1.26 and Eq. 1.2? i n t o Eq. 1.25 gives:-

j j _ [C^.v + Cj..s[3 + ])(1 - Cos({)j]j-|D.Cos<|).d(?) 
^ (C^ + 2s) 3 + D ( l - CosQ) + 2v 

Rearranging and s i m p l i f y i n g gives;-

2 2 
j j _ iD.C^(v + s.B + s.D)Cos(l) - Ĉ .s.-̂ D. Cos (|) 
^ C^(B + D) + 2s(B + D) + 2v - (C^ + 2s)D.Cos(i) 

which i s of the form 

H = e.CosCf . {a^-'h).Oos^ (,^2S) 
^ c . b - cCostp 

where a = -a-D.Ĉ (v + s.B + s.D) 

b = C.(B + D) + 2s(B + D) + 2v 

c = D(C^ + 2s) 

e = .C..s 
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I n t e g r a t i n g Eq. 1,28 over the shaded area w i l l give H^^ 

the heat r a t e f o r th a t area. However, the l i m i t s of the i n t e g r a l 

must be defined i n terms of <|) which, i n t u r n , may be determined 

from the viidth M of the shaded area thus:- • 

-|-D.Sin(l) = M 
^ 2 

therefore (j) = Sin^^M 
D 

consequently ({)̂  = -Sin~'^M 
^ D 

Therefore summing Eq. 1.28 over the shaded area w i l l give -

\ = ' ^ 3 c = / ( b - c.Cosd) •) 

f = G 
C 

g = (a - e i b ) ' 
c 

(j) = -<)),= Sin'-'-M i 1 . . j j 

However, the i n t e g r a t i o n i s s i m p l i f i e d by taking i t betv/een 

^2 and 0, and doubling the r e s u l t since the equation i s :^.mtetrical 

about ({» B 0 

Therefore:-

HI, = 2 3c , 
JO 

/'^ (f.Co4 + g.Co5(1) )d(|) (1.29) 
L ( b - c.Cos^j)) 



31 

and the s o l u t i o n to the equation i s 

Ĥ /̂ = 2 |f.Sin(j)j, + £(V - (t)^) 2 • T2 c 
r (1.30) 

( F u l l d e t a i l s of the i n t e g r a t i o n are given i n App.l ) 

where V = 2b Tan""*" j.«Tan-g<j)2'1 
- c)m [_ l̂ ra }_ 

m = b - c 
b + c 

W r i t i n g i n f u l l gives:-

= 2 j f . S i n ( j ) _ + £ 
3c - ^2 - i p b T T f , 

2b Tan _l,Tan^-<f' 
m 31) 

where m = b - c 
b + c 

f = e 
c 

g = a - _e.b : 
"c 

= Sin"^(FyD) 

a = ^-D.C^(v + s.B + s.D) 

b = C^(B + D). + 2s(B + D) + 2v 

0 = D.(C^ + 2s) 

e = D .C^.s 

As can be seen the r e s u l t i s long and complicated and would be 

d i f f i c u l t to use. However a s i m p l i f i c a t i o n i s possible by approximating 
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the c i r c u l a r surface of the wire t o a parabola. This approximation 

i s reasonably good provided M the contact chord, i s small compared with 

the diameter, A second asproximation that must be made i s t o change 

the equation f o r C from 
P 

C = s + V 

to 

( i . 3 2 ) 
s» + v'.y 

where s' and v' are constants ( d i f f e r e n t from s and v) 

obtained by experiment. 

The e r r o r involved in- t h i s v ; i l l be small when used over a l i m i t e d 

range. 

Therefore proceeding from Eq. 1,23 which i s 

„ C..C .Ŝ x 
C.. + 2C i P 

S u b s t i t u t i n g from Eq. 1,34 and s i m p l i f y i n g gives :-

Ĉ , Sx H 
C^.v'.y + C^.s« + 2 

Taking the l o c a l approximation t o a c i r c l e t o bet-

y = a' ,x + b' 
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where a' and b' are constants which may be obtained from the conditions 

X = 0 when y= = B 

X = M when y = T 
2 

where T = the maximum thickness of the paper 

B = the minimum thickness of the paper 

Note: y i s the thickness of the paper at any p o i n t , i . e . , the 

distance apart of the two c i r c u l a r wires. 

Therefore, ' 
H = Ĉ .Ŝ x 

C^.v'.a' .x^ + C^(v«.b« + s') 7~2 

which may be w r i t t e n in;the form 

H = e.^x X • 2 
f.x + g 

where f = C^.v'.a' 

g = Cj(v'.b' + s') + 2 

e = 

As before i n t e g r a t i n g over the shaded area i n Fig 1.6 

w i l l give Ĥ ,̂ the o v e r a l l heat rate f o r the area. 
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Therefore 

e.dx (1.33) 

where » M/g 

==1 - - «/2 ' 

As before the i n t e g r a t i o n may be s i m p l i f i e d thus! 

and the s o l u t i o n i s : -

= 2 ^ p a n ' ^ f E l (^-34) 
f.m m 

( F u l l d e t a i l s of the i n t e g r a t i o n i n App.l) 

where m = /£ 
f 

As can be seen, the equation i s simpler than the o r i g i n a l Eq, 1,31 

and v / i l l be considerably easier t o use. Both o r i g i n a l and s i m p l i f i e d 

equation have a l t e r n a t i v e solutions but these do not apply t o t h i s 

p a r t i c u l a r problem. 

Equation 1,34 could be used as i t stands t o obtain the conductivity 

of the c o i l , assuming no heat t r a n s f e r through the a i r spaces. However, 

since the r e s u l t does'not give r e l i a b l e p r e d i c t i o n s , no f u r t h e r work 

w i l l be c a r r i e d out i n t h i s d i r e c t i o n . Instead the analysis v / i l l be 
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extended t o take i n t o account the heat t r a n s f e r through the a i r 

spaces. 

Considering the a i r space alone as shoivn i n Pig , 1 . 7 » i t i s 

assumed t h a t the heat passes through t h i s p o r t i o n of the c o i l along 

the l i n e s of heat flow shovm i n the f i g u r e . Now the heat rate f o r 

the shaded section could be found by i n t e g r a t i n g the heat rate f o r 

an element over the whole shaded area as i n previous cases. 

Unfortunately the expression f o r the conductance of the element i s 

extremely complex and the i n t e r g r a l . would be even more so, 

Eoi-ieveVf by assuming a constant temperature along the dotted l i n e 

i n the f i g u r e , the conductance, and hence the heat r a t e , can be found 

i n two p a r t s , that i s , above the l i n e and below the l i n e . The 

heat rates can then be combined t o obtain the r e s u l t f o r the whole 

of the shaded area. The assumption w i l l . i n f a c t cause an e r r o r , 

since the dotted l i n e w i l l not i n practice be an isothermal. 

To obtain the o v e r a l l heat r a t e , consider f i r s t the lower l e f t 

hand p o r t i o n of the shaded section i n Pig.1 , 7 . This i s i d e n t i c a l 

w i t h the section i n Section 1,4 (see Pig, 1,5 and pages 21 to 26) 

Therefore the heat rate f o r t h i s part w i l l be given by Eq, 1.18 and 

Eq. 1.19. Also, the same equations apply t o the upper r i g h t 

hand section since t h i s i s i d e n t i c a l but inverted. The inversion 

makes no difference t o the r e s u l t . 

Consider secondly the lower r i ^ r h t hand part of the shaded area. 

I n t h i s part the heat x ^ i l l have t o pass through the i n s u l a t i o n , the 

paper and then the a i r . Taking element ^x, the conductance can be 

found as f o l l o w s : -
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The p a r t of the element passing through the paper w i l l have a 

t o t a l conductance of 

C. , C 
1 n C. + C 1 P 

Let t h i s be call e d C, 
i p . 

I t can now be considered that there are only two materials 

through which the heat has/to pas^ tha t of the material w i t h a 
Sonductance C. and the a i r , - Now i f C (the conductance of the a i r ) i p a 
i s replaced by k /m, the problem becomes the same as i n Section 1,4 

(see Pig. 1,5 and pages 21 to 26 )except that the conductance 

must be retjlaced by Ĉ .̂ Therefore, the sol u t i o n must again be 

Eq, 1,18 and Eq, 1.19 w i t h replaced by Ĉ ^ thus:-

H 3P c \ ^ ^ (b - c)m 
^Tan-l-^-̂l.Tan-|<^^ - Tan"-^6.'Ta4<i)j^]]l^ (1.35) 

or 

vihen f u n c t i o n b + c i s p o s i t i v e 
b - c 

H 
3p ' -A^--^^-^^. 

los ('Tan-̂ <i)2 - m Tan-̂ :<i)̂  + m^ll 
l ^ a n i ^ + m '^axt-^^ - mj 

(1.36) 

when f u n c t i o n b + c- i s nesjative 
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where m' 

3p 

b« = 

'I -

the p o s i t i v e value of b + c 

b - c 

the heat r a t e f o r the upper r i g h t hand shaded 

quadrant i n F i g . 1.6. 

«ip-^a-V' 

k - C. 
a i p 

- 1 . 

= 30° 

Dp = diameter of wire + 2T 

p = T - B 

Note t h a t the diameter of the wire i s increased since i t now has a 

layer o f paper on the part of the surface under i n v e s t i g a t i o n . 

To summmarise, the heat rates f o r a l l parts of the section 

o u t l i n e d i n t h i c k black l i n e s i n F i g . 1,6 and F i g , 1.7 have been 

obtained and these are:-

( i ) centre section shaded i n F i g . 1,6 ( H , ) given by Eq, 1 .31 ; 

( i i ) lower l e f t and upper r i g h t quadrants i n Pig. 1.7 (Hg^^) 

given by Eq. 1.18 and Eq. 1.19j 

( i i i ) lower r i g h t and upper l e f t quadrants i n Pig. 1,7 (H-J^) , 

given by Eq. 1.35 anii 1.36. 

Now using Theorems 1 and 2 i n the same way as i n previous sections, 

the o v e r a l l heat r a t e f o r the section may be found thus:-

H, 
b3 = 2 "H 2q + K 3p 

ViV J 
+ H 3c 
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S u b s t i t u t i n g i n t o Eq, 1,9 gives the conductivity of the c o i l 

thus:-

H_ + H, " 
2q 3P 
"2q-"3p 

. H 3 , j | (1 .37) ' 

or a l t e r n a t i v l y the equation f o r Ĥ ^ may be replaced by the s i m p l i f i e d 

version H^^, 

The value of h i n the above equation may be obtained as follows. 

Assuming t h a t there i s no gap between the wires i n the a x i a l d i r e c t i o n , 

then from Pythagoras 

(D + B)^ = (*D)^ + 

and 
b = J2D,B + B^ + fD^ (1.38) 

1.6 Discussion on the t h e o r e t i c a l basis 

At t h i s point equations have been derived which v / i l l give the r a d i a l 

c o n d u c t i v i t y o f a l l the types of c o i l under consideration. The analysis 

i s subject to a number of assumptions and i t requires numerical values 

f o r the properties of most of the constitu;trits of the c o i l . The basic 

concept behind the equations has been that the l i n e s of heat flovr 

through the c o i l can be approximated by simple geometry v/ithout 

s i g n i f i c a n t l y a l t e r i n g the o v e r a l l c o n d u c t i v i t y . Subsequent chapters 

w i l l show the accuracy obtained by t h i s technique. 
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CHAPTER 2. 

NON - INTERLEAVED COILS. 

2 . 1 . I n t r o d u c t i o n . 

I n Chapter 1 . a general theory has been derived by which the r a d i a l 

c o n d u c t i v i t y of a non-interleaved c o i l can be calculated given ce r t a i n 

thermal and physical properties of the components of the c o i l . I n the 

f i r s t p a r t of t h i s chapter i t i s shovm t h a t a "conductivity" can be 

obtained f o r a c o i l and t h a t i t can be used i n the conventional way 

even though i t i s an apparent conductivity composed of the i n d i v i d u a l 

c o n d u c t i v i t i e s of the components of the c o i l . Secondly, techniques w i l l 

be described by v.'hich the thermal and physical properties of the 

components of the c o i l required f o r the c a l c u l a t i o n of the conductivity 

may be obtained. F i n a l l y , a comparison i s made between t h e o r e t i c a l 

p r e d i c t i o n s and experimental r e s u l t s , 

2.2 . Experimental v e r i f i c a t i o n of constant conductivity. 

The equations that w i l l be used t o calculate the temperature 

d i s t r i b u t i o n v/ithin a c o i l , Eq. 1.4 and Eq. 1.5, were derived f o r 

t h i c k c ylinders of homogeneous material uith constant conductivity. 

I t i s therefore necessary t o show that a c o i l has a constant 

c o n d u c t i v i t y i n the r a d i a l d i r e c t i o n . I t was also necessary t o 

show the,t t h i s c o n d u ctivity does not vary w i t h the amount of heat 

generated w i t h i n the vJindings. I f both these conditions were met, 

then the conductivity of a c o i l obtained by experiment based on 

Eq. 1.4 could be used i n Eq. 1.5 t o obtain the temperature d i s t r i b u t i o n 

i n a c o i l v i i t h heat generation w i t h i n the winrTings, Also, since 

the mainr. theory i n Chapter 1 i s based on heat conduction without i n t e r n a l 

generation, both conditions must be met f o r the theory t o be of value i n 
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p r e d i c t i n g the temperature d i s t r i b u t i o n i n l i v e c o i l s . 

I n order t o v e r i f y these conditions, Goil No,l was constructed 

as shown i n F i g . 2 , 1 , The c o i l was made from 1,62 ram diameter copper 

^ri.re covered w i t h a 0,037 mm thickness of hard polyurethane i n s u l a t i o n . 

The wire was vjouhd on a 25.4 mm- diameter former, 127 mm long, vjith 

thermally insulated ends. During the xd.nding, eight 0,19 mm diameter 

chrome-alumel thermocouples were placed i n the c o i l , the positions 

being shown i n Fig, 2 , 1 . These positions ̂ were selected so t h a t the 

mechanical and thermal disturbance created by one thermocouple would 

have the minimum e f f e c t on the next, A sample of thermocouple wire 

was.calibrated t o read temperature, , The c a l i b r a t i o n curve i s shovm i n 

Fig, 2 ,2 . A f t e r v/inding the c o i l t o a diameter of I56 mm, an e l e c t r i c a l 

heater was placed i n the centre v;ith the ends thermally insulated t o 

ensure t h a t a l l the heat passed through the windings. The whole u n i t 

was then vared up as shovm i n Pig. 2 .3 , 

The f i r s t t e s t t o be c a r r i e d out on the c o i l v;as t o pass a d i r e c t 

current through the centre heater and allow s u f f i c i e n t time f o r the heat 

t r a n s f e r w i t h i n the c o i l t o reach the steady s t a t e . Direct current was 

necessary t o avoid induction from heater t o windings. Readings were then 

taken of the voltage across, and the current through, the heater, and the 

temperatures at the thermocouDles, F u l l d e t a i l s of the readings are 

given i n App ,2 , 

To obtain the conductivity of the c o i l from the above r e s u l t s , a 

graph was dravm of thermocouple reading against l o g of the radius, 

and the slope of t h i s graph v;as substituted i n t o Eq. 1.4. F u l l d e t a i l s 

are given i n App,2 and the graph i s shovm i n Pig. 2 .4 . 
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The conductivity obtained f o r Coil No.l i n t h i s way was:-

k^ = 1.045 j/m s K 

The second t e s t t o be carried out v;as t o pass a current through 

the windings of Coil No.l andiake readings of voltage across, and 

current through, the windings, and the temperature at the 

thermocouples as before. P u l l d e t a i l s of the r e s u l t s of t h i s t e s t 

are given i n App .2 , and the temperatures are p l o t t e d against the radius 

i n Pig, 2 .5 . A second set of temperature against radiiB r e s u l t s was 

obtained by s u b s t i t u t i n g the value of conductivity obtained i n the f i r s t 

t e s t ( k ^ = 1.045 J / m s K ) , the current passing through the windings, 

and the prooerties of the wire i n t o Eq. 1.5. ( f u l l d e t a i l s of t h i s 

c a l c u l a t i o n are given i n App , 2 .) This second set of r e s u l t s i s 

superimposed upon the f i r s t i n Pig, 2 ,5 . 

2,3 Discussion on the t e s t s f o r constant conductivity. 

The r e s u l t s of these two t e s t s indicate t h a t the apparent 

co n d u c t i v i t y of a c o i l can be used i n the same way as the conductivity 

of a homogeneous cylinder. The conductivity of Goil No.l i s constant 

at any rad i u s , since any change i n the conductivity would be indicated 

by a change i n the slope of the l i n e i n Pig. 2 .4 . The use of t h i s 

c o n d u c t i v i t y f o r c a l c u l a t i n g the temperature d i s t r i b u t i o n w i t h a current 

f l o w i n g through the windings i s indicated by Pig. 2 .5 . The two curves 

of t h i s graph do not coincide but i t can be seen that the conductivity 

would be of use i n g i v i n g an i n d i c a t i o n of the temperature i n a l i v e c o i l . 

A point worthy of note i s that some of the difference between the two 

curves i s caused by the leakage of heat from the centre of the c o i l ; 

t h i s i s indicated by the temperature drop between the highest temperature 
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i n the c o i l and the temperature i n the core. The heat loss w i l l 

probably be small but v / i l l contribute tovjards the difference 

i n temperatures. An i n d i c a t i o n of the e f f e c t of t h i s heat loss on 

the t h e o r e t i c a l predictions i s given by the the t h i r d graph i n 

F i g , 2,5, The points f o r t h i s graph were calculated i n the same 

Vfay as those f o r the t h e o r e t i c a l graph No,2, but the boimdary condition 

of zero heat flow, which was o r i g i n a l l y assumed t o be at the core, 

was instead, taken from the experimental graph at a value of 30 mm. 

