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NUCLEAR REACTOR SIMULATOR 

Preface 

The purpose of this repor t is to desc r ibe the work done at Oak Ridge 
National Labora tory in the development of a nuclear r eac to r s imula tor . 
This work is pa r t of the total p r o g r a m of the Power P i le Division and was 
c a r r i e d on by the Control Section. No one person in this section spent full 
t ime in this development work. Limited personnel made it n e c e s s a r y to 
stop this work from t ime to t ime to design e lec t r ica l control c i r cu i t s for 
the pa r t i cu la r r e a c t o r s being studied by the division. The advantages to be 
gained from having available a s imulator were sufficient to war ran t d i r e c t ­
ing the pe r sons involved to put as much effort as possible into its develop­
ment . 

A grea t deal has been learned about the poss ibi l i t ies of such a 
s imula tor and the difficulties which a r e encountered in i ts design. In this 
r epor t no at tempt is made to draw any definite conclusions. It is felt that, 
because of changes in personnel and the fact that the r eac to r development 
p r o g r a m has been re located, a l l the significant information pertaining to 
the s imulator should be gathered together . 

This repor t includes the following: 

Introduction, Page 7 , is a genera l p ic ture of the ideas behind the 
s imula tor and its u s e s . 

Section A, Page 14, entitled Network Development, covers the d e r ­
ivation of formulae for the re la t ions between reac tor constants and e l e c ­
t r i c a l network cons tants . 

Section B, Page 28 , entitled Construction of Exper imenta l Network, 
de sc r ibe s the networks used to de te rmine the feasibility of the s imula tor . 
Resul t s of t es t runs a r e given and compared to calculated va lues . 

Section C, Page 45, entitled Curren t Feeding Equipment, gives a 
descr ip t ion of the methods used to feed e lec t r i ca l cu r ren t , which s imula tes 
the bi r th of neutrons in the r eac to r , into the e lec t r i ca l network. 

Section D, Page 65, is entitled Exper iment and Development Work. 
As the t e s t s descr ibed above were conducted severa l ideas developed'which 
offered solutions to the var ious difficulties encountered. Some of these 
were tes ted and a r e descr ibed in this section. 



Appendix I, Page 90, is entitled T ransmis s ion Line Analogy. In 
th is section an at tempt is made to p re sen t co r rec t ive formulae which would 
make the r e su l t s of m e a s u r e m e n t s on a lumped network exactly equal to 
the equations for a dis t r ibuted network and there fore equivalent to a 
homogeneous r eac to r . 



SYMBOLS AND DEFINITIONS OF TERMS 

Genera l symbols used for reac tor constants and quantit ies th rough­
out this r epo r t a r e : 

k = number of t he rma l energy neutrons produced per t h e r m a l 
neutron absorbed in an infinite co re . 

^ t th = t r anspor t c r o s s section for t h e r m a l energy neut rons , ( cm - 1 ) . 

2+£ = t r anspo r t c r o s s section for high energy neut rons , (cm~ ). 

2 a th ~ absorpt ion c r o s s section for t h e r m a l energy neut rons , (cm~ ). 

2 f = absorpt ion c r o s s section for high energy neut rons , ( cm - 1 ) . 

$£ = high energy neutrons per sq cm per second. 

$ = t h e r m a l energy neutrons per sq cm per second. 

L = —=; = = -r of the mean square distance a neutron t r a v e l s 
3 Z t t h Z a t h b 

from point at which it becomes t h e r m a l to point at which it 
is absorbed. 

T = =-= =— = "Fermi age" of neu t rons , — of the mean square 
i 2 , t f \ f - 6 

dis tance a neutron t r a v e l s between point of fission and point 
at which it becomes a t h e r m a l energy neutron. 

The t e r m s used to desc r ibe the e l ec t r i ca l sys tem a r e those genera l ly 
accepted in e lec t r i ca l engineering. However, the t e r m s a r e somewhat m o r e 
specific and a r e set out h e r e for c la r i ty . 

Network is the t e r m applied to that port ion of the s imulator consis t ing 
of r e s i s t a n c e s interconnected in a mesh configuration. 

Simulator is the t e r m applied to the en t i re sys tem which includes 
the network and the cu r r en t feeding equipment. 

Node Point is the t e r m descr ib ing those points in the r e s i s t o r ne t ­
work where r e s i s t o r s a r e joined together . 

Lat t ice Unit is the t e r m used to desc r ibe that port ion of the network 
of r e s i s t a n c e s which contain a node point. In pa r t i cu la r refer to fig. A - 1 . 
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The lat t ice unit h e r e cons i s t s of the four r e s i s t a n c e s R/2 and the r e s i s t o r 
Rg. In the network this point would be surrounded by four s imi la r latt ice 
units a dis tance h away from x, y, which would contain the other half of R 
shown he re . Each of these four lat t ice units a lso contain the value Rg. 
F ig . A-2 is a typical latt ice unit for a t h r ee dimensional network. In this 
figure two lat t ice units s imi la r to fig. A-1 have been placed on top of one 
another and a lattice unit r e f e r s to th is combination. Again, each lat t ice 
unit contains the value R and Rg and six of each of the values R g / 2 and 

Feed Point is the t e r m used to indicate the node points at which 
c u r r e n t is fed into the network. Feed points occur only in the network 
which r e p r e s e n t s reac to r region. 



NUCLEAR REACTOR SIMULATOR 
Introduction 

The simulator is an e lec t r i ca l analogue computer . The idea of 
solving differential equations by the use of e l ec t r i ca l models has become 
a widely accepted technique. If due considerat ion has been given to keeping 
the model s imi lar to the physical phenomena descr ibed by the differential 
equations, the p rac t i ca l engineer has at his d isposal a means of studying 
the physical phenomena without continual re fe rence to the differential 
equations involved. The s imulator developed at ORNL, through the combined 
efforts of E. J. Wade and J. W. Simpson of the Power P i le Division, mee t s 
this requ i rement . It cons i s t s of a network of e l ec t r i ca l conducting e l e ­
ments and suitable sources of cu r r en t and cu r ren t s inks . The design of 
this network is such that when the p roper e l ec t r i ca l r e s i s t ance values a r e 
a s sembled and the cu r r en t sources and sinks a r e p roper ly adjusted, the 
steady state voltage dis t r ibut ion on the network is the s ame a s the steady 
state flux distr ibution in the r eac to r and the cu r r en t sources a r e a m e a s u r e 
of the c r i t i ca l m a s s of the r eac to r . 

In e lementary diffusion theory, the neutrons a r e assumed to obey 
the diffusion equation (a) for any volume. 

-̂ t .-, 7 *. . ^ d n - y 1 V 2 $ - A + Q = —-3 dt 

where 

A = $ 2 a = number of neut rons absorbed per cu cm per sec . 

3 = diffusion constant for the r eac to r m a t e r i a l . 

$ = (nv) = neutron flux = neu t rohs / cu cm x c m per sec = neut rons 
per sq cm. 

2 = absorpt ion constant for neu t rons . 

Q = neutrons produced per cu cm per sec which may be a 
function of the i r posit ion in the r e a c t o r . / 

n = number of neutrons per cu cm. 

t = t ime . 

V = Laplacian = divergence of the gradient . 
(a )AECD-2201 

6:76 



This equation shows that the r a t e of change of neutrons for a p a r ­
t i cu la r volume of co re m a t e r i a l equals the net neut rons that diffuse into 
that volume l e s s those that a r e absorbed t h e r e plus those produced in the 
s ame volume. 

The net neutron c u r r e n t density is given by equation (b), 

J = - ^ V $ 

The diffusion of e l ec t r i ca l c u r r e n t in a smal l volume of e lec t r i ca l conductor 
obeys the diffusion equation (c), 

- £ £ - C + I - 22 R C + J " dt 

in which 

V = e lec t r i ca l potent ial . 

I = e l ec t r i ca l cu r r en t entering the conductor. 

Q = e l ec t r i ca l charge per unit volume. 

t = t i m e . 

V2 = Laplacian. 

R = r e s i s t a n c e of the conductor . 

C = the sink or loss of cu r r en t per sec for that volume of conductor. 
The cu r ren t flowing in the conductor is given by equation (d) 

The s imi la r i ty of equations (a) and (c) as well a s (b) and (d) can readi ly be 
seen. 

V is analogous to (nv) 

i is analogous to J 

Q is analogous to n 

A volume of e l ec t r i c a l conductor in which t h e r e is a sink C and a 
source I, will se rve a s an e lec t r i ca l analogue for the differential equation 
of neutron diffusion. Considerat ion is r e s t r i c t e d to only the steady s tate 

(b) AECD-2201 
6:76 



flux c o n d i t i o n and t h e r e f o r e in equa t i on (a) and (c) t h e r i g h t hand s i d e i s 
z e r o . 

