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S U M M A R Y

A descrip tion  is given of the cem enting together 
of two 20-ton stee l d iscs to form  a com posite 40 ton ro to r, 139 
in. in d iam eter and 20 in. in thickness, which functions as a 
tw o-turn  winding of the hom opolar generato r at the R esearch  
School of Physical Sciences of The A ustralian  National U niver­
sity . The bond between the steel d iscs is required  to withstand 
a 200 volt d ifference in potential and large m echanical fo rces 
due to tem p era tu re  d ifferences and short c ircu it cu rren ts . The 
bottom  ro to r  p a ir  was cem ented f irs t, followed by the top ro to r 
p a ir.
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I N T R O D U C  T I O N

As p a rt of the re sea rc h  program m e at the R esearch  School of Physical 
Sciences a la rg e  hom opolar generator^ is under construction to deliver pulses of c u r ­
ren t of about 1 second in duration and 1.6 m illion am peres peak value. As the output 
voltage is 800 volts, the im pulsive vo lt-am pere product is 1, 300, 000 KVA. This out­
put is  obtained from  a se r ie s  connection of two coun ter-ro ta ting  a rm a tu res, ro tating 
about a common v ertica l axis in the v e rtica l magnetic field of a la rge  electrom agnet. 
Each a rm atu re  has two e lec trica l ’tu rn s ’, and consists  of a 40 ton ro to r, 139 in. in 
d iam eter and 20 in. in th ickness, form ed by cem enting two 20 ton m ild steel d iscs 
together with the aid of epoxy res in . Elect, deal connexion is made by slip rings con­
sisting  of liquid m etal je ts  at the outside edge and near the cen tre  of each disc as shown 
in F igure 1. The voltage developed between the slip rings of a disc is 200 volts at the 
m axim um  disc speed of 900 r . p .  m. The bond between the d iscs in each ro to r is r e ­
quired  to w ithstand this voltage, as well as the expected fo rces due to tem peratu re  
d ifferences and sh o rt-c ircu it cu rren ts  of 5 m illion am peres.

i  I

Shaft for upper rotor

+  -4-00 V

- 4 0 0  V

magnet 
Pole Piece 
148* Dir .

NaK JET
Slip Ring

Pole Piece

Figure 1. E lec trica l C ircuit of Homopolar G enerator
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INTRODUCTION

A single lo ^  in. d iam eter bolt passing through a cen tral hole attaches one disc of each 
p a ir  to its  coupling as shown in Figure 2.

S haft to thrust Searing

Coupling $  Guide Bearing

Figure 2. Method of Bolting Rotor to Coupling

At 900 r .p .  m. the c ircum feren tia l s tre s s  developed at the edge of the cen tral hole is 
equal to the yield s tre s s  of mild s tee l. This is the fac to r which determ ines the lim it 
of ro to r  speed. The p resence  of additional holes suitable fo r bolting the d iscs togeth­
e r , would necessita te  a reduction in speed and hence in the sto red  energy in the gen­
e ra to r . It is fo r this reason  that the d iscs have been cem ented together. The purpose 
of th is paper is to outline the problem  involved in cem enting together such m assive 
objects. The use of adhesives fo r s tru c tu ra l purposes is a re la tively  new and expand­
ing field and the techniques and experience described  here  should be of value to o thers.



STRUCTURAL ADHESIVES

The developm ent of resinous adhesives which bond to m etal su rfaces with 
s treng ths com parable with those of the m etals them selves is of recent origin and the 
p rinc ip les  a re  little  understood. The p rec ise  chem ical nature of p ro p rie ta ry  fo rm ula­
tions is obscured by trad e  secrecy  as with m ost com m ercial products, however, the 
basic  chem istry  and p ro p ertie s  a re  described in the lite ra tu re , 2) 5 and no purpose
w ill be satisfied  in d iscussing  it here . For our purpose the p rim ary  classification  of 
adhesives is with regard  to the contact p re s su re  required  during application. The a rea  
of one face of a steel disc is over 100 sq.ft and a contact p re ssu re  of 3 p. s. i. over the 
whole of th is a rea  amounts to a total force of 20 tons. Only one of the basic s tru c tu ra l 
adhesives is capable of being applied at p re s su re s  as low as th is. This is the c lass  of 
re s in s  known as epoxy, epoxide, o r ethoxyline and m arketed under the trade  nam es 
A rald ite , ® Epikote,  ̂ Epon, ® Epiphen,  ̂ Epophen, ^  Epi-Rez, ^  Cardolite. These 
re s in s  req u ire  no p re s su re  and experience very little  shrinkage on curing. O ther re s in s  
that adhere strongly to m etals requ ire  p re s su re s  ranging from  50 to 1000 p. s. i. during 
cu re  in o rd e r to achieve a satisfac to ry  resu lt. The use of such re s in s  does not provide 
bond streng ths in excess of those obtained with the b est epoxy adhesives at norm al tem ­
p e ra tu re s . A few epoxy form ulations will re ta in  a bond strength of 1000 p. s. i. at a 
tem p era tu re  of 100°C. On the o ther hand other^ adhesives can provide a s im ila r 
s treng th  at tem p era tu res  as high as 250°C.

The next m ost im portant c lassification  fo r our purposes is with regard  to 
the tem p era tu re  of curing. Here again the epoxy re s in s  dem onstrate superio r p ro p e r­
tie s  in that some form ulations give excellent strengths with room tem peratu re  cure, 
although there  a re  always advantages in curing at somewhat higher tem pera tu res. B e­
cause of the la rge  dim ensions of the steel d iscs high curing tem peratu res give r ise  to 
se rio u s  application problem s. For this reason  an epoxy resin  with a m oderate curing 
tem p era tu re  (70°C) was finally adopted.

The g rea te s t problem  associated  with the use of s tru c tu ra l adhesives in 
an application of this type is that of acquiring the necessary  confidence that the d esired  
re su lt will be achieved. Probably all persons who have made use of adhesives have 
experienced unexplained set-backs even in applications which do not appear to demand 
strong  adhesion. F u rtherm ore  in many instances an initially sa tisfac to ry  job has failed 
a y ear o r so la te r  and the reason for fa ilu re  has never been explained. It is also diffi­
cult to acce lera te  a life te s t without prejudicing the re su lt in one way o r the other. In 
a problem  such as this which demands com plete success at the very  f i r s t  application, it 
is necessary , in o rd e r to acquire the necessary  confidence, to c a rry  out a large num ber 
of te s ts  aimed at understanding

1. the in trinsic  p ro p ertie s  of the adhesive
2. the necessa ry  surface p reparation  of the m ateria ls
3. the p rocess of res in  application
4. the p rocess of closing the joint
5. the p rocess of curing the re s in
6. the possib ility  of testing  the resu lt
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Some hundreds of te s ts  w ere c a rrie d  out, ranging in size up to one quar 
te r  of full scale , before the above fac to rs  w ere sufficiently understood to allow the full 
sca le  operation to be com pleted sa tisfac to rily .

REQUIRED BOND PROPERTIES

The p rim ary  purpose of the bond between each p a ir  of steel d iscs is to 
keep the d iscs  together so that they behave m echanically as one ro to r. The m ost obvious 
fo rce which the bond is subjected to is the weight of one disc. If the whole a rea  avail­
able fo r bonding is employed this amounts to only 3 lb p e r sq. in. and is negligible com ­
pared  with o ther fo rces experienced. A m ore im portant force is the shear when one 
disc tends to ro ta te  re la tive  to the o ther. Under norm al conditions of acceleration  and 
deceleration  th is is sm all com pared with the fo rce which can ex ist if an in ternal e lec ­
tr ic a l  sh o rt-c irc u it develops acro ss  one tu rn  of the generator. It is assum ed that the 
maxim um  value of such a short c ircu it cu rren t would not exceed 5 m illion am peres for 
a sm all fraction  of a second, however this would give r is e  to an electrom agnetic re ta rd ­
ing torque of about 3,700 tons-fee t acting on the ro to r and one half of th is w ill be devel­
oped on the in te r-d isc  bond. If the bond is a uniform  elastic  medium over the whole 
su rface  th is will give r is e  to a sh ear s tre s s  which has a maximum value at the outside 
rad ius of 100 p. s. i. O ther s tre s s e s  which a re  im portant a rise  from  therm al d ifferences 
generated  in each ro to r by windage and o ther lo sses . One form  of this is a difference in 
tem p era tu re  between the two d iscs of a ro to r, and another is a sym m etrical tem peratu re  
change in the ro to r from  the bonded to the free  faces. The fo rm er gives r is e  to therm al 
expansion of one disc re la tive  to the o ther, producing radial shear at the bonded in te r­
face. The la tte r  causes the two d iscs of a ro to r to bow tow ards o r  away from  each other. 
If th is  is re s tra in ed  by the bond some a reas  will be in tension and o thers in com pression. 
Both of these s tre s s e s  w ill be dependent on the magnitudes of the heat tra n s fe r  into the 
disc faces and the extents to which the consequent d isto rtions a re  re s tra in ed  by the bond. 
Thus 'h a rd ’ o r inelastic  bonds will give r ise  to la rge  s tre s s e s  and 'so ft' o r elastic  bonds 
will produce only sm all s tre s s e s . In both cases the s tre s s e s  tend to be concentrated 
tow ards the disc periphery . The lowest bond s tre s s e s  will obtain if the bond e las tic itie s  
are  so matched to those of the steel d iscs as to re s tr ic t  therm al d isto rtions only to the 
n ecessa ry  degree. Only a bond elastic ity  which is uniform  over the whole in terface will 
be considered here . Some o ther form s have been examined but w ere not considered to 
have overall advantages. For the purpose of analysis the bonding medium will be assu m ­
ed to obey Hooke's Law fo r both tension, com pression  and shear, and to have the sam e 
modulus fo r tension as for com pression. In considering d istortion  of the steel d iscs  the 
d iscs will be trea ted  as thin p lates as is usual with such a ratio  of d iam eter to thickness. 
In this case the equations fo r bending a re  s im ila r to those fo r beam s and if Mr , a re  
the bending m om ents in rad ia l and tangential d irections, in general

Mr = D (Cr  + NCt)

Mt = D(C, + N° ) t r
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w here N is the P o isso n 's  Ratio (0. 3 fo r steel),

C , a re  the cu rva tu res (rec ip rocals of 
rad ii of curvature) and

D - 12(1 -  N2)

7
w here E is the Young's Modulus (3 x 10 p. s. i. fo r steel) and h is the disc th ickness 
(10 in . ). For spherica l bending = Cr  and Mr  = D(1 + N) Cr  however fo r p la tes  sub­
stan tially  re s tra in ed  from  spherica l bending Ĉ- << Cr  and Mr  = D Cr . We a re  con­
cerned  only with axially  sym m etrical bending with conditions in term ediate  between 
these  two cases. In general a sim ple analysis will be given here  in which the detailed 
effects a ris ing  from  Ct a re  ignored. Some individual re su lts  have been checked s a tis ­
fac to rily  against a m ore p rec ise  theory allowing fo r curvature  of p lates in association  
w ith an e lastic , medium, using methods and solutions given in Timoshenko 'P la te s  and 
S h e lls '^2 . In each case  the solutions w ere not of general utility, being in the form  of 
s e r ie s  in which sm all differences between very  la rge  num bers w ere involved and a 
substantial amount of effort is requ ired  to compute re su lts  fo r one a rb itra ry  se t of 
in itia l conditions.

Considering f i r s t  a situation with d ifferent heat inputs to the two faces 
of a ro to r we see that one 'steady s ta te ' effect of th is is to cause heat flow from  one 
free  face to the o ther, setting  up a uniform  tem peratu re  drop acro ss  the bonding and 
insulating m ateria l separating  the d iscs of a ro to r. The uniform  tem peratu re  gradient 
w ill cause both d iscs to bow and expand together as in Figure 3(a) in such a way as to 
give r ise  to no loading of the bond. This gradient will be ignored.

Figure 3(a). S tresses  Due to E lastic  Shear of 
Bond Medium

A tem peratu re  drop T ac ro ss  the insulation on the o ther hand will cause one disc to 
expand rela tive to the o ther, giving r is e  to deform ation in sh ea r of the bonding m a te r­
ial in a zone at the outside edge. This in tu rn  will act on the steel d iscs to expand one 
and contract the o ther and to bend both so that the re la tive rad ial movement v of the
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disc su rfaces at the in terface w ill dim inish from  the outside edge inwards as illu stra ted  
in F igure 3(b). In Figure 3(c) the s tre s s  conditions in a section of unit thickness close 
to one edge a re  shown.

Figure 3(b)

Top
Disc

Bottom
Disc

Figure 3(c)

S tre sses  Due to E lastic  Shear of Bond Medium

In this the sh ea r s tra in  v /d  in the bond at a d istance x from  the edge gives r is e  to a 
sh ea r s t r e s s  S = Gv/d w here G is the coefficient of rigidity  of the bond medium. This 
ac ts  on both d iscs but in opposite d irections. If G /d is la rge  the s tre s s e s  will fall off 
rapidly from  the edge and a two dim ensional geom etry can be assum ed. Now the accu-

m ulated sh ea r fo rce J S dx over the band of length x will be balanced in each steel
o

disc by a reaction  d istribu ted  over the disc thickness but equivalent to a concentrated 

fo rce. /  S dx located on the cen tra l plane. The sh ear and reaction  s tre s s e s
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together produce a bending moment — /  S dx at x causing both d iscs to bow equally in

the sam e d irection  with a curvature  of 7̂ -  /  S dx. The e lastic  s tra in  at a disc face

aris in g  from  th is bowing is 77 . 777— /  S dx o r /  S dx and the relative2 2D Eh
s tra in  at the adjacent faces of the two d iscs is - 2 tim es th is. There is a s im ila r local 

re la tiv e  s tra in  due to the average d irec t s tre s s  — /  S dx in the d jscs and this is equal 

to ■ I  S dx. The resu ltan t of the two is thus — 777;— -̂ /  S dx.