This t h i r d graph can be seen t o imderestimate the temperature. 

The l i n e a r i t y of the graph i n Pig. 2,4 has a second i m p l i c a t i o n , 

i , e , the conductivity i s r e l a t i v e l y independent of the pressure between 

the adjacent vvindings. For a constant winding tension the pressure 

betv/een the windings at the centre of the c o i l would be greater than 

the pressure between the windings a t the outside of"the c o i l . Therefore, 

since the conductivity v;as constant i t must be independent of pressure 

between the windings, 

2,4 A n a l y t i c a l p r e d i c t i o n of k^ 

As shown i n the previous section of t h i s chapter, the conductivity 

obtained by an experiment v/ith c e n t r a l core heating could be used t o 

p r e d i c t the temperature d i s t r i b u t i o n i n a l i v e c o i l . Therefore, i f 

the c o n d u c t i v i t y could be derived w i t h reasonable accuracy a n a l y t i c a l l y , 

the p r e d i c t i o n of the temperature d i s t r i b u t i o n i n the c o i l would be 

g r e a t l y f a c i l i t a t e d . 

I n Chapter 1 two a n a l y t i c a l methods were described by which the 

co n d u c t i v i t y of the c o i l could be obtained. The methods use equations 

from which a r e s u l t may be obtained by the s u b s t i t u t i o n of c e r t a i n 



43 

properties of the c o i l . These proiserties are given below, together 

w i t h t h e i r o r i g i n . 

1) the conductivity of a i r - I n t e r n a t i o n a l C r i t i c a l Tables. 

2) the dimensions of the wire - measurement; 

3) the dimension of the c o i l - measurement; 

4) the thermal conductance of the i n s u l a t i o n on the 

wire - experiment; 

5) the contact area betv/een the wires - experiment; 

( t h i s property i s only required f o r the second method). 

As can be seen, c e r t a i n of these properties require experimental 

determination, d e t a i l s of which are given below: 

2.5 Conductance of the i n s u l a t i o n . 

A number of methods were considered f o r obtaining the conductance 

of ihe i n s u l a t i o n . Each of these w i l l be described and the various 

advant£^ges and disadvantages w i l l be given. 

Method 1. Seek information from the manufacturer. Even i f 

a v a i l a b l e , suxjh information v j i l l probably be very inaccurate and w i l l 

require checking. 

Method 2. Obtain a s o l i d block of i n s u l a t i o n and shape i t t o 

f i t a conventional conductivity t e s t i n g machine. This would be very 

simple p r a c t i c a l l y , but the f i l m of i n s u l a t i o n on the i i f i r e , which i s 

very t h i n , may have a conductivity t h a t i s dependent upon surface 

e f f e c t s , e.g., a i r d i f f u s i o n i n t o the surface during hardening. 

Method 3. Paint the i n s u l a t i o n on t o the surface of a block 

of good conducting material and use i n a Lees' disk. Again t h i s would 

be simple enough t o carry out but d i f f i c u l t i e s may arise i n ensuring 
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t h a t the layer had the same thickness as the i n s u l a t i o n and was also 

uniform. 

Each of the above methods e n t a i l measuring the conductance 

away from the wire and they a l l have the same "basic disadvantages. 

F i r s t l y , t h a t no guarantee can "be given that the conductivity of the 

i n s u l a t i o n w i l l "be the same when coated on the Mire as i t i s i n the 

p r a c t i c a l s i t u a t i o n , arid secondly, that the thickness of the 

i n s u l a t i o n may vary, which would mean that, an average conductance i*as 

required. I f the conductance can he found w h i l s t the i n s u l a t i o n i s 

a c t u a l l y on the wire, or, a f t e r being removed from the wire, then the 

above d i f f i c u l t i e s are avoided. The f o l l o w i n g methods were considered 

t o s a t i s f y these conditions and are analysed i n a l i t t l e more d e t a i l . 

I n general a method f o r f i n d i n g the conductance of the i n s u l a t i o n 

w h i l s t i t i s on the wire i s most l i k e l y t o e n t a i l passing heat through 

the i n s u l a t i o n and measuring the temperature difference across the 

i n s u l a t i o n . 

Method 4» Heat the copper vare by passing a current through the 

viire and cool the outer surface i n a bath of h i g h l y agitated l i c f u i d . 

The temperature of the inside of the x^ire could then be obtained by 

using the copper as a resistance thermometer and the temperature of the 

outride of the i n s u l a t i o n would be the temperature of the l i q u i d . This 

assumes t h a t the a g i t a t i o n i s s u f f i c i e n t to^'p©i£lwie"'the heat t r a n s f e r 

c o e f f i c i e n t between v/ater and the surface of the wire t o a value which 

i s riggngib]ie_compared w i t h the conductance of the i n s u l a t i o n . The 

disadvantage of t h i s method i s th a t h.i gh e l e c t r i c a l currents a.re required 

t o heat the coprier since i t i s a good conductor of e l e c t r i c i t y * 
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Method 5 . Calibrate a length of xrire as a resistance 

thermometer and arrange a system so t h a t the temperature can be recorded 

V7ith respect t o time. Then, plunging the wire i n t o a hig h l y agitated 

bath of hot l i q u i d ; * i l l give a recording of the rate of increase of 

temperature of the copper or, i n other vrords, the rate of heat flow 

throu?:h the i n s u l a t i o n . Therefore, from t h i s recording, assuming the 

surface temperature of the i n s u l a t i o n i s the same as that of the l i q u i d , 

the conductance of the i n s u l a t i o n may be calculated. Again, the 

d i f f i c u l t y w i t h t h i s method l i e s i n ensuring s u f f i c i e n t a g i t a t i o n t o 

avoid surface e f f e c t s from the water on the wire 

Method 6. Remove the i n s u l a t i o n from the wire and use a Lees' 

d i s k apparatus t o obtain the conductance. The d i f f i c u l t y here l i e s i n 

a c t u a l l y removing the i n s u l a t i o n which i s l i k e a f i l m of paint attached 

very f i r m l y t o the surface of the wire. 

The method selected f o r use was number 5 , I t was thought t h a t 

i n a d d i t i o n t o t h i s primary method i t Mas necessary t o carry out a check 

by another method. To do t h i s would require a method which would 

not be susceptible t o any errors t h a t may be involved i n the primary 

method. Method 6 i s therefore t o be preferred since the other methods 

could s u f f e r e i t h e r from the e f f e c t of an i n s u l a t i n g f i l m vhen immersed 

i n the f l u i d or a resistance thermometer e r r o r . 

2.6 Basis of the primary method ( Method 5 ) . 

I t was assumed th a t the copper wire inside the i n s u l a t i o n vjas a 

mass of material of i n f i n i t e conductivity so t h a t the temneratiire at the 

i n t e r f a c e of copper and i n s u l a t i o n would be the same as f o r the r e s t 

of the copper. Therefore, by usin^: the copper as a resistance 
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thermometer, the temperature at the inside face of the: i n s u l a t i o n could 

be obtained. I t was also assiimed that the bath o f highly agitated 

water would act l i k e an i n f i n i t e - c a p a c i t y heat source of i n f i n i t e 

c o n d u c t i v i t y , so tha t the temperature at the i n t e r f a c e of the l i q u i d and 

i n s u l a t i o n would be the same temperature as the main body of the l i q u i d . 

Therefore, the outside temperature of the i n s u l a t i o n may be obtained 

from the temperature of the main body of the l i q u i d . Also, i t was 

assumed t h a t the temperature of the l i q u i d would remain constant w i t h 

respect t o time. 

I n p r a c t i c e , c e r t a i n errors a r i s e from the above considerations. 

F i r s t l y , the copper has an f i n i t e c o n d u c tivity and the passage of heat 

through the i n s u l a t i o n would cause a .temperature d i s t r i b u t i o n i n the 

copper. However, since the copper i s l i k e l y to have a conductivity 

so much greater than t h a t of the i n s u l a t i o n , the erroip would be small. 

Secondly, the temperature of the main body of the l i q u i d would be 

d i f f e r e n t from the temperature of the surface of the i n s u l a t i o n , 

since heat t r a n s f e r takes place through a mediiun of f i n i t e c onductivity. 

However, t h i s temperature difference could be reduced to n e g l i g i b l e 

proportions by vigorous a g i t a t i o n . This was shown to be so by 

by repeating the t e s t w i t h d i f f e r e n t amounts of a g i t a t i o n . A d i f f e r e n t 

r e s u l t f o r the repeat t e s t would ind i c a t e a temperature drop that 

varied w i t h the ammount of a g i t a t i o n . The same r e s u l t f o r p r i n c i p a l 

and repeat t e s t would i n d i c a t e that the temperature drop was 

neglif]:ible. An attempt was made to calculate the heat t r a n s f e r 

c o e f f i c i e n t from water t o wire ( see App, 2 ) . This however indicated 

t h a t the e r r o r would not be inappreciable but the r e s u l t was rejected i n 

favour of the experimental check. T h i r d l y , the main body of the l i q u i d 
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would not be constant temperature but would cool dovm when the cool 

wire was placed i n t o i t ; again the e r r o r would be n e g l i g i b l e provided the 

mass of water v/as large enough. 

2 .7 Procedure f o r the primary method (Method 5)» 

The apparatus v;as set up as shown i n Pig, 2 .6 , A length of wire 

t o be tested was arranged t o have a small constant current passing 

through i t . The current was to have a 50 Hz r i p p l e about Vfo of the -

DC value i n order t o measure time i n the f i n a l recording. The voltage 

across the length of wire was measured by a UV recorder. Handles iirere 

a v a i l a b l e f o r easy manipulation of the wire. A t e s t was carried out 

as follovzs:-

P i r s t l y , the copper viire v;as calibrated t o read as a thermometer by 

p l a c i n g i t i n x^ater of f i x e d temperature and allowing time f o r a l l heat 

f l o v j i n t o the the wire t o stop; the UV recorder would then bg recording a 

voltage t h a t corresponded t o the temperature of the water. This process 

was then reppeated a number of times f o r various water temperatures, thus 

b u i l d i n g up a temperature c a l i b r a t i o n chart. 

Secondly, a vessel of b o i l i n g water and a large vessel of ambient 

temperature water were prepared and the temperature taken i n both vessels. 

The wire was immersed i n the b o i l i n g v/ater u n t i l the trace on the UV 

recorder became steady, i . e , , there was no f u r t h e r heat flow across the 

i n s u l a t i o n . The wire was then placed i n "the cold viater arid agitated 

manually a t a r a t e of two 300 mm strokes per second producing a trace on 

the o u t m t of the UV recorder. The process was.repeated v j i t h four 300'nm 

strokes per second. The curves were then compared t o f i n d i f there 

were any i n s u l a t i n g l i q u i d f i l m e f f e c t s and then used t o calculate the 
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conductance of the i n s u l a t i o n . 

2.8 Theoretical basis of the primary method (Method 5), 

The temperature increase of the cooper i s given by the equation 

log^« = A - ' ^ ' ' i ' " ' (2,1) 
-^-^rc-^^c 

where 

-0^ s the temperature drop across the i n s u l a t i o n , 

= the outside diameter of the wire excluding the i n s u l a t i o n , 

= the thermal conductivity of the i n s u l a t i o n , 

T^ = the thickness of the i n s u l a t i o n , 

A «= the density of copper, 

Op 8 the s n e c i f i c heat of copper, c 

- A = an a r b i t r a r y constant 

A f u l l d e r i v a t i o n of the equation i s given i n App,3, 

I t can be seen frort the equation that the temperature drop across 

the i n s u l a t i o n has a logarithmic r e l a t i o n s h i p w i t h time. Therefore, i f 

the l o g of the temperature drop i s p l o t t e d against time, a s t r a i g h t l i n e 

graph Bhould r e s u l t , the slope ofiwhich i s : -

4 k , 

C "C 
thus 

s = - * i 
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where S i s the slope of the l o g -©^against t graph 

However, since the r e l a t i o n s h i p between temperature and an 

e l e c t r i c a l resistance of copper wire was l i n e a r , the slope S of the 

log-6^ against t graph would be the same as the ̂ lorie S' of the 

l o g C against t graph where C i s the height of the UV recording G in m 

above the steady state l i n e of the cold water temperature. This can 

be shovm t o be so by considering:-

•e* = C 4 
m 

v/here (j)' i s a constant 

Therefore, s u b s t i t u t i n g i n t o Eq. 2.1 gives 

l o g C„ + l o g * ' = A - ^ ± - ^ 'e m "e^ 
^i-^w-A-^Pw 

thus 

S« = - 4k. 

and 

\ = C. = - \ . (2.2) 
T. ^ T '° ° 

Therefore the conductance of the i n s u l a t i o n may be obtained by 

f i r s t p l o t t i n g the l o g of the height of the trace from the UV recorder 
s 

against time. The height must be measured from the datum corresponding 

t o the temperature of the water i n t o which the wire was plunged ( the 

temperature of the outside of the i n s u l a t i o n ) . Then s u b s t i t u t i n g the 

slope of the graph, vjhich should be a s t r a i g h t l i n e , i n t o Eq. 2.2 gives 
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the conductance of the i n s u l a t i o n . 

An i n t e r e s t i n g point here i s th a t the conductance has been found 

vjithout a c t u a l l y c a l i b r a t i n g the resistance thermometer. I t i s 

s u f f i c i e n t t o loiow t h a t the resistance temperature r e l a t i o n s h i p vjas 

l i n e a r . This was checked p r i o r t o carrying out the experiment t o 

exclude e r r o r s due t o n o n - l i n e a r i t i e s i n the e l e c t r o n i c equipment. 

2.9 Results from a t e s t on the wire from Coil No.l, 

Reproductions of the trace obtained from the UV recorder can be seen 

i n Fig. 2 , 7 . (Unfortunately the o r i g i n a l was too f a i n t t o reproduce, A 

p r i n t of a t y p i c a l recording i s shown i n Fig, 2 , 9 ) » The resu l t a n t 

l o g a r i t h m i c graph i s shovm i n Fig, 2 ,8 , The slope of the logarithmic 

graph v:as found t o be - 2 . 4 4 . S u b s t i t u t i n g t h i s i n t o Eq, 2,2 gives a 

value of conductance f o r the i n s u l a t i o n of :-

= 33,9x10^ j/m's K 

F u l l d e t a i l s of the c a l c u l a t i o n are given i n App.3. 

Discussion. 

The tv7o curves shown i n Fig, 2 ,7 consist of three main- part s , a 

h o r i z o n t a l p a r t , a shallow sloping part and a steeply sloping p a r t , 

(the h o r i z o n t a l part i s not shown but can be seen i n Pig, 2 ,9 which i s 

a p r i n t of a t y p i c a l recording) and which i s asymptotic t o the datum l i n e 

corresponding t o the vjater temperature. The horizontal part corresponds t o 

the temperature of the hot water, the shallow sloping part corresponds 

t o the passage of the wire through the a i r p r i o r t o immersion i n the 

cold water, i , e , cooling i n a i r , and the steeply sloping part corresponds t o 

the immersion of the v/ire i n the highly agitated water. I t can be seen 
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t h a t both graphs are i d e n t i c a l , i n d i c a t i n g t h a t the temperature drop 

between the main body of the l i q u i d and the surface i s n e g l i g i b l e 

compared vdth the temperature drop across the i n s u l a t i o n . Another 

i n d i c a t i o n of the lack of i n s u l a t i n g water f i l m i s the straightness 

of the l o g graph; any f i l m on the surface of the wire would tend t o 
6 

vary i n thermal conductance during the period of the t e s t and t h i s 

v a r i a t i o n would be indicated by a lack of l i n e a r i t y i n the l o g graph. 

I t i s worth noting t h a t the conductivity of the i n s u l a t i o n 
could have been obtained here but i f t h i s had been done the r e s u l t 

would not have been of the same accuracy as. t h a t of the conductance 

v/hich has i n f a c t been found. This i s because the ca l c u l a t i o n f o r 

con d u c t i v i t y would require a thickness f o r the i n s u l a t i o n which would 

involve f u r t h e r errors mainly due t o the thickness being non-uniform. 

This non-uniformity of the thickness of the i n s u l a t i o n , although l i k e l y 

t o a l t e r the l o c a l thermal conductance from place t o place on the wire, 

w i l l not a f f e c t the f i n a l r e s u l t since the length of the v/ire i n the 

t e s t was s u f f i c i e n t t o obtain a good mean and i t i s t h i s that i s required 

t o calculate the conductivity of the c o i l . 

Further s l i g h t e r r o r s may have been involved through a loss of 

heat through the ends of the wire and a loss where the voltage connections 

were made. This loss would be of n e g l i g i b l e proportions since the wire 

vjas long^ comrjared w i t h i t s diameter ( approximately 1 metre; the 

cal c u l a t i o n s are independent of length) and the length of wire affected by 

the loss from the ends v/ould be a l i m i t e d number of wire diameters. 