^j V 2 $ - $ 2 a + Q = O (e) 

V2V 
R - C + I = O (f) 

P r a c t i c a l a s p e c t s of bu i ld ing a c o n d u c t o r s u c h a s have b e e n d e ­
s c r i b e d m u s t now be c o n s i d e r e d . It i s not diff icul t t o bu i ld a c o n d u c t o r of 
s o m e m a t e r i a l and i n t r o d u c e a s o u r c e o r s e v e r a l s o u r c e s of c u r r e n t in to 
it t h r o u g h s m a l l i n s u l a t e d c o n d u c t o r s . H o w e v e r , it i s qu i t e i m p o s s i b l e to 
c o n s t r u c t an a b s o l u t e l y h o m o g e n e o u s d i s t r i b u t i o n of s o u r c e s in t h e c o n d u c t o r . 
T h e r e f o r e , a f in i te s p a c i n g of s o u r c e s m u s t suf f ice . S ince t h e s o u r c e s m u s t 
b e s p a c e d a t f in i te i n t e r v a l s t h e f in i te v o l u m e of c o n d u c t o r , w h i c h e x i s t s 
b e t w e e n e a c h s o u r c e m a y a s w e l l b e r e p l a c e d wi th a c o n d u c t o r w h i c h h a s 
t h e s a m e r e s i s t a n c e a s t h a t v o l u m e of c o n d u c t o r . If, for s i m p l i c i t y , t h e 
s o u r c e s a r e s p a c e d even ly t h r o u g h o u t t h e v o l u m e , t h e s a m e r e s i s t o r b e ­
t w e e n e a c h s o u r c e would b e u s e d . So fa r i t h a s b e e n i m p l i e d t h a t t h e c u r ­
r e n t i s be ing r e m o v e d f r o m a l l p o i n t s on t h e s u r f a c e of t h e v o l u m e of c o n ­
d u c t o r and t h a t t h e s e p o i n t s a r e not n e c e s s a r i l y a t t h e s a m e p o t e n t i a l . The 
s a m e i s t r u e for t h e n e t w o r k of l u m p e d c o n d u c t o r s . The c u r r e n t i s r e m o v e d 
f r o m a l l r e s i s t o r s wh ich r e a c h to t h e b o u n d a r y of t h e v o l u m e . F o r t h e 
b a l a n c e of t h i s d i s c u s s i o n t h e d i s t a n c e b e t w e e n t h e two s o u r c e s i s c o n s i d e r e d 
to b e a un i t d i s t a n c e ( a s s u m i n g even ly s p a c e d s o u r c e s ) and a v o l u m e of a l l 
uni t d i m e n s i o n s i s c a l l e d a uni t v o l u m e . 

F o r c o n v e n i e n c e a t t e n t i o n i s conf ined t o a v o l u m e of c o n d u c t o r of 
uni t t h i c k n e s s w h i c h c o n t a i n s a l l t h e s o u r c e s in one f lat p l a n e of t h e t o t a l 
c o n d u c t o r v o l u m e . H e r e it i s i m p l i e d t h a t t h e c o m p o n e n t s of c u r r e n t flow 
out of t h i s uni t t h i c k n e s s v o l u m e , p e r p e n d i c u l a r to t h e p l a n e of the s o u r c e s , 
a r e known. A n e t w o r k t o r e p r e s e n t s u c h a v o l u m e i s shown in f ig. 1 w h e r e 
e q u a l s p a c i n g of t h e s o u r c e s i s a g a i n u s e d and t h e r e f o r e a l l t h e c o n d u c t o r s 
a r e of e q u a l r e s i s t a n c e R o h m s . At e a c h of t h e node p o i n t s ( w h e r e r e s i s t o r s 
jo in) t h e c u r r e n t s o u r c e I i s i n t r o d u c e d . T h i s c u r r e n t f lows t h r o u g h t h e 
n e t w o r k e v e n t u a l l y r e a c h i n g g r o u n d to c o m p l e t e t h e e l e c t r i c a l c i r c u i t . T h i s 
c u r r e n t I can b e any quan t i ty and a l l t h e f e e d s a r e not n e c e s s a r i l y e q u a l . 
F o r t h e a n a l o g y t h i s c u r r e n t should b e p r o p o r t i o n a l to t h e v o l t a g e w h i c h 
e x i s t s a t e a c h node po in t b e c a u s e , in t h e r e a c t o r , t h e n u m b e r of n e u t r o n s 
p r o d u c e d by f i s s i o n i s p r o p o r t i o n a l t o t h e t h e r m a l flux p r e s e n t a t any po in t 
in t h e r e a c t o r , w h e r e f i s s i o n s o c c u r . T o c o m p l e t e t h e a n a l o g y a s ink t e r m 
C i s n e e d e d , w h i c h for a p e r f e c t a n a l o g y , r e q u i r e s t h a t t h e e l e c t r i c a l c u r r e n t 
be d e s t r o y e d a t a l l p o i n t s in t h e v o l u m e of conduc t ing m a t e r i a l in an a m o u n t 
wh ich i s e v e r y w h e r e p r o p o r t i o n a l to t h e n e u t r o n flux p r e s e n t . P le re a g a i n 
p r a c t i c a l c o n s i d e r a t i o n s r e q u i r e t h a t t h e s ink C, for t h e u n i t s of v o l u m e b e 
l u m p e d a t t h e node p o i n t s of t h e n e t w o r k . S i n c e t h i s s ink i s p r o p o r t i o n a l to 
the v o l t a g e , a t e a c h node po in t , it i s p o s s i b l e t o t a k e a d v a n t a g e of t h e l i n e a r 
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re la t ion of Ohm's law 

i = E/R' 

and place a conductor, from each node point to ground, which has a r e s i s t ­
ance inverse ly propor t iona l to the absorpt ion constant for neu t rons . The 
cu r ren t source r equ i remen t can be met by a voltage control led cu r ren t sup­
ply such a s a vacuum tube operat ing in the l inear port ion of i ts cha rac t e r i s t i c 
curve . With a suitably control led source in place, the analogy for e lementary 
diffusion theory is comple te . 

In a t he rma l -neu t ron nuclear r e a c t o r , neut rons exist at all energ ies 
between fission energy and t h e r m a l energy, and the "constants5 ' of equation 
(e) a r e functions of neutron energy. The "two-group theory ! : ,*is used exten­
sively in p rac t i ca l r eac to r calculat ions as an approximation to th is situation. 
Here it is a s sumed that the neut rons exist in two energy groups , fast or 
high energy and slow or t h e r m a l energy. Fo r a steady state flux of ei ther 
energy level, an equation like e appl ies . In the case of fast neut rons the A 
t e r m r e p r e s e n t s slowing down while for t h e r m a l neut rons it continues to be 
absorpt ion . The e lec t r i ca l analogy r e q u i r e s two s imi lar networks of the 
type desc r ibed . Each mus t have the same lat t ice const ruct ion , that i s , 
equally spaced node points . The rma l neut rons a r e produced by the slowing 
down of fast neu t rons . The cu r r en t of the sink t e r m of the network r e p r e ­
senting fast neutrons mus t be made to flow into the corresponding node 
points of the t h e r m a l network. This suggests that the conductor which 
c a r r i e s the sink cu r r en t away f rom the fast network should connect d i rect ly 
between the corresponding node points of the fast and t h e r m a l networks 
instead of to ground. In two-group theory it is assumed that al l f issions 
occur because a t h e r m a l neutron flux is p resen t at any point at which f i s ­
sion can occur . F o r th is analogy, then, the cu r r en t source I, for the fast 
network is controlled with the voltage of the t h e r m a l network. Thus, a 
single network can be cons t ruc ted to s imulate al l the e lements of two-group 
diffusion theory . 

A typical lat t ice unit for th is network is shown in fig, A-1 of Section 
A. In th is figure thevfast neutrpn diffusion network r e s i s t o r s a r e denoted 
by the subsc r ip t s <t> and the t h e r m a l network by 6. R is the slowing down 
r e s i s t o r and Rg is the absorpt ion r e s i s t o r . The source cu r r en t I is r e p r e ­
sented by a box which is an e lect ronic amplif ier whose output cu r r en t I is 
equal to A x VQ . To opera te the s imulator a pa r t i cu la r value of A mus t be 
found which will es tabl ish constant vol tages on all points in the network. 
If the voltage Vg were ze ro the source I would be ze ro . In o rde r to s t a r t 
the cycle of production of c u r r e n t , a sourve VQ must be applied to the ne t ­
work just a s in the r e a c t o r a source of neut rons must be p r e sen t in o rder 
to s t a r t the chain reac t ion . Once the cycle is s ta r ted the source can be . 
removed and the cycle simulating the chain reac t ion will continue. 