To th is we m ust add the re la tive therm al s tra in  aT, where a is the therm al expansion 

coefficient fo r the stee l disc. The change of v with x a r is e s  from  the combination of 

the therm al and e lastic  s tra in s  and we m ust have

-dv aT - 8(1 -  N ) /  S dx -d dS
dx

If we assum e T to be independent of x, d ifferentiation gives

d2S 8G(1 -  N ) S 
Edh

and the requ ired  solution is

GaT
dK

-Kx

w here K = j  8G(1 -  N2)
V  Edh

A m ore accurate  solution is S = —— e Kx ( 1 )

Let us consider as an example a bond of ’rig id ' p lastic  such as phenolic sheet o r epoxy 
re s in  of thickness d = 1/8 in. and having a value of G of the o rd e r 5 .10  ̂ p. s. i. This

—X
gives S = 214Te 7—— p. s. i. The sh ear s tre s s  in the bond thus has a maximum value of 

o . o
214T p. s. i. at the ro to r edge and falls to l / e  of this value a t a point 3 .6  in. from  the 
edge. The s tre s s  v a rie s  as 1 / /~cT and the ch arac te ris tic  d istance as /~cb thus reduc­
ing the bond th ickness by a fac to r of 4 would give 428T p. s. i. and 1 .8  in. respectively  
In general however this would also reduce the tem peratu re  difference T by a facto r of 
4 so the maximum s tre s s  would be 107T p. s. i.

For a tem pera tu re  d ifference of 2°C to occur acro ss  a bond of 1/8 in. 
thickness we would req u ire  a heat flow from  one disc to the o ther of 1 . 2 kilowatts,
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assum ing a therm al conductivity of 5 x 10 cals , cm sec °C . If we take the heat 
tra n s fe r  coefficient at the g a s-s te e l in terface as 50 B. T. U. f t“^. ° F -1 . hour“-1- this 
heat unbalance would requ ire  the gas tem pera tu re  at one ro to r face to be 4. 3°C ho tter 
than at the o ther and could be avoided in p rac tice ; however design considerations should, 
if possib le, cover the w orst conditions that might occur during norm al running o r  through 
unforeseen c ircum stances and should also allow fo r la te r  modification in running condi­
tions. Thus, although the intention with the hom opolar generato r is to operate  in a con­
tinuously cooled helium  atm osphere in o rd e r to avoid excessive heating and loss  of power, 
and the norm al cycle of operations will not requ ire  running at the maximum speed of 15 
r. p. s. for appreciable lengths of tim e, yet all in itial development will be done with n i­
trogen  without adequate cooling and may involve prolonged running at speeds above the 
m ean in the p ro cess  of diagnosing troubles. If we take the w orst of these conditions and 
make various assum ptions about the nature of the windage lo sses  a peak windage power 
approaching 160 kW is obtained1"1, ^  fo r both ro to rs . Under norm al cycling in n itro ­
gen the mean windage loss  should be le ss  than 70 kW. With a loss of 160 kW it would 
only be possible to operate  the genera to r fo r sh o rt periods. Without ex ternal cooling 
the gas tem p era tu re  would rapidly r is e  to about 15°C above that of the ro to r surface at 
which tem pera tu re  d ifference m ost of the power would be flowing into the ro to rs . Thus 
even with this ex trem e condition of operation it is not likely that a difference of 4. 3°C 
could be produced between the gas tem pera tu res at the two faces of a ro to r. We may 
thus regard  a 2°C tem p era tu re  drop ac ro ss  the bond, giving 430 p. s. i. maximum bond 
s tre s s , as a safe design figure.

The b asis  of derivation of expression  (1) for sh ear s tre s s  varia tion  in the 
bond is reasonably c o rre c t fo r the values of p a ram e te rs  considered here . If however 
much h a rd e r bonds a re  considered, i. e. much sm a lle r insulation th icknesses, the ex­
p ressio n  would be inadequate because a m ore local e lastic  deform ation of the stee l would 
play a part. If much so fte r bonds, such as rubber, a re  considered, the bond sh ear s tre s s  
would be spread  over a much la rg e r  fraction  of the radius and the above approxim ations 
would be invalid. In the ex trem e case the steel can be considered to be unaffected by the
bond s tre s s  and the la t te r  can be deduced d irec tly  from  the bond shear s tra in  and will 

GarTvary  as —^—  w here r  is the d istance from  the disc cen tre . For rubber a value of G 
of the o rd e r of 200 p. s. i. is typical and with the above figures T = 2°C, d = 1/8 in. we 
would have a maximum rad ia l shear bond s tre s s  of only 2 o r 3 p. s. i.

We will now consider in a s im ila r m anner the bond s tre s s e s  produced by 
an inflow of heat of constant value H p e r unit a re a  into the free  face of each steel d isc.
An exact solution fo r the tem peratu re  0 at a point d istant x from  the bonded face and 
tim e t a fte r the application of H is given1  ̂ by

2
0 _ t x h cos
H ~ hCw 2kh 2k

2
TT X - (  7T ) k t

h ' e h2 Cw~

 ̂ 71 ) (Continued)
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cos 2 7T x
h

— (2 7t ) kt 
t 2 ^e______ h C w

(2 tt )
+ (2)

w here k, C, w a re  respectively  the therm al conductivity, specific heat and density of 
a stee l d isc. In our case  the values fo r the f ir s t  two tim e constants of (2) a re  490 and 
122 seconds respectively , so that within about 15 m inutes the d istribution  of tem p era ­
tu re  will be given quite well by

2Q t _x 
H hCw + 2kh (3)

Qy n x
Thus the ’steady s ta te ’ tem p era tu re  gradient —— is equal to —— and v aries  linearly

from  zero to a maximum value of —  at the free  edge.
p[x2 aHx

gives r is e  to a corresponding th erm al expansion s tra in2kh

The tem peratu re  d istribution 
2

at each point and2kh
in th is case  it can easily  be shown that the resu ltan t cu rvatu re  of an unconstrained

alldisc is re la ted  only to the average tem pera tu re  gradient and is equal to -rr-. With a
^ R^aHdisc of radius R the extent of the bow a ris ing  from  this cu rvatu re  is —— — and

fo r ou r case  is 0. 0135 in. fo r equal to 1°C p e r in. This rep resen ts  a power input
K

to each disc of 17 kW under the influence of which a p a ir  of d iscs would bow ap art by 
0. 027 in. and the tem pera tu re  d ifference between the free  and bonded faces would be 
5°C. These a re  the conditions approxim ating norm al cycling in nitrogen with little  
ex ternal cooling of the gas o r  w alls. This would be perm issib le  fo r some hours at a 
tim e, the lim it being set by the tem pera tu re  r is e  given by the f i r s t  te rm  of expression  
(3), in th is case  7 .4°C p e r hour giving four h o u rs’operation fo r a m ean ro to r r is e  of 
30°C. Likewise operations with the ex trem e windage loss of 160 kW would give a 30 C 
ro to r tem pera tu re  r is e  (50°C gas tem pera tu re  rise ) in 1.75 hours and an overall disc 
to disc bow of 0. 062 in. if unconstrained.

In Figure 4 conditions a re  shown n ear the edge of a p a rtia lly  res tra in ed  
p a ir  of outwardly bowing d iscs. Once again a pa ra lle l section of unit thickness is taken 
and the bending moment in each disc at a point A, distant x from  the edge, is consid­
ered . This will be caused by the v e rtica l bond s tre s s e s  in the zone between A and the 
disc edge. If the bond th ickness at a point A, distant x from  the edge, is considered. 
This will be caused by the v e rtica l bond s tre s s e s  in the zone between A and the disc 
edge. If the bond thickness a t a point P , d istan t x ’ from  the edge, is d + u and the 
e lastic  modulus of the bond medium in d irec t tension and com pression  is K, the force 
acting on a band dx’ is uKdx’ and the bending moment at A is

d
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X d x ,

o d

giving r is e  to a cu rvatu re  M/D as before.

The resu ltan t disc curvature  
tu re s  w ill be

----- - aris ing  from  this bending and the therm al cu rva-
2dx2

d 2U

2dx2

aH
2k

1
D ro (x-x’) uK dx’ 

d

whence d 3 U

dx3

-2
D r

o
uKdx’

d

and d4 u 

dx4

-2K
Dd u

~  Tr
Bottom Disc

Figure 4. Therm al Bow of D iscs
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The solution of this is u

-x

u e X°  sin (-Ü - + b) o xo

where
4

xo
2Dd

k

b follows from the fact that the resultant vertical bond force is zero, i. e. J  udx = 0 

which gives b = -  .

The original equation gives

d2u

2dx2

-  all
at x = 0

whence
aHx

k y~2~ V K

Thus the solution is u = — , / ~ ^ ~k V k
xe ° sin (----

*o

and the bond stress is / DK
x
*o

k V d sin (-

If we put K = 10 p. s. i. we find x = 5 . 1  in. and the bond stress  pattern consists of a
° 5 1com pressive band followed by a tensile band with widths of —j—  and 5 .1  in. width re-4

spectively. The effect of these two bands is to develop the required bending moment 

needed to straighten eacn disc over its central region. The peak stresse s  in the two 

bands are

respectively and if we again take H/k = 1°C per in. we have 1, 200 and 250 p. s. i. r e ­
spectively. These are the s tresses  pertaining to normal cycling in uncooled nitrogen. 
For the extreme windage figure of 160 kW we would have 2, 700 and 560 p. s. i. respec­
tively. For bonding purposes only the tensile s tress  has to be considered, however 
under conditions of cooling the stress pattern is reversed in sign so the outside band is
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the im portant one. In this case , however, the absence of any powerful cooling agency 
com parable with the 160 kW windage heating m eans that the tensile  s tre s s  will be much 
low er than the 2700 p. s. i. figure and does not requ ire  ex tra  consideration. The s tre s s e s  
given by (4) vary  as /K~ and there  a re  som e advantages to be gained by using a thick 
bond medium with d low e lastic  modulus. The lim it to th is is se t by allowable d is ­
tortion , however it is possib le  to reduce K /d by a large factor before this lim it is reached 
since, even with the s tre s s  of 2700 p. s. i. , the value of u in the above example is only 
3. 4 x 10“4 in. The expression  (4) is reasonably applicable to any homogeneous bonding 
m a te ria l which com pletely fills  the in te r-d isc  gap. This even includes rubber since w ith  
full constra in t against sideways movement the effective e lastic  modulus K is high, being 
approxim ately equal to the bulk modulus. If very  low e lastic  moduli a re  required it is 
n ecessa ry  to consider a form  of sponge s tru c tu re  with holes o r  slo ts into which the m ed­
ium can move by e lastic  shear. This will be examined in the following but will n ece ss i­
ta te  a m ore accura te  trea tm en t as the s tre s s e s  a re  no longer localised  in a band near the 
p eriphery  of the disc. The deform ation u at radius r  of a thin disc under equal and 
opposite line loads d istribu ted  uniform ly round the c ircum ference of a c irc le  of radius 
b and the ou ter periphery  of the disc is given by the following expressions^2

8 ttD
‘ 2 2 b
(b + r  ) log —  + (a -  b )

G d

2 k2\ (3+N)a2 - ( l-N )r2 ~~

2(1+N) a 2
fo r r  > b

8 it D
^ 2 , 2, i r  , 2  2v (3+N)a2 -  (l-N )b(b + r  ) log —  + (a -  r  ) ------L------- \

2

e a 2(1+N)a
for r  < b

w here a is the disc rad ius, P is the total magnitude of each line load, and D and N 
a re  as before.