I t was i n i t i a l l y thought that b o i l i n g water would provide s u f f i c i e n t 

a<ritation t o reduce the hent t r a n s f e r c o e f f i c i e n t between the viater and the 
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surface of the i n s u l a t i o n t o n e g l i g i b l e proportions but t h i s was found 

not t o be the case, 

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

At t h i s point e r r o r s may have arisen that have not yet been 

accounted f o r and i t was necessary t o carry out an independent secondary 

t e s t . The method t o be used f o r t h i s t e s t w i l l be Method 6, 

I n order t o use Method 6 a sample of i n s u l a t i o n was required 

t h a t had been removed from the vrire. Examination of the vare indicated 

t h a t the i n s u l a t i o n could not be scraped from the wire without 

damage. Therefore, a f t e r an i n v e s t i g a t i o n i n t o a number of methods, 

i t was considered t h a t the only one capable of producing a s a t i s f a c t o r y 

sample would be where the copper was dissolved e l e c t r o l y t i c a l l y from the 

centre of the i n s u l a t i o n . The equipment used f o r t h i s i s shovm i n 

Fig. 2 .10, The f i g u r e shows a hollow cathode of smaller dia-neter than 

the inside of the i n s u l a t i o n . The cathode vjas supplied with a f u l l y 

saturated s o l u t i o n of aqueous sodium chloride and the copper wire was 

made the anode of a 24 v o l t supply. 

The copper was removed from the i n s u l a t i o n by feeding the cathode 

on t o the wire by hand. As the cathode approached the copper wire, a 

current s t a r t e d t o flow through the e l e c t r o l y t e and the distance between 

the cathode and anode could be judged by the current. Therefore, by 

maintaining a osnstant current, a constant feed rate could be obtained. 

The optiraiim condition f o r maximum rate of removal of copper v/as t o 

obtain maximum current through the e l e c t r o l y t e . However, excessive 

current tended t o make the e l e c t r o l y t e b o i l and cause a short c i r c u i t . 

The maximum current obtainable i n practice was 0 ,6 A which corresponded 

t o a feed r a t e of 0 .6 mm per hour. The maximum length of i n s u l a t i o n 
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obtained was 30 mm. At t h i s length sparking occurred which damaged 

the end of the i n s u l a t i o n . The reason f o r t h i s v;as thought t o be 

t h a t a t 30 mm depth of penetration of the cathode i n t o the i n s u l a t i o n , 

the e l e c t r o l y t e f l o v j i n g down the inside of the cathode received heat from 

the hot e l e c t r o l y t e passing up the annular space between the cathode 

and the i n s u l a t i o n , thus causing the e l e c t r o l y t e t o b o i l at a lower 

current. Another d i f f i c u l t y that occurred v/as the p r e c i p i t a t i o n 

of s a l t on the inside of the cathode. This was avoided by mixing the 

s o l u t i o n a t a s l i g h t l y cooler temperature than that at which i t was t o 

be used. 

The tube of i n s u l a t i o n produced by t h i s method could be s p l i t 

along i t s length t o produce a f l a t piece of i n s u l a t i o n approximately 

5 mm wide by 30 mm long. . ' . 

2.11 Basis of the secondary method (Method 6). 

At t h i s stage i t was necessary t o design equipment t o obtain the 

thermal conductance of the sample of i n s u l a t i o n obtained as above. The 

equipment selected f o r t h i s was of the Lees' d i s k type, although a special 

design was required because of the small size of the sample. However, 

in' general the equipment had t o consist of two good conducting plates 

between which the sample of i n s u l a t i o n could be held v;hile heat vjas passed 

t h r o u ^ i t . Also, temperature i n d i c a t i o n vjas required on both plates, 

and heat losses had t o be kept t o a minimum. A number of designs of 

Lees' disk equipment were t r i e d and i t was found from i n i t i a l t r i a l s that 

an e s s e n t i a l propertyof the Lees' disk f o r t h i s a p p l i c a t i o n was that i t 

must exert a considerable pressure on the sample of i n s u l a t i o n i n order 

t o obtain good contact between the i n s u l a t i o n and both plates of the 
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Lees' di s k . The reason f o r t h i s was simply t h a t the sample was 

o r i g i n a l l y c y l i n d r i c a l and tended t o c r i n k l e when f l a t t e n e d , A 

considerable pressure was therefore required t o remove the d i s t o r t i o n . 

The equipment used i s shown i n F i g , 2.IL" and consisted of two 4*66 mm 

copper bars each vii t h one end ground f l a t and the other tapered d.o\m 

t o a l-g- mm sphere. Each bar had a thermocouple soldered close t o the 

face so t h a t the temperature of the face could be measured. The copper 

bars could be pressed t i g h t l y together with the sphere at each end 

c e n t r a l i s i n g the loading,and i n order t o provide a temperature difference 

across the faces, heat was put i n at the end of one bar by t r a n s f e r r i n g 

through a 1,626 mm diameter copper wire from a heat source,. The amount 

of heat passing i n t o the bars was measured by placing two thermocouples 

a known distance apart along the copper vrire, and from the temperature 

drop along t h i s v/ire, the heat flow could be measured. Heat v/as 

removed from the other copper bar by a v:ater jacket and the v;hole 

apparatus was enclosed i n . i n s u l a t i n g m a t e r i a l , 

2,12 Procedure f o r the secondary method (Method 6 ) . 

A t e s t was carried out on the equipment as f o l l o w s : 

A sample of i n s u l a t i o n v;as placed betvjeen the faces of the cooper 

bariS and a load was exerted across the ends of the bars. Thermal 

i n s u l a t i n g material was then placed round.the whole apparatus. 

The cooling water was turned on. and heat applied t o the ends of the 

copper viire supplying heat t o one of the copper bars. Time was allowed 

f o r the heat flow t o reach steady state and then readings from a l l the 

thermocouples viere taken. This process was repeated f o r d i f f e r e n t 

samples of inr-ulation and at various loadings on the ends of. the 

copper bars. 
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2.13 Theoretical basis of secondary method (Method 6.) 

The heat flow through the sample of i n s u l a t i o n i s given by:-

« = (^dl - V-°i-̂ d I (2.3) 

where ' 

Q !s heat flow through the apparatus, 

^ d l ~ temperature of the hot face, 

•0-̂ 2 " temperature of the cold face, 

A^ « area of the face, 

zs conductance of the i n s u l a t i o n . 

The heat flow t h r o u ^ the copper wire i s given by:-

where 
-6^^ = temperature a t the hot end of the copper v/ire, 

•e- ̂  =» temperature at the cold end of the copper wire, 
v2 • . 

A = cross section area of the wire, 
w 

= distance betv/een the thermocouples, 

k^ = conductivity of copper. 

S u b s t i t u t i n g f o r Q above gives:-

L w 
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Therefore 

C. = " •̂ w2̂ ŵ (2.4) 
' ^ ^ ^ d l - ̂ d2^-^d . j 

2,14 Results of Method 6 f o r the i n s u l a t i o n from Coil No.l. 

' Six t e s t s were carried out on three samples of i n s u l a t i o n at two 

d i f f e r e n t loads, and the conductance of the i n s u l a t i o n was calculated 

f o r each t e s t , ( f u l l d e t a i l s are given i n App ,3 . ) The resul t a n t 

conductances are given below:-
Average 

Test, Conductance. Load. conductance. 

1 30.6 X 10^ j/m^s^K 5 

2 33 .8 X 10^ II 5 kg 31.7x10^ j/m^s K 

3 30.6 X 10^ II 5 kg 

4 29.8 X 10^ I I 10 kg. 

5 28,5 3c 10^ II 10 kg 29.6x10^ j/m^s K 

6 30 .5 X 10^ ' II 10 kg 

2.15 Discussion on- the t e s t s using Method 6. 

The T^esults show a s l i g h t inverse c o r r e l a t i o n with pressure. 

This i s u n l i k e l y and i s probably by chance since an increase i n pressure 

on the sample v;ould tend t o have the f o l l o w i n g e f f e c t s : -

a) The contact between the copper and the i n s u l a t i o n 

would improve. 

b) The i n s u l a t i o n would be s l i g h t l y reduced i n thickness. 

Bbth these e f f e c t s would tend t o increase the value of conductance 

obtained irom the t e s t . 

The above r e s u l t s are a l i t t l e lov;er than the r e s u l t of 

Cj = 33 .9 X 10^ J/m^s K 
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obtained previously i n the primary experiment, but the discrepancy i s 

we l l v;ithin the experimental e r r o r of both t e s t s . The main reasons 

f o r the e r r o r are: 

a) a poor contact between the copper bars and the i n s u l a t i o n ; 

b) s l i g h t v a r i a t i o n i n the diameter of. the copper wire used 

t o measure the!heat flow. 

c) the r e s u l t v/as obtained from a short length of i n s u l a t i o n , 

whereas the primary method gave a mean r e s u l t over a 

considerable length of i n s u l a t i o n and i f the short section 

happened t o be t h i c k e r than the average, t h i s could acco\uit 

f o r the e r r o r . 

The r e s u l t s do i n d i c a t e however that the er r o r involved i n e i t h e r 

t e s t i s l i k e l y t o be small. 

For the res t of-..the project the primary experiment v/as used t o 

es t a b l i s h the conductance of the i n s u l a t i o n . This was because of i t s 

a p p l i c a b i l i t y t o small wire sizes and i t s a b i l i t y t o give a mean value 

f o r the conductance, when the thickness of the i n s u l a t i o n varied along 

the length of the; wire, 

2,16 S u b s t i t u t i o n i n t o the main theory t o obtain the conductivity 

of Coil Wo,l. 

The information available at t h i s point i s s u f f i c i e n t f o r 

s u b s t i t u t i o n i n t o Eq, 1,16 t o obtain the r a d i a l conductivity of the c o i l . 

The equation i s based on ths assumption of l i n e contact only between one 

wire and the next w i t h i n the c o i l . 

J 
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S u b s t i t u t i n g the values of:-

Ĉ  = 33.9x10^ j/ra^s K 

k^ = 2.94x10"^ j/ra- s K 

D = 1.7 mm 

i n t o Eq. 1,16 gives a value f o r conductance of 

k^ = 0.925 J/ra s K 

( P u l l d e t a i l s of the c a l c u l a t i o n are giveri i n App.4). 

which compares v;ell v/ith the value of 

k = 1.045 j/m s K r 

obtained by d i r e c t t e s t on the c o i l . 

2.17 Discussion on the r e s u l t s f o r the conductivity of Coil No.l. 

The r e s u l t s above show that Sq. 1.16 i s l i k e l y t o give a good 

i n d i c a t i o n of the conductivity of the c o i l . However, an error i s 

involved, the greater part of which i s believed t o be due ..to the 

assumption t h a t l i n e contact e x i s t s betv/een one vxire and the next v/ithin 

the c o i l . I f t h i s i s the case, then the e r r o r involved could be quite 

large v;hen the contact area was large. This i s because a f i n i t e contact 

area between one wire and the next would have less thermal resistance 

than the a i r space which i s assumed i n t h i s equation. The error would 

also be increased by improved conductance of the i n s u l a t i o n since t h i s 

would reduce f u r t h e r the thermal resistance of the contact area. 

For these reasons i t was thought worth while t o investigate the e f f e c t 

of the contact area. 
f 

2.18 I n v e s t i g a t i o n i n t o the contact area. 

To provide a s t a r t i n g point f o r the i n v e s t i g a t i o n , an assumption 
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had t o be made about the r e l a t i o n s h i p between the contact area and 

the load between the wires. I t v/as assumed that t h i s r e l a t i o n s h i p 

v/ould be as shov/n i n Fig, 2,12. i , e . t h a t at low deads the contact 

area would increase f o r an increase i n load, but' a f t e r the load reached 

a c e r t a i n value no f u r t h e r measurable increase i n contact area v/ould 

take place. This would mean that there would be;.a l i m i t i n g load 

beyond which the contact area would be constant. I f t h i s asstunption 

was co r r e c t , then i t could be considered that the tension i n the windings 

of the c o i l was s u f f i c i e n t t o produce a loading between one wire and the 

next, greater than the l i m i t i n g load, thus g i v i n g maximum contact area. 

Therefore the contact area v/ould be constant throui?ihout the c o i l . 

I t was necessary t o v e r i f y t h i s assumption, and t o do t h i s - tests 

were ca r r i e d out i n an attempt t o i l l u s t r a t e the l i m i t i n g load e f f e c t . 

The f i r s t t e s t attempted v/as t o cement two pieces of the wire i n t o ths 

jaws of a p a i r of p l i e r s so that when the jaws v/ere squeezed together 

the wires were pressed jgainst eecch other l o n g i t u d i n a l l y . The ends of 

the wires were ground f l a t and polished, so tha t by looking through a 

microscope the compression of the i n s u l a t i o n could be observed. This 

was not e n t i r e l y successful since although the compression could be 

observed, magnification of involuntary movements hindered viewing. 

I n the second experiment an attempt was made t o obtain the contact 

area betv/een two st e e l r o l l e r s under load. The basis of the method 

was tha t the e l e c t r i c a l resistance of the contact area betv/een two 

p a r a l l e l r o l l e r s under load v/as i n some way rel a t e d t o the area of 

contact. Since only the maximum contact area v/as of i n t e r e s t i t was 

not necessary t o know the r e l a t i o n s h i p between contact area and 
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resistance only t h a t one was constant at the same time as the other. 

The apparatus t o carry out t h i s experiment i s shovm i n Pig, 2.13. 

Hollers were placed i n an insulated "Vee" block t o hold them square. 

A constant current was passed from one r o l l e r t o the next and the 

p o t e n t i a l across the j o i n t face measured. Loads could be added t o 

the top r o l l e r by means of weiichts a c t i n g on a lever. 

A t e s t xvas c a r r i e d out by adding weights t o the top r o l l e r . 

A f t e r the a d d i t i o n of each weight, the p o t e n t i a l across the contact 

face of the r o l l e r s was taken. Then on reinoving the weights the 

p o t e n t i a l was again taken at each weight. The r e s u l t i n g graph of 

p o t e n t i a l against load i s shown i n Pig. 2,14, Inspection of the 

graph i n d i c a t e s t h a t a l i m i t i n g load e x i s t s past which any f u r t h e r 

increase i n load w i l l not increase the contact area. No attempt was 

made t o r e l a t e the l i m i t i n g load on,the r o l l e r s t o that i n the c o i l , 

2.19 Determination of the contact area between" the wires i n Coil Ko.l. 

A number of methods f o r obtaining the contact area were t r i e d 

v;ith v arying degrees of success. Some of the less successful methods 

are described here i n b r i e f w i t h the most r e l i a b l e method given i n d e t a i l . 

I n general i t was considered t h a t the amount of f l a t t e n i n g of the 

i n s u l a t i o n t h a t occurred when one wire was pressed against the next 

could be reproduced by pressing the wire against a hard f l a t surface 

of high Youngs modulus. This i s i l l u s t r a t e d i n Pig. 2.15. Pressing 

the wires together w i l l r e s u l t i n an arrangement that i s symmetrical 

about the l i n e of contact. Therefore i f one wire i s replaced by a f l a t 

r i g i d surface the other wire i s unaffected. 

The f i r s t attempt t o obtain the contact area entailed pressing 



61 

the wire against an inked st e e l surface so tha t a p r i n t could be 

obtained of the contact area betvjeen the i n s u l a t i o n and the surface. 

The wire under t e s t vjas wrapped around a steel drum and loaded by means 

of hanging v/eights from the ends of the wire. A f t e r removing the viire 

from the inked drum a p r i i i t should be l e f t of the contact area. 

D i f f i c u l t i e s arose w i t h t h i s method due t o smudging of the .impression 

when the wire was removed. A second method was t r i e d whereby the v/ire 

was loaded against a f l a t inked p l a t e , but again the same d i f f i c u l t i e s 

arose. 

I t v/as concluded from the f i r s t two attempts that the most important 

par t of a t e s t of t h i s type was the removal of the wire from the plate on 

vjhich the impression was made.In order t o achieve t h i s , the method 

described below was used. 

2.20 Basis of the method t o obtain the contact area betvfeen the v.'ires 

i n Obil No.l. 

This method en t a i l e d the wrapping of the wire round a steel drum 

and r o l l i n g the drum across an inked p l a t e . I n t h i s v/ay, as the drum 

vias r o l l e d , the v;ire was neatly removed from the p r i n t on the p l a t e . 

Hbviever, the conditions i n the t e s t were f a r removed from the conditions 

i n s i d e the c o i l where one wire i s pressed against the next; w i t h i n the 

c o i l the contact area w i l l be f l a t v j i t h p a r a l l e l sides, whereas i n the 

t e s t the contact area betv;een i n s u l a t i o n and plate at any i n s t a n t would 

be f l a t v/ith e l l i p t i c a l boundaries. Although these differences e x i s t 

i t i s assumed that the minor axis of the e l l i p s e w i l l be the same length 

as the distance between the p a r a l l e l sides of the contact area i n the c o i l . 

I n other words,.the p r i n t on the plate w i l l give a good estimate of the 

c o i l contact area. This can be shoivn t o be a reasonable assumption by 
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considering the shape of the e l l i p s e . I f the diameter of the drum on 

. which the vdre i s wound i s 30 times the i n d t h of the contact area then 

the major axis of the e l l i p s e w i l l be approximately 5g- times the minor 

a x i s , vjhich means tha t the centre p o r t i o n of t h e j e l l i p s e close t o the 

minor axis v d l l have edges that are almost p a r a l l e l . Therefore, over 

t h i s section- the loading i s very s i m i l a r t o the loading i n the c o i l 
1 

i t s e l f , and since a l i m i t i n g loading i s l i k e l y t o occur, then the r e s u l t 

from t h i s t e s t will give a good i n d i c a t i o n of the contact area. 