*Soodak, H., AECD Publ icat ion 2201 
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An ideal analogue would s imulate the continuous slowing down p r o c ­
ess which occurs for the neutrons in the chain r e a c t o r . Actually what is 
wanted is the simulation of many groups of neutron ene rg ie s . F r o m the 
discuss ion of the two-group s imulator it is evident that a voltage difference 
must exist such that the 0 (fast) network voltage is higher than the 6 
( thermal) network voltage. The la rger this voltage difference, the m o r e 
near ly the slowing down of neut rons can be simulated in the sink conductor 
of the fast network. In the s imulator of th is r epor t (Section B) the 0 ne t ­
work peak voltage was set at 150 volts and the 6 network peak at 3 vol ts , 
a ra t io of 50:1. Obviously an at tempt to s imulate t h r e e groups with the 
same ra t ios r e su l t s in ra t ios of 2500:50-1, a peak of 7500 volts for the 
highest energy for a peak of 3 volts on the lowest energy network. This 
is not p rac t i ca l but, fortunately, the 50:1 ra t io between voltages is not 
n e c e s s a r y and by using a smal le r ra t io of, say 10:1, at leas t t h r ee energy 
groups could be simulated. At ORNL the work was confined to two energy 
groups . 

In Section A of this r epor t , the re la t ions between the network p a r a m ­
e t e r s and r eac to r constants a r e developed. In Section B the const ruct ion 
of two s imula to r s , each for a different r eac to r , is descr ibed . 

A chain reac to r cons is t s of a co re and a ref lector region. So far 
only a region in which sources of neutrons a r e p resen t , which is the case 
in the co re , has been considered. The slowing down, absorpt ion and dif­
fusion which occur in the ref lector region can be simulated by a network 
of the same form as the co re with the source cu r r en t (i) ze ro . The source 
of t h e r m a l neutrons due to slowing down is s t i l l p re sen t and the absorpt ion 
of t h e r m a l neutrons is much l e s s because of the absence of f issionable 
m a t e r i a l . Fo r all p rac t i ca l pu rposes , a l l that .is n e c e s s a r y in o rder to 
s imulate the ref lector region is to ass ign average values of m a t e r i a l con­
stants to that region and to adjust the network r e s i s t ance values to c o r r e ­
spond. This is covered more completely in the designs of Section B. The 
neutron flux is considered to be ze ro at the outside boundary of the ref lector 
and there fore the network is grounded at that point. 

Simulating the inser t ion of a control rod into the core is a ma t t e r 
of imposing upon the s imulator network the known effect of the rod upon 
the neu t rons . If the rod will absorb all the t h e r m a l neutrons in a pa r t i cu la r 
r e a c t o r region the t h e r m a l network can be grounded at those points which 
cor respond to the effective rod d imensions . The p rac t i ca l considera t ions 
of this operat ion a r e covered more fully in Section B of this r epor t . 

With a s imulator of this kind avai lable , the determinat ion of c r i t i ca l 
m a s s and the flux dis tr ibut ion for complex boundary condition p rob lems is 
grea t ly simplified. Analytical solution of the two-group theory differential 
equations r e su l t s , for near ly al l boundary p rob lems , in a tedious t r i a l and 
e r r o r p r o c e s s . The s imulator offers a means of performing this p r o c e s s 



1 

rapidly through the feed-back action of the electronic ampl i f ier . Examples 
of these complex p rob lems a r e : the inser t ion of control rods along the 
rad ius or a chord of a cyl indr ica l co re , i r r egu l a r control rod spacings and 
the case where the m a t e r i a l cons tants va ry as a function of the location of 
the m a t e r i a l in the r e a c t o r . 
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SECTION A 

NETWORK DEVELOPMENT 

A. Network Theory 

P a r t i a l differential equations such as those used in two­group theory 
calculat ions can be solved by the use of suitable e lec t r i ca l networks . 

Consider the point x, y in a network mesh as shown in fig. A­1 (b) 
(This is one point in the network of fig. A­1 (a). 

The e lec t r ica l cu r r en t equation at x, y is : 

V(x+h,y) ­ V(x,y) V(x­h,y) ­ V(x,y) V(x,y+h) ­ V(x,y) V(x,y­h) ­ V(x,y) _ V(x,y) 
R R R R " Rg 

or; 

[V(x+h,y) + V(x­h',y) ­ 2V(x,y)] + [V(x,y+h) + V(x,y­h) ­ 2V(x,y)] = V(x,y) f­
R g 

Using Tay lo r ' s expansion* 

V(x+h,y) . V(x,y) ♦ i ^ 1 ♦ | i ^ l + . . . 
1! dx 2! a x

z 

and 

,%/ u \ w/ \ h ^V(x,y) h2a2V(x,y) 
V(x­h,y) = V(x,y) ­ ­ N +~u )'>< 

1! 3x 2! 3 x z 

adding and rea r rang ing t e r m s 

aZV(x,y) V(x+h,y) V(x­h,y) 2V(x,y) 
ax 2 ~ h2 

*In this development a lat t ice length h = 1 could be conveniently used, and 
the var i ab le s x, y and z could be measu red in lat t ice uni ts . In Section 
B, however , different values of length for h were used and it was considered 
m o r e convenient to let h r emain as a p a r a m e t e r in the equation. 



l ikewise 

a2V(x,y) V(x,y+h) + V(x,y-h) - 2V(x,y) 
3 y2 = h2 

The network equation becomes very near ly : 

aZV(x,y) 92V(x,y) _ V(x y) J t 
y p dy2 " " h 2 - Rg 

The solution of this equation V(xy) can be read with a vol tmeter 
f rom the network point (x, y) to ground. 

B. Network Theory Applied to Calculations for Reactor 

This fundamental idea can be extended into three direct ions x, y 
and z and the resul t ing network equation will have aV2V t e r m where the 
r eac to r equation contains V 0. The network equation would be: 

V *V(x,y,z) - V ^ * 
* Rg 

In two-group theory the neutrons a r e a s sumed to exist only in two 
energy leve ls , fast or high energy, and t he rma l or low energy. In ei ther 
energy level the general form of the balance equation at steady state cond 
tions of flux is : 

- Leakage - absorpt ion + production = 0 

^ f V 2 * f - Z a f * f + k 2 a t h $ t h ' = 0 (IP) 

X t th , . . 
T T » th " 2 a th$ th + S a f $ £ = ° (2.P) 

where 

A t f 2 

—— V 5> = n u m b e r of f a s t n e u t r o n s diffusing in to a cu c m p e r s e c . 

A t t h 2 
—V <J> = n u m b e r of t h e r m a l n e u t r o n s di f fus ing in to a cu c m p e r s e c 

2 , $ , = n u m b e r of f a s t n e u t r o n s b e c o m i n g t h e r m a l / c u c m / s e c . 
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^ a t h ^ t h = n u m b e r of t h e r m a l n e u t r o n s a b s o r b e d / c u c m / s e c . 

k 2 , 0 , = n u m b e r of f a s t n e u t r o n s p r o d u c e d / c u c m / s e c . 
a t h th ' 

In the e l e c t r i c a l n e t w o r k a c u r r e n t I a m p c a n t h e n be i n t r o d u c e d a t 
the node poin t and the b a l a n c e e q u a t i o n for c u r r e n t wi l l b e c o m e : 

R S 

o r ; 

J iv 2 V(xyz) - V ( x y z )
+ l = 0 

R h R g h 

w h i c h i s of the s a m e f o r m a s ( lp ) o r (2p) a b o v e . 

F o r e a c h n e u t r o n e n e r g y g r o u p an e l e c t r i c a l r e s i s t o r n e t w o r k hav ing 
the above equa t ion can be c o n s t r u c t e d . F o r a s i m u l t a n e o u s so lu t i on of t h e s e 
e q u a t i o n s , the c u r r e n t I a t e a c h node poin t in e a c h n e t w o r k m u s t be m a d e 
p r o p o r t i o n a l to the vo l t age V of the c o r r e s p o n d i n g node po in t in the o t h e r 
n e t w o r k . 

R a t h e r than c o n s t r u c t s e p a r a t e n e t w o r k s to m e e t t h e s e r e q u i r e m e n t s , 
a s i n g l e n e t w o r k wi th s u i t a b l e r e s i s t a n c e e l e m e n t s to r e p r e s e n t a l l of the 
t e r m s in bo th e n e r g y g r o u p e q u a t i o n s can be a r r a n g e d . The n e t w o r k e q u a t i o n s 
can t h e n be w r i t t e n and the coe f f i c i en t s of t h e s e e q u a t i o n s e q u a t e d to the 
coe f f i c i en t s of the r e a c t o r e q u a t i o n s . 

A n e t w o r k of r e s i s t a n c e s to m e e t t h e s e r e q u i r e m e n t s i s shown in 
f ig. A - 2 . 