In o rd e r to compute the resu ltan t shape of a disc under the effect of th e r­
m al bowing re s tra in ed  by a uniform  elastic  medium a p rocedure s im ila r  to the following 
w as adopted. Nine plots w ere drawn of v as a function of r  for different values of b 
equal to 0. la , 0. 2a etc. to 0. 9a respectively . A resu ltan t disc shape was guessed and 
the e lastic  loading produced by the bond medium computed fo r each zone of radius cen­
tred  on the chosen values of b. The resu ltan t deform ation at all points due to this load­
ing was then applied to the free  therm ally  bowed disc shape and a new d isto rted  disc 
shape derived. The above procedure was then repeated and an alm ost exact c losu re  was 
obtained showing that the shape was co rre c t. The e lastic  modulus of the bond medium in 
the above procedure was chosen to allow a resu ltan t disc bow which was 20% of the un­
constrained  bow i. e. with 70 kW and 160 kW windages the resu ltan t bow of a disc would 
thus be 0. 0027 in. and 0. 0061 in. respectively . The movement of one disc re la tive  to 
the o th er would not be twice this as the disc edges move towards each o ther, in fact the 
actual re la tive  movem ents a re  found to be 0. 0015 in. and 0. 0035 in. respectively  and 
the e lastic  modulus to achieve this degree of control is 2650 p. s. i. fo r 1 /8  in. thickness. 
The appropriate  maximum tensile  bond s tre s s e s  in the two cases  a re  found to be 32 and 
73 p. s. i. respectively .
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The requ ired  bond strengths d iscussed  in the preceding section a re  capa­
ble of being achieved with a wide range of bond media. However the theory indicates 
that, o ther things being equal, a low e lastic  modulus is to be p re fe rred . In addition to 
in trin sic  bond strength  and e lastic ity  there  a re  a num ber of fac to rs  which a re  involved 
in making a choice of m ateria l and adhesive. F ir s t  and forem ost, mention has already 
been made of the requ irem ent fo r low p re ssu re  which led to epoxy re s in  adhesive as a 
f i r s t  choice. This precluded the use of therm oplastic  m ate ria ls  since re liab le  bonding 
with epoxy o r, fo r that m a tte r any o ther adhesive was not considered to be a possibility . 
The use of a th e rm o-se tting  p lastic  m ate ria l such as phenol-form aldehyde, u rea -fo rm a l­
dehyde, etc. sheet does not su ffer from  th is trouble provided that the sheet has been well 
cured . It does, however, call fo r a re liab le  bond strength  over a large a rea  which should 
be sev era l tim es g re a te r  than 560 p. s. i. Also in o rd e r to avoid w eaknesses in lam inated 
sheet m a te ria l it would be p re fe rab le  to cut narrow  s trip s  and u tilise  them with the g rain  
norm al to the ro to r d iscs. This is not objectionable since the provision of num erous ca ­
v itie s-fo r su rp lus re s in  to squeeze into is necessary  in any case, and one of the sim plest 
ways to achieve it is by using narrow  s tr ip s  spaced slightly apart. The use of epoxy o r 
p o ly este r re s in  as a medium with o r without g lass fib re  is also an a ttrac tive  possibility  
and in the case  of epoxy re s in  could serve  also as the adhesive. Various of these p o ssi­
b ilitie s  w ere studied, paying p a rtic u la r  attention to the application p rocedure and a sub­
stan tia l num ber of te s ts  w ere c a rr ie d  out before making the final choice of rubber s trip  
as the bond medium.

The rubber s trip  which was used was obtained from  the Dunlop Rubber 
Company of A ustralia  and was specially  made to th e ir  specification 4648, with a modi­
fied deoxidant to suit an operating tem pera tu re  of 70°C. It is a fa irly  standard mix of 
natu ral rubber with a Shore hardness figure of 80 and was initially  selected  because it 
was known to have good streng th  when vulcanized to m etals. Softer rubbers give much 
low er streng ths and have no com pensating advantages since the choice of s trip  width 
allows an independent control of the effective e lastic  modulus. For all te s ts  of rubber 
perform ance an operating tem pera tu re  of 70 C was adopted. It is not intended that the 
rubber tem pera tu re  in se rv ice  should ever r is e  above 50°C, but in o rd e r to accelerate  
life te s ts  of creep  behaviour etc. the h igher figure was chosen. This has also been found 
to give a m ore sensitive indication of su rface adhesion deficiencies and, in fact, many 
quality control te sts  w ere subsequently done at 90°C in o rd e r to show up defects m ore 
readily . The use of natu ral rubber was recom m ended by the m anufacturers as giving 
streng th  perform ance at a tem pera tu re  of 70 C su p erio r to that of any a rtific ia l rubber. 
The choice is contingent upon its use in a non-oxidising atm osphere as the deterio ration  
of rubber is p rim arily  caused by oxygen. This is not an onerous requirem ent since the 
hom opolar generato r m ust likew ise operate  with a non-oxidising gas and the in te r-d isc  
space which m ust be sealed  against NaK ing ress, can have its cavities filled with n itro ­
gen. This requ irem ent of course  favours the use of spaced rubber s tr ip  ra th e r than 
foam o r special mouldings without connected gas pockets. Residual oxygen contam ina­
tion can be m et by the ex tra  deoxidants and p ro g ressiv e  leak of oxygen into the bond 
space is obviated by the NaK seal and by the strongly reducing action of the NaK which 
mops up all oxygen leaking into the hom opolar generator.
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It is not p rac ticab le  to d iscuss in detail all the fac to rs for and against 
th is  choice of medium and the adoption of epoxy re s in  adhesive fo r use with it. The 
following observations however will give some indication of the weight of argum ent in 
its  favour. During the im plem entation of this p rogram  of work many previously un rea­
lised  advantages w ere noticed and a re  lis ted  here . These fac to rs  a re  considered to be 
by no m eans triv ia l.

Probably the main advantage with rubber is the reduction of bond adhe­
sive strength  required . In the early  stages a lot of attention was given to methods of 
cleaning stee l a reas  of the o rd e r of 30, 000 sq. in. in itially  covered with oil, turning 
m arks and ru st. Notable successes and equally notable fa ilu re  w ere found when seeking 
consisten tly  re liab le  bond strength  in excess of 1000 p. s. i. and this experience played 
a big p a rt in favouring a rubber medium fo r which a few hundred p. s. i. bond strength 
re p re se n ts  a substantial fac to r of safety.

A fu rth e r advantage derives from  the fact that the two steel d iscs of a 
ro to r experience a m utually a ttractive  force due to the magnetic field through them.
This has been estim ated  to produce 30 p. s. i. average com pressive s tre s s  in the bond 
medium and re liev es  the tensile  bond strength  requirem ent. The im provem ent is very 
substantia l com pared with 70 p. s. i. and sm all com pared with 500 p. s. i. Again, with 
rubber there  is added safety since the rad ial sh ea r s tre s s  aris ing  from  different disc 
tem p era tu res  is negligible. Another advantage is that the whole and not a sm all p a rt 
of the disc a rea  p a rtic ip a tes  in the bond and local fa ilu re  over a sm all a rea  due to con­
tam ination o r deficient technique w ill not p rec ip ita te  overall fa ilu re . This is a very 
im portant facto r if the bonds a re  susceptible to peel fa ilu re . In general this is the 
w eakest feature of epoxy adhesives and is a consequence of b rittlen ess . S im ilar tro u ­
ble occurs in m ost rigid lam inated m a te ria ls  in which tensile  strength  and ductility a re  
excellent in ce rta in  planes and the bonds between the planes a re  b rittle . The use of 
g lass cloth in bonds of la rge  a rea  is a source of p a rticu la r danger in this respect. These 
d ifficulties as such a re  also re la tive ly  absent when a rubber medium is used. This is 
probably because of non-linear e lastic  behaviour of rubber which tends to m inim ise s tre s s  
concentration in the rubber and at the external bond. Also because, although sheet rub ­
b e r  is made by a lam ination p ro cess , the resu ltan t produce should be homogeneous. One 
of the quality control checks applied to the rubber fo r this job was to look, visually  and 
by m eans of bonding te s ts , fo r in te r-p ly  defects. Between 5% and 10% of the rubber sup­
plied was re jected  because of these checks.

Another strength  consideration which favours the use of rubber for this 
application a r is e s  from  its  very  g rea t res ilien ce . It is a common experience with m ed­
ium scale  adhesive work involving stee l m em bers that the designed strengths to m eet 
the known loads a re  seldom  adequate to cope with contingencies a rising  from  im pact 
fo rces which occur when objects a re  dropped o r a re  bumped by o ther objects, concrete 
w alls, etc. during handling. It is not always possib le to allow fo r contingencies of this 
type however, w here it is easy to do so, fac to rs  of safety of 100 o r  m ore a re  often found 
beneficial. In the m ain field of application of adhesives, i. e. a irc ra ft construction, 
these problem s do not a r is e  as lapped sheet aluminium joints can easily  be made with
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strengths g re a te r  than the aluminium sheet itse lf. The experience is very  different 
however when steel pieces of thick section a re  bonded and, w hatever the m echanism , 
it is a sim ple m a tte r to dem onstrate  the superio rity  of a rubber medium by bonding 
thick pieces of stee l together by various p ro cesses  and hitting them  with a ham m er. 
As often as not dropping on the floor is sufficient to b reak  the joint. With a rubber 
medium the join ts defy destruction  by such m eans.

The actual e lastic  curves and streng ths obtained with the rubber 
bond medium are  re la ted  to tim e of loading and tem p era tu re . At 70 C in a ir  the rub­
b e r  d e te rio ra tes  badly in a few w eeks, becoming hard  and b rittle . Thus very  long 
te rm  creep , etc. , te s ts  m ust be c a rr ie d  out in a non-oxidising atm osphere. With the 
rubber dim ensions finally adopted fo r th is application, i. e. , 0. 250 in. width by 0.120 
in. th ickness, typical e lastic  curves m easured  at room tem peratu re  a re  shown in 
F igures 5(a) and (b).

0 -0 5 --

50 2 0 0  30C
SHEAR STRESS IN

Figure 5(a). E lastic  Deform ation of 1 /4  in. x 1 /8 in.
Rubber Strip in S hear-a t Room Tem perature
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Figure 5(a). E lastic  Deform ation of 1/4 in. x 1/8 in.
Rubber Strip in S hear-a t Room Tem perature
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Figure 5(b). E lastic  Deform ation of 1 /4 in. x 1/8 in.
Rubber Strip in Tension and C om pression - 
a t Room Tem perature

The shear curves obtained a re  the sam e w hether the rubber is sheared  along o r across 
the d irection  of the s trip  and is fa irly  linear having a modulus of about 300 p. s. i. The
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te n s ile  cu rv e  is  n o n -lin e a r  above 100 p. s. i. and has an e la s tic  m odulus of the o rd e r  of 
4, 500 p. s. i. o v er the range  we a re  in te re s te d  in. E ach of th e se  cu rv es  w as taken ov er 
a p e rio d  of tim e of betw een 5 and 10 m inu tes. B ecause  of c ree p  effects  low er values of 
m odulus w ill be obtained if the loads a re  su sta ined  fo r longer p e rio d s  o r  if the te m p e ra ­
tu re  is  ra is e d . If a s tr ip  to s tr ip  spacing  of 1/16 in. is  used  the above e la s tic  moduli 
m u s t be m ultip lied  by 0. 8 to r e fe r  to the d isc  a re a , giving 240 and 3600 p. s. i. fo r  sh e a r  
and te n s io n -co m p ress io n  re sp ec tiv e ly . S h o rt- te rm  stren g th  f ig u re s  obtained a t room  
te m p e ra tu re  fo r both sh e a r  and tension  ranged  from  700 to 1200 p. s. i. w ith an average  
of about 1000 p. s. i. T hese te s ts  w ere  com pleted  in a m a tte r  of m inu tes and individual 
f ig u re s  v a rie d  w ith speed of loading and o th e r fa c to rs . M ost of the te s ts  w ere  done with 
ru b b e r  bonding to g e th er 2 in. s te e l cubes. In all c a se s  the fa ilu re  w as in the ru b b er, un­
le s s  a fau lt in bonding technique o ccu rred . In itia lly  th e re  w ere  p lenty  of th e se  fau lts  but 
w ith ex perience  100% su c c e ss  w as achieved . H igher s tren g th  fig u res  could undoubtedly 
be achieved by m o re  rap id  loading, as the tim e  taken to com plete  d e s tru c tio n  a f te r  in itia l 
su b stan tia l fa ilu re  is  u sually  quite a few m inu tes w ith a frac tio n  of the ru b b e r a re a  hold­
ing the full load. The ru b b er has the p e c u lia r  ab ility  to yield g rea tly  above 200 p. s. i. as 
in F igu re  5(b) and ye t to h arden  v e ry  m uch b e fo re  b reak ing . The la t te r  is  a w ell known 
phenom enon a ttr ib u ted  to the fo rm ation  of a c ry s ta llin e  s tru c tu re  at high s t r e s s .  The 
above n o n -lin ea r  behav iour adds g r e a te r  safe ty  ag a in st c a ta s tro p h ic  fa ilu re  of the co m ­
p o site  ro to r  since , in the event of any fa c to r  tending locally  to push the o pera ting  point 
around the bend of F igure  5(b), the d isp ro p o rtio n a te  y ield  w ill avoid ex cess iv e  s tr e s s .  
T h is is  s im ila r  to the ductile  behav iou r of m e ta ls  which re n d e rs  them  su p e rio r  to non- 
m e ta ls  fo r  co n stru c tio n a l p u rp o ses .

The v a ria tio n  of te n s ile  s tren g th  w ith tim e  w as investigated  m ore  c lo se ly  
a t h ig h e r te m p e ra tu re s  in o rd e r  to s ta n d a rd ise  a c c e le ra te d  te s tin g  p ro c e d u re s . The r e ­
su lts  of m any te s ts  in a i r  a t 70, 80 and 90 d eg ree s  C a re  shown in F igu re  6. It w ill be 
seen  that a t 70 C, d esp ite  oxidation, a life tim e  of som e m onths can be expected at loads 
of 300 p. s. i. , w hile a t 80° and 90°C the life tim es  a re  reduced  by fa c to rs  of 10 and 1000 
re sp ec tiv e ly . A num ber of sp rin g  loaded te s t  spec im ens have been sea led  in n itrogen  
and helium  with loads up to 200 p. s. i. and a re  s ti l l  in tac t a f te r  two y e a rs  at 70 C. The 
c re e p  behav iour of th e se  has been  o bserved  by using a trav e llin g  m ic ro sco p e  to m e asu re  
the v a ria tio n  of gap betw een p a irs  of opposing poin ts as  shown in F igu re  7 and the a v e r ­
age re s u lts  a re  given in F igure  8. It w ill be noticed tha t the n o n -lin e a r  ex tension  appa­
re n t above 100 p. s. i. in F igure  5(b) is  g rea tly  o ffse t in F igu re  8 by reduced  c ree p  ov er 
the f i r s t  day. It follow s fro m  F ig u re  8 that a w ide v a ria tio n  of ’e la s tic  m odulus' is 
p o ssib le  depending on the te m p e ra tu re  and the du ration  of app lication  of a load. F o r in ­
s tan ce  ov er a period  of one day a t 70 C the m ovem ent under 100 p. s . i. loading would 
re p re s e n t a m odulus w hich v a r ie s  from  about 5000 to 2500 p. s. i. On rem oving a load 
w hich has been applied fo r  som e h o u rs  it  is  found tha t much of the re s id u a l c ree p  w ill 
re c o v e r  w ithin a sh o rt p eriod  how ever, on re -lo ad in g , the deflection  w ill soon re tu rn  
to the value it reached  befo re  the unloading. Thus to som e exten t the c re e p  m ovem ent 
w ill continue to accum ula te . The effect of th is  is to p ro g re s s iv e ly  low er the 'e la s t ic  
m odulus' w ith tim e until the c ree p  c e a se s^  R e fe rred  to the d isc  a re a  the re su lta n t 'm o d ­
u lu s ' fo r a load cycle of 100 p. s. i. at 70 C could thus v a ry  fro m  an in itia l value of 
about 4000 p. s. i. to a final value a f te r  20 load -days of about 1200 p. s. i. Since tem p e­
ra tu re s  of 70 C a re  not to be allow ed and th e rm a l te n s ile  s t r e s s e s  w ill in p ra c tic e  be
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considerably le ss  than 100 p. s. i. (probably 40 p. s. i . ) the range of varia tion  of the 
'm odulus' should in p rac tice  be well within these lim its  and should not deviate unduly 
from  the 'ta rg e t' value of 2650 p. s. i.