The equipment used t o obtain the contact area i s shov.Ti i n Pig.2.16 

and consists of a drum around v/hich i s v/rapped two lengths of the v/ire 

t o be tested. The drum can be r o l l e d across a f l a t piece of inked 

glass t o leave a p r i n t i n the i n k t h a t can be viewed through a 

microscope. I t was considered that the Young's modulus of glass was 

s u f f i c i e n t l y greater than that of the i n s u l a t i o n t o make any deformity 

of the glass n e g l i g i b l e , 

2.21 Procedure f o r obtaining the contact area. 

The drum wi t h the wire wrapped round i t \ia.s r o l l e d over the surface 

of the inked glass, (engineers'marking i n k was used) under two d i f f e r e n t 

loads. The vddth of the p r i n t l e f t i n the i n k was then measured by 

vievri.ng through a microscope, ai^d using a measuring-device attached t o 

the microscope; ( a Vickers' pyramid hardness t e s t i n g machine microscope . 

v;as used since t h i s had the required measuring device). 

2.22 Results of t e s t s t o obtain, the contact area. 

Por the T-zire used i n Coil No.l, the width of p r i n t l e f t i n the i n k 

was 0,178 mm, and both impressions a t d i f f e r e n t loadings were the same, 

i n d i c a t i n g t h a t l i m i t i n g conditions had been reachedo 
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2.23 S u b s t i t u t i o n i n t o the main- theory t o obtain the conductivity 

of Coil No.l. 

At t h i s point s u f f i c i e n t information was available f o r substitution-

i n t o Eq. 1.21, This equation i s an extension of Eq. 1.16 and takes i n t o 

account the e f f e c t of contact area. 

Therefore s u b s t i t u t i n g the values of:-

c. = 1 33.9x10^ j/m^ B K 

k 1= a 2.94x10""^ j/m s K 

1.7 mm 

M » 0.178 mm 

give a r e s u l t of 

k j . = 0.995 j/m s K 

( f u l l d e t a i l s i n App.4), 

Which compares extremely well w i t h the experimental conductivity of 

k j . = 1,045 j/m s k 

obtained by d i r e c t experiment. 

'•2,24 - Discussion on the r e s u l t s f o r the conductivity of Coil No.l 
usinff contact area. 

I t can now be considered that a s a t i s f a c t o r y t h e o r 6 t i c a l basis has 

been found f o r p r e d i c t i n g the thermal conductivity of an e l e c t r i c a l 

c o i l vdthout paper i n t e r l e a v i n g between the VJindings. Although 

the r e s u l t obtained t h e o r e t i c a l l y i s w i t h i n 5^ of the r e s u l t obtained 

experimentally, i t i s not thought t h a t t h i s i s a t y p i c a l accuracy. 

As a guide, t a k i n g i n t o account l a t e r work i n t h i s t e x t , the author 

believes t h a t vi i t h care the r e s u l t s obtained from t h i s method would be 

w i t h i n i I55S. The method using Eq. 1.21 w i l l give a more r e l i a b l e r e s u l t 

than Eg, 1,16 but the l a t t e r could be of great value provided that care i s 
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taken i n assessing i t s a p p l i c a b i l i t y t o the c o i l , . For hard, thin-, 

poorly conducting i n s u l a t i o n Eq, 1,16 would give a reasonable r e s u l t . 
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CHAPTER 3. 
PAPER INTERLEAVED COILS. 

3.1 I n t r o d u c t i o n . 

I n the f i r s t part of Chapter 1 the general "theory f o r c a l c u l a t i n g 

the conductivity of non-interleaved c o i l s was derived, and i n Chapter 2 

t h i s vras tested against an actual c o i l . I n t h e ' l a t t e r part of Chapter 1 

the theory was extended t o cover paper interleaved c o i l s and i n t h i s 

chapter the ertended theory v r i l l be tested against a number of actual c o i l s . 

Also, techniques w i l l be described by which the properties of the paper, 

required f o r the c a l c u l a t i o n of the conductivity, may be obtained. 

3.2 Experimental v e r i f i c a t i o n of constant conductivity. 

The i n i t i a l experiments on the interleaved type of c o i l vjere the same 

as t h a t c a r r i e d out on the non-interleaved type as described at the 

beginning of Chapter 2. The experiments are described here i n b r i e f since 

s i m i l a r experiments have already been described i n d e t a i l . 

F i r s t l y , a c o i l ( C o i l No,2) was made w i t h thermocouples throughout 

and v j i t h a heater at the centre, A t e s t was carried out by heating the 

c o i l from the centre and ta k i n g readings from the thermocouples. 

Drawing a l o g radius v temperature graph (Pig. 3.l) and s u b s t i t u t i n g the 

slope i n t o Eq. 1.4 r e s u l t e d - i n a value f o r r a d i a l conductivity of -

kj . = 0,53 J/ ra s K 

P u l l d e t a i l s of the c a l c u l a t i o n are given i n App,5. Conclusions drawn 

from t h i s r e s u l t are the same as f o r Coil No.l, namely,* that the conductivity 

of the c o i l was constant throughout and independent of winding tension. 

Secondly, the c o i l was heated by passing a current through the 

v?indings. Temperatures taken at the thermocouples were p l o t t e d against the 

radius (see Pig. 3,2), A second set of temperature v. radius r e s u l t s was 
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obtained by s u b s t i t u t i n g the conductivity from the f i r s t t e s t i n t o Eq,l,5 

together w i t h the current through the windings and the properties of the 

wire. The second set of r e s u l t s were superimposed upon the f i r s t 

(see Pig. 3.2). The s i m i l a r i t y between the graphs indicated that the 

con d u c t i v i t y derived i n the f i r s t experiment can be used t o predict the 

terauerature d i s t r i b u t i o n i n the l i v e c o i l . P u l l d e t a i l s of both these 

t e s t s can be seen i n App,5, 

I n Chapter 1 the method given f o r p r e d i c t i n g the conductivity of 

paper i n t e r l e a v e d c o i l s requires the s u b s t i t u t i o n of cer t a i n physical aid 

thermal c h a r a c t e r i s t i c s of paper and vrlre i n t o an equation (Sq, 1.37)» 

Methods f o r obtaining the c h a r a c t e r i s t i c s of the v/ire are given i n the 

previous chapter, and methodsfor obtaining the c h a r a c t e r i s t i c s of the 

paper are described i n the f o l l o w i n g part of the present chapter. These 

c h a r a c t e r i s t i c s are the conductance of the paper i n i t s normal condition, 

the conductance of the paper at maximum compression: ( t h i s w i l l be described 

at a l a t e r stage), and the contact area betiveen wire and paper. 

3.3 Contact area between wire and paT)er. 

The contact area i s formed by the pressure betvreen the windings 

deforming the paper so tha t a f i n i t e area of contact exist s between wire 

and paper. Por the purpose of the present work, the contact area i s 

defined as the chord of contact between paper and i n s u l a t i o n across a 

section of wire, per u n i t length; t h i s i s re f e r r e d t o as K i n the theory 

and was found t o be one of the most d i f f i c u l t parameters t o obtain. 

The i n i t i a l experiments took the form of pressing inked v;ires i n t o the 

paper and measuring the mark so l e f t . Although a r e s u l t could be 

obtained by t h i s method, repeats of the te s t s were not consistent and a 
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r e l i a b l e i n d i c a t i o n of the contact area could not be obtained. Therefore 

a d i f f e r e n t l i n e of a t t a c k was considered. 

3.4 Basis of the method f o r determining contact area. 

I t was assumed tha t the behaviour of the papier under load was as shown 

i n Pig. 2.12, i . e . the s t r e s s - s t r a i n curve f o r a piece of paper across i t s 

thickness would be asymptotic t o a c e r t a i n value corresponding t o the 

minimum thickness of the paper. I t was f u r t h e r assumed tha t w i t h i n the 

c o i l the paper v:as a t maximum compression. This would be so i f the loading 

w i t h i n the c o i l was above the point marked L i n Pig. 2.12. Under these 

conditions the contact area can be calculated from the minimum thickness 

of the paper, 

3.5 Procedure t o obtain the minimum thickness of the paxper. 

A device v?as constructed, as shown i n Pig. 3*3, which consisted of 

a support block which held the paper against the marking t a b l e , a loading 

bar v;hich could be s l o t t e d through the support block to press on the paper, 

and a d i a l gauge t o measure the displacement of the loading bar. VJeights 

could be added t o the loading bar t o increase the load on the paper. 

An experiment was carried out by f i r s t s e t t i n g up the apparatus 

without any paper, i n order to obtain a zero reading on the d i a l gauge. 

Paper was then put i n t o the apparatus and weights added t o the loading bar. 

Por each load the displacement of the loading bar was recorded. This would 

be a displacement above a zero reading, decreasing as the load increased. 

V/eights were added u n t i l no f u r t h e r change i n displacement took place. 

A t e s t carried out on the paper from Coil No. 2 gave a graph of 

displaceraenc against load as shoim i n Pig. 3.4 ( a- table o f r e s u l t s i s 

given i n App,5). This indicates t h a t a load i s reached beyond which there 
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w i l l be no f u r t h e r reduction i n thickness. I t i s therefore considered 

t h a t t h i s condition arises w i t h i n the windings of the c o i l and that the 

loading between the windings i s s u f f i c i e n t t o reduce the paper t o i t s 

t h i n n e s t , a value o f:-

F e 0,102 mm (see Pig. 3.4). 

3,6 Calculation of the contact area. 

Within the c o i l , the paper and wire have a configuration as shovm i n 

Pig.1,6, i . e . , the paper v / i l l be compressed: between tv;o adjacent wires so 

t h a t the distance apart of the viires w i l l be equal t o the mimimum 

thickness obtained above. Nov/ i t can be seen from Pig.1.6 that the paper 

i s i n contact w i t h at least one wire f o r the whole of i t s width but there 

are only l i m i t e d sections of the paper where i t i s i n contact vath both 

adjacent wires at the same time and i t i s the chord across these sections 

t h a t i s c a l l e d the contact area, marked M i n the f i g u r e . Now M can be 

calculated from the minimum thickness B as shown below;-

(T - B).rb - (T - B) 
2 L 2 _ 

Where T i s the thickness of the paper i n i t s uncompressed condition. 

On s i m p l i f y i n g 

M ^(T - B ) . D - (T - B) 
2 2 _ 

(3.1) 

Thus the contact area can be obtained and f o r Coil No. 2 has a value of.:-

M = 0.2998 ram 

( P u l l d e t a i l s i n App,5, page 127) 
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3.7 Conductance of the paper. 

The thermal conductance of the paper was obtained by using a 

standard Lees' disk, 

A t e s t \ms carried out on the equipment by i n s e r t i n g the t e s t paper, 

switching on the water and e l e c t r i c i t y , and allowing time f o r the 

equipment t o reach a steady state temperature. Readings were then taken 

of the temperature at each face of the disk and the voltage and current t o 

the heater. Prom these r e s u l t s the conductance could be calculated i n the 

normal way, A t e s t c a rried out on the paper from Coil No. 2 gave a 

conductance of -

C , = 4.76 X 10^ j/m^ s K p i . 
P u l l d e t a i l s of the c a l c u l a t i o n are given i n App,5. 

3.8 Conductance of the vayer under compression. 

I n the theory of Chapter 1, the r e l a t i o n s h i p between thiclaiess 

of the paper and thermal conductance i s required and i s assumed 

t o be:- C ^ 1 
^ s' + v'.y 

where s' and v' are constants. One of these constants can be obtained 

from the conductance of the paper at maximtim thickness, but f o r the 

other a conductance at a. d i f f e r e n t thickness i s required. 

I t was found t h a t a f t e r the paper had been compressed t o i t s 

thinnest and the load removed, the paper only recovered s l i g h t l y , 

i f any, i n thickness. Therefore, obtaining the conductance at t h i s 

p o int would s a t i s f y the condition f o r the second constant i n the theory. 
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This was done by compressing the paper t o i t s thinnest, releasing the load, 

measixring the thickness and carrying out a second Lees' disk experiment. 

On completion of the experiment the thickness of the paper was again 

checked. 

The r e s u l t of a t e s t on the paper from Coil No,2 gave a value of 

conductance of ^ 8.1x10^ j/m^s K 

at a thickness of 0,102 mm , 

( f u l l d e t a i l s i n App,5). 

3,9 S u b s t i t u t i o n i n t o theory t o obtain the conductivity of Coil No.2. 

At t h i s point methods have been described by which a l l the information-

required t o calculate the conducti-vlty of a paper interleaved c o i l may be 

obtained. Therefore, i n order t o t e s t the t h e o r e t i c a l basis f o r the 

c a l c u l a t i o n s , the conductivity of Goil No,2 V7as calculated and comtjared vath 

the value of conductivity obtained by d i r e c t experiment i n the f i r s t part 

of t h i s chapter. The c h a r a c t e r i s t i c s of the paper have been found i n t h i s 

chapter; the conductance of the i n s u l a t i o n on the wire v;as found by the 

method described i n Chapter 2. ( f u l l d e t a i l s of a l l the exoeriments and 

cal c u l a t i o n s are given i n App. 5)» 

The t h e o r e t i c a l basis t o be used v r i l l be the s i m p l i f i e d version 

r e s u l t i n g i n Eq. 1.37 from Chapter 1. Therefore on s u b s t i t u t i n g the 

following values:-
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Ĉ  = 51.8x10^ j/m^s K 

T = 0.1472 mm 

B = 0.102 ram 

V 4.76x10^ j/m^s K 

Cp2 = 8.1x10^ j/m^s K at 0.102 mm 

D = 1,016 mm 

k = 2,94x10"^ j/m s K 

i n t o Eq. 1.37 gives a value f o r the conductivity of the c o i l of 

ky =50.08x10"^ j/m.s.K 

P u l l d e t a i l s i n App 5, 

which compares extremely w e l l w i t h the value of 

k r = 53x10"^ J / m s K 

obtained by d i r e c t experiment ofi the c o i l , 

3.10 Discussion on the r e s u l t s f o r the conductivity of Coil No,2. 

The above r e s u l t s i n d i c a t e t h a t a s a t i s f a c t o r y t h e o r e t i c a l basis 

has been'found f o r . c a l c u l a t i n g the r a d i a l conductivity of a paper 

in t e r l e a v e d c o i l . However, the r e s u l t does not give an i n d i c a t i o n of 

the accuracy of the method since the accuracy of the above r e s u l t may 

not be t y p i c a l . I t was therefore necessary t o confirm the accuracy of 

the method by f u r t h e r experimentation vidth d i f f e r e n t c o i l s . 

3.11 Determination of the accuracy of the method f o r obtaining the 

conductivity of -pa-per interleaved c o i l s . 

Because of the number of variables involved ( 6 ) , a considerable 
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number of t e s t s would be required to show the e f f e c t on accuracy of a 

change i n each v a r i a b l e . I t was therefore decided to examine a niunber 

of c o i l s over a range of wire sizes which would give some i n d i c a t i o n 

of the accuracy of the method and avoid involvment i n a great amo\int 
• 

of r e p e t i t i v e work. 

Seven d i f f e r e n t c o i l s were made wit h thermocouples and a heater as 

f o r C o i l No. 2, Each c o i l was made w i t h a d i f f e r e n t paper, w i t h three 

of the c o i l s made from one wire size and four from another. 

3.12 Proceedure f o r t e s t i n g the accuracy of the method f o r bbtaining 

the c o n d u c t i v i t y of paper interleaved c o i l s 

Each c o i l was tested by the method described at the begining of 

Chapter 2 ( pages 39 to 41 ) to obtain the r a d i a l conductivity. The 

c h a r a c t e r i s t i c s of the wire and the paper were found by the methods 

described i n Chapters 2 and 3. These were then substituted i n t o Sq, 1.37 

to obtain the t h e o r e t i c a l r a d i a l conductivity of each c o i l . The 

co n d u c t i v i t y obtained by each method was then compared by p l o t t i n g one 

against the other. A perfect agreement between experiment and theory 

would be indicated by a s t r a i g h t l i n e , passing through the o r i g i n 

w i t h a slope of 45°• The scatter of the points about t h i s l i n e would 

i n d i c a t e the accuracy of the t h e o r e t i c a l c a l c u l a t i o n s . 

P u l l d e t a i l s of the te s t s c a r r i e d out on the seven c o i l s are given 

i n App. 6. The c o n d u c t i v i t i e s obtained by both methods are p l o t t e d 

i n Pig. 3.7. 
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3.13 Discussion- on the accuracy of the method f o r obtaining the 

conductivity of naoer interleaved c o i l s . 

Inspection of Pig. 3.7 shows tha t reasonably good agreement i s 

obtained between theory and p r a c t i c e , and over the range of variables 

involved, a maximum er r o r of - 15/̂  could be expected vath t h i s method. 
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CHAPTER 4. 

EXTEITSION OP T?!B THEORY TO COVER AXIAL HEAT PLOW. 

4.1 I n t r o d u c t i o n . 

I n the previous chapters i t has been shovm that the r a d i a l 

c o n d u c t i v i t y of a c o i l can be obtained w i t h reasonable accuracy. 

However, i t i s by no means c e r t a i n t h a t the a x i a l conductivity w i l l 

have the same value as the r a d i a l conductivity. Therefore, i t i s 

proposed i n t h i s chapter t o extend the theory t o cover a x i a l 

c o n d u c t i v i t y . Also, a method w i l l be given whereby the o v e r a l l 

temperature d i s t r i b u t i o n under conditions of two dimensional heat 

t r a n s f e r can be obtained. 

4.2 A x i a l conductivit?/ of non-interleaved c o i l s . 

I t i s assumed i n general that v/hen heat flows r a d i a l l y through 

a c o i l , the heat paths are as she™ i n Pig. 4.1« Comparing t h i s v/ith 

Pig. 4.2 f o r a x i a l heat flow i t can be seen that some of the heat 

t r a v e l s through the c o i l by the same method as f o r r a d i a l heat flow. 

However, an a d d i t i o n a l factor, i s at work when the heat flows a x i a l l y . 