C. C a l c u l a t i o n of N e t w o r k C o n s t a n t s 

The c u r r e n t e q u a t i o n a t V, x i s : 
(x.y.z) 

(Equa t ion In) 

V(ft(x+a,y,z) - V i x , y , z ) V ^ x - a . y . z ) - V (/ )(x,y,z) 

0X 0X 
V ( f t ( x ' y + b ' z ) " V0(X<Y'Z) x V<ft(x,y-b,z) - V r f t(x,y,z) J_ 

0y 0y 
V0(x ,y ,z+c) - V ^ x . y . z ) { V ^ ( x , y > Z - c ) - V ^ x j . z ) | V0-V0 | A y = Q 

R j R J R-v 
0 z 0z ' 
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o r c o l l e c t i n g t e r m s 

V0(x+a ,y ,z ) + V 0 ( x - a , y , z ) - 2V0(x ,y ,z ) 

0x 
V0(x ,y+b ,z ) + V 0 ( x , y - b , z ) - 2V0(x ,y ,z ) 

V0(x ,y , z+c ) + V 0 ( x , y , z - c ) - 2V0(x ,y ,z ) + V0 + y . [ A _ I_ ] = 0 

R 0 z R > R 7 

R e a c t o r equa t ion for f a s t flux (nv)f = <|>f 

-*pA2<&f - 2 a f $ f + k 2 a t h ^ t h = 0 

By T a y l o r E x p a n s i o n (us ing a, b , and c to c o r r e s p o n d to l a t t i c e un i t l eng th 
in x , y , and z d i r e c t i o n s ) 

^ / \ * i \ a B®( i \ a2 32<E>f / x 
* f ( x + a , y , z ) = *f (x ,y ,z) +- - j - ^ - ( x . y . z ) + — - ^ r l x . y . z j + . . . . 

* f ( x - a , y , z ) = * f ( x , y , z ) "f"j ^ (X 'Y 'Z) + T l f c c 2 " ^ ' 7 ' ^ " ' ' ' ' 

Adding 

d 2 $f ( x , y , z ) _ $ f ( x + a , y , z ) + $ f ( x - a , y , z ) - 2<l>f(x,y,z) 
8 7 â  

S i m i l a r l y , t e r m s for 

3 2 $f (x ,y ,z ) ; d 2$f (x,y,z) 
" y2 TV2 a ^ 

c a n be ob t a ined . 

Subs t i t u t i ng t h e s e e x p r e s s i o n s in l p we ge t : (af ter m u l t i p l y i n g 
t h r o u g h by a, b and c) 

E q u a t i o n l p 

— - [Of(x+a ,y ,z ) + * f ( x - a , y , z ) - 2<Df(x,y,z)] + 
i a 

- y ; ^ [ * f (x,y+b,z) + Of (x .y -b . z ) - 2 0 f ( x , y , z ) ] + 



X-̂ f ab 
— [$ f(x,y,z+c) + $ f (x ,y , z -c ) - 2$ f(x,y,z)J -

3 c 

abc 2 0 (x.y.z) + abck 2 ., 0 (x,y,z) = 0 

Equation In and l p ' will be equal if: 

*f s 

* t h ; 

R A 

0* 

0y 

R A 0 Z 

R-y 

V0 

-VB 
3 

3 

Xtf 

3 
Xti 

2 

a 
'"bl 

b 
ac 

c 
, _ a b 

1 
, abc af 

(4-1) 

(4-2) 

(4-3) 

(5) 
" a f a u " 

" 4 + A = k 2 a th a b C (6) 

Likewise , the equation for the 6 network is as follows: (Using a, b and c 
as before) . 

(Equation 2n) 

Ve(x+a,y,z) + V^x-a .y .z) - 2V e(x,y,z) / 

Ve(x,y+b,z) + Ve(x,y-b,z) - 2Ve(x,y,z) ( 
R 0 y 

V e(x,y,z+c) + Vg(x,y,z-c) - 2V0(x,y,z) _ v ( x > y > z ) [J. + J_l + M = 0 
RQZ ' ' LRg R7J R 7 

The react ion equation for t he rma l flux ( $ ) , , infinite difference form i s : 
th 

(Equation 2p') 

X t th be 3 * a [* t h ( x + a ' y - z ) + $ t h (x -a ,y ,z ) - 2$ t h (x ,y ,z)] + 

Atth a c 
— 3 ~ . -g~ [<E>th(x,y+b,z) + $ t h (x ,y -b ,z ) " ^ t h ( x , y , z ) ] + 



— — . "^T [ $ t h (x ,y ,z+c) + $ t h ( x , y , z ­ c ) ­ 2 $ t h ( x , y , z ) ] ­

a b C 2ath V X ' y ' z ) + abC 2af V X ' y ' z ) = ° 

Here again 2n will be s imi la r to 2p ' if: 

(7) 

(8­1) 

(8"2) „ 

(8-3) 

abc (9) 

Having establ ished the above relat ions the ra t ios between network 
res i s t ance values can be set up. 

D. Network Resis tor Ratios 

ve ­ *th 
R « ■ 3 

R _ 3 

1 1 
R g ' R 7 t 

a 
be" 

b 
ac 

c 
ab 

7"ath 

R 
0X 

7 

3a2 

Mi 
3b ' 

af 
T 

R
7 A t f

 a f T 

*6 z = 2 l 2 t=l_ 
*tf a f T 

F r o m 4 ­ 1 , 2 , 3 and 8 ­ 1 , 2 and 3 

0x 0y 0z t ,th 
R 0 x % 

F r o m 8 ­ 1 and 7 

RA y tfz Atf 

(10) 

(11) 

(12) 

(13) 

r_i J_I i±! ±f 
0 x R p

 + R . 2 a t h . j 
1­ g ­vJ A++V, L S 7 J A t th 

R 
0x R 0x a 

— + cg R­y 
(14) 



20 

F r o m 13 

R 0 x = R 0 x 
X tf 
X t th 

R = - * ! R 0 x X tf = _a_2 _a}m Mi_ 
0x _2 L2 Ry Xt th L 2 T Atth 

R e x _ 
R g 

L i k e w i s e : 

Rfl 
R 

g 

a2 

L2 

b 2 

L2 

|_ T A t t j AtthJ 
1 (14-1) 

L T A t thJ 
(14-2) 

g 

F r o m 6 

!!»..£.'[..i'^q (H-3) 
R

p L2 L T XtthJ 

A = k; I 
. a th " Ry 

Subs t i t u t e 9 

A = k l - i -LRg + R
7 ] ' R 

k_ + k - 1 
R g R 7 

The c u r r e n t I w a s def ined a s AV„ 

o r A = (mhos ) 
V 0 

In o r d e r to supp ly t h i s c u r r e n t a c u r r e n t g e n e r a t o r is r e q u i r e d wh ich 
c a n be c o n t r o l l e d . I ts output c u r r e n t m u s t a l w a y s e q u a l AVg . An e l e c t r o n i c 
a m p l i f i e r wi l l s a t i s f y t h i s r e q u i r e m e n t . T h e i d e a l i n p u t - o u t p u t r e l a t i o n for 
t h i s a m p l i f i e r i s a s t r a i g h t l i ne , t h e s l ope of wh ich i s A. The s l ope A m u s t 
be a d j u s t a b l e . 



E. Kappa Fac to r 

The network under d iscuss ion will s imula te a r eac to r desc r ibed by 
the two-group theory equation but the cur ren t flows i-y, ig and I of fig. A-2 
will not r ep re sen t exactly any r eac to r quanti t ies because the 0 network has 
been placed on top of the 6 network. Consider again the bas ic network r e ­
qu i rement that the absorpt ion r e s i s t o r (R-y or Rg) should go to ground. It 
is easy to see that this ideal network will be approximated by the combined 
network if the voltage VJ* of this combined network is very la rge compared 
to VQ , for example, in the o rde r of a 50:1 ra t io . 

This means that the re mus t be a ra t io of about 50:1 between the 
values of R-y and Rg and between the values of R0 and Rg. 

F o r m u l a (l3)(with x = y = z) gives the re la t ion 

R^ _ Xtth 
R0 " Xtf 

A factor k is now introduced so that 

R 0 = k *tth 
R 0 " A t f 

(13a) 

and this is called a "kappa fac tor . " This gives the des i r ed a r b i t r a r y r e ­
duction of the network voltage and if Atth = Atf 

R 0 = k R 0 

This factor a lso affects formulas (14) which (with a = b = c) becomes 

R j = a2 T _ L2 Atf! 
Rg L2 [_ " T XtthJ 

and before the "kappa fac tor" was introduced this could have been wri t ten 
(by using 13) 

5a = i. 
R g L 2 T R 0 

Now insert ing t h e r a t i o of 13a with the "kappa factor" introduced the resu l t 
i s : ,. • 

R g L 2 L T 

2 , Xtf k 
Atth 

(14a) 
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In formula 15 the value of Rg which was determined using k is e m ­
ployed. Here , since Rg has been reduced, A for a given k is l a r g e r . This 
means s imply that any method of introducing the cur ren t I = AVQ mus t 
supply a l a r g e r cur ren t pe r volt than would have been required without the 

kappa fac tor ." 