1000- •

9 0  C.

TIME TO FAIL IN HOURS.

Figure 6. Lifetim e in A ir of 1/4  in. x 1 /8  in.
Rubber Strip Specimens at D ifferent 
Tensile S tresses  and T em peratures
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F igure 7. Spring  Loaded C reep  T es t Specim ens
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MEAN OF 7 TESTS

\ TEST

Change from Hot to Colo

T I M E  IN DAYS

Figure 8. Tensile C reep at 70°C of 1/4 in.
x 1 /8 in. Rubber Strip - In Inert 
A tm osphere

It is c le a r  from  the above re su lts  that there  should be very  ample fac ­
to rs  of safety as reg a rd s  load, tim e and tem peratu re  with a rubber bond medium p ro ­
vided that the potential bond strengths a re  rea lised  in p rac tice . The difficulties in 
achieving this a re  p rim arily  due to the large  scale , and many p rocedures which work 
infallibly in the labora to ry  te s ts  e ith e r give bad re su lts  o r cannot be c a rrie d  out a t all 
when scaled up to a 12 ft d iam eter and a 20 ton weight. These m a tte rs  w ill be d iscussed 
la te r , however at the p resen t m om ent it is im portant to re a lise  that there  is ample pos­
sib ility  of failing to achieve the d esired  re su lts  in p rac tice  and a m eans of testing the 
finished product is very  much to be desired . In this re sp ec t the rubber s trip  medium 
has p a rtic u la r  advantages over o ther a lte rnatives. The f ir s t  two advantages a r is e  from  
the low bond-strength  requirem ent. Thus a 73 p. s. i. te s t over the whole disc a rea  adds 
up to a total load of 490 tons which is much e a s ie r  to provide than the higher loads r e ­
quired  to te s t o ther m edia. Secondly, the possib ility  of damage should the bond fail 
under te s t is proportionately  reduced. Thirdly, the re la tive ly  la rge  deflections of the 
bond medium make it possib le  to m easure  the effective e lastic  modulus and to observe 
its  varia tion  rad ially  and circum feren tia lly . The use of spaced s trip  perm its  la rge  
te s t loads to be applied uniform ly over the disc a rea  by m eans of gas p re ssu re  in tro ­
duced into the spaces between the s tr ip s . F urtherm ore , the sim ultaneous effect of the
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gas p re ssu re  acting on the sides of the rubber s tr ip s  gives an enhanced te s t  of both 
rubber and bond which does not occur with o ther media. This a r is e s  because the rub ­
b e r  deform s as shown in F igure 9, giving r ise  to very la rge  sh ear s tra in  at the rubber 
c o rn e rs , with an increased  disc a rea  for ve rtica l gas load and a decreased  rubber a rea  
to withstand it.

F igure 9. Deform ation of Rubber Strip with 
Gas P re s su re  Test

The bond will also experience la rge  sh ea r s tre s s  concentrations at the rubber co rn ers  
and tensile  s tre s s  concentration tow ards the cen tres  of the rubber s tr ip s . It was found 
by m eans of sm all sca le  te s ts  that a gas p re ssu re  of 600 p. s. i. in the 1/16 in. gaps 
between 1/4 in. wide rubber s tr ip s  was sufficient to destroy  the rubber in a m atte r of 
m inutes at 70 C. The rubber always failed near a bonded face presum ably  due to the 
sh ea r concentration at the co rn e rs . With a m ore rigid medium this gas p re s su re  would 
only have tested  the bond and s trip  to a tensile  load of 150 p. s. i. T ests  done at 300 
p. s. i. n itrogen p re s su re  gave an initial (after about 30 m inutes) extension of about 20% 
(0. 025 in . ) and a life  of about 12 days at 70 C. On the b asis  of these te s ts  a gas p re s ­
su re  of 250 p. s. i. applied fo r 30 m inutes at 70 C was adopted as an adequate accep­
tance te s t for the finished hom opolar ro to rs  provided that the bond deflection was 
reasonably uniform  and le ss  than 20%.

A fea tu re  of th is form  of te s t is that in the event of in itial o r subsequent 
fa ilu re  of an a rea  of the rubber to bond to one of the d iscs the gas p re s su re  could also 
operate  on a substantially  increased  a rea  of the disc and a very  sensitive indication of 
fault would be obtained. This, in association with the typical non-linear behaviour of 
rubber in tension at high s tre s s ,  would m ean that the existence of a defectively bonded 
a re a  to one side of the ro to r would show up very noticeably as an unbalanced deflection.
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In addition to the above advantages of ru b b er as a bond m edium  th e re  a re  
a num ber of m in o r advantages w hich a re  w orthy of m ention. T hese have co n sid erab le  
effect on the app lica tion  p ro ced u re . F irs tly , the ru b b e r can be quickly ground to an a c ­
c u ra te  th ick n ess  by pulling the s tr ip  betw een a grinding  w heel and a tab le . Secondly, if 
both  s id es  a re  so ground the su rfa c e s  a re  cleaned  in the sam e op era tio n s . T his is a 
g re a t convenience as  m eticu lously  c lean  su rfa c e s  a re  alw ays re q u ire d  fo r the bonding 
re s in . Thirdly, b ecau se  of the low o p era tin g  p r e s s u re s  re q u ire d  during  bonding m ore  
rig id  m edia would be req u ire d  to be fla t as w ell as un ifo rm  in th ickness. With ru b b er 
s t r ip s  only the th ick n ess  has to be a cc u ra te . Fourth ly , the s tra ig h tn e ss  of the s tr ip  is 
not im portan t w ith  ru b b e r as it can be pushed into any position  and held th e re  easily . 
R igid s tr ip s  would be re q u ire d  to be s tra ig h t so th a t un ifo rm  gaps could be produced b e ­
tw een them . F ifth ly , ru b b e r is  ligh t and ea s ily  handled and s to red  in the fo rm  of co ils  
o r  long s tr ip s .  By nailing  to wood b a tten s  on a ligh t fram e  a com plete  shee t of bonding 
m edium  can be p re fa b ric a te d  and m anipulated  quickly and eas ily . A few tau t piano w ire s  
g iv e 'a ll the su p p o rt n e c e s sa ry  to p rev en t ex cess iv e  sag. Sixthly, sm a ll p ieces  of g r it  o r  
o th e r  fo re ign  m a tte r  w ill em bed in the ru b b e r a t a low p re s s u re .  W ith a m ore  rig id  m e ­
dium  g re a te r  c le a n lin e ss  would be re q u ire d  in o rd e r  that the bonded jo in ts  could be 
c lo sed  a c c u ra te ly  w ith  the low p re s s u re  availab le .

Only one re a l d isadvan tage has been  found w ith the use of ru b b er and that 
is  the n e c e ss ity  to 'c y c liz e ' the su rface , i. e. , to p re p a re  it fo r adhesion with epoxy r e ­
sin . This is done by w etting  the su rface  with con cen tra ted  su lphuric  acid  fo r a sh o rt 
w hile then w ashing  w ith f re s h  w a te r. The p ro ced u re  fo r  tre a tin g  both s id es  of the two 
m ile s  of ru b b e r s t r ip  re q u ire d  fo r cem enting  the two ro to rs  took a co n sid erab le  tim e to 
evolve and a n u m b er of d ifficu lties  w ere  experienced  befo re  a rap id  and sa tis fa c to ry  
technique w as developed. The d e ta ils  of th is w ill be d iscu ssed  la te r .

CHOICE OF ADHESIVE

The adhesive which w as finally  em ployed fo r  the ro to r  bonding w as E p i- 
kote type VIII, a v isco u s hot se ttin g  epoxy re s in  m ark e ted  by the Shell C hem ical Co. , 
and sp ec ia lly  fo rm u la ted  to m eet USAF specifica tion  M il-A -8331 ca lling  fo r  good c ree p  
s tren g th  a t a te m p e ra tu re  of 180 F. The h a rd e n e r em ployed w as t^pe A w ith 6 p a r ts  
h a rd e n e r  to 100 re s in  by w eight and the cu ring  te m p e ra tu re  w as 70 C. At th is te m p e r­
a tu re  a th re e  hou r c u re  w ill develop a bond s tren g th  to s tee l of 2 to 3 tons p e r  sq. in. 
and a bond s tren g th  to ru b b e r  co n sis ten tly  g re a te r  than the ru b b e r s tren g th . At the sam e 
tim e  the te m p e ra tu re  is  not high enough to cau se  se r io u s  ru b b e r oxidation during  cem en t­
ing o p e ra tio n s . B efore adopting th is p a r tic u la r  re s in  v a rio u s  o th e rs , e sp ec ia lly  of the 
ro o m -te m p e ra tu re  cu rin g  v a rie ty , w ere  co n sid ered  and te s te d , as a lso  w as the p o ss ib il­
ity  of vu lcanizing  the ru b b e r  d ire c tly  to the s tee l d isc s  o r  to in te rm ed ia te  m etal p la te s . 
The la s t  m entioned p ro c e s s  would e lim inate  the cycliz ing  req u ire m e n t but in troduces 
o th e r  p ro b lem s as re g a rd s  to le ra n c e , space , r e s in  squeeze out, etc. and th e se  finally  
led to its  re je c tio n . A ttem pts to vu lcan ize to b ra s s  p la ted  s tee l a t 'low  p r e s s u re s ' of 
30 p. s. i. y ielded  v e ry  poor re s u lts  and it w as c le a r  tha t w ith the availab le  p re s s u re s  
of 3 p. s. i. th is  would n ev er be p ra c tic a b le  in a sing le  o p era tion  o v e r a ro to r  a re a .
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Experim ents with a variety  of cold setting epoxy re s in s  failed to inculcate the requ ired  
degree of confidence e ith e r when bonding to rubber o r to stee l. Some re s in s  appeared 
inordinately sensitive to atm ospheric humidity and surface c leanliness and all gave un­
accountable fa ilu res at one tim e o r  another. It was not until the adoption of Epikote VIII 
and a 70 C cure that com plete consistency of perform ance was obtained. Even then for 
re liab le  adhesion to cyclized rubber it was found desirab le  to p reheat the components to 
70 C before applying the re s in s . This procedure was adopted very  reluctantly  because 
of the anticipated difficulties of application a ris in g  from  the large  scale of the ro to rs . 
Initially  it had been accepted as highly desirab le  fo r the ro to r bonding to be c a rried  out 
in a procedure called ’B stag ing ', i . e . , bonding and p a rtia l curve at room tem peratu re  
followed some time la te r  by hot curing to achieve the maximum bond p ro p ertie s . If the 
la tte r  hot cure is c a rrie d  out slowly bond s tre s s e s  due to therm al gradients can be kept 
below the instantaneous bond strengths and no damage will be done. This p rocess was 
c a rr ie d  out successfully  on sm all scale  te s ts  and was worked up successively  through a 
15 in. to a 30 in. d iam eter scale  te s t before being found faulty. In th is la tte r  te st the 
rubber mat was stuck to one disc for th ree  weeks before being given a hot cure and this 
bond failed under te s t at a load le ss  than 200 p. s. i. Subsequent investigation showed 
that with cyclized rubber the actual ra te  of heating a fte r a bond is made has an im por­
tant bearing  on the final bond strength , w hereas with steel to steel bonds the final tem ­
p e ra tu re  alone is significant. O ther experience with Epikote VIII re s in  bonding to itse lf 
led to re su lts  somewhat s im ila r  to those for rubber and it is now accepted as a rule that 
with adhesion to non-m etals any delay in initiating a hot cure  a fte r closing a bond should 
be avoided, and if this is not possib le, it should be the subject of a te s t which sim ulates 
the exact therm al cycle and o ther conditions contem plated. The safest working p ro ce­
dure is undoubtedly to have all components hot before applying the resin  and to keep them 
hot until the cure is com plete. This ra ise s  many problem s of application since at 70°C 
the re s in  pot life is reduced from  hours to m inutes and at the sam e tim e the ease of ap­
plication to the steel su rfaces  is im paired by the tem peratu re  and by the physical p re ­
sence of ovens. These problem s led to the decision to apply the re s in  in the form  of a 
p refab ricated  flat sheet c a rr ie d  on a light fram ew ork, which could be slid  between the 
two steel d iscs  in a m a tte r of seconds. As a medium for carry ing  the re s in  various 
thin g lass, cotton and nylon fab rics  w ere investigated with the final adoption of a 0. 007in. 
thick cotton voile. This was found to incorporate to a good degree all the p ro p ertie s  r e ­
quired in p rac tice , i .e .  good window size , la rge  enough to allow free  res in  movement 
and not to weaken the bond and yet sm all enough to trap  and hold the re s in  well; good 
strength , sufficient to w ithstand the re s in  d rag  during coating, and yet sm all enough not 
to induce peel-type fa ilu re  in the bond; re la tive  inelastic ity  due to the sim ple weave, thus 
avoiding la te ra l contraction when stre tched  longitudinally; freedom  from  contam inants 
that weaken the resin ; low co st and good availability. A sheet width of 35 in. with s e l­
vedge removed was adopted and a com pleted res in  sheet com prises four p a ra lle l adja­
cent s trip s  of im pregnated cloth nailed between wooden battens on a light square fram e.
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In general the problem s m et in carry ing  out the ro to r cem enting fell into 
two c la sses . Those inherent in any method and those a ris in g  from  the use of heat. In 
the fo rm er c lass  a re  the problem s of handling the 20 ton d iscs , i. e. supporting, cleaning 
and turning over as well as ra is ing  and lowering quickly and smoothly without tilt, ro ta ­
tion o r  sideways movement. In this c lass  also a re  problem s relating  to the accuracies 
of the su rfaces, the rubber th ickness, width and spacing, and the re s in  sheet thickness 
and flatness. In the second c lass  a re  the problem s of heating the d iscs and avoiding o r 
allowing fo r deviations from  fla tness due to therm al gradients se t up by transien t and 
steady state  heating and cooling p ro cesses . Of the la tte r  p ro cesses , cooling by a ir  con­
vection, the chilling effect of the res in  sheet, the therm al capacities of the oven and lag­
ging and the re s in  exotherm  during cure a re  all significant. The f ir s t  c lass  of problem s 
is aggravated by the necessity  to work within tim e lim its  se t by the hot and cold res in  
pot lives and the need to lim it rubber oxidation. In addition to problem s specifically  
re la ting  to the cem enting operation the necessity  to seal against NaK ingress and n itro ­
gen escape and the need to ensure good e lec trica l insulation in the bond space and out­
s id e 'it, where the NaK is thrown about, gave r is e  to additional problem s.