Therefore, consider a t y p i c a l section i n the c o i l t o be as shovm i n 

Pig. 4.3 and consider the part of that section outlined i n t h i c k black 

l i n e s t o be the same as a l l other sections w i t h i n the c o i l . Now i n the 

same vjay as i n Chapter 1, assuming that the l i n e s of heat flow are as 

shovm i n the f i g u r e , the a x i a l conductivity of the c o i l may be found by 

obtaining the heat rate f o r the section outlined i n t h i c k black l i n e s and 

s u b s t i t u t i n g i n t o Sq. 1.8. 

Inspection of the i n d i v i d u a l shaded sections i n the f i g u r e reveals 

t h a t they are the same as those which have already been analysed i n 

Chapter 1. The centre section marked 1 i n the sketch i s i d e n t i c a l 

w i t h t h a t i n Section 1.4; th e r e f o r e , the value of the heat rate f o r 
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t h i s section- v a i l be Y!^^ as given by Eq. 1.20, The outside sections 

marked 2 and 3 may be joined together t o form a section i d e n t i c a l with 

the shaded area i n Section 1.3 and the heat rate w i l l therefore be given 

by R^j^ as i n Eq. I . I 5 . ' 

Nov* i f i t i s assumed that the temperatiires at ei t h e r side of the 

section o u t l i n e d i n t h i c k black l i n e s i n Pig.4,3 are constant, i t can 

be seen by inspection t h a t the o v e r a l l heat rate i s given by:-

\ a = ^ 1 ^ h2 4.1 
where H^^ i s the heat rate i n the a x i a l d i r e c t i o n 

f o r a t y p i c a l block i n the c o i l . 

This assumption i s reasonable since the top part of the l e f t hand side 

of the section i s i n the copper, v;hich, having a very high conductivity 

w i l l be at constant temperature. The bottom part may be considered at 

constant temperature since i t i s a d i v i d i n g l i n e perpendicular t o the 

d i r e c t i o n of heat flow separating tv;o i d e n t i c a l sections. The part i n 

the middle where the i n s u l a t i o n passes through the edge of the section 

i s ob-viously not at constant temperature but i f i t i s considered that 

the l i n e i t s e l f i s a very t h i n piece of i n s u l a t i n g material then the 

problem i s not a l t e r e d s i g n i f i c a n t l y and the constant temperature condition 

may be assumed vathout serious e r r o r . 

The conducti-vity of the c o i l may now be obtained from Eq, 1,8 

k = 
\ 

Now i t can be seen from Pig,. 4.3 that f o r the case i n question 

h and A^ w i l l take up the f o l l o w i n g values:-



76 

h = D/2 

therefore 
k ' = ^ba (4.2) 

I n order to give some i n d i c a t i o n of the r e l a t i v e magnitudes of 

the a x i a l c o n d u c t i v i t y compared w i t h the r a d i a l , the a x i a l conductivity 

was calculated f o r Coil No. 1. F u l l d e t a i l s are given i n App. 7 

The r e s u l t i n g a x i a l conductivity vas:-

k , = 0.64 j/m s K 
SI 

whereas the r a d i a l c o n d u c t i v i t y was:-

k^ = 0.996 j/m s K 

4.3 Diacunsion on a x i a l c o n d u c t i v i t y 

The a x i a l conductivity of the c o i l was obtained by a method s i m i l a r 

to t h a t used f o r the r a d i a l c o n d u c t i v i t y , althoufrh the a x i a l method i s i n 

two independent pa r t s . The c a l c u l a t i o n on C o i l No. 1 showes the a x i a l 

c o n d u c t i v i t y to be lower than the r r ^ d i a l . Errors may be involved i n the 

c a l c u l a t i o n of Ĥ ^̂  i n th a t i t i s aasumed that there i s no gap a x i a l l y 

between the wires, whereas, i n practice a gap ex i s t s and v ; i l l reduce the 

value of H^^, making the value of a x i a l conductivity lovfer than that 

given. I f the a x i a l gap between the vares i s known, then w i t h a small 
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change i n the theory a modified value of can "be o"btaihed:to give 

a more accurate value of a x i a l conductivity. 

The a x i a l conductivity of a paper interleaved c o i l can also be 

obtained i n a s i m i l a r manner. 

No experimentation has "been carried out v/ith respect t o the a x i a l 

c o n d u c t i v i t y of e i t h e r type of c o i l . Therefore no experimental 

v e r i f i c a t i o n of the technique f o r obtaining the a x i a l conductivity i s 

ava i l a b l e at present, 

4,4 Combined a x i a l and r a d i a l heat flow through a c o i l . 

I f i t i s assumed tha t the r a d i a l and a x i a l conductivities of a 

c o i l can be found v;ith reasonable accuracy, theni i n order that these 

may be of any p r a c t i c a l value, a method must be found f o r c a l c u l a t i n g the 

temperatures w i t h i n the c o i l from these c o n d u c t i v i t i e s . The relaxat i o n 

method v;as thought t o be the best way of determining these. The 

derivation--Of a method of r e l a x a t i o n f o r two dimensional polar 

coordinates v i i t h two d i f f e r e n t c o n d u c t i v i t i e s i s given below. 

I t i s assumed that the c o i l i s homogeneous v/ith d i f f e r i n g conductivities 

i n the a x i a l and r a d i a l d i r e c t i o n s . Therefore considering an element 

of c o i l shown i n Pig, 4.4 theheat tr a n s f e r through the l e f t hand 

curved face 

= k , ^ , ( r , S ( j ) , ^ z ) 

Heat t r a n s f e r through the r i g h t hand curved face 

= k ,(̂ >9- + _ ^ . S r ) ( r . ^ ( j ) . ^ z + ^r.^(j) .Sz) 
V . n 2 
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Heat t r a n s f e r throusrh the near face 

= k^, . ^ . ( r . S ( j ) . ^ r ) 

Heat t r a n s f e r throu/rh the f a r face 

k ,,(t>Q-+ c ) ^ . z)(Sr.r.'i(t)) 

The heat t r a n s f e r th_rough the top and bottom element i s assumed to 

be zero because of the exelent conductivity of copper. 

Now, summing a l l these q u a n t i t i e s entering the element shov:ld give 

zero, thus:-

k .^.(r . ^ i t ) . § z ) - k (c)o- + y-O-.S^r)(r.^(j).Sz + ^r.S^(j).Sz) 

+ q (S^r.r.^(|).Sz) = 0 

S i m p l i f y i n g and moving to the l i m i t , g i v e s t -

+ k . 1 . ^ + k '."̂ -̂e- + q = 0 

' V ^'57 ^ 
Which i s the general equation f o r heat transfer w i t h i n the c o i l . 

Converting t h i s to a f i n i t e d ifffirence equation gives:-
k .(»i^»3-a8-„) ^ „ i.(»i-»3) 
' 2 IS 

a 

a 
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where a = the p i t c h of the g r i d 

•©•̂  • = temperature at the node 

•0^ & -©-̂  = the temperature above and below the node re s p e c t i v l y 

-0^ & -0-̂  = the temperatures to the r i g h t and l e f t of the node 

r = the radius of the node 

q = heat generation per u n i t volume 

Note: the axis of the c o i l i s taken as h o r i z a n t a l . 

Now the value of q f o r the c o i l w i l l not "be constant since 

the e l e c t r i c a l resistance of the copper i n the windings w i l l vary 

wi t h temperature according to the equation 

Therefore, t h i s must be substituted i n t o the f i n i t e difference equation 

to g i v e : -

k. . ( ^ l ^ - ^ i - ^ o ' . k . l . < ^ l - ^ 3 ' 
2 ' r " 

a 
4- k ^ . . ( % ^oKoc ^^.-^^ = 0 

a^ 

The above equations can now be used w i t h the appropriate boundary 

conditions to obtain the temperature d i s t r i b u t i o n throughout the 

c o i l . The heat tr a n s f e r through a core or f i x t u r e attached to the 

c o i l would be an added d i f f i c u l t y but t h i s v:as thought to be outside 

the scope of t h i s p r o j e c t . 
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CHAPTIIR 5. 

DISCUSSION AND CONCLUSIONS. 

The whole of t h i s d i s s e r t a t i o n may be considered as a preliminary 

i n v e s t i g a t i o n i n t o methods of p r e d i c t i n g the temperatures w i t h i n an 

e l e c t r i c a l c o i l t h a t i s heated due t o the d i s s i p a t i o n of e l e c t r i c a l 

energy as heat w i t h i n the windings. L i t e r a t u r e surveys have indicated 

t h a t the only work of any significance that has been carried out up to 

the present, i s that described in^Jakob (6) and Richter (5)» (comparison 

betv/een Jakob's method and the one i n t h i s t e x t i s given at the end of 

t h i s discussion). The method used here was not a development of an 

e x i s t i n g technique but the foundation of a new technique v;hich has the 

p o t e n t i a l f o r development over a f a r wider range of c o i l s than have been 

inve s t i g a t e d here. 

The t h e o r e t i c a l basis f o r t h i s thesis was decided upon a f t e r f i r s t 

i n v e s t i g a t i n g a considerable number of simpler methods, Averag® of the 

c o n d u c t i v i t i e s of a l l the constituents v/ere not thought t o be of value. 

The assumption that, the a i r spaces act as regions of zero conductivity 

was t r i e d but very l i t t l e agreement was obtained. A s t a t i s t i c a l approach 

was considered but discarded since f i r s t l y , any pr e d i c t i o n from t h i s type of 

method would have a p r o b a b i l i t y of being too greatly i n e r r o r , and 

secondly,the number of experimental r e s u l t s necessary t o obtain a 

reasonable c o r r e l a t i o n would have been considerably greater than the number 

required here. 

The method used ivas the r e s u l t of an analysis of the heat flow through 

a section of the c o i l . I t was rea l i s e d that a purely numerical analysis 

coiild have been used t o obtain the temperatures through a small section 

of the c o i l , and provided a computer was used, the temperatures throughout 
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the v7hole c o i l could have been obtained i n the same v/ay, Hov;ever, 

although t h i 6 would have given the temperatures w i t h i n the c o i l ( i t i s 

by no means.certain th a t a successful analysis could have been carried 
I 

out, since the problem of various c o n d u c t i v i t i e s i n series and p a r a l l e l 

would have been extremely complex) i t would have been very d i f f i c u l t t o 

glean any f u r t h e r information about the c o i l from t h i s technique. Whereas, 

i n an algebraic analysis, general information.such as the r e l a t i v e e f f e c t 

of d i f f e r e n t dimensions and d i f f e r e n t c o n d u c t i v i t i e s ca.n be r e a d i l y 

obtained. Hovjever, i t was r e a l i s e d that a comprehensive algebraic 

analysis, which would have involved analysis of tv70 dimensional heat 

t r a n s f e r through various conducting materials was out of the question. 

Therefore a compromise v/as attempted by approximating the l i n e s of heat 

f l u x f o r a numerical analysis t o a system that could be analysed by one 

dimensional heat t r a n s f e r . The r e s u l t would be algebraic and would have 

the consequent advantages of s i m p l i c i t y and f l e x i b i l i t y . 

The decision t o use conductances rather than the more conventional 

c o n d u c t i v i t y was a r r i v e d a t by v i r t u e of the f a c t that the v/hole of the 

analysis could be c a r r i e d out (using conductance) without reference t o 

the thickness of the i n s u l a t i o n . I n t h i s way one v a r i a b l e , which could 

only be obtained vrith doubtful accuracy was eliminated. 

The assumed configuration of the windings, one v/inding l y i n g i n the 

groove l e f t by the two windings below, v;as thought to be the closest 

approximation t o an actual c o i l t h a t could be successfully analysed. 

I n p r a c t ice the vhLndings cannot l i e on top of each other i n t h i s way f o r 

the y^hole of a t u r n , since the h e l i x of one winding i s i n the opposite 

d i r e c t i o n t o the one below. Thus on each t u r n , the v;ire on top must, 
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a t some pointy pass over the wire below, but f o r most of the diameter 

the wire on top l i e s between the wires below. An error i s therefore 

involved i n t h i s assvunption which i s l i k e l y t o make the t h e o r e t i c a l value 

of c o n d u c t i v i t y greater than the a c t u a l , since the regions of overlap, 

having a greater proportion of a i r space, w i l l have a lovjer conductivity. 

The regions of overlap are v;ell d i s t r i b u t e d throughout the c o i l since i n 

one layer of windings the 30° of overlap i s not situated a x i a l l y along the 
i 

c o i l but follo v j s a h e l i x around the c o i l , and i n the next layer the 

overlap i s u n l i k e l y t o be d i r e c t l y over the previous overlap since the 

space between one winding and the next at an overlap i s greater than i n 

other parts of the c o i l ; hence the winding layer on top i s almost 

c e r t a i n t o f a l l i n t o the grooves l e f t by the v/inding below at the point 

of overlap. An i n d i c a t i o n of the e r r o r caused by the overlap can be 
estimated by assuming that the regions of overlap have zero conductivity 
and since they occupy an area of 30° at each layer, the t o t a l 

volume of overlap v / i l l be 30/360 or 8,3^ of the t o t a l volume of the 

windings. Therefore, the maximum er r o r that v/ould be expected would be 

8,3^ and since the regions of overlap w i l l have an appreciable conductivity 

the e r r o r from t h i s source \}±11 probably be considerably less than t h i s 

amount. 

The complexity of the f i n a l , equations v;as unfortunate since i t 

makes the calculations involved i n obtaining a r e s u l t long and d i f f i c u l t 

v;ith a p o s s i b i l i t y of numerical e r r o r but no method could be found t o 

s i m p l i f y them without l i m i t i n g t h e i r scope, tt v;as thought at one point 

t h a t the approximation used f o r the heat t r a n s f e r through the paper, i , e . 
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approximating the surface of the wire t o a parabola, could be used f o r 

the a i r spaces. This v/as rejected on the grounds that most of the 

heat would pass through the thinnest part of the airspace, where any 

dimensional inaccuracy, although small comoared with the diameter, 

would be large compared.with the a i r space and could well cause a large 

e r r o r i n the conductivity, 

Hovjever f o r anyone wishing t o obtain the conductivity of a paper 

interleaved c o i l by t h i s method, a computer programme has been vr r i t t e n 

see App.8. 

The approximate method of obtaining the conductivity of the 

non- i n t e r l e a v e d c o i l s (Eq, 1,16) could well be of considerable value 

because of i t s r e l a t i v e s i m p l i c i t y and l i m i t e d data requirements. 

I t may also have a p T ) l i c a t i o n t o non c y l i n d r i c a l c o i l s but no experimental 

information i s av a i l a b l e on t h i s . 

I t i s important t o note that,the theory f i t s the experimental 

r e s u l t s without the need f o r any a r b i t r a r y correction f a c t o r s . Therefore 

although the t e s t s c a r r i e d out cover only a small lange of papers and wire 

sizes, i t i s very l i k e l y t h a t the method w i l l be applicable t o a much 

wider range of c o i l s than has been tested provided the materials of the 

c o i l are compatible w i t h the assumptions i n the theory. I t i s thought 

t h a t one of the more important assumptions i s that the i n t e r l e a v i n g 

paper must have a w e l l defined minimum thickness. I f the paper does not, 

or i f the loading t o reach the rainmum thickness i s large, then the 

r e s u l t i n g c o i l could w e l l have a variable conductivity since changes i n 

the loading between the wires would a l t e r the contact area and hence the 
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c o n d u c t i v i t y . Extremely hard papers may deform the i n s u l a t i o n on the 

v/ire, but w i t h s l i g h t modifications t o the equations t h i s could be taken 

i n t o account. 

Errors could a r i s e w i t h c o i l s t h a t are short compared wi t h the 

diameter since at the ends of the c o i l the v/indings are not as orderly 

as i n the centre and would probably have a lower conductivity at t h i s 

p o i n t , With long c o i l s , the part of the c o i l t h a t has t h i s lov; 

con d u c t i v i t y would be small and could be neglected. 

The scope of the equations i s l i m i t e d by the assumptions used 

i n t h e i r d e r i v i a t i o n . These l i m i t a t i o n s are deta i l e d belov/:-

1) the thickness of the i n s u l a t i o n on the wire must 

be small compared v/ith the diameter of the wire; 

2) the reduction of the thickness of the i n s u l a t i o n 

due t o the pressure of one winding on the next must 

be small compared w i t h the uncompressed thickness 

of the i n s u l a t i o n ; 
3) the diameter of the wire must be small compared 

wit h the diameter of the c o i l ; 

4) the c o i l must be v;ound a t such a tension t h a t the 

pressure of one winding on the next i s above the 

l i m i t i n g load f o r which an increase i n load w i l l 

not cause an increase i n contact area; 

5) only r a d i a l conductivity can be found i n t h i s way, 

a x i a l conductivity vri.ll be a d i f f e r e n t value; 

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

of heat; 



85 

7) the c o i l must be long compared v;ith the diameter 

of the v j i r e ; 

8) the paper must have a well defined minimum thickness. 

I t i s unfortunate that most of the l i m i t a t i o n s do not have a 

precise numerical value - they must nevertheless be accepted and u n t i l 

f u r t h e r work i s c a r r i e d out numerical l i m i t a t i o n s cannot be given. 

Although there are a considerable number of l i m i t a t i o n s , most 

commercially available c o i l s w i l l f a l l w i t h i n the scope of the method. 

The c o i l used i n the i n i t i a l experiment was large com.r>ared with the 

c o i l s used i n the f i n a l experiment. This vjas p r i m a r i l y because i t 

was thought that the properties of the materials would be easier t o 

obtain when larger samples were av a i l a b l e . However, i t does show the 

size range f o r which the techniques are v a l i d , although there i s no 

reason v/hy t h i s should be the l i m i t a t i o n t o the range. 