When the relat ions of formulas 3 through 15 a r e built into the e l e c ­
t r i ca l network the following d i rec t re la t ions "between r eac to r s and network 
quanti t ies exis t . „ 

Network Quantity Reactor Quantity Represented 

l0x. i0y» i0z 

i y 

!0x» i9y> *0z 

*g 

I (The cu r ren t entering the 
network node point) 

Diffusion of fast n e u t r o n s / s e c / a . b . c . 
(cm)3 in the d i rec t ions x, y or z 

F a s t n e u t r o n s / s e c / a . b . c . (cm)3 which 
slow down or become the rmal 

Diffusion of t h e r m a l n e u t r o n s / s e c / a . b . c . 
(cm)3 in the d i rec t ion x, y or z 

Thermal n e u t r o n s / s e c / a . b . c . ( c m ) 3 which 
cause f issions 

F a s t n e u t r o n s / s e c / a . b . c . (cm)3 which 
resul t f rom f iss ions 

A solution to the network equations r e su l t s when V0 and VQ a r e 
constant and for this condition A for the amplif ier mus t be adjusted to a 
pa r t i cu l a r value. The operat ional p rocedure is to s t a r t cu r r en t flowing in 
the network by some external m e a n s , and va ry A until V0 and VQ a r e 
constant . A is then a m e a s u r e of k for the r eac to r by equation 15. The node 
point voltages Vrf, and VQ give the flux dis t r ibut ion in the r eac to r . 

F . Boundary Conditions 

So far only the core has been considered and no specific at tention 
has been given to the ref lector region. The core is surrounded by a r e f l e c ­
tor region and it is a s sumed that no neutrons leave the ref lec tor . Three 
boundary conditions regular ly used for solution of the reac tor equations mus t 
be me t by the s imula tor ; namely, that in the ref lec tor the production of 
neutrons is ze ro , that the flux is continuous a c r o s s the interface between the 
ref lec tor and the r eac to r and that the t h e r m a l and fast flux a r e both ze ro at 
the outside boundary of the ref lec tor . The f i r s t condition is met by not 
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feeding current into the reflector, node point. To meet the third of these 
conditions the perimeter of the network which represents the reflector is 
grounded. For the second condition reflector section network must be 
built to contain the constants T» L2, X̂ f and X^h for the reflector using the 
formulas developed for R0, Ry, R­y, and Rg and the network for the reactor 
is joined to this reflector network. Due consideration must be given to 
the location of the interface with respect to the network node points. 

If the interface occurs midway between node points the value of the 
resistors R­y and Rg, at the last reactor node point inside of the reactor, 
and the first node point inside of the reflector need not be adjusted. How­

ever, if the interface occurs at a node point the R­y and R„ resistors at 
this point must be adjusted. To do this the respective regions are considered 
to overlap at that node point and the following value is used. 

n /■ , c \ 2 R­y (reactor) x R­y (reflector) . . 
R­v (interface) = —_ ' ) > " ' ; — ^ v (16) 

7 v R­y (reactor) + R­y (reflector) v ' 

The method of arriving at this formula is shown in fig. A­3. If the inter­

face occurs some fraction of the way between the last node point in the 
reactor and the first node point in the reflector, only the diffusion resistor 
between these node points must be changed if Rw> or Rgfor the reactor is 
not equal to R,* or Ry for the reflector. In the case where the interface is 
at one half ofthe distance between the node points the fast network diffusion 
resistor are equal to 

Rfl (reactor) plus R^ (reflector) 
2 2 

and the thermal flux network resistor is computed in the same way. 

Another boundary condition which must be simulated is the insertion 
of a control rod. This condition may require, for example, that the thermal 
flux be zero at the effective radius of the rod. The thermal flux is made to 
go to zero by grounding the 0 network at points in that network which corre­

spond to the dimensions of the rod. The production of neutrons is zero so 
again no current feed is needed in that section of the 0 network which was 
grounded. In this way any number of rods of any configuration can be sim­

ulated. 

G. Conclusions 

1. A network can be constructed so as to simulate the reactor 
described by the two­group theory equations. 



2. The network is one of lumped constants and contains a finite 
dis tance between the network node points . These finite network lengths 
have a definite direct ional re la t ion of 90 deg rees to one another . 

3. The accuracy of the r e su l t s obtained f rom the s imula tor network 
depend upon: 

a. Selection of r e s i s t o r s whose values closely approximate the 
calculated values . 

b . The accuracy with which the cu r r en t feeding equipment fulfills 
the theore t ica l r equ i rement : I = AV y . 

c. The accuracy of ins t rument reading. 

d. The e r r o r involved in t ransforming the differential equation of 
the r e a c t o r into finite difference form. In the Taylor expansion, all odd 
powered t e r m s cancel out and t e r m s of the fourth, sixth, e tc . , power con­
sti tute the e r r o r . 

The total e r r o r resul t ing f rom all of these effects is bes t de te rmined 
by const ruct ing a network and comparing the m e a s u r e d resu l t s with those 
obtained by solving the r eac to r equations analyt ical ly. 
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Let. Rr (Reactor) z R, 
2r (Reflecfor) * Rz 
R* (Reactor) = Re CRef'lector)*R 

R/z R_ 

y~Interface at This Point 
K Between Reactor {Reflector 

k R e/z 

R, 2R, 

I 
2R> 

I I I 

I 

I 
A C tual Reac for ■*"[-"'/may/nary feacibr*­

Over/ap 
-"»Imay/fiary &tVector ~J? A ctua I Re flee tor — 

2R, 

I 
ZR0 

' ill I 
Reactor 

R/z R 
- I 

H h I l « 

R, 2R, 

1 LJ 

­Reflector ■" 
__R/z 

3­r­\ 1­

2£« 

ill "I 
In Place of 2R, f 2Ri A Single Resistor Can Be Used. 

JL - _L + _L p - 2R, Rz 
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Adjustment of Rr Value at Inteface of Reactor {Reflector 

RRD.A­1404 Fig. A­3 
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SECTION B 

CONSTRUCTION O F E X P E R I M E N T A L NE T W ORKS 

A . A one d i m e n s i o n a l s i m u l a t o r i s a l s o c a l l e d a n e t w o r k s y s t e m . 

1. G e n e r a l D e s c r i p t i o n : T h e f i r s t t e s t n e t w o r k c o n s t r u c t e d by 
E . J . Wade i s shown on f ig. B - 5 . T h i s d r a w i n g c o n t a i n s the c o m p l e t e h o o k ­
up inc lud ing the n e t w o r k and t h e c u r r e n t feeding a m p l i f i e r and s w i t c h . T h e 
n e t w o r k i s t he e q u i v a l e n t of a s l a b r e a c t o r in t w o - g r o u p t h e o r y c a l c u l a t i o n s . 
A s l a b r e a c t o r i s one in wh ich t h e n e u t r o n flux d e p e n d s on only one c o o r ­
d i n a t e . An 8/if c o n d e n s e r w a s c o n n e c t e d b e t w e e n e a c h po in t of t h e 0 n e t ­
w o r k and g r o u n d . T h e c o n d e n s e r t o g e t h e r wi th t h e r o t a t i n g s w i t c h and a m ­
p l i f i e r c o n s t i t u t e the c u r r e n t feed ing e q u i p m e n t for t h e n e t w o r k of r e s i s t o r s . 
A s t h e swi t ch r e v o l v e s i t c o n n e c t s t h e a m p l i f i e r input and output s u c c e s ­
s ive ly to c o r r e s p o n d i n g p o i n t s on t h e 0 and 0 n e t w o r k s . T h e a m p l i f i e r 
s u p p l i e s a c u r r e n t d i r e c t l y p r o p o r t i o n a l to the input v o l t a g e and i n d e p e n d e n t 
of t h e load r e s i s t a n c e . When t h i s a s s e m b l y i s in c o n t a c t w i th any p a i r of 
n e t w o r k p o i n t s t h e c u r r e n t c h a r g e s t h e c o n d e n s e r . T h e c o n d e n s e r t h e n c o n ­
t i n u e s to feed c u r r e n t into tha t po in t of t h e n e t w o r k a f t e r t he a m p l i f i e r and 
s w i t c h a s s e m b l y m o v e s on to the o t h e r p o i n t s . T h i s p r o c e s s i s r e f e r r e d to 
a s " s c a n n i n g . " By us ing t h i s s y s t e m the n e c e s s i t y for hav ing a n a m p l i f i e r 
for e a c h n e t w o r k po in t i s e l i m i n a t e d . 

T h e m a i n p u r p o s e of t h i s n e t w o r k w a s to s tudy the f e a s i b i l i t y of t h i s 
s c a n n i n g , and to d e v e l o p a s u i t a b l e a m p l i f i e r . 

A d e t a i l e d d i s c u s s i o n of the s w i t c h and t h e a m p l i f i e r wi l l be g iven 
in Sec t ion C. 

2 . N e t w o r k R e s i s t a n c e V a l u e s : (In a l l c a s e s t h e a v a i l a b l e s t a n d a r d 
r e s i s t o r s i z e c l o s e s t t o t h e c a l c u l a t e d v a l u e w a s used . ) 

r e a c t o r l eng th 240 c m a = . s — = — >-= 10 c m n o . .of l a t t i c e un i t s 24 

A s t a n d a r d r e s i s t o r s i z e w a s s e l e c t e d for R ^ = 2.2 m e g o h m s . 