It is not possib le to do m ore h e re  than comment b riefly  in turn  on the 
above problem s. The actual sequence of operations c a rrie d  out involved the sticking 
of the p refabricated  rubber m at to the underneath surface of the top disc of a p a ir  fo l­
lowed by the sticking together of the two at a la te r  date. S im ilar problem s of applica­
tion would be experienced in any o ther sequence. In the f i r s t  sticking operation the 
rubber m at is supported e lastica lly  by resting  on a 1 /8 in. thick polyurethane foam 
lay er covering the top surface  of the bottom disc. The re s in  sheet is placed over the 
rubber m at and the top disc lowered on to it. The weight of the top disc is taken en­
tire ly  by the rubber and the purpose of the p lastic  foam is to ensure  that every p a rt 
of the rubber m at is p re ssed  into the resin  sheet with a p re s su re  of 3 p. s. i. It is not 
n ecessary  at this stage to have the two d iscs accurately  concentric o r  to otherw ise 
control tilt, rotation o r spacing. A fter cure  the operation is repeated with the res in  
sheet resting  on the top surface  of the bottom disc, and with the top disc lowered on 
to it and allowed to sink down, as the res in  squeezes out, until stopped by a ring of 
supports at the periphery  of the d iscs. This support is necessary  so that the d iscs 
w ill be accurately  pa ra lle l to each other in the final condition. If the full weight of 
the top disc is taken on the ring of supports the disc will bow at the cen tre  under its 
own weight by an amount of 0. 002 in. If the lower disc likew ise re s ts  on a ring of 
supports at its  ou ter edge it will also bow by the sam e amount and the two d iscs will 
be exactly p a ra lle l. This argum ent however p re-supposes that the supports are  all 
identical and a re  reg is te rin g  on accurately  plane su rfaces, a condition which cannot 
be rea lised . With im perfect supports the load distributions will be non-uniform  and 
d iss im ila r  bending of the d iscs can occur, likew ise the equilibrium  condition may be 
unstable. In principle the use of a th ree  point support fo r each disc instead of a ring 
of supports could ensure identical and stable disc shapes, however it is  very difficult 
to lower the top disc on to th ree  points without causing an initial tilt about a line 
through two of the supports. Such a tilt would cause excess re s in  squeeze out over 
an a rea  and in o rd e r to finally re s t  on the th ree  points the top disc would have to 
withdraw at th is region thereby opening the bond. This difficulty applies to the use 
of any finite num ber of supports on the periphery  of the bonded a rea , however in
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p rac tice  24 supports is quite satisfac to ry . This method calls  fo r accurately  ground sup­
p o rts  and the best accuracy  in machining the surface on which the supports re g is te r . 
C learly  an equal num ber of supports is requ ired  fo r the bottom disc and these should be 
as fa r  as possib le, im m ediately  below the o ther set. In o rd e r to com pensate fo r floor 
m ovem ents under natural causes and under the disc loading which changes from  zero to 
40 tons, an e lastic  floor support was adopted, consisting of 3 in. squares of half-inch 
thick rubber sandwiched betw een stee l p la tes and proportioned to com press linearly  by 
an amount of 0. 080 in. under the weight of the two d iscs.

For cleaning the disc su rfaces for bonding so lvent-degreasing  was follow­
ed by sanding with flexible pad disc Sanders and the p rocedure adopted was to just e lim i­
nate the turning m arks. With experienced o p era to rs  th is did not im pair surface fla tness 
by as much as 0. 001 in. The use of solvents alone has never been found to give co n sis­
ten t re su lts .

For the f ir s t  sticking operation the top disc of a p a ir  was turned over, 
cleaned and turned back. The cleaning operation occupied two to th ree  man days and 
each turning operation occupied an hour. The fresh ly  sanded surface was covered 
with fresh  brown paper overlapped and taped together and around the edge so that the 
surface could not be contam inated during turning over and subsequent handling. Clean­
ing was always done at the la s t possible moment.

Lifting of the top disc was done with a 30 ton overhead crane  in low gear 
using a special tackle engaging a c ircum feren tia l slo t round the edge of the cen tre  hole. 
For lowering on to the res in  the c rane  motion was not sufficiently slow o r smooth, nor 
could the crane  hook be used, as its  free  and loaded hanging positions w ere not coinci­
dent. Instead a p a ir  of 6 in. d iam eter hydraulic ram s w ere welded at the top to p lates 
which fitted over the ends of the crane hook hinge-pin and at the bottom to the ends of 
a rigid T piece which engaged with the disc cen tre-ho le  tackle. Thus lifting operations 
and low ering to within 1 in. of the final position w ere always controlled by the crane 
m otor, but final lowering was executed slowly and smoothly by re leasing  oil from  the 
two hydraulic cy linders.

Tilt control was sa tisfac to rily  achieved by putting a weight on the top disc 
a t a suitable position to make the disc hang free ly  in a horizontal position. Rotation con­
tro l was achieved by m eans of a p a ir  of vertica l 1 in. d iam eter steel guide pins rigidly 
attached to the floor at points along a d iam eter and passing  through holes in p la tes a t­
tached to b a rs  cem ented to the sides of the top disc. This was essen tia l to control the 
tendency of the w ire ropes to untwist when loaded.

Approxim ate d isc cen tering  was achieved by the sam e rotation-contro l 
pins over m ost of the lift, which was about 12 in. During the bottom 1/2 in. of move­
m ent however, very  accurate^centering  was achieved with the aid of sp ring  loaded 
guides at each of four points. Each guide had a sh o rt flat v e rtica l su rface which was 
p re ssed  against the top outside edge of the bottom disc and acted as a guide down which 
the bottom outside edge of the top disc could slide. Two of the guides, 90° apart, w ere
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spring loaded with a force of 100 lb and the opposing guides w ere loaded to half th is. 
The guides had a tapered lead-in  and w ere spring-loaded to avoid damage when f i r s t  
m et by the top disc. F riction  with the guide su rfaces damped any sway oscillations 
within a few seconds and the m ore strongly loaded p a ir  of guides determ ined the r e ­
lative disc centering. To allow fo r azim uthal and v e rtica l varia tions in rad ius of each 
disc a detailed cen tering  survey was c a rr ie d  out at an e a r lie r  stage and the relations 
fo r  optimum centering  established at the above four points of the c ircum ference. The 
m ore heavily loaded side guides w ere adjusted by m eans of shim s to produce this r e ­
lationship.

The m ain requ irem ent fo r accuracy of su rface fo r the stee l d iscs is in­
troduced by re s in  squeeze-out p roblem s. In o rd e r to allow fo r varia tion  of the in te r­
disc gap it is necessary  to have excess re s in  and to leave spaces to which the surplus 
can flow. These spaces should be close together so that flow of re s in  w ill be com plete 
before it becom es too viscous. The spaces them selves will reduce the a rea  fo r ad­
hesion and should thus be kept sm all, on the o ther hand they m ust be la rge  enough fo r 
the squeezed-out re s in s  not to join up o r  to o therw ise im pair the e lastic  p ro p ertie s  of 
the joint. In F igure 10 re s in  squeeze-out into a c rack  between rubber s tr ip s  is shown. 
In 10(b) the squeeze-out is la rge  and the re s in  s tream s m eet and push each other 
against the rubber sides. The effect of th is is to in te rfe re  with the e lastic  behaviour 
of the rubber in com pression  and in sh ea r tra n sv e rse  to the s tr ip s . If the rubber 
sides w ere cyclized the re s in  would stick  to them and would thus in te rfe re  with the 
behaviour of the rubber in tension and in sh ear along the s tr ip s . In o rd e r to e lim i­
nate the la tte r  p ossib ilities  the rubber sides a re  not cyclized.

. . . ,  7 S J 7'?m77

Figure 10. Squeeze Out of R esin in Gaps
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As a re su lt of the above consideraticm  a gap of 1/16 in. was adopted be­
tween the 1/4 in. rubber s tr ip s . This rep resen ts  an im m ediate loss of strength  of 20%, 
how ever it allows reasonable to lerances on rubber width, thickness and spacing, steel 
fla tness and re s in  th ickness. The to lerances which w ere adopted w ere as follows: rub ­
b e r  width + 0. 005 in. , rubber thickness + 0. 001 in . , rubber spacing + 0. 005 in. , steel 
to stee l gap + 0. 002 in. , re s in  thickness + 0. 001 in. (twice). The to lerances achieved 
in p rac tice  w ere determ ined as a re su lt of hundreds of m easurem ents of each item  and 
in every  case  well over 90% of the m easurem ents lay within the chosen range. If the 
th ickness to lerances all added up an overall figure of + 0. 005 in. would be obtained and 
the minimum excess re s in  would need to be g re a te r  than 0. 010 in. , i. e. the mean height 
of re s in  in the w orst gaps would amount to m ore than 0. 050 in. It is not possib le to m ea­
su re  the final re s in  height, however a check on the gap between the bottom face of the 
ru b b er and the top face of the bottom disc was c a rrie d  out on each p a ir  of d iscs shortly  
before the final sticking operations w ere c a rrie d  out. This m easurem ent incorporated 
all the to le rances except those of the final re s in  sheet. The range of readings obtained 
was + 0. 0035 in. and + 0. 0032 in. for the f ir s t  and second ro to rs  respectively . These 
readings a re  obtained by preparing  a te s t-c a s t fram e consisting of 20 narrow  s trip s  of 
Epikote VIII, sandwiched between 0. 0005 in. thick M ylar film  which was nailed to a 
square  fram e. The top disc of a p a ir  was ra ised , the fram e was pushed through the 
gap and the disc lowered again on to its  stops. The d iscs w ere at 70°C and a fte r two 
hours the te s t cast was rem oved and the M ylar-resin  sandwiches m easured by a m i­
c ro m e te r at the points of a 20 by 20 grid . This technique was used at severa l stages 
in the p rocedure and was found to give very  consisten t re su lts , provided that the d iscs 
w ere hot.

The re s in -sh ee t th icknesses adopted for sticking the rubber m at to the 
top and bottom d iscs w ere respectively  0. 0105 in. and 0. 0170 in. The fo rm er is the 
m inim um  thickness found satisfac to ry  by te s t and the la tte r  is that requ ired  to cope 
with the overall to lerances with a safety m argin of 0. 002 in. over the w orst case. This 
m argin  is requ ired  to cover the re s in -sh ee t to lerance and gap varia tions due to disc 
bowing under the various therm al d istu rbances. The second re s in -sh ee t thickness arid 
the in te r-d isc  stops w ere chosen so that the average re s in  thickness a fte r the top disc 
had settled  on its stops would be 0. 0115 in. This was estim ated to re su lt in m ost of 
the disc weight being finally taken by its stops; a resu lt which was borne out in p rac tice .