The single c o i l used i n the f i r s t experiment was not duplicated because 

of the d i f f i c u l t y of making non-interleaved c o i l s of good q u a l i t y . 

The single r e s u l t from the non-interleaved c o i l makes i t d i f f i c u l t t o 

draw any conclusions as t o the general accuracy of the method vjith t h i s 

type of c o i l . However, the same technique used on paper-interleaved 

c o i l s gave good r e s u l t s f o r an i n t r i n s i c a l l y more d i f f i c u l t problem. 

This suggests that the accuracy of the c a l c u l a t i o n f o r non-interleaved 

c o i l s would also be very good. 

The method f o r obtaining the conductivity of the interleaved 

c o i l s gave r e s u l t s t h a t were b e t t e r than - 15?̂  of the eroerimental r e s u l t . 

This may be considered the best t h a t could be obtained f o r a heat transfer 

c a l c u l a t i o n w i t h such complex geometry. 

Certain errors would be involved i n the exr>erimental d e r i v a t i o n of 
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the c o n d u c t i v i t y but these were thought t o be small. Repeat tests v/ere 

carried out with good agreement. Also, the calculation involved the 

use of the slope of a s t r a i g h t l i n e which tended t o average out small 

e r r o r s i n single readings. I t was thought that the experimental . 

co n d u c t i v i t y would be obtained t o b e t t e r than - 3^. 

As mentioned previously, the only other methods available f o r 

c a l c u l a t i n g the conductivity of a c o i l without recourse t o ;actual 

experimental t e s t s on the c o i l i s that of Jakob(6) and Richter (5), 

Both methods involve assuming that the section of the vjire i s square with 

appropriate dimensions so that the same number of vdndings f i t i n t o the 

same space as the o r i g i n a l c o i l . Under these assumptions the 

con d u c t i v i t y of the c o i l may e a s i l y be calculated. The conductivity 

f o r Coil No, 1 was calculated i n t h i s vxay g i v i n g a r e s u l t of 

k^ 1,84 j / ra s K 

which does not compare a t a l l w e l l w i t h the value of 

k^ = 1,045 j / m s K 

obtained by d i r e c t experiment, Hov/ever i t i s the author's opinion 

t h a t although not mentioned s p e c i f i c a l l y , Jakob (6) only intended the 

method t o be used on cotton covered v/ires, which would probably 

give a b e t t e r r e s u l t , Richter's (5) method vias o r i g i n a l l y derived 

f o r rectangular wires but he says that i t can be used on round wires 

by assuming that the wire i s square! Using Richter's (5) method, the 

c o n d u c t i v i t i e s v;ere calculated f o r Coils 2 t o 8 and the calculated 

c o n d u c t i v i t i e s oomnared w i t h the experimental r e s u l t s i n Fig. 5̂ 1-

Comrjaring Fig , .5. .1 aijd Fig. 3,7, i t can be seen that Richter's (5) 
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method does not give the accuracy obtained with the method adopted 

i n t h i s t e x t . 

Chapter 3 shows how the technique can be extended t o cover 
I 

a x i a l c o n d u c t i v i t y . Ho exTserimental v e r i f i c a t i o n i s given f o r the 

r e s u l t and i t i s the author's opinion that account w i l l have t o be 
i 

taken of the a x i a l gap between the wires before a reasonable 

accuracy w i l l be obtained. The modification t o the equation i n order 

t o introduce a term f o r the a x i a l gap v;ould be r e l a t i v e l y simple but 

p r e d i c t i n g the dimensions of the gap would be considerably more 

d i f f i c u l t . 

The method given f o r the c a l c u l a t i o n of the temperatures w i t h i n 

the c o i l under conditions of both a x i a l and r a d i a l heat t r a n s f e r i s 

a standard technicpie but one which i s usually given f o r constant 

c o n d u c t i v i t y i n both d i r e c t i o n s . Therefore, f o r completeness, the 

equations vfere derived. 
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Solution of i n t e g r a l s 
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APPENDIX 1 

Solution of intcCTals 

Equation 1.12 

H, I q 

can be reduced to 

Let 

'On 
a.CosO.dtl) 
c.Cos({) + b 

''̂  + c.CosO 

u = b.d(i) 
b + c.Cos(j) 

so th a t s u b s t i t u t i n g f o r 

t = Tan^ 

gives 

U = 2 r^2 dt 
b - c b +_c 

c 

where 'Q^ = Tan"^#^ 

= Tan"-̂ -i-̂ 2 

Prom t h i s Doint two a l t e r n a t i v e solutions arise depending on whether 

b + c i s p o s i t i v e or negative, 
b - c 

Consider f i r s t l y b + c to be p o s i t i v e 
b - c 

P u t t i n g 

m = b + c 
b - c 



90 

so t h a t 

U = 2 h2 

b - c / t"" + m 

s u b s t i t u t i n g f o r 

t = m,Tan(D 

gives 

U = 2 
b - c, 

O.dvD 
m 

where TT̂  = TH-TTT^ l.Tan^^ 
m 

TT^ = Tan'^'^jL-TangO^ ra 
therefore 

U = 2 .1 " ""l b. - c m _ 

S u b s t i t u t i n g gives 

H, = ®_ - (Dt - 2b [ r a n -ir _l.Tan-5-<D2 
m 

- Tan -1 l̂ .Tan-gvT, 
im 

Consider secondly b + c to be negative. 
b - c 

P u t t i n g 

m = - b + c 
b - o 

gives 

U = 2 h2 dt 
b - c/ t ' ^ ^ 

O l 

Therefore 

(b - c)ra ^ 2 m <T)]̂  " ^ 
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S u b s t i t u t i n g gives 

c 
b 

(b - c)m 
log ('^^^^^2 " " . "^^^i + 

Tan*<J)2 + m Tan-^{i)^ - m 

Equation 1.29 

3c = 2 (f.CosO + g.Cosd) )d(D 
( b - c.Cos<i)) 

can be reduced to 

«3c = 2f,Sin^^ + 21 g.Cos(!).d(D 
JQ - c.Cos® 

P u t t i n g 

g.Cos(!).d(!) 
b - c.Cos(j) 

and s i m p l i f y i n g gives 

c 
b.dd) 

b - c.Cos(l) 

P u t t i n g 

U b.dO 
b - c.Cos(j) 

gives 

U 2b dt 
b - c 1 ^ * b + c. 1 • 
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Substuting f o r 

= 4. b -• c 
b + c 

gives the same s o l u t i o n as f o r U i n Eq. 1 .12. Therefore s u b s t i t u t i n g 
f o r H^^ gives:-

= 2f.Sin(!) + 2 . £ j - 0, + 2b . 1 
^° C-. 1 b + c m 

Tan"-"" \,^a.T^^ 
m /J 

The a l t e r n a t i v e s o l u t i o n w i t h in = - b - cl 
b + ^ 

does hot apply 

Equation 1.33 

3c« 2 / pe.dx 
jo 

P u t t i n g 
2 

m = £ 

gives 

f/o 
which has the s o l u t i o n 

H 3 , . = 2.e Tan 
i m 
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APPENDIX 2 , 
ExDerimental r e s u l t s from Coil No. 1 , 

Results of the f i r s t t e s t carried out on Coil No. 1. 

I n t h i s t e s t the c o i l v/as heated with the central heater. Time 

was allowed f o r the c o i l t o reach steady state and then readings were 

taken of the poi/er input t o the c o i l and voltage at each thermocouale. 

The voltage was then p l o t t e d against the l o g of the r a d i a l p o s i t i o n 

of t h a t thermocouple. (This i s equivalent t o a temperature v l o g radius 

graph since the volta^re from the thermocouples was prot)6rtional t o the 

temperature over the range used). The slope of the graph was then used 

t o calculate the conductivity of the c o i l "by s u b s t i t u t i o n i n t o Eq. 1 .4 . 

Length of c o i l = 127 mm 

Voltage across and current through the heater = 10,54 v o l t s and 
2,6 amps. 

Readings from the c o i l : 

Voltage a t 

thermocouple, 

mV 

3.39 

2 .96 

2 .66 

2 .522 

2 .125 

1.97 

1.85 

1.74 

Radius of 

thermocouple, 

mm 

22.22 

3 0 . 0 1 

35 .75 

4 0 . 6 

55 .0 

62 .0 

68 .55 

74 .5 

Log. of 

radius. 

3 . 1 

3.404 

3.57 

3.704 

4 . 0 

4 .127 

4 .228 

4 . 3 1 

Ten thermocouples were o r i g i n a l l y put i n t o the c o i l but two f a i l e d t o 
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work. P l o t t i n g these r e s u l t s gives the graph i n Pig. 2 .4 v/hich has a 

slope o f - 0 . 7 3 . This slope can be changed i n t o a temrierature v l o g 

radius slope by m u l t i p l y i n g by the number of m7 per K which equals 

0.0419 (see c a l i b r a t i o n curve f o r the thermocouples Pig. 2 . 2 ) thus:-

slope = - . 0 . 0 3 0 3 

Now from Eq. I . 4 the slope of the temperature l o g radius graph 

equals:-

- k^.L.2.TT 

Therefore 

k = - slope.q 
^ . L.2.TT 

and s u b s t i t u t i n g gives:-

k^ = 1,045 j/m s K 
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Results of the second t e s t carried out on Coil No.l. 

I n t h i s t e s t the c o i l was heated by passing a current through the 

windings. Time was allovjed f o r the c o i l t o thermally reach steady state. 
i 

Headings were then taken of power input t o the c o i l and the voltage at 

each thermocouple. 

Diameter of the c o i l = I 5 6 mm 

Length of the c o i l * 127. nun 

Voltage and current through the heater = 2.O5 amps and 18 v o l t s . 

Readings from the c o i l : 

Temperature at 

thermocouple. 

K 

75 .4 

76 .4 

75 .8 

76 

71 .6 

68 .6 

65 .6 

62 .2 

Voltage at 

thermocouple 

mV 

3 .15 

3.1.9 

3 .17 

3 .18 

3 . 0 

2 .86 

2 .74 

2 . 6 

Radius of 

thermocouple 

mm 

22.22 

30 .01 

35.75 

40 .6 

55 .0 

' 62 .0 

68.55 

74 .5 

These r e s u l t s are p l o t t e d i n Pig. 2 .5 
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C a l c u l a t i o n of the temperature d i s t r i b u t i o n i n Coil No.l 

under the conditions of heat /generation v/ithin the c o i l . 

Current passing through 

the windings I = 2 ,05 A, 

E l e c t r i c a l Resistance of -

the windings R = 7 .05 ( l + 0 , 0 0 3 5 2 © - ) - * ^ 

Thermal co n d u c t i v i t y = 1.045 j / m s K 

Length of c o i l = 127 mm 

Diameter of c o i l = 156 mm 

Diameter of core = 25.4 mm 

Using Eq, 1 , 6 : 

^ = . C^.J,.(r^ / | J .C2.Y^,(rJp 

V/here heat generation = + -̂e-) 

which can be obtained from 

I^.R = (2.05)^x7 .05oc(l + 0,003539') 
volume / i c / : \ 2 In^ .i \ 2 To'7^nn""9 (156) '^ - ( 2 5 , 4 ) ^ 127x10" 

4 

= ( 1,258 + 0 . 4 4 3^)xlO^ 

therefore 

and 

cs< = 1,258x10^ 

^ = 0 .443x10^ 
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C a l c u l a t i n g 

= 6.5 

Now since r has a maximum value i n t h i s case of 78 x 10 \ 

the f u n c t i o n will have a maximura value of 0,56. 

Therefore terms i n J and Y 
0 0 . 

J - 1 - ^ , . + X^ -

2^TT" F-r-4"rrT? 
. = 2 ( l o g X - r) 

7T 

X = r 

having x t o greater pov;ers than 2 may be neglected; therefore the 

Bessel equation may be s i m p l i f i e d t o the f o l l o w i n g ; -

0 = + (1 - x^)(C • + C (2.log X 

Now i n order t o obtain values f o r the constants d6- i s recruired 
dx 

2 
Note: dO- does not introduce an x term from the o r i g i n a l ;equation 

dx 
since the next term i n the series i s x . 

de- = C V2 - x ( ^ j ' + X + l . l o g x)~| - C .X 
dx 2 [T,JC ( 2r\ IT 

Now s u b s t i t u t i n g the conditions of 

= 62,2°C at r = 75.4 inm 

(This condition i s obtained from the temperature at a thermocoupj« 

but could be the surface temperature i n p r a c t i c e ) . 
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and 
d©- = 0 at r = 12»7 mm 
dx 

( No heat transfer to the core) 

Therefore, f o r the f i r s t c o n d ition 

^ = 75 .4 y 6.5 

10^ ' 

= 4 .9 X lO"-^ 

f o r the second condition 

X = 1 2 ^ 6.5 

10^ • 

= 8.268 X 10"^ 

S u b s t i t u t i n g i n t o the siraplifyed equation g i v e s t 

ed = 368.16 

Cg = 3.01 

Therefore v r r i t i n g the equation i n f u l l 

•e- = - 284.1 + ( 1 - x^) 368.16 + 3.0l(2.1og x + 0 .5772) 
4 -L IT ^ J 

Now s u b s t i t u t i n g f o r r i n the above equation gives:-

r 
12 .7 mm 80.9 K 
20 mm 80 .2 K 
30 mm 79.5 K 
40 mm 77.5 K 
50 mm 73.6 K 
60 mm 69 .8 K 
70 mm 64.3 K 
78 ram 60.5 K 

The above c a l c u l a t i o n was repeated but with the condition 

do- = 0 at r = 12.7 mm changed to d©- = 0 at r = 30 ram which 
dx dx 
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corresponds t o the actual readings from the c o i l (see Pig. 2.5). 

The r e s u l t s obtained were as f o l l o v j s : -

r -e-, . 

30 mm 74 K 

40 mm .73.2 K 

50 ram 71.1 K ,. . 

60 mm 67.6 K 

These points are p l o t t e d i n Pig. 2.5. 
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C a l c u l a t i o n of the heat t r a n s f e r c o e f f i c i e n t from water to the surfade 

of the wire used to construct C o i l No. 1 

This heat t r a n s f e r c o e f f i c i e n t may be calculated using the 

equation from Coulson & Richardson (8) 

Nu = 0.26.(Re)°-^.(Pr)°-^ 

where Nu = Nusselt nvmiber 

Re = Reynolds number ^ K^. 

Pr = Prandtl niimber 

which gives the heat t r a n s f e r c o e f f i c i e n t to a single round bar of 

i n f i n i t e length when water i s passed at constant v e l o c i t y across 

the bar i n the d i r e c t i o n perpendicular to the axis. 

This i s not i d e n t i c a l to the conditions i n the t e s t to f i n d 

the conductance of the i n s u l a t i o n , since the wire i s not s t r a i g h t 

and the v e l o c i t y i s not constant, but the r e s u l t w i l l give some 

i n d i c a t i o n of the magnitude of the c o e f f i c i e n t to expect. 

Data Symbol Value Units 

Diameter of the wire D 1.7x10"-^ m 

Spe c i f i c heat of water Cp 
*̂w 

,4.1868x10^ j / k g K 

Thermal c o n d u c t i v i t y 
of water 0,667- j/m s K 

V i s c o s i t y of water 0.55 Ns/m^ 

Density of water 1000 kg/m^ 

V e l o c i t y V 1.2 m/s 

Heat t r a n s f e r 
c o e f f i c i e n t h 

w 
- ' j/m^sK 

as 
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C a l c u l a t i n g numbers 

Re = V ^ = 3710 n 
Note: This i s turbulent since turbulence begins at 200 f o r a bar 

Pr = ^.°^w = 3.79 V 
therefore 

so t h a t 

Nu = = o,26(3710)°-^(3,79)°-^ 
k / 
w 

h = 20.1x10-^ ..j/m-s K w 

This value of heat t r a n s f e r c o e f i c i e n t i s only a f a c t o r of 

s i x greater than the value of conductance found f o r the i n s u l a t i o n 

and coUld lead t o an er r o r of l 6 ^ i n the value obtained. However 

the check c a r r i e d out during the experiment and confirmation of 

Method 6 f o r obtaining the conductance indicate that error involved 

i s considerably smaller than that indicated here. 
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APPENDIX 3 . 

Calculations i n v o l v i n g the conductance of the i n s u l a t i o n . 

D erivation of Eq, 2 , 1 , 

l o g ^ ^ ' A - 4.fc:^.t 

'^i-^-^c/c 

Consider a u n i t length of wire. I f the surface temperature 

of the i n s u l a t i o n i s raised above the temperature of the copper, 

the heat flow i n t o the copper can be equated t o the heat flow through 

the i n s u l a t i o n thus;-

. T dt T, ' 

Where 

Therefore 

w 

A 

T. 

I 

Diameter over the copper 

Density of copper 

Specific heat of copper . 

Thickness of i n s u l a t i o n 

Conductivity of i n s u l a t i o n 

Temperature drop across the i n s u l a t i o n 

D ,/o ,Cp ,de-« -QJ .k 
_w / c ^c + 

4 dt T, 

Solving f o r ^ gives: 

( 4 k i . t ) 
^, ~ ( T i , D„, /^c -.CPc) 
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Where A' i s an a r b i t r a r y constant 

Taking logs 

log-OJ = l o g A» - ^ i ' ^ 

l o g - ^ = A - ^ ^ i ' " ^ 
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Calculation of the conductance of the i n s u l a t i o n on the wire from 

the graph obtained by UV recorder for Coil No,l. 

The curve obtained from the UV recorder i s reproduced i n Pig.2 . 7 . 