By fo rmula . 10 Sec t ion A, wi th T = 250 sq c m 

R 0 T (2.2) (250) - , . , . , , R ^ =—*— = - -—- = 5.5 u s e 5.6 m e g o h m s . 
a2 100 



A standard r e s i s t o r was then selected for Rg = 0.047 megohms 
which was approximately l / 50 of R­y then by formula 13a of Section A 

­ 1 * ­ = ­^!=. = 46.8 = k Alth 
R£ .047 X tf 

Let Xff = Xtth­ Then k = 46.8 the kappa factor . 

With L2 = 200, by formula 14a of Section A 

R_ __a^ (1 ­ L2 \ t th) 
Rg L2 ( T k Xtf) 

0.047 = H)0_ (1 ­ 200 ) 
Rg " 200 ( (250) 46.8) 

Rg = 0.1 megohms 

F o r the ref lector let T= 250 sq cm, the same as in the r eac to r . 
Hence the R­y in the ref lector = the R­y in the r eac to r when the lat t ice unit 
length, a, and R0 a r e not changed. 

Let L2 for ref lector be 950 sq cm 

4 0 .047 _ H)0_ (1 ­ 950 ) 
Rg " 950 ( (250) (46.8) ) 

R_ = .47 megohms 

The boundary between reac tor and ref lector was made by adjusting 
the values of R g at point 1 using formula (16). See fig. C. 

v, /■ * r \ 2(100,000) (470,000) , , . . . . , 
R (interface) = 1 0 0 t 0 0 0 V 4 7 0 , 0 0 0 = 164 000 ohms 

3. Measu remen t of k: The X network sys tem is operated by f i r s t 
star t ing the multicontact switch. The output cu r ren t of the amplif ier for 
zero signal is not exactly ze ro and there fore , a smal l initial cur ren t flows 
causing voltages to be established at the var ious points of the 0 network. 

The smal l initial amplif ier cu r r en t cor responds to the source of 
neutrons requi red to s t a r t a chain reac t ion . The value of A for the a m p l i ­

fier, which has been shown to r ep re sen t k ofthe r eac to r in Section A, then 
feeds a cu r r en t represent ing neutrons into the network as dictated by this 
smal l initial source producing a voltage VQ . If A is la rge enough to r e p ­

resen t super cr i t i ca l the voltage of the network r i s e s just as the flux of the 
r eac to r i n c r e a s e s if more neutrons a r e p r o d u c e d t h a n a r e absorbed. When 
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the V0 approaches a convenient value such as 100 volts at the highest point, 
A is reduced (unti l V0 cease s to r i s e . This indicates that jus t enough c u r ­
rent i s being received by the network to rep lace the c u r r e n t lost by leakage 
to ground. This r e p r e s e n t s the steady s ta te condition in the r eac to r which 
ca l l s for leakage plus absorpt ion of neutrons to be equal to neutron p roduc­
tion. This A value is measu red in amps pe r volt, which is conductance, and 

k *k-l having A, k for the r eac to r i s calculated by the formula, A = — + —— 
Rg R-y 

for the c lose approximation due to "kappa factor" since the l a rge value of 
R (5.6 megohms) makes the las t t e r m smal l , so that k = A.Rg-

4 . Boundary Conditions: To opera te the network as a c o r e without 
ref lec tor the 0 and 0 networks w e r e grounded at the network points c o r r e ­
sponding to the r eac to r boundar ies . 

To s imulate the effect of a control rod the Q network was grounded 
at"the point in that network at which the flux was to be z e r o . F o r the curve 
of fig. C-2 the network was grounded at points 11L, 12 and 11R. Each l a t ­
t i ce unit r e p r e s e n t s 10 cm of c o r e m a t e r i a l hence the effect of a 1 x 1 x 20 c m 
rod black to t h e r m a l energy neut rons was s imulated. In fig. B - l and 'B-2 
the effective rod dimensions a r e 1 x 1 x 0 cm because only one network 
point was grounded, 

5. Exper imenta l Resul t s : In the t e s t runs on the s imula tor k^vas 
m e a s u r e d for var ious boundary condi t ions. The k was then calculated by 
solution of the r eac to r equatipns so that the accuracy of the m e a s u r e m e n t 
could be de te rmined . F o r the c o r e and no control rods , the measu red k was 
1.16; the calculated k was 1.078. The balance of the r e su l t s were taken 
with the inser t ion of control rods s imulated . Various d imensions of rod 
w e r e simulated and in each case the rod r e p r e s e n t s , in a s lab r eac to r , a 
s lab rod of 1 cm x 1 cm x some des i r ed th ickness . The th ickness was v a r ­
ied in each c a s e . 

F igu re B - l d e s c r i b e s a co re , and a rod of ze ro effective th ickness 
a t the cen te r . The m e a s u r e d k was 1.24; the calculated k was 1.270. 

F igu re B-2 de sc r ibe s a c o r e with a rod of 20 cm th ickness at cen­
t e r . The measu red k was 1.32; the calculated k was 1.360. 

F i g u r e B-3 d e s c r i b e s a c o r e with two, z e r o effective th ickness , 
rods at points 40 cm out f rom cen t e r . The measu red k was 1.695; the 
calculated k was 1.825. 

F igu re B-4 desc r ibes one half of the co re with ref lec tor and no r o d s . 
The m e a s u r e d k for th is co re was 1.151, the calculated k was 1.06. 
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E a c h of t h e above f i g u r e s s h o w s t h e p lo t of t h e flux d i s t r i b u t i o n , a s 
s i m u l a t e d by the n e t w o r k v o l t a g e s , a s a solid, l i n e . F o r c o m p a r i s o n wi th 
t h i s the c a l c u l a t e d flux d i s t r i b u t i o n f r o m an a n a l y t i c a l so lu t i on of the r e a c ­
t o r e q u a t i o n s w a s p lo t t ed a s a do t t ed l ine for B - l and B - 2 . 

B . Two D i m e n s i o n a l S i m u l a t o r 

1. G e n e r a l D e s c r i p t i o n : T h e s i m u l a t o r w a s bui l t to r e p r e s e n t a 
c y l i n d r i c a l r e a c t o r of l eng th 1 c m , and 91.44 c m o v e r - a l l r a d i u s , having 
60.96 c m r a d i u s r e a c t o r . F o r a two d i m e n s i o n a l r e a c t o r n e u t r o n flow is-
c o n s i d e r e d to be in two d i r e c t i o n s only , tha t i s , t he flow u n d e r c o n s i d e r a ­
t ion i s confined to a p l a n e . T h e n e t w o r k t h e n r e p r e s e n t s a s h e e t of r e a c ­
t o r m a t e r i a l 1 c m th ick hav ing the above d i m e n s i o n s . T h e flux d i s t r i b u t i o n 
in such a r e a c t o r i s s y m m e t r i c a l a r o u n d the c e n t e r and t h e r e f o r e the n e t w o r k 
w a s bu i l t t o r e p r e s e n t only a half c i r c l e of r e a c t o r m a t e r i a l . T h e p l a n view 
of t h i s n e t w o r k i s shown on fig. B - 9 . To c o n s t r u c t the n e t w o r k the c i r c u ­
l a r r e a c t o r s e c t i o n w a s f i r s t d r a w n to s c a l e and then d iv ided in to s q u a r e 
s e c t i o n s a s out l ined by the do t ted l i n e s . In o r d e r to a p p r o x i m a t e a c i r c u ­
l a r a r e a wi th a g r o u p of s m a l l s q u a r e a r e a u n i t s , t he s i z e of the u n i t s m u s t 
b e s m a l l . In t h i s c a s e two s i z e s of s q u a r e a r e a u n i t s w e r e u s e d , so t h a t 
t he effect of chang ing n e t w o r k l a t t i c e s i z e could be s t u d i e d . Having la id 
out the s q u a r e s e c t i o n s a n e t w o r k node po in t w a s p l a c e d a t t he c e n t e r of 
e a c h a r e a , and the p o i n t s w e r e j o ined by r e s i s t o r s . E a c h l a r g e uni t r e p ­
r e s e n t s a ' v o l u m e of r e a c t o r m a t e r i a l 15.24 sq c m and 1 c m th i ck and e a c h 
s m a l l uni t r e p r e s e n t s a v o l u m e 7.62 sq c m and 1 c m t h i c k . 

T h e d r a w i n g s h o w s a p i a n v iew of the n e t w o r k r e p r e s e n t i n g one e n ­
e r g y g r o u p w h e r e a s the e n t i r e n e t w o r k c o n s i s t s of two s u c h a r r a n g e m e n t s 
of r e s i s t o r s wi th r e s i s t o r s R-y b e t w e e n c o r r e s p o n d i n g node p o i n t s of the-0 
and 0 n e t w o r k s and r e s i s t o r s Rg t o g r o u n d f r o m e a c h of t h e 0 n e t w o r k node 
p o i n t s . 