Under the above conditions the maximum heights of re s in  in the squeeze- 
out gaps would be expected to be 5 x 0. 002 in. = 0. 010 in. and 5 x 0. 009 in. = 0. 045 in . , 
at the top and bottom respectively . In o rd e r  to determ ine the loss of sh ear strength  the 
m ean squeeze-out height at the outside edge of the disc is requ ired . With the f ir s t  pa ir 
of d iscs this is 5 x 0. 004 in. = 0. 020 in. a t the bottom and with the second 5 x 0.006 in.= 
0. 030 in. Thus in the la tte r  case  the total height is 0. 040 in. and the resu ltan t sh ear 
modulus tra n sv e rse  to the rubber s trip  could conceivably be ra ised  in the ratio  120/80 
The effect of this would be to ra ise  the tra n sv e rse  sh ear s tre s s  about 17% above the 
m ean. The resu ltan t effect when combined with the 20% reduction of adhesive a rea  
would ra ise  the periphera l sh ear s tre s s  occasioned by a 5 m illion am pere short c ircu it 

'from  100 p. s. i. to a maximum of about 146 p. s. i. tra n sv e rse  to some the rubber s trip s .
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A sm all th e rm a l d is to rtio n  of the s tee l d isc  du ring  the cem enting  opera tio n  w ill not ag ­
g rav a te  the to le ra n c e  p rob lem  a ris in g  from  re s in  sq u eeze -o u t since the la t te r  is only 
se r io u s  n e a r  the p e rip h e ry  a t w hich reg ion  the gap is  a cc u ra te ly  defined by stops. How­
e v e r  it w ill in troduce  o th e r d ifficu lties  if it is  not s tab le . Of th e se  the m o st im portan t 
is  the p o ssib le  w ithd raw al of a d isc  su rface  a f te r  re s in  squeeze -o u t is com plete . At 
som e stage in the c u re  the re s in  w ill be too v iscous to be sucked back into an in c re as in g  
gap and w ill not have an adhesive and cohesive  s tren g th  su ffic ien t to p rev en t the gap from  
changing. It is  n e c e s s a ry  to know w hat th e rm a l d is to rtio n s  can o ccu r in p ra c tic e  and 
w hat changes can be m ade in the re s in -f il le d  gap w ithout fe a r  of im pairing  the u ltim ate  
bond.

B ecause  it  is easy  to achieve a good d eg ree  of c i rc u la r  sy m m etry  and 
ra d ia l u n ifo rm ity  the only th e rm al d is to rtio n  w hich can conce rn  us is  a s im p le  bow of 
one d isc  re la tiv e  to the o th e r. This can be caused  by inadequate oven lagging which 
allow s h ea t to flow out a t the ho rizon ta l faces  and thus e s ta b lish e s  a v e r tic a l te m p e ra ­
tu re  g rad ien t w ith consequent sp h e rica l bow. The lagging w hich w as used  co n sis ted  of 
a 4 in. th ickness  of S tram it s traw b o ard  on all ou tside face s  and th is cu t the ra te  of fall 
of te m p e ra tu re  to 0. 27°C p e r  hour re p re se n tin g  a to ta l lo ss  of 1 .3  kW. The th e rm a l 
g rad ien t produced  by th is  heat lo ss  cau ses  the d isc s  to bow tow ards each o th e r  at the 
c e n tre  by a to ta l am ount of 0. 0008 in. With th is  lagging it is  p o ssib le  to o v e rru n  the 
te m p e ra tu re  by a couple of d e g re e s , acc u ra te ly  ba lance the two d isc  te m p e ra tu re s , 
sw itch  off the oven pow er and leave fo r  eight o r  m o re  h ou rs befo re  cem enting . Thus 
the th e rm al conditions w ill be very  uniform  and s tab le  excep t fo r  the d is tu rb a n ces  in ­
troduced  by the cem en ting  p ro c e d u re s . The f i r s t  of th e se  d is tu rb a n ces  is  due to the 
in rush  of cold a i r  when the d isc s  a re  sep a ra ted  and the subsequent convection lo ss . 
This w as found by ex p erim en t to cause  the d isc s  to bow a p a rt by an am ount of 0.0023 in. 
if they w ere  sep a ra te d  by 12 in. fo r  a period  of 10 m inu tes. A fte r rec lo sin g  the gap the 
bow d im in ished  w ith a tim e co n stan t of about 9 m inu tes. A s im ila r  im pulsive bow is 
caused  by the cooling action  of the re s in  m at and w as e s tim a ted  to have a m agnitude of 
0. 0012 in. fo r a re s in  sh ee t th ickness  of 0. 017 in. The com bined effect of th e se  two 
d is tu rb a n ces , i. e. 0. 0035 i n . , exceeds the safe ty  m arg in  of 0. 002 in. in re s in  sheet 
th ick n ess , as d iscu ssed  a lread y , how ever the reco v e ry  tim e -c o n s ta n t of 9 m inu tes is 
su ffic ien tly  sh o rt in re la tio n  to the ra te  of cu re  of the re s in  to en su re  tha t m uch of the 
bow w ill have vanished  b efo re  the re s in  is s tiff enough to p rev en t fu r th e r  squeeze-ou t. 
B ecause of the flex ib ility  of the s tee l d isc s  when co n sid ered  in re la tio n  to the sm all 
to le ra n c e s  and the re s in  f lo w -p re s su re - tim e  c h a ra c te r is t ic s  it is  d ifficu lt to define a 
s e t of conditions w hich m u st be adhered  to in o rd e r  to e n su re  s a tis fa c to ry  re s in  con­
ta c t o v e r the com plete  d isc  a re a .  One d anger to be avoided is  tha t the p r e s s u re  a v a il­
able w ill not be able to com plete  the re s in  sq u eeze -o u t a t p la ce s  w here  it is req u ire d  to 
be la rg e , thus d is to rtin g  the two d isc s  and p reven ting  con tac t w ith re s in  a t som e of the 
o th e r  po in ts. A nother d an g er is  tha t a d isc  w ith a re lax in g  th e rm a l bow and m eeting 
w ith too m uch re s is ta n c e  to flow by the re s in  w ill ' s i t ’ on the re s in  o v e r one a re a  and 
com plete  the re lax a tio n  of its  bow by w ithdraw ing o th e r  a re a s  from  con tac t w ith  the 
re s in . The la t te r  is  avoided by designing  fo r m uch of the w eight of the top d isc  to end 
up on rig id  stops at its  o u tside  edge in w hich c a se , s in ce  the above th e rm a l bows re la x  
by m oving the d isc  c e n tre s  in tow ards each o th e r, the o u te r  reg ions cannot se p a ra te
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u n le ss  the fo rce  causing  the bow is su ffic ien tly  g re a t to lift the d isc  edge off the s tops, 
i. e. to support the full 20 tons w eight. The above bows could not do th is .

In a rr iv in g  a t an understand ing  of the conditions n e c e ssa ry  to en su re  su c ­
cessfu l cem enting  o v e r the w hole d isc  a re a  a v a rie ty  of sm all sca le  te s ts  w as c a r r ie d  
out w ith d ifferen t loads p re s s in g  1 /4  in. w ide s tr ip s  into tw o-hou r-o ld  re s in  sh ee ts  which 
had been applied to a hot su rface  fo r  d iffe ren t in te rv a ls  of tim e. The re su ltin g  final r e ­
s in  th ickness w as m easu red  in each ca se  and p lo tted  ag a in st p re s s u re  fo r each in te rv a l 
of tim e. The cho ice of re s in  shee t th ickness and in te r -d is c  stop height as m entioned 
p rev iously  w ere  then chosen by r e fe r r in g  the m ean and low er ex trem e  values of the gap, 
as m easu red , to the cu rve fo r a 10 m inute tim e in te rv a l and checking tha t the c o r r e s ­
ponding p re s s u re s  did not exceed 1 and 3 p. s. i. re sp ec tiv e ly . On th is  b a s is  the upper 
lim its  w hich w ere  adopted fo r  the o p era ting  tim es  during  a final cem enting opera tion  
w ere  10 and 5 m inu tes re sp ec tiv e ly  fo r  the tim e of opening of the d isc  gap (12 in . ) and 
the tim e that the re s in  shee t is on the bottom  d isc su rface  befo re  the full w eight of the 
top d isc  is re le a se d  by the c ra n e . In the final cem enting  opera tio n s  it w as found p o s s i­
b le  to g rea tly  im prove on these  ta rg e t fig u res  and in fac t w ith the f i r s t  p a ir  of d isc s  the 
re sp ec tiv e  tim es achieved w ere  2 and 1. 25 m inutes and with the second p a ir  of d iscs  
1 .25  and 0 .75 m inu tes. In both c a se s  the p e rip h e ra l stops rece iv ed  o v er 90% of the 
d isc  w eight w ithin ano ther two m inu tes.

A fu r th e r  th e rm a l d is tu rb an ce  which w as exam ined and proved  to be m a r ­
ginal is tha t p roduced  by the re s in  exo therm . This w as m e asu red  c a lo r im e tr ic a lly  in a 
num ber of te s ts  covering  the range of conditions an tic ipa ted  and a ra te  of energy  re le a se  
of about 1 c a lo r ie  p e r  g ram  p e r  m inute w as obtained, com m encing a f te r  10 m inutes and 
la s tin g  fo r about 50 m inu tes. F o r a full re s in  shee t th is  re p re se n ts  a pow er input into 
each d isc  of about 170 w atts and the re su lta n t bowing to g e th er of the d isc s  would be about 
0. 0003 in.

DISC OVENS

The ovens fo r  the d isc s  co n sis ted  of 4 in. th ick  d isc s  of S tram it s tra w -  
b o ard  beneath  the bottom  d isc  and above the top d isc . T hese c a r r ie d  the h e a te r  e lem en ts  
co n sis tin g  of 1 in. w ide alum inium  foil cem ented  to the face  of the S tram it w ith an epoxy 
v a rn ish . The ou tside edges of the d isc s  w ere  insu la ted  by 4 in. th ick  S tram it shee t bent 
round the p e rip h e ry  (with the aid  of num erous cu ts) and held by s tee l banding. The S tra ­
m it w as obtained as 12 ft by 4 ft by 2 in. th ick  sh ee ts  and each d isc  w as cu t from  a co m ­
p o site  12 ft. sq sh ee t m ade up by gluing and skew nailing  the sh ee ts  (with wooden na ils). 
The bottom  d isc s a t on the flo o r and had a rin g  of ho les through w hich p assed  s tee l p i l­
la r s  from  the 24 ru b b er flo o r su p p o rts . The bottom  d isc  w as 1 in. away from  the a lu m i­
nium  foil h e a te r  and w as heated  by rad ia tio n  and convection. The top d isc  w as heated  by 
rad ia tio n  only from  a s im ila r  e lem en t 1 in. above it. The su rround ing  S tram it w alls  
co n sis ted  of 2 in. th ick n esse s  banded to each d isc  and a sing le  2 in. th ickness em bracing  
both. This la t te r  w as rem oved du ring  the actual cem enting  o p era tio n s .
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Each rubber m at consisted of 424 s tr ip s  of rubber each 13 ft long and hav­
ing a total length of ju s t over one m ile. The s trip  was knifed continuously in 1/4 in. widths 
from  13 ft by 2 ft rubber sheet of 1/8  in. thickness stuck to a wooden drum  with a c ircu m ­
ference of 13 ft. The identity of each sheet and s trip  position in it was retained  to the end 
of the p ro jec t by drawing one o r  m ore pa ra lle l adjacent slan t lines ac ro ss  the sheet with 
crayon before knifing. This facilita ted  the detection and rem oval of defective s tr ip s  and 
the system atic d isp ersa l of each batch uniform ly over the sheet a rea  with suitable a l te r ­
nation of s trip  ends and faces so that a homogeneous m at would be achieved despite the 
non detection of a faulty batch. A fter knifing, the s tr ip s  of a batch w ere laid side by side 
on edge and the slan t-line  code tra n s fe rre d  to the cut edge with a w ater and acid proof 
paint. The s tr ip s  w ere then joined end for end with scarfed  joints and rubber solution to 
make continuous lengths of 30 o r  m ore s tr ip s . These lengths w ere ground in turn  to a 
uniform  thickness by never le ss  than four p asses  under a grinding wheel. The rubber 
sheets w ere specified to be 'uniform ' and with a thickness to lerance of + 0. 005 in., how­
ever th icknesses ranging from  0.125 in. to 0.150 in. w ere finally accepted. The sheets 
frequently had waves in which the ex trem e upper and low er lim its  appeared close togeth­
e r , an effect which is probably caused by buckling the p lies as they a re  run together.
The waves always appeared on only one surface of the sheet, so the p rac tice  was adopted 
of grinding the wavy side f i r s t  and not touching the o ther face until the waves had d isap ­
peared. If this was not done the effect of grinding was to produce matching surface waves 
on each side of the rubber thus giving a uniform  thickness but a wavy s trip  which could in 
some cases requ ire  sticking p re s su re  in excess of 3 p. s. i. to flatten out. The final 
grinding pass on the second face of each length was always c a rrie d  out slowly with very  
little  tension in the s trip  in o rd e r  to achieve the 0.120 in. + 0. 001 in. final accuracy.
The rubber lengths w ere pulled over a fla t table by hand with a convenient arrangem ent 
of guide w alls and ro lle rs  as shown in F igure 11. The direction  of motion was against 
the wheel. The operation was c a rrie d  out without lubricant and a nylon brush  and su ita ­
ble a ir  b lasts  w ere arranged  to rem ove the sw arf, leaving a clean s trip . The grinding 
machine was a standard  workshop grinder and it was found necessa ry  to p ro tec t its b e a r­
ings by enclosing w herever possib le in thin polythene sheet. D espite the large  amounts 
of rubber to be rem oved the grinding p ro cess  was c a rrie d  out quite quickly and it was 
found possible to p ro cess  a m ile of rubber in a fortnight with very close inspection at 
all stages. The ease and accuracy of grinding is la rgely  due to using a fa irly  hard  rub­
ber. A to lerance of + 0. 0005 in. could quite easily  have been achieved. The com plete 
supply was found to have Shore hardness figures ranging from  77 to 85 with m ost of the 
rubber lying in half this range. The ex trem es rep resen t a varia tion  of in trinsic  s trip  
e lastic ity  of + 15%. The grinding p ro cess  gives a clean smooth surface which allows 
a very short cyclizing tim e to be employed. This in itse lf was a g rea t a sse t as a l te r ­
native methods of su rface cleaning w ere found to be d irty , tedious and destructive of 
accuracy.