The o r i g i n a l graph had small c y c l i c o s c i l l a t i o n s on the curve which 

represented 1/50 s. Taking the height of the main curve above the 

datum at each f i f t h o s c i l l a t i o n gives the height of the curve at l/lO s 

i n t e r v a l s , thus:~ 

Height of curve. Time, log^ of height, 

cm s 

5.23 0 . 1 1.65441 

4 .22 0 . 2 1.44 

3 .28 0 .3 1.188 

2.58 0 . 4 0 .95 

2 .0 0 .5 0.693 

1.6 0 . 6 0 ,47 

1.23 0 . 7 0.207 

1.0 0 . 8 0.000 

Now p l o t t i n g the l o g of the height of the curve against time 

gives the graph i n Pig 2 .8 which i s a s t r a i g h t l i n e which has a slope 

of - 2 . 4 4 . S u b s t i t u t i n g t h i s slope i n t o Sq, 2 . 2 will give the 

conductance of the i n s u l a t i o n thus:-

Diameter of vjire 1.626 mm. 
(excluding i n s u l a t i o n ) 

S p e c i f i c heat of copper O.3815 x 10"̂  j / k g K 

Density of copper 8 ,95 x 10^ kg/m^ 

Eq. 2 . 2 

4 

C. = 33 .9x10^ j/m^s K 
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Results of the t e s t on the small Lees' disk. 

Test - ^ d l -^d2 wl -0-^ w2 Load. 

1 19.3 16 .55 31 .5 20 .97 5 kg 
2 18 ,85 16.43 30 .5 20 .25 5 kg 

3 25.1 17 .39 57.8 27.9 5 kg 

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 

S u b s t i t u t i o n i n t o the equation 

C. = V ^ w l '%2^/\r 

V^dl - ^ ^ d 2^'-^d 

where k = 387 J/ m s K 

L̂ ^ = 61,8 mm 
p A =» 2 ,09 mm w 

A^ = 16 ,4 mm 

gives:-
l^est 

1 ^ i 30.6x10^^ j/m s K 

2 ^ i = 33 .8x10^ j/m^ s K 

3 C. = 30 ,6x10^ j/m^ s K 

4 = 29 .8x10^ j/m^ s K 1 
5 C. = 28 ,5x10^ j/m^ s K 1 
6 C. = 30 .5x10^ j/m^ s K 
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-.^,r^-^T-
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Calculation of the conductivity of Coil Mo.l. 

Calculation of the conductivity of Coil No.l from Eg. 1.16 

as given Tjelovjt-

m 
0.524 - 2b fTan'"-̂ 0.2679 

m 
where m 

c 

: C. .i-D.k 

= C..iD 

h = ,^ .D 
2 

Data Symhol 

Conductance of the i n s u l a t i o n C. 
1 

Diameter of wire over the 
i n s u l a t i o n . D 

Conductivity of a i r k 

Value 

1.7 

/ J 

h 

Units 

33.9x10^ j/m s K 

mm 
2.94x10"^ j/m s K 

Source. 

App. 3 

measurement 

Int.Crit.Tables. 

therefore 

a = 
b = 
c = 
m = 

84.6 X 10' 
28.8 X 10" 

1-3 
-1 

28.5 X 10 ,-1 

7.14 3c 10 -2 

Tan"-"- 0.2679 
m 

1.31 
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and 

2b .Tan"-̂ 0.2679 = 18.5 
m m 

Therefore 

= 0.925 j/m s K 



I l l 

C a l c u l a t i o n of the co n d u c t i v i t y of Coil No. 1 using; Eg. 1.21 

as ffiven below 

where 
H 2q ^ (b - c)ra L 

r -1" 
Tan ^ 

3..Tani{|), 
m 

- Tan r-̂ fl.Tan|(|)̂ .̂ J> 

H 2c 
Ĉ .M 

m = 

a = 

b = 

c = 

^2 

h 

/"bTjo 
c 

C..k^.iD 

G^iiH - P) 

= 30̂  

= Sin~-^(M/D) 

2 

P- = 

Data 

Conductance of the 
i n s u l a t i o n 

Diameter o f the wire 
over the i n s u l a t i o n 

Conductivity of a i r 

Contact area 

M̂ . 1 

Symbol Value Units 

33.9x10"^ j/m'^s K App. 3 

D 

M 

1.7 mm 

2.94x10"^ j/m s K 

0*178 mm 

Source 

measurement 

I n t . C r i t . Tables 

experiment, 
(see page 62) 
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Calculating 

a = 84.6 X 10^ 

b = 28.8 X lO"-*-

c = - 28.5 X 10"-̂  

P = 0.466 X 10"5 

m = 7.14 X 10"^ 

()>T = 0.1048 (Radians) 

Tan"-^ l.Tan-|-<j)2 = 1.31 (Radians) 
m 

Tan"^ 3,.Tan-|-̂ ĵ  = O.64 (Radians) 
m 

= 2.72 X 10"^ 

= 3,02 X lO"-^ 

k^ = 0.995 j/n> s K 
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APPEITDIX 5« 

Eyperinental r e s u l t s and calculations f o r Coil No.2. 

Results of the f i r s t and second t e s t s carried out on Coil No.2« 

Tests carried out as i n App,2. 

Length of c o i l 63.5 "»m 

Diameter of c o i l 36.8 mm 

F i r s t Test. 

Voltage and current through central heater = 4,86 V, 1,475 A, 

Headings from c o i l : -

Voltage at Radius of Log of 
thermocouples, thermocouples, r?.dius. 

mV mm 
3.191 7.14 1.966 

2.845 9.32 -2.232 

2.464 12.35 . ' 2.514 ' 

2.1 15.44 2.737 

1.92 17.41 2,857 

P l o t t i n g these r e s u l t s gives graph i n Fig. 3.1 

The slope of the graph = - 0.702. 

This slone can be changed i n t o a termoerature v log radius slope 

by m u l t i p l y i n g by the number of mV per K = 0.0419 (see c a l i b r a t i o n 

curve f o r the thermocouple). 

Which gives the slope t o be 0,702 x O.O419 = -O.O294. 

S u b s t i t u t i n g the above r e s u l t s i n t o Sq. 1.4 gives:-

= 0.53 j/m s K 
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Results of the temperature d i s t r i b u t i o n i n Coil No.2 v?hen 

current was T)assed throu,?h the windings. 

• 

Readings from the c o i l : -

The t e s t on the c o i l was carried out i n the same way as.described 

i n Apt). 2, 
Voltage at Temperatures at Radius of 

thermocouples, thermocouples. thermocouples. 

mV K i mm 

3.56 82.5 7.14 

3.62 83.2 9.32 

3.675 83.8 12.35 

3.8 85.2 15.44 

3.82 85.4 17.41 

C a l c u l a t i n g the temperatures from Ecf. 1.5. 

The temperatures are calculated i n the same way as i n App.2. 

Temperature. Radius. 

I K mm 

86.2 3.175 
86 5 
85.1 10 
83.5 15 
82.0 18.4 

P l o t t i n g the above r e s u l t s gives the graphs i n Fig. 3.2. 
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Results of the oomrivGssion t e s t on the patter i n Coil No.2. 

I n t h i s t e s t the paper ^̂ as compressed i n the apparatus shovm i n 

Pig.3.3. The f o l l o v j i n g r e s u l t s give the thickness of the paper under 

d i f f e r e n t loads. Two t e s t s were carried out on the same paper, 

1st Test, 2nd Test. 

Load, Thiclcness. Thickness, 

kg mm mm 

0 0.1472 0.1472 

0.545 0.132 0.125 

2.353 0.122 . . 0.122 

4.163 0.114 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 r e s u l t s are p l o t t e d i n Pig. 3.4. 

The minimum thickness t o which the paper can be compressed = 0,102 mr 
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Calculation of the conductance of paner used i n Coil No.2. 

Results from the Lees' di s k . 

Voltage across heater i n 

Lees' d i s k = 4.21 V 

Current through heater i n 

Lees' disk = 0,86 A, 

Readings of thermocouple 

on cold face of Lees' d i s k = 0,25 

Readings of thermocouple 
on warm face of Lees' disk = 0,88 raV, 
Area of faces of Lees' _ 
di s k , «= 5.06 X 10"^ m*̂  

Temperature difference across the paper can be found from the 

dif f e r e n c e i n the thermocouple voltages divided by the mV per K, thus! 
(0,88 - 0,25 ) 

0,0419 , , 
15.05 K 

Heat t r a n s f e r through the paper i s 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 10"^ 

C = 4.76 X 10^ j/m^s K p i 
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Calculation of the conductance of paper used i n Coil No.2 
a f t e r i t has been compressed t o i t s thinnest. 

Results from Lees' di s k . 

Voltage across the heater 

i n Lees' disk = 0,84 V, 

Current through the heater 

i n Lees' disk = 4.26. A. 

Readings of thermocouples 

on the cold face of Lees' disk = 0.16 mV. 

Readings of thermocouples 

on warm face of Lees' disk = 0,53 m V. 

Area of faces of disk = 5.06 x lO"^ 
As i n previous c a l c u l a t i o n : 

Temperature across paper 

0.53 - 0.16 
0.0419 

8.85 K 

Heat t r a n s f e r through the paper 

0.84 X 4.26 . = 3.58. 

Thermal conductance of paper 

3.58 .-4 

%2 

8.85 X 5.06 X 10 

8.1 X 10^ j/m^ s K 
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Calculation of the conductance of the i n s u l a t i o n on the wive 

from the graT>h obtained by UV recorder f o r Coil No. 2, 

The curve obtained from the UV recorder i s reproduced i n Pig. 3.5. 

The o r i g i n a l graph had small c y c l i c o s c i l l a t i o n s on the curve above the 

datum. Each f i f t h o s c i l l a t i o n gives the height of the curve at l / l O s 

i n t e r v a l s , thus:-

Height of curve. Time. ^^^q height, 

cm s 

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 0. 1.56862 

Now, p l o t t i n g the l o g of height against time gives the graph i n 

Pig. 3.6 which i s a s t r a i g h t l i n e of slope - 6.31. S u b s t i t u t i n g 

t h i s slope i n t o Eq. 2,2 w i l l give the conductance of the i n s u l a t i o n 

thus 

Diameter of wire 

(excluding i n s u l a t i o n ) = O.965 mm 

Spe c i f i c heat of copper = O.3I85 x 10"̂  j / k g K 

Density of copoer 8.95 kg/m' 
Eq. 2.2 

C. = - \ , p .Cp .S' 
1 X ' ° 

Ĉ  = 51.8x10"^ j/m^s K 
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Calculation of the conductivity of Coil No.2 from Eq 1.37« 

Eq. 1,37 i s given as f o l l o v 7 s : -

2o _3E 
. 2q 3p. 

H 3c' ^ h 

Note: The s i m p l i f i e d version has been used, i . e . , Ĥ ^ i s replaced 

Each of the above terms w i l l be. calculated separately below: 
! 

The data required f o r c a l c u l a t i n g these terms i s as f o l l o w s : -

Data Name Symbol 

Conductance of i n s u l a t i o n . C. 
- 1 

Thickness of paper T 

Thickness of paper under 

maximum compression B" 

Conductance of paper 

uncompressed 

Conductance of paper under 

maximum compression 

Diameter of wire over 

i n s u l a t i o n D 

Conductivity of A i r k 

Value Units 

51.8 X 10^ j/m^ s K 

0.1472 

0,102 

mm 

mm 

l,0l6 mm 

2,94 X 10^ j/m s K 

Source. 

App. 5 
App. 5 

App. 5 

4.76 X 10^ j/m^ s K App. 5 

8.1 X 10^ j/m s K App. 5 

Measurement 

I n t . C r i t . 
Tables. 



To obtain H^^, 

Prom Eq, 1.34 
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where 

«3c' = ^ 2e 
f,m 

Tan'"-'-(̂ 2) 

M/2 

m 

C^.v',a' 

g C^(v'.b« + s) + 2 

and a' & b' can be found from 

a'.x^ + b' 

when X = 0, y = B 

and X = M, y = T 
2 

also, v* & s' can be found from 

s* + v'.y 

when Cp = Cp^, y = T 

and Cp = Cp2» y = B 
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C a l c u l a t i n g M 

Prom Eq, 3.1 

t h e r e f o r e 

M = • 2. ,/"(T - B) "T ri) ("T"- B ) ^ 
\! 2 L 2 J 

M = 0.2998 mm... 

C a l c u l a t i n g a' & b* 

S u b s t i t u t i n g the conditions of 

' X - 0- at y = B 
and X = M at y = T 

2 

i n t o 2 
y = a* ,x + b 

gives 

there f o r e 

a» = T - B and b? = B 

2.0115 X 10^ and b' = . 0.102 x lO""^ 

C a l c u l a t i n g v« & s» 

Substuting the conditions of 

Cp = Cp^ at y = T 

and C = C _ a t y = B P P2 " 

i n t o 

y = 1 
s' + v'.y 
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gives 

therefore 

also 

therefore 

C a l c u l a t i n g g 

therefore 

C a l c u l a t i n g f 

therefore 

V' = ^P2 " % 1 

V' = 19.165 

s' = JL - T.v« 
V 

s' = 0.721 X 10"-̂  

g = C..(v«,b» + s') + 2 

g = 8,3833 

f = Cĵ ,v».a« 

f = 199.691 X 10^ 
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Calculating m 

therefore 

m = 0.20491 X 10 -3 

Calc u l a t i n g 

therefore 

X- = M 
^ 2 

Xj = 0.1499 X 10 -3 

Calc u l a t i n g Ĥ ,̂ 

therefore 

Tan"^(^2) 
( m ) 

^3c' = 0.1605 j / s K 

This value of , i s the heat rate f o r the part of the c o i l 3c' 

where the paper i s i n contact wiht the wire above i t and the wire below 

as i l l u s t r a t e d i n F i g . 1.6, 
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To obtain H„ 
2(1 

From Eq. 1 .19 

where a = C^.k^.^D 

X "^^^ fTan^^^ - m ^ Tanf,<l)^ + m 
® ! TanpTTra Tan^^ - ra 

c = - C^.iD 

(i)^ = Sin'-'-CM/D) 

p = T - B 

m = / b + _c 
b 

Note t h a t Eq. I . I 9 has been used rather than Eq. 1.18 since b_i_c-
b - c 

i s negative 

C a l c u l a t i n g a 

a = Ĉ .kĝ .̂ D 

therefore 
a = 7.7363 x 10^ 



C a l c u l a t i n g b 
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b = Ĉ D̂ - Ĉ .p 

therefore 

b = 25.143 X 10' 
-1 

C a l c u l a t i n g c 

c = 

therefore 

c = • - 26.016 X 10' 
-1 

Calculating 

(|)̂  = Sin"-^(>!/D) 

therefore 

(j)^ = 0.301 Radians 

Calculating m 

m = I b + c 
c - b 

therefore 
m = 0.13063 
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Calc u l a t i n g H 2q 

I - / 
b 

(b - c)m 
log. 

therefore 

= 16.937 X 10"^ j / s K 

This value of 112̂  i s the heat rate f o r the part of the c o i l 

where the heat flows from the copper through the i n s u l a t i o n and 

i n t o the a i r space as i l l u s t r a t e d i n Pig. 1.7 

To obtain H 

Prom Eq. 1.35 

H 3p c I. 
2b 

(b - c)m 
Tan "^^l.Tan-i<D ) - Tan"-^''l.TanJ{i>/| \ 

m 

where a = 

b = 

c = 

^ip-^a-H 

^ip-H - ̂ ip-P 

k_ - C,_.-|-D_ 

^2 

m = 

'ip = 

a i p P 
o = 30 

Sin"-^(M/Dp) . 

P = T - B 
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Note th a t Eq. 1.35 has been used rather than Eq. 1.36 

since b + c i s p o s i t i v e 
b - c 

Calcu l a t i n g C ip 
^ i ^ S i 

therefore 

^ip ° "̂ '̂ ^̂ ^ 

Calculating a 

^ = ̂ip-̂ a'H 
therefore 

a = 8.39746 x lO' -3 

C a l c u l a t i n g b 

b = C.p.iDp-C.p.p 

therefore 

b = 2.73596 X 10' 
-1 
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C a l c u l a t i n g c 

therefore 

c = 2.5628 X 10' -1 

C a l c u l a t i n g m 

m = /b + 
H -

therefore 

m = 0.18105 

Calculating H. 3p 

2b 
(b - c)ra 

Tan"^ l,Tan|(l), - Tan -1 Tan4<|)̂  
in 

t herefore 

H, = 6.5 X 10"^ j / s K 
3P " '. 

This value of H^^ gives the heat rate of the part of the c o i l 

where heat flows from copper through i n s u l a t i o n and paper, and i n t o the 

a i r space as i l l u s t r a t e d i n Pig. 1.7 
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P i n a l l y to obtain k 

Prom Eq. 1.37 

2q . 3P 
2q 3p 

+ H 3c« 

C a l c u l a t i n g h 

Prom Eq. 1.38 

therefore 

h = 0.99085 mm 

therefore 

k^ = 49.6 X 10"^ j/ra s K 
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APPENDIX 6. 
Results of t e s t s on various c o i l s . 

I n t h i s appendix the r e s u l t s of t e s t s on seven independent 

paper interleaved c o i l s are given, ^ , 

The t e s t s carried out on each c o i l were:-

1, To obtain the r a d i a l conductivity of the c o i l 

by the d i r e c t experimental method described at 

the beginning of Chapter 2. 

2. To obtain a l l the c h a r a c t e r i s t i c s of the 

constituents of the c o i l reqiiired t o calculate 

the r a d i a l conductivity of the c o i l by the method 

described at the end of Chapter 1, 

The r e s u l t s f o r each c o i l are given on a separate page. 
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COIL Wo.2. 