2 . C u r r e n t F e e d i n g E q u i p m e n t : T h e r e a r e 60 node p o i n t s in the 
s e c t i o n of n e t w o r k which r e p r e s e n t s the r e a c t o r . E a c h of t h e s e 0 n e t w o r k 
node p o i n t s m u s t r e c e i v e a c u r r e n t feed p r o p o r t i o n a l to t h e 0 ' n e t w o r k v o l t ­
a g e a t t ha t po in t and a l s o p r o p o r t i o n a l to the v o l u m e of r e a c t o r m a t e r i a l 
r e p r e s e n t e d by the l a t t i c e uni t con t a in ing tha t p o i n t . If t he s a m e a m p l i f i e r 
i s u s e d for both s i z e d v o l u m e s , t h e t i m e the a m p l i f i e r f e e d s e a c h po in t m u s t 
be p r o p o r t i o n a l to the a r e a r e p r e s e n t e d . T h i s w a s a c c o m p l i s h e d by feeding 
e a c h l a r g e l a t t i c e uni t four t i m e s a s often a s the s m a l l u n i t s w e r e fed. T h e 
l a r g e l a t t i c e r e p r e s e n t s four t i m e s the v o l u m e of r e a c t o r m a t e r i a l r e p r e ­
s e n t e d by t h e s m a l l l a t t i c e . 

T h e r e a r e 45 feed p o i n t s for s m a l l v o l u m e s and 15 feed p o i n t s for 
l a r g e v o l u m e s so a swi tch , having (4 x 15) p l u s 45 o r 105 c o n t a c t p a i r s w a s 
u s e d . It w a s d e c i d e d to bui ld t h e s e c o n t a c t s on two s e p a r a t e d i s k s , e a c h 
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disk having 70 p a i r s of contac ts . The construct ion of this swi tch is covered 
in Section C. It is immediate ly c lea r that if two switches a r e used, two 
ampl i f ie rs will be neces sa ry , one for each group of points fed by a switch. 
These ampl i f ie rs mus t be s imi la r . It should be noted that even though the 
105 p a i r s of contacts could have been built on one disk in this pa r t i cu la r 
ca se , in the const ruct ion of th ree dimensional s imula tor it would be n e c e s ­
s a r y to have seve ra l switches and ampl i f i e r s . Two-disk construct ion was 
used so that the p rob lem of matching the cha rac t e r i s t i c curves of m o r e than 
one amplif ier could be studied. 

3 . Calculation of Res i s to r Values: It was pointed out that the la t ­
t ice s ize is d i rec t ly re la ted to the volume of r eac to r represen ted by that 
network section. It is c lea r , then, that if a value of R 0 is selected and 
used throughout the network the co re volume rep resen ted by a network l a t ­
t ice unit is de te rmined by the value of R-y at the node point of that section 
of la t t ice . Let the pile constants for the r eac to r be T = 258, L2 = 121 and 
X .£ = X^h. The value of R0 was f i rs t selected to be 2.25 megohms and 
also the value of R© , 0.047 megohms . 

Selecting the values of R0 and RQ for the smal l lat t ice unit fixed 
the value of R0 and R© for the l a r g e r lat t ice uni t s . When changing the la t ­
t ice unit size the diffusion r e s i s t ance pe r unit a r e a mus t be kept the s a m e . 
Referr ing to fig. B-9 , for example at point 11, the r e s i s t ance in ei ther the 
x or y d i rec t ions of a smal l unit is R for the a r e a h2 (7.62 x 7.62 sq cm) 
enclosed by the dotted line around point 11. Compare this a r ea with the 
four points 11, 21 , 22, 12 which form a square and a r e together enclosed 
by dotted l ines of 2h cm on a s ide . The a r e a contained by these l ines i s 
there fore 4h2 . These dotted l ines always bisect a r e s i s t o r , so in the x 
d i rec t ion s tar t ing at a left hand dotted a r e a it i s found that the re i s 
R/2 + R + R/2 or 2R ohms along the line of 21 and 11 and the same 2R ohms 
along the line of 22 and 12. The pa ra l l e l combination is R, the res i s t ance 
through which cu r ren t mus t pass in going from the left hand boundary of 
the four units to the right hand boundary in the d i rec t ion x. The same can 
be said of the d i rec t ion y at 90 deg rees to x. It follows logically then, that 
for the a r ea of 4h2 a single r e s i s t ance R could be instal led between the two 
boundar ies in either the x or y d i rec t ion and the cu r r en t passing a c r o s s 
the section would not be changed. This i s what was done in the large la t ­
t ice uni ts . F o r example, at point 022 R/2 + R/2 = R for the r e s i s t ance R 
in e i ther the x or y d i r ec t ions . Only the x and y components of cu r r en t 
diffusion which has been demons t ra ted in Section A in the development of 
the network formulas a r e considered. Cur ren t which diffuses in any in t e r ­
media te direct ion between x and y is broken up into i ts x and y components . 
Consider that the re exis ts a voltage at point 022 g r e a t e r than that at 044. 
A cu r r en t cannot flow direct ly from point 022 to point 044 if a d i rec t con­
ductor connection does not exist between them. However, a cu r r en t does 
flow between these points through the balance of the network, because , by 
the superposi t ion network theorem, the flow of cu r r en t in any network due 



to any one v o l t a g e i s i n d e p e n d e n t of o t h e r v o l t a g e s e x i s t i n g on the n e t w o r k . 
It i s i m p o r t a n t t h e r e f o r e t h a t in d e s i g n i n g a n e t w o r k t h e X and Y d i r e c t i o n 
r e s i s t a n c e s p e r uni t s q u a r e a r e a be m a i n t a i n e d the s a m e , no m a t t e r wha t 
s i z e a r e a i s c o n s i d e r e d . S ince t h e d i s t a n c e s in t h e X and Y d i r e c t i o n s a r e 
equa l for s q u a r e m e s h , a = b = c = h = 7.62 c m for t h e s m a l l l a t t i c e u n i t s , 
f r o m 10 

R 0 = h2 

R 7 T 

(2.25) . (258) 
R-y = /' iyy = 10 m e g o h m s 

H e r e a g a i n a s in t h e s l ab r e a c t o r s i m u l a t o r , a " kappa f a c t o r " i s 
i n t r o d u c e d so tha t t h e 0 n e t w o r k v o l t a g e wi l l be s m a l l . 

By f o r m u l a 13a 

| A = - L § | = 47 .87 = ^ k 
R 0 -047 X tf 

T h e n by f o r m u l a 14a 

M = ii! fi L Z ' X tf 1 
Rg " L2 L ~Tk XtthJ 

R„ = f-1*1.* ' ? , 4 7 . , . r = 0 .09795 m e g o h m s . 
g (7.62)2 x (1 - 121 1 ) & 

TTS-TT^) » " 0.1 m e g o h m s 

F o r t h e l a r g e l a t t i c e u n i t s h = 15.24 c m 

F r o m 10 

R $ = h2 

R-y T 

S ince T d o e s not c h a n g e , and R i s t h e s a m e for bo th s i z e d l a t t i c e 
u n i t s , 

R-y ( l a r g e m e s h ) _ h2 ( s m a l l m e s h ) (7.62) 2 _ 1 
R-y ( s m a l l m e s h ) ~ h2 ( l a r g e m e s h ) " (15.24) 2 4 

R»; ( l a r g e m e s h ) R - ( s m a l l m e s h ) _ _ 
7 v e ' . 7 v —-, ' - 2 .5 m e g o h m s 



S i m i l a r l y 

Rp ( l a r g e m e s h ) R p , ( s m a l l m e s h ) _ _ nnn , 
s v b ' - —a_i L = 25,000 o h m s 

4 
H e r e t h e n e a r e s t a v a i l a b l e s i z e w a s 24,000 o h m s wh ich i s t h e va lue 

u s e d in t h e n e t w o r k . 

F o r the r e f l e c t o r , l e t t ing T = 150 sq c m , L 2 = 100 sq c m and us ing 
t h e dif fusion r e s i s t o r v a l u e s of R0 and Rg which a r e now fixed v a l u e s the 
fo l lowing i s ob t a ined . 

R-v = -—-—'—- = 5.813 m e g o h m s for the s m a l l m e s h for wh ich the 
7 (7.62)2 

v a l u e 5.6 m e g o h m s w a s u s e d . 

5.6 R ( l a r g e m e s h ) = —'— = 1.4 m e g o h m s for wh ich t h e s t a n d a r d va lue 
1.5 m e g o h m s w a s u s e d . 

D , .v (1000) (0.047) 
R a ( s m a l l m e s h ) = -1- '—±— = 1 m e g o h m 

g V (7 .62) 2 (1 - 1000 . 1 , 
150 47.87^ 

R„ ( l a r g e m e s h ) = 0.24 m e g o h m s 

4 . B o u n d a r y C o n d i t i o n s : On f ig. B-9 i t c a n be s e e n tha t the bound­
a r y b e t w e e n the r e f l e c t o r and r e a c t o r , r e p r e s e n t e d by the heavy do t t ed l ine , 
p a s s e s b e t w e e n t h e node p o i n t s of the n e t w o r k . As a r e s u l t of t h i s c h o i c e 
.it i s not n e c e s s a r y to ad jus t t h e va lue of R-y o r R g a t t h i s b o u n d a r y a s w a s 
n e c e s s a r y in t h e s l a b r e a c t o r s i m u l a t o r when the Doundary p a s s e d t h r o u g h 
a node po in t . T h e b o u n d a r y of the r e f l e c t o r i s g r o u n d e d for both the 0 and 
0 n e t w o r k s . 