The acid trea tm en t was c a rrie d  out in the equipment shown in Figure 12 
by passing the continuous rubber lengths around the top of a 3 in. d iam eter polystyrene 
wheel which dipped at the bottom into a concentrated su lphuric  acid bath. The s trip  
then travelled  a d istance of about 18 in. before entering a la rge  w ater bath. Under the 
w ater surface it passed  between a p a ir  of g lass fib re  pads arranged  to wipe off a ir  bub­
bles and ensure the uniform  washing of the surface. It then passed  under a ro lle r  and
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F ig u re  11. R ubber G rinding Set Up
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F igu re  12. R ubber Aciding Set Up
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up out of the w a te r  on to a la rg e  ro ta tin g  b ask e t f ra m e  fo r d ra in ing  and dry ing  by a la rg e  
fan. The p o ly sty rene  ro l le r  w as 1 /4  in. wide and had two c irc u m fe re n tia l g rooves tu rned  
in the su rface . The ru b b e r  w as guided c e n tra lly  on to the ro l le r  and the d eg ree  of dip in ­
to the acid  bath ad justed  in re la tio n  to the ra te  of m ovem ent so tha t a supply of acid w as 
c a r r ie d  to the top adequate to w et the contacting  ru b b e r face and not the s id e s . The p u r ­
pose of the c irc u m fe re n tia l g rooves is  to p rev en t the acid  from  pulling by the influence 
of su rface  tension  tow ards the s tr ip  c e n tre  when it leav es  the ro l le r  the reby  s ta rv in g  the 
edges of acid . In o rd e r  to obtain  re lia b le  fa s t p ro c e ss in g  it w as found d e s ira b le  to sc rap e  
the ru b b e r s tr ip  ov er a 1 /4  in. d ia m e te r  g la ss  rod fixed a t a point half way betw een the 
ro l le r  and the w a te r. This has  the effect of re d is trib u tin g  the adhering  acid  so tha t it 
f ir s t ly  rew e ts  the w hole su rface  and then pu lls  by su rface  tension  to co v er the p rev io u sly  
s ta rv ed  reg ions o v e r the g rooves. The ra te  of m ovem ent of the ru b b er w as about 1 ft p e r  
second so every  p a r t  of the ru b b e r su rface  experienced  a th ick  acid film  fo r  a t le a s t  0. 75 
second. This is a trem endous reduction  o v e r the no rm ally  specified  cycliz ing  tim e of 5 
m inu tes and w as only adopted a f te r  ex tensive bonding te s ts  a t steady  loads of 450 p. s . i. 
and te m p e ra tu re s  up to 100 C. Q uality con tro l of each p ro c e sse d  s tr ip  w as checked with 
such te s ts . The ru b b e r w as pulled  through the equipm ent by m anually  crank ing  the r e ­
ceiv ing  b ask e t fram e  and in o rd e r  to achieve a n o n -je rk y  m ovem ent a s im ple  flyw heel 
w as coupled to the aciding w heel. Each ru b b e r s tr ip  w as p assed  tw ice through the equip­
m ent, once fo r  each side , w ith d ry ing  in betw een s id e s . A fter the final p ro c e s s  the ru b ­
b e r  w as thoroughly w ashed in running w a te r  in the bath in o rd e r  to e lim inate  the la s t  tra c e  
of acid . The lengths w ere  subsequently  cut a t the sca rfed  jo in s, clam ped individually  on 
edge on a tab le  and ligh tly  sanded on the s id es  to rem ove sm all tr a c e s  of acid  action  ex ­
tending round the c o rn e rs .  The s tr ip s  w ere  then la id  out in the re q u ire d  o rd e r  and d i­
rec tio n s  on a num ber of wooden p lanks and nailed  a t each end fo r  s to rag e  and subsequent 

handling.

PREPARATION OF RUBBER MAT

The ru b b e r m at w as p re p a re d  by nailing  each  s tr ip  of ru b b e r to two lengths 
of v/ood attached  to opposite  s id es  of a ligh t rig id  sq u are  fram e  co n stru c ted  from  d u ra lu ­
m in channel. The s tr ip s  w ere  la id  a c ro s s  the bottom  s tee l d isc  (and te m p o ra ry  c o rn e r  
tab les) w ithout tension  and w ere  a c c u ra te ly  positioned  and c ro s s  laced  to p re s e rv e  the 
1/16 in. gap throughout the subsequen t handling. The c ro s s  lac ing  w as achieved by s tic k ­
ing n ichrom e tapes 1 /32  in. wide by 0. 004 in. th ick  tra n s v e rs e ly  a c ro s s  the top su rface  
of the ru b b er. The tapes w ere  coated  a ll o v e r w ith a th ick n ess  of about 0. 0005 in. of a 
thin epoxy re s in  (A rald ite type D) by pulling  v e r tic a lly  dow nw ards through a n arro w  c rac k  
loaded w ith re s in  on its  top side . B efore applying the tape to the ru b b er a su itab le  e le c ­
t r ic  c u r re n t w as p assed  through it to p a r tia lly  c u re  the re s in  to a tack  f re e  s ta te  so that 
it could be la id  down, positioned  and p re s s e d  down w ithout w etting  the ru b b e r su rface . 
When ready  fo r s tick ing , a c u r re n t  of 1 .3  am ps w as p a sse d  through the tape fo r sev e ra l 
m inu tes and produced  a bond w hich is  as s tro n g  as  the ru b b e r. In o rd e r  to position  the 
ru b b e r s tr ip s  a long double com b w as p re p a re d  by bolting a s e t of acc u ra te ly  m illed  s tee l 
com bs to each side of a long 4 in. x 1 /2  in. s tee l b a r . This w as positioned  along each 
n ich rom e tape in tu rn  so tha t continuous com bs engaged every  ru b b e r gap and held the
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Figure 13. Rubber Mat D uring C ross-L acing
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F ig u re  14. C oating Cotton Voile w ith R esin
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F ig u re  14 shows a re s in  sh ee t being  p re p a re d  by pulling the cotton voile 
fro m  a ro ll v e r tic a lly  dow nwards through the c ra c k  in the flo o r of a re s in  filled  hopper. 
The c ro s s  sec tio n  of the hopper is  shown in F ig u re  15.

Roll of Cotton  Voile

Fo r m er  2 'D » a.

g u ide  Rollers

Resin Sheet

detail of resin gap

F ig u re  15. C ro ss  Section of R esin  Sheet H opper

W ithout the re in fo rcem en t of the two channel sec tio n s  bolted  along the s id es  the re s in  
c ra c k  w as found to open by 0. 006 in. due to bending of the side  su p p o rts . This is  
caused  by the su b stan tia l p re s s u re  developed in the re s in  a t the b ase  of the hopper, 
w hich p roduces a fo rc e  equal to about 300 lb on each  side . This p re s s u re  is caused
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by the v isco u s  d rag  of the re s in  on the clo th  and the fo rce  req u ired  to pull it through a t a 
su itab le  ra te  of about 2 -1 /2  ft p e r  m inute w as about 120 lb. With th is  ra te  of cloth m ove­
m ent a sing le  length takes 5 m inutes and the to tal clo th  pulling tim e is  20 m inu tes. B e­
cau se  of the  p re s s u re  in the hopper the re s in  p e n e tra te s  the voile very  thoroughly and 
th e re  is  no lo s s  of bond s tren g th  due to the p re se n c e  of the clo th . The re s in  c ra c k  w idths 
adopted fo r  p re p a ra tio n  of the f i r s t  and second re s in  sh ee ts  of each ro to r  p a ir  w ere  -0S130 
in. and 0. 0230 in. re sp ec tiv e ly , giving o v era ll re s in  shee t th ickness of 0. 0105 in. and 
0. 017 in. re sp e c tiv e ly . With the second sh ee t the th ick n ess  to le ran ce  achieved w as check ­
ed a f te r  com pletion  of the o p era tion  and it w as found tha t th ick n esses  at each end of a 
c lo th  length  and a c ro s s  the w idth all lay w ithin the lim its  0. 017 in. + 0. 001 in. and ov er 
90% of the read in g s lay  w ithin 0. 017 in. + 0. 0005 in. T hese fig u res  a re  co n sis ten t w ith 
a g en e ra l ru le  found to hold fo r any shape of s c ra p e r  used  fo r  sp read ing  thin v iscous 
re s in  film s  on a fla t su rface . The re su lta n t re s in  th ickness is  60% of the m echanical 
gap used  to m ake it. This holds o v e r a w ide range of speeds of opera tio n  and shapes of 
s c ra p e r  fro m  round rods to sh arp  knife edges. If one w ere  to assu m e a uniform  ra te  of 
v iscous s h e a r  a c ro s s  the form ing  gap the figu re  to be expected would be 50% instead  of 
60%. With the v ery  p lausib le  assum ption  of a h ig h e r than av erag e  sh e a r  a t the re s tr ic te d  
a re a  of the s c ra p e r  the 60% fig u re  is not su rp r is in g . The accu racy  of the figu re  is the 
su rp r is in g  fea tu re . Applying the m ethod to the 0. 013 in. and 0. 023 in. gaps we obtain 
0. 007 in. + 0 . 6  (0. 013 in. -  0. 007 i n . ) = 0. 0106 in. and 0. 007 + 0. 6 x (0. 023 in. -  0. 007 
in .)  = 0. 0166 in. resp ec tiv e ly  in v ery  good ag ree m en t w ith the m e asu re d  m ean fig u res  
of 0. 0105 in. and 0. 017 in.

A fter the pulling of each length of voile c lam ps w ere  attached  to fac ilita te  
cu tting  and tr a n s fe r  to the c o r re c t  position  on the re s in  fram e . P u lling  w as done by two 
m en on a f lo o r 17 ft below. A ttachm ent to the fra m e  w as by nailing  on thin wooden co v er 
s t r ip s .  The p re p a ra tio n  of a com plete  re s in  shee t took 50 m inu tes s ta r tin g  w ith a full 
re s in  hopper. Allowing fo r an in itia l r e s in  m ixing tim e of 20 to 25 m inu tes the tim e from  
com m encem en t of re s in  m ixing to the com pletion  of the re s in  sheet in genera l occupied 
70 to 75 m inu tes. Subsequent o p era tio n s  on the re s in  shee t involved: low ering to a h o r ­
izontal position  and locating  on s lid e s  ready  fo r rap id  and a cc u ra te  m ovem ent into p o s i­
tion  betw een the s tee l d isc s , cu tting  fo u r windows fo r the ac c u ra te  cen te rin g  dev ices to 
p a s s  th rough and applying sm all re s in -c lo th  patches to co v er gaps betw een clo th  lengths 
a t the p o sitio n s  w here  the ru b b e r gas s e a ls  c ro s s  them .

In the ho rizon ta l position  the re s in  sh ee t w as supported  again st sag  by 
tensioned  piano w ire s  attached  to the fram e  a t 12 in. spacing. T hese had the secondary  
effect of fla tten ing  the sheet, th e reb y  rem oving  any cu rlin g  and buckling tendencies and 
allow ing rap id  m ovem ent and low ering  into final position  w ithout clo th  sway. It m ust be 
rem e m b ered  th a t w ith th is highly tacky re s in  the clo th  s tr ip s  m u st not touch th em se lv es  
o r  anything e lse  even m om en tarily .

The tim e of p re p a ra tio n  of a r e s in - s h e e t  from  s ta r tin g  to m ix  the f i r s t  
re s in  until the shee t w as ready  to s lid e  into the gap betw een the d isc s  w as ju s t o v e r  1 -1 /2  
h o u rs . D uring the final cem enting  o p era tio n  a to tal of 10 k ilo g ram s of re s in  w as m ixed 
and of th is , 7 -1 /2  k ilo g ram s w as t r a n s fe r re d  to the clo th . Mixing w as done in 2 k ilo ­
g ram  b a tch es  using a sim ple  paddle in a v a ria b le  speed pow er d r il l .
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A fter the fab rica tio n  of a re s in  shee t w as com pleted  subsequent cem enting  
o p e ra tio n  took two m inutes o r  le s s  to fin ish . The top d isc  to g e th e r w ith its  oven w as 
lifted  off its  te m p o ra ry  stops and ra ise d  1 in. to allow them  to be rem oved. It w as then 
lifted  an o th er 11 in. and the re s in  fram e  w as s lid  into position , cen te rin g  f irm ly  and a c ­
c u ra te ly  a t the sam e tim e. The fra m e  w as then  cranked  down on top of the bottom  d isc 
w ith the aid of fo u r jacks and the top d isc  w as moved down w ith it  by m eans of the c ran e  
m o to r. The top d isc  w as stopped about half an inch above the re s in  w hile the piano w ire s  
w hich had p rev io u s ly  supported  the sag  of the clo th  w ere  cu t and pulled out. The d isc  w as 
then  low ered  finally  by m eans of the hyd rau lic  tack le . F igu re  16 shows one of the re s in  
f ra m e s  being  pushed into the gap.