Dimensions. 

Diameter 

Length 

Diameter of wire over i n s u l a t i o n 

Diameter of v/ire excluding i n s u l a t i o n 

Thickness of paper 

Thickness of paper under maximum 

comt>ression. 

36.68 mm 

63.5. nun 
1.016 mm 

0,965 mm 

0.1472 mm 

0,102 mm 

ProTjerties. 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper comt?ressed 

t o 0.102 mm 

51.8 X 10^ j/m^ s K 

4.76 X 10^ j/m^ s K 

8.1 X 10^ J/m^ s K 

Results. 

Radial c o n d u c t i v i t y obtained by experiment: 

53 X 10 j/m s k 

Radial conductivity obtained by c a l c u l a t i o n ; 

k = 49.6 X 10"^ j/m s K 
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COIL No, 3. 

Dimensions. 

Diameter 

Length 

Diameter of wire over i n s u l a t i o n 

Diameter of wire excluding i n s u l a t i o n 

Thickness of paper 

Thickness of paper under maximum 

compression. 

34»5 mm -

63.5 n™ 

0,762 mm 

0,711 mm 

0,1472 mm 

0,102 mm 

Properties. 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper compressed 

t o 0,102 mm 

55.4 X 10^ S/v^• s K 

4.76X 10^ j/m^ s K 

8.1 X 10^ J/m^ s K 

Results. 

Radial conductivity obtained by exoeriment: 

k = , 39.5 X 10"^ j/m s K 

Radial conductivity obtained by calculation:: 

k = 45.0 X 10"^ j/m s K 
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COIL No, 4 

Dimensions 

Diameter 

Length 

Di£imeter of vrire over i n s u l a t i o n 

Diameter of wire excluding i n s u l a t i o n 

Thickness o f paper 

Thickness o f paper under maximam 

compression 

35.3 mm 

63.5 fiin 

1.016 ra.-n 

0.965 mm 

0.1016 ram 

0.0788 mm 

Properties 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper compressed 

to 0.795 ra!?i 

55.4 X 10 j/m s K 

6.67 X 10' j/m^s K 

11.8 X 10 Zlv\ s K 

Results 

Radial c o n d u c t i v i t y obtained by experiment 

k = 55 X 10"^ j/m s K 

Radial c o n d u c t i v i t y obtained by c a l c u l a t i o n 

k = 52.2 X 10"^ j/m s K 
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COIL No, 5. 

Dimensions, 

Diameter 

Length 

Diameter of wire over i n s u l a t i o n 

Diameter of wire excluding i n s u l a t i o n 

Thickness of paper 

Thickness of paper under maximum 
comDression. 

35»6 mm 

38,1 mm 

0,762 mm 

0,711 mm 

0,0814 ram 

0,0674 mm 

Pror)erties. 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper com-sressed 

t o 0.0674. 

55.4 X 10^ 3/xsi s K 

l l , 0 7 x 10^ J./râ  s K 

13.35X 10^ j/m^ s K 

Results. 

Radial conductivity obtained by experiment: 

k^ = 46.5 3C 10"^ j/ m s K 

Radial conductivity obtained by c a l c u l a t i o n : 

kj. = 51.2 X 10"^ j/m s K 
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COIL No. 6. 

Dimensions 

Diameter = 39-5 mm 

Length = 63.5 ""n 

Diameter of wire over i n s u l a t i o n « = 1.016 ram 

Diameter of wire excluding i n s u l a t i o n = 0^965 mm 

Thickness of paper = 0.295 mm 

Thickness of paper under maximum compression = 0.234 mm 

Properties 

2 / 2 
Conductance of i n s u l a t i o n '= 51.8x10 j/m s K 

2 2 
Conductance of paper uncompressed = 0.2195x10 j/m K 

2 2 
Conductance of paper compressed to 0.234mm = 0.254x10 j/m K 

Results 

Radial conductivity obtained by experiment 

k = 36.1 X 10"^ j/m s K r 

Radial c o n d u c t i v i t y obtained by c a l c u l a t i o n 

k = 35.0 X 10"^ j/m s K r 
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COIL No,7. 

Dimensions. 

Diameter 

Length 

Diameter of vare over i n s u l a t i o n 

Diameter of wire excluding i n s u l a t i o n 

Thickness of paoer uncompressed 

Thickness of paper under maximum 

compression 

37 mm 

63,5 mm 
1,016 mm 
0,965 mm 
0.1142 mm 

0,0814 mm 

Properties. 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper compressed' 

t o 0,965 mm 

51.8 X 10^ j/m^s K 

6,544x 10^ j/m^sK 

10,732x 10^ j/m^s:K 

Results, 

Radial conductivity obtained by experiment: 

k = 59.5 X 10"^ j/m s K 

Radial conductivity obtained by calculation.: 

k = 54.6 X 10"^ j/m s K 



138 

COIL No.8. 

Dimensions. 

Diameter 

Length 

Diameter of v;ire over i n s u l a t i o n 

Diameter of wire excluding i n s u l a t i o n 

Thickness of paper 

Thickness of paper under maximum 

compression 

26 mm 

38,1 mm 

0,762 mm 

0,711 mm 

0.0864 mm 

. 0,0564 mm 

Properties. 

Conductance of i n s u l a t i o n 

Conductance of paper uncompressed 

Conductance of paper compressed ! 

55.4 X 10^ j/m^ s K 

7.7 X 10^ j/m^ s K 

15.5 X 10^ j/m^ s K 

Results. 

Radial conductivity obtained by experiment! 
.-2 65.5 X 10" j/m s K 

Radial conductivity obtained by c a l c u l a t i o n : 

k = 60.3 X 10"^ l/m s K 
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APPENDIX T 

To obtain the a x i a l conductivity of Coi l No. 1 

by s u b s t i t u t i o n i n t o Equation 4.2 

where H^^ = H^i + ^ 2 
o 

Now Ĥ ^ may be obtained d i r e c t l y from App.;4 that i s , 

Ĥ ^ = 0.535 J/s K 

and may be obtained d i r e c t l y from App. 4 that i s , b2 

H^2 = °-5'̂ 5 j / s K 

therefore 

and 

H^^ = 1.109 j / s K 

k = 0.64 j/m s K r 
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A corrmuter Tj-poj^rainme f o r the c a l c u l a t i o n 
of the conductivity of naper interleaved 

c o i l s . 

The computer rirograrame at the end of t h i s aopendix w i l l calculate 

the c o n d u c t i v i t y of paper interleaved c o i l s by the method given at the 

end of Chapter 1. The programme i s w r i t t e n i n Fortran IV as used on 

an I M 1130 and requires input and output through a card reader and a 

1132 p r i n t e r respectively. 

The programme x v i l l take an input from the cards of the follov/ing 

numerical values:-

Conductance of the i n s u l a t i o n ( j / r a ^ s K ) . 

Thickness of the paper ( mm ) . 

Thickness of the paner vinder maximum compression ( mm ) , 

Conductance of the paper at f u l l thickness (j/m s K ) , 

Conductance of the paper under maximum compression (j/m s K ) . 

Diameter of the wire over the i n s u l a t i o n ( mm ) . 

Conductivity of a i r (j/m s K ) , 

The f i g u r e s i n "brackets give the u n i t s t h a t must "be used. 

The innut format i s given i n statement No,1 i n the programme 

and i s : -

PORHAT (P8 , l , 2P7.4, 2P8,1, P7 .4, P8,6 ) . 

On r e c e i v i n g the above information the programme w i l l p r i n t out 

on the l i n e p r i n t e r the input data i n the above format and two l i n e s 

belovj w i l l p r i n t out the r a d i a l conductivity of the c o i l i n the form below; 

RADIAL COiroUCTIVITY = XXX j/tlBTRE SEC DEG K 

v/here XXX represents the calculated value of the conductivity. 
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A f t e r p r i n t i n g out the value of conductivity the programme 

w i l l read the next card i n the card reader. I f t h i s card i s a 

negative integer number the programme w i l l r e t u r n control t o the 

monitor. I f the card i s "blank or any p o s i t i v e integer, the 

programme w i l l read the next card and calculate a second 

c o n d u c t i v i t y from the data thereon. Therefore any number of 

cal c u l a t i o n s may "be carried out i n t h i s vjay. 

The programme follov/s b a s i c a l l y ths same calculation- as 

ca r r i e d out i n App.6, and wi t h reference t o t h i s appendix the 

programme may e a s i l y be followed. 
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LOG DRIVE CART SPEC CART AVAIL PHY DRIVE. 
'. 0000 0003 0003 0000, 

V2 MlO ACTUAL 8K CONFIG 8K 

//FOR 
*ONE WORD INTEGERS 
*IOCS(CARD»1132 PRINTER) 
* LIST SOURCE PROGRAM -e — This card provides 

REAL KA.M»MlfKR»y,DUM,W2 a p r i n t of t h i s 
10 READ{2»1)CI»T»B»CP1»CP2»D»KA . programme and w i l l 

WRITE(3»1 )CI i T t B i C P l »CP2»0»KA not normally by 
1 FOR.MAT{F8.1»2F7»^»2F8«l»F7,4»F8.6) required. . 

D=D/10«*(+3) 
B=n/10*«(+3) 
T=T/10«*{+3) 

' M=2*S0RT((fT-B)/2)*(0«(T-BJ/2)1 
. ADASH=CT-B)/{{M/2)*«2) 
BDASH=B 
VDASH=(CP2-CP1)/((T-B)*CP1*CP2) 
SDASH=--n/CPl )-{T»VOASH) 
Gl.= CI*(VDASH*BDASH+SDASH)+2 
F1=CI*V0ASH*ADASH 
M1=SQRT{G1/F1) 
Xll=M/2 
H3CDS=(2*CI/{Fl*Ml-)-)*<ATANJXll-/Ml) ) 
1=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)) 
MDUM=(B2+C2)/{B2-C2) - _ 
IF(KDUM)2 92»3 

2 M2=SQRT(-MDUM) • . 
H={A2/C2)*(0*50956-PHll2-(B2/((B2-C2)«M2))»{ALOG((S1NI 0.25^78)-M2< 
CCQSCOo 25478) ) / { SI N ( 0. 2 5478 )+M2*C0S ( 0 . 25478)') * ( SIN < PHII2/2 )+M2*C0S 
C ( P H l l 2 / 2 ) ) / ( S I N ( P H I 1 2 / 2 ) - M 2 * C O S { P H l l 2 / 2 ) ) ) ) J 
60 TO 4 

3 M2=S0RT(MDUM) - _ -
. DDUM=ATAN( (1/M2)«(SIN{0.5»PHI12) )/COS{0.5*PHI12) ) . 
.CDUM=ATAN((1/M2)«((SIN(0*25478))/C0S(0.2 547 3 ) ) ) 
H=(A2/C2)*(0.50956-PHI12-(2*B2/l(B2-C2)#M2))*(CDUM-DDUM)) 

4 GO T0(5»6)»I 
. 5 1=2 

H2Q=H 
CI=(CI*CP1)/(CI+CP1) 
D = D+2̂ T̂ 

. GO TO 7 
6 H3P=H 
SMALH=SORT ( 2*3*D+B»*2+( ( D-2*T ) **2 ) «-0 0 75) 
KR=(2*(H2Q*H3P)/(H20+H3P)+H3CDS)*SMALH»2/(D-2*T) 
WRITE(3»8)KR 

8 FORMAT(/' RADIAL CONDUCTIVITY ^ *tF9»3t* J/METRE SEC DEG K '///) 
READ{2»9)J 

9 FORMATl15) 
I F ( J ) l l f l O f l O 

11 CONTINUE 
CALL EXIT 
END-
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LIST OP TEJa^S. 

Area. 

Cross section area of a block taken 
perpendicular t o the d i r e c t i o n of heat flov/. 
The block i s considered t o be a macro element 

i P i n the c o i l , m 

A^ Area of the face of the small Lees' disk, 

App, Abbreviation f o r appendix. 

A Cross section area of the v;ire used t o feed heat w 
i n t o the small Lees' disk. 

B Minimum thickness of the i n t e r l e a v i n g paper i n 
the c o i l 

C A r b i t r a r y constant. 

2 
m 

m 

Thermal conductance defined as heat flow per u n i t 
area, u n i t time, degree of temperature difference 
across the m a t e r i a l , j/m s K 

Ĉ  Thermal conductance of the i n s u l a t i o n on a wire j/m^ s K 

C. Combined thermal conductance of a layer of paper and 
a layer of i n s u l a t i o n from a wire, j/m s K 

Ĉ  The heiglit of the UV recording above the steady state 
l i n e of the cold water temoerature, mm 
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C Thermal conductance of the i n t e r l e a v i n g paper, j/m^ s K 
P 

Cp S p e c i f i c heat of copper, • j / k g K c ' 

Cp S n e c i f i c heat of vjater, j / k g K w 

Diameter of a vjire over the i n s u l a t i o n , . ra 

D The diameter of a wire that has been vjrapoed p 
i n a layer of paper, m 

D The diameter of a wire excluding the i n s u l a t i o n , m 

Eq,. Abbreviation f o r equation. 

Pig, Abbreviation f o r f i g u r e . 

H Heat rate defined as heat flow per u n i t time, 
degrees of temperature difference across a body, j / s K 

Hjĵ  Heat rate of body No. 1. j / s K 

Heat rate of body No.2. . j / s K 

H, Heat r a t e of the cruadrant i n Section 1.3. j / s K 

Hg^ Heat rate of the quadrant i n Section 1,4. j / s ̂  

H^ Heat rate of the centre, uart of the section 2c 
i n Section 1,4« 
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H- Heat rate of the centre part of the sectiom 3c 
i n Section 1,5, j / s K 

H^ , Heat rate of the centre m r t of the section i n 3c' 
Section 1,5 calculated by the s i m p l i f i e d method, J/s K 

H- Heat rate of the quadrant containing the uaner, J./s K 
3p 

H^ Heat rate of a block which i s considered t o be a 
t y p i c a l macro element i n a c o i l . j / s K 

}L^^ Heat rate of the block i n Section 1,3. j / s K 

H 2̂ Heat rate of the block i n Section 1 .4 . j / s K 

H^^ Heat rate of the block i n Section 1,5. j / s K 

H^^ Heat rate of the block under a x i a l heat flow, j / s K 

H. Total heat r a t e . j / s K t 

H^ Heat rate of element ^ x j / s K 

h Height of a t y p i c a l section i n a c o i l measured i n 
the d i r e c t i o n of the heat flow, m 

I E l e c t r i c a l current, A 

J Bessel fu n c t i o n ( f i r s t k i n d j order zero), o 

"Thermal con d u c t i v i t y . j/n* s K 
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k Thermal conductivity of a i r . j/m s K 

k , Apparent a x i a l thermal conductivity. j/m s K 

k^ Thermal conductivity of the i n s u l a t i o n on 
the wire. j/m s K 

k Apparent r a d i a l thermal conductivity, j/m s K 
T 

k:; Thermal conductivity of the v/ire leading heat 
i n t o the small Lees' disk, j/m s K 

Length of c o i l , m 

L^ Length of w i r e , "m 

m' Length of an element i n the a i r space. m 

M Contact area measured as the chord of contact 
between one wire and the next, or a wire and 
the i n t e r l e a v i n g paper. m 

N Nusselt number —r— 
^ w' 

P Prandtl number r 

The amount of degression i n the i n s u l a t i o n on 
the wire or i n the paper caused by the tension 
i n the windings, m 

Heat flow through the small Lees' disk j / s 
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Heat flow j / s 

Heat flow through body 1, j / s 

Heat flow through body 2, j / s 

Heat flow through a block which i s considered 
t o be a t y p i c a l macro element i n a c o i l , j / s 

2 
q Heat generated per u n i t volume. j/m s 
o • 

Total heat flow, J/e 

R Reynolds number V.I). 

The slope of the l o g 0' against t graph. 
e 

S The slope of the l o g C against t graph. 
e in • 

s A constant i n the expression f o r the thermal 
conductance of paper. 

E A constant i n the approximate expression f o r the 
thermal cond\ictance of paper. 

T Thickness of paper. m 

T^ Thickness of i n s u l a t i o n . m 

Time. 
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V A constant i n the expression f o r the thermal 
conductance of paper. 

v' A constant i n the approximate expression f o r 
the conductance of paper. 

A l i n e a r l i m i t of i n t e g r a t i o n i n the x d i r e c t i o n . m 

Xg A l i n e a r l i m i t of i n t e g r a t i o n i n the x d i r e c t i o n . m 

Bessel f u n c t i o n , (2nd k i n d ; order zero). 

x,y & z Space coordinates, m 

_o< E l e c t r i c a l resistance of copper v/ire at 273 K SL 

^ Change i n resistance of copper wire per .273 K Si/K 

V i s c o s i t y . o f water Ns/m ' 

-6- Temperature, 

-6r Temperature at one end of a body. 

-Og Temperature at the other end, K 

-e^ Temperature difference across the i n s u l a t i o n 
on a vare. 
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Temperature at the hot face of the small 
Lees' disk . 

•0-d2 Temperature at the cold face of the small 

Lees' disk. K 

Temperature at the hot end of the wire 
leading i n t o the small Lees' disk 

^.2 
Temperature at the cold end of the wire 
leadin.cr heat i n t o the small Lees' disk K 

ft 

Density of water 

Density of copper 

Angle 

Angular l i m i t of i n t e g r a t i o n 

Angular l i m i t of i n t e g r a t i o n 

A constant 

kg/m^ 

kg/m^ 

Radians 

Radians 

Radians 
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