With the cem enting  of the f i r s t  face of each p a ir  of d isc s  th e re  a re  very  
few p o s s ib ili tie s  of fa ilu re  and th e se  can be checked by o b serv a tio n  and te s t  a f te r  the 
re s in  h a s  cu red . The w eight of the top d isc  is  taken  com plete ly  by the re s in  sh e e t and 
b a r r in g  defec tive  m a te r ia ls  the cem enting  should suceed  at every  point. A fter c u re  the 
re s in  sh ee t w as trim m ed  away and the ring  of wood banded to the bottom  d isc w as r e ­
m oved. The top d isc  w as rem oved and the lac ing  tapes peeled  off. The d isc  w as then 
lifted  on to som e la rg e  co n cre te  b locks w ith the ru b b e r supported  o v e r a la rg e  a re a  by 
s e v e ra l inches th ick n ess  of S tram it as  a cushion. It w as held a t 70°C by its  own oven 
and by w rapping  around w ith alum in ised  s is a lk ra f t  to p rev en t h ea t lo ss  fro m  below. 
S ev era l 1 in. sq u a re  s tee l b locks w ere  then cem ented  to the under su rface  of the ru b b er 
and pulled  off a f te r  cu re  by le v e rs  loaded w ith lead  w eights w hich w ere  in c re a se d  every  
hou r in s tep s  co rresp o n d in g  to 75 p. s. i. This w as continued until each block b roke  away, 
in m o st c a se s  in a few m inutes a f te r  reach in g  a load of 625 p. s. i. In th is  way the c le a n ­
lin e ss  of the top d isc , and the re s in  and ru b b er quality  w ere  checked. With the cem en t­
ing of the second face the p ro b lem s of re s in  flow and th e rm a l d is to rtio n  a r is e  and m eans 
of checking the c lo su re  of the jo in t a re  d e s ira b le . In o rd e r  to o b serv e  the ex ten t of load 
t r a n s f e r  to the stops each of them  w as fitted  w ith a p a ir  of re s is ta n c e  w ire  s tra in  gauges 
tra n s fo rm in g  them  into sm all load c e lls . The stops a re  ground s tee l rec tan g le s  app rox ­
im ate ly  7 /8  in. high and a re  located  in a 3 /4  in. deep undercu t ring  a t the ou tside edge 
of the bo ttom  d isc . This undercu t rin g  is designed  to help throw  off NaK d ro p le ts , s e rv e s  
to p ro te c t the ou tside edge of the 1 /8  in. gap fro m  dam age and in g en era l im proves the 
effic iency  of in su la tion  a t th is  v u lnerab le  point. The 24 stops w ere  w ired  in s e r ie s  in 
g roups of th re e  and connected to a b rid g e  a rra n g e d  so tha t load read ings could be quickly 
re a d  in sequence. It is  d ifficu lt to achieve acc u racy  of load and rap id  resp o n se  w ith  these  
s tops b ecau se  of the th e rm a l d is tu rb an ces  du ring  the cem enting  opera tion . This includes 
a lso  the effect of the re s in  shee t w hich is  in te rp o sed  betw een the top of the stops and the 
re g is te r in g  su rface  of the top d isc . N ev erth e less  enough evidence w as obtained to show 
th a t about 90% of the w eight of the top d isc  w as taken  by the stops w ithin a few m inutes. 
Load w as balanced  un ifo rm ly  round the d isc  and in c re a se d  m onotonically  showing that 
th e re  w as no evidence of re tra c tio n  a t any point. In addition to the evidence from  the 
load on the stops five clock gauges w ere  a rra n g e d  to o p e ra te  through the gaps betw een 
re s in  s t r ip s  and ind icate  changes in the in te r -d is c  gap a t the p e rip h e ry  and at the cen tre  
hole . In a ll c a se s  the ou tside clocks w ere  w ithin 0. 001 in. of th e ir  final read ings in a 
few seconds and w ithin 0. 0005 in. in 1 m inute. The c en tre  clock  w as w ithin 0. 002 in. 
of its  final read ing  in a few seconds and w ithin 0. 0005 in. in 12 m inu tes. The clocks
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F ig u re  16. R esin  Sheet Being Pushed  
Betw een Steel D iscs
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indicated a final bow a p a r t  of 0. 0006 in. at the disc c e n t re s ,  suggesting a re s id u a l  re s in  
p r e s s u r e  at this point of le s s  than 1 p. s. i. The evidence of all of these  m e asu re m en ts  
com bines to suggest that the operation  p roceeded  as expected and that re s in  w as s a t i s ­
fac to r ily  m et over the m ajority  of the a rea .  At this point it should be mentioned th a t  two 
escape  vents  for a i r  w ere  d ril led  in the s tee l ,  bypassing  the o u te r  rubber  sealing ring. 
Without these  vents it would be possib le  for trapped  a i r  to p reven t the sa t is fac to ry  s e t ­
tling of the su rfaces  into the res in .  The sam e  vents w ere  used for subsequent gas f i l l ­
ing of the c ra c k s  between the ru b b e rs .

FINAL TESTS

Each com pleted ro to r  w as subjected  to a gas p r e s s u r e  te s t  as a lre ad y  
d escr ibed .  The te s t  was c a r r ie d  out at 70 C using nitrogen  and the p r e s s u r e  w as ra ised  
in s teps  o v e r  a period  of 1 -1 /2  to 2 hours  to a value of 280 p. s. i. N either ro to r  gave 
evidence of excess ive  deflection o r  unbalance during  this te s t .  At a m axim um  deflection 
of 0. 017 in. the f i r s t  ro to r  (bottom) showed a d ifference of 0. 0005 in. between clock  gau­
ges. F o r  the second ro to r  (top) the d iffe rence  was 0. 002 in. with a deflection of 0. 020 in. 
Both of these  figures  a re  regarded  as sa t is fac to ry .

The e lec tr ica l  insulation of the two com pleted ro to rs  w as checked with a 
500 volt M egger. No reading was obtained indicating an insulation re s is ta n c e  of at le a s t  
200 megohm s.

CONCLUSIONS

It is possib le  to conclude from  the above d iscuss ion  that, cons ider ing  all 
re levan t fac to rs ,  the cem enting of two s tee l d iscs  to form  a com posite  ro to r  in the m an­
n e r  d escr ibed ,  is at le a s t  as good a method as  any o the r  which has  been p roposed , as 
re g a rd s  s treng th  and economy of space. It is n e c e s s a ry  how ever to em phasise  the very  
g re a t  expenditure in tim e and m anpow er req u ire d  to investigate  and c a r r y  out the o p e ra ­
tion successfu lly .  Only a fraction  of the deta il has  been covered  in th is  account and a l ­
m ost nothing of the g rea t  num ber of a l te rn a t iv e s  which w ere  cons idered  and decided 
against at every  point in the p rocedu re .  The developm ent of the var ious  a spec ts  of the 
technique occupied two y e a rs  and the deta iled  application to the two ro to r s  took five and 
th ree  months respec tive ly  of intense activ ity  f rom  a team  of th ree  men. This is a la rge  
investm ent for one item, but the experience  gained is a lready  paying off in many o the r  
ways as the in trusion  of p la s t ic s  techniques into everyday w orkshop p ro ced u re s  is  s te a d ­
ily p rog ress ing .

ACKNOWLEDGEMENT

It is n e c e s s a ry  to acknowledge with g ra ti tude the conscientious and inde­
fatigable team  w ork of the 's t icky  boys' and m ost  p a r t ic u la r ly  the leadersh ip  of Reg F o s te r  
without whom this p ro jec t  would n ev e r  have been com pleted.



40

R E F E R E N C E S

1. BLAMEY, J. W. : "T he O rb ita l M agnet and P ow er Supply of the 10 GeV
P ro ton  Synchro tron  a t The A u stra lian  N ational U n iv e rs ity ," 
P ro c . CERN Sym posium , Vol. 1, pp 354-358, 1956.

2. LEE and NEVILLE: "Epoxy R esin s"  (McGraw H ill, 1957).

3. EPSTEIN : "A dhesive Bonding of M etals" (Reinhold P ilo t Books, New
Y ork, 1954).

4. DE BRUYNE and HOUWINK: "A dhesion and A dhesives" (E lsev ie r,
London, 1951).

5. LANGE, MAXWELL and SPRINGER: "S tru c tu ra l A dhesives" (London,
1951).

6. CIBA COMPANY: B asle , S w itzerland .

7. SHELL CHEMICAL COMPANY: England and Holland.

8. SHELL CHEMICAL COMPANY: U. S .A .

9. BORDEN COMPANY: U. S. A.

10. LEICESTER LOVELL COMPANY: Southam pton. England.

11. JONES-DABNEY COMPANY (su b sid ia ry  of Devoe and R eynolds, In c .):
U .S. A.

12. IRVINGTON VARNISH and INSULATOR COMPANY: U. S .A .

13. TIMOSHENKO: "T h eo ry  of P la te s  and Shells" (McGraw H ill, New York).

14. SCHULZE-GRUNOW: Z .S . F. Angew. Math. u. Mech. 15, p 191, 1935.

15. OKAYA and HASEGAWA: T ran sac tio n s  (1) of Jap an ese  Jo u rn a l of P h y sics
13-14,  p 29, 1939-42.

16. STODOLA (Loew enstein): "S team  and Gas T u rb in e s ," Vol. 1 (McGraw
Hill).

17. SCHNEIDER: "Conduction H eat T ra n s fe r"  (A ddison-W esley, M a s s . , 1955).



No.

E P -R R  1

E P -R R  2

E P -R R .3

E P -R R  4

E P -R R  5

E P -R R  6

E P -R R  7

E P -R R  8

E P -R R  9

R1

P ub lica tions by D epartm en t of E ng ineering  P h y sics

F ir s t
A uthor__________________ T itle______________ P ub lished  R e -issu e d

H ibbard , L. U. C em enting R o to rs  fo r  the 
C a n b e rra  H om opolar 
G en era to r

May, 1959 A pril, 1967

C arden , P . 0 . L im ita tions of R ate of R ise 
of P u lse  C u rre n t Im posed 
by Skin E ffect in R o to rs

Sept., 1962 A pril, 1967

M arsh a ll, R. A. The D esign of B ru sh es  fo r 
the C a n b e rra  H om opolar 
G en era to r

Jan ., 1964 A pril, 1967

M arsh a ll, R. A. The E lec tro ly tic  V ariab le  
R es is ta n ce  T e s t Load/Sw itch 
fo r the C a n b e rra  H om opolar 
G en era to r

May, 1964 A pril, 1967

Inall, E . K. The M ark II Coupling and 
R o to r C en te rin g  R e g is te rs  
fo r  the C a n b e rra  Hom opo- 
la r  G en e ra to r

Oct. , 1964 A pril, 1967

Inall, E . K. A Review of the S pecifica­
tions and D esign of the 
M ark II Oil L ub rica ted  
T h ru s t and C en terin g  
B earin g s  of the C a n b e rra  
H om opolar G en e ra to r

N o v .,1964 A pril, 1967

Inall, E . K. P rov ing  T e s ts  on the 
C a n b e rra  H om opolar G en­
e ra to r  w ith the Two R oto rs  
C onnected in S e rie s

F e b . ,1966 A pril, 1967

B rady, T.W. Notes on Speed B alance 
C on tro ls  on the C an b e rra  
H om opolar G e n e ra to r

M ar. ,1966 A pril, 1967

Inall, E . K. T e s ts  on the C an b e rra  
H om opolar G e n e ra to r  
A rran g ed  to Supply the 
5 M egawatt M agnet

May, 1966 A pril, 1967



Publications by D epartm ent of Engineering P hysics (C ont.) R2

No. Author
F ir s t

T itle Published R e-issued

EP-RR 10 Brady, T.W . A Study of the P erfo rm ance June, 1966 A pril, 1967
of the 1000 kW M otor Gen­
e ra to r  Set Supplying the 
C anberra  Homopolar Gen­
e ra to r  Field

EP-R R  11 Macleod, I.D.G. Instrum entation and Control O ct., 1966 A pril, 1967

EP-R R  12 Carden, P . O.

of the C anberra  Homopolar 
G enerato r by On-Line Com­
puter

M echanical S tre sses  in an J a n . , 1967
Infinitely Long Homogeneous 
B itte r  Solenoid with Finite 
E xternal Field

E P-R R  13 Macleod, I.D.G. A Survey of Isolation A m pli- F e b ., 1967
fie r  C ircu its

E P-R R  14 Inall, E .K . The M ark ni Coupling fo r Feb. , 1967
the R otors of the C anberra  
Homopolar G enerato r

EP-R R  15 Bydder, E. L.
Liley, B .S.

On the In tegration of M ar. ,1967
"B oltzm ann-L ike"
Collision In tegrals

EP-R R  16 Vance, C. F. Simple T h y ris to r C ircu its  M ar. ,1967
to P u ls e -F ire  Ignitrons 
fo r C apacitor D ischarge

EP-R R  17 Bydder, E. L. On the Evaluation of E lastic  Sept. ,1967
and Inelastic  Collision F r e ­
quencies fo r Hydrogenic-Like 
P lasm as

EP-R R  18 Stebbens, A.
W ard, H.

The Design of B rushes for M ar. ,1964 S e p t., 1967
the Homopolar G enerato r at 
The A ustralian  National 
University



Copies of this and other Publications (see list inside) of the 
Department of Engineering Physics may be obtained from:

' The Australian National University Press,
P.O. Box 4, Canberra, A.C.T., 2600. 
Australia.

Price: SAl.OO

Copyright Note: Reproduction of this publication in whole 
or in part is not allowed without prior 
permission. It may however be quoted 
as a reference.


	Blank Page