T h e m e t h o d of m a k i n g t h e c o n n e c t i o n s b e t w e e n t h e " la rge and s m a l l 
m e s h s e c t i o n s m u s t s t i l l be j u s t i f i e d , ( r e f e r to f ig. B - 9 ) . In the x or y 
d i r e c t i o n the va lue ' o f R for the s m a l l l a t t i c e c o r r e s p o n d s to t h e d i s t a n c e h 
w h e r e a s in t h e l a r g e l a t t i c e i t c o r r e s p o n d s to 2h. H e n c e , t h e d i s t a n c e h 
in t h e l a r g e l a t t i c e r e q u i r e s t h e v a l u e -§••. In t h e s m a l l . l a t t i ce the d i s t a n c e 
2" c o r r e s p o n d s to jr. E x a m i n i n g the a d j a c e n t p o i n t s 0, 1 and 01 on t h e 
f ig. B -9 i t c a n be s e e n t h a t t h e d i s t a n c e f r o m 0 o r 1 to 01 i s t h e s u m of y 
for t h e l a r g e m e s h p l u s y- for t h e s m a l l l a t t i c e . If t h e r e s i s t o r y for the 
l a r g e l a t t i c e i s sp l i t in to two r e s i s t o r s in p a r a l l e l , e a c h of v a l u e R, and 
t h e s e r e s i s t o r s e a c h p l a c e d in s e r i e s w i th the ^ r r e q u i r e d for e a c h of the 
s m a l l l a t t i c e p o i n t s , t h e t o t a l r e s i s t a n c e b e t w e e n e i t h e r 0 o r 1 and 01 i s 
1.5 R. T h i s i s t h e v a l u e u s e d . T h i s c o n n e c t i o n c o r r e s p o n d s to the p h y s i c a l 
c o n c e p t of n e u t r o n dif fusion i n a s m u c h a s the n e u t r o n s a t 01 which diffuse 
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in the X direct ion must reach 0 and 1. The r e v e r s e is a lso t rue because 
neutrons from points 0 and 1 must flow to 01. 

5. Control Rods in Reactor : The network as designed will allow 
simulating the inser t ion, into the core , of two s izes of rods , black to t h e r ­

mal neutrons , one 7.62 sq cm and the other 15.24 sq cm by grounding the 0 
network at the boundaries of a 0 network lat t ice unit. 

If, for example, a rod 7.62 sq cm is des i red at point 10, the r e s i s ­

t o r s R a r e disconnected from between points 10 and 20, 10 and 11, 10 and 0. 
Res i s to r s of value TT ohms a r e then connected to ground from each of points 
20, 11 and 0. The cur ren t feed to point 1 0 in the 0 network must then be 
ze ro to simulate no production of. neutrons in the r eac to r volume represen ted 
by the dotted square around 10. Likewise point 022 can be t rea ted in the 
same manner . By placing r e s i s t o r s of 7­ ohms between 02, 024, 042, 020 
and ground, a rod 15.42 sq cm is s imulated. 

The location of these rods is confined to a r e a s around existing node 
points of the network. General ly, however, a method i s des i red of s imu­
lating a rod of any given size at any point in the r eac to r . To do this t he re 
must exist at that point a network lat t ice unit which r e p r e s e n t s the c r o s s 
sectional a rea of rod to be s imulated. The method of changing network la t ­
t ice size descr ibed above can be extended through subsequent reductions 
until the size of a rea simulated is very near ly the a rea of control rod d e ­
s i red . The subsequent reduct ions in a rea size a r e , s tar t ing with an a r e a 
h2; h2 h2 h2 etc. The value of R and Rg for each of these points must .be 

4 "' 16' 64 
adjusted in accordance with.the formulas in Section A for each new section 
length, equal to j , £; •§• e tc . At the same t ime the cu r r en t feeds to the 0 
network must be changed so that the cu r ren t fed to each point is p r o p o r ­
tional to the area r ep resen ted . This cu r ren t feed provision is the most 
difficult to satisfy. There a r e var ious methods by which th is can be done 
and they a.re covered in Section D. 

6. Exper imenta l Resul ts : All exper imental work to date has been 
done with the network simulating a reac tor without control rods . F o r this 
type of reac tor the calculation of the flux distr ibution and k by analyt ical 
solution of the r eac to r equation, is not a very difficult prob lem. 

The p r o c e s s of operating the two dimensional s imula tor involves 
inser t ing a voltage source at some point on the 0 network and thereby se t ­

ting up some distr ibution of voltage in the network. This s imula tes the ■ 
pre sence of a neutron source . The switch and amplif ier a r e then s ta r ted 
and because a cu r ren t I = AVQ is then fed into the 0 network points , the 
voltage distr ibut ion becomes a function of the network r e s i s t o r values and 
the value of amplif ier t ransconductance A. In the s imula tor used for the 
exper iments two s imi la r ampl i f ie rs were used to feed the network through 

http://must.be
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the two separa te switches . The voltage dis t r ibut ion is ser iously affected 
by any d i s s imi la r i ty in the value of A for each of these ampl i f i e r s . The 
cha rac te r i s t i c input voltage-output cu r r en t curves for these ampli f iers 
must coincide throughout the range of cu r r en t feed. Similar ly, the con­
tact t ime for each switch must be the same because if, for some reason, 
one switch fed cu r r en t for somewhat longer in terva ls than the other, that 
network section would receive more cu r ren t . This would resul t in an 
improper voltage dis t r ibut ion on the network, because the cu r ren t feed (I) 
would not even approximate the des i r ed or design value. 

The two ampl i f ie rs displayed a tendency to have a shift in their 
ze ro s igna l -cu r ren t output and the resu l t was a change in the slope A of 
the i r cha rac te r i s t i c c u r v e s . F o r th is r eason it was found that adjusting the 
ampl i f ie rs to coincide before a run was not sufficient and that a continual 
check of this t ransconductance was needed. In p rac t i ce this check consis ted 
of install ing a mi l l i ammete r and a vol tmeter at r epresen ta t ive network feed 
points in each section, fed by an amplif ier . The cu r r en t per volt at these 
points was m e a s u r e d and compared by the operator so that he could adjust 
the A of the ampl i f ie rs to coincide at one point on thei r cha rac t e r i s t i c 
cu rves . This operat ion is covered more fully in Section C-5 . Inaccurac ies 
due to the switch contact t ime could not be adjusted in a l l c a s e s . 

The exper imenta l r esu l t s a r e therefore somewhat dependent on the 
o p e r a t o r ' s observat ions during a run . It will be n e c e s s a r y in future work 
to el iminate th is accuracy factor by developing a more stable amplif ier and 
a m o r e accura te switch. 

The r e su l t s obtained from the s imula tor a r e plotted on fig. B-6 and 
B-7 . ' The flux dis tr ibut ion obtained by an analyt ical solution of the reac tor 
equation is plotted on the same graph for compar i son . The k measured 
using the s imula tor was 1.263 and the analyt ical value was 1.266. 
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SECTION C 

C U R R E N T F E E D I N G E Q U I P M E N T 

A. G e n e r a l 

The c o n d e n s e r s , s cann ing swi t ch and a m p l i f i e r c o n s t i t u t e the c u r r e n t 
feeding e q u i p m e n t for t h e r e s i s t o r n e t w o r k . The o p e r a t i o n of t h i s a s s e m b l y 
can be s tud i ed by r e s o l v i n g the s y s t e m into t h e s i m p l e c i r c u i t of f ig. C - l 
(a) . 

G i s a c o n s t a n t c u r r e n t g e n e r a t o r w h i c h r e p r e s e n t s t h e a m p l i f i e r . 
The a m p l i f i e r h a s v i r t u a l l y a c o n s t a n t c u r r e n t output for any p a r t i c u l a r n e t ­
w o r k point when t h e n e t w o r k v o l t a g e s V . and Vfl a r e n e a r l y c o n s t a n t . 

C i s t h e 10 jLtf c o n d e n s e r b e t w e e n t h e 0 n e t w o r k node p o i n t s and 
g r o u n d . 

R i s t he r e s u l t a n t n e t w o r k r e s i s t a n c e f r o m any node poin t to g r o u n d 
for a s t e a d y v o l t a g e d i s t r i b u t i o n . T h i s r e s i s t a n c e c h a n g e s a s t h e n e t w o r k 
v o l t a g e s c h a n g e s i n c e t h e e f fec t ive r e s i s t a n c e to c u r r e n t flow a t any p a r ­
t i c u l a r po in t i s a funct ion of not only R-y but a l s o of t h e v o l t a g e d i f f e r e n c e 
b e t w e e n t h e node point be ing fed and t h e n e i g h b o r i n g node p o i n t s of t h e n e t ­
w o r k . 

S i s one po le of t h e s c a n n i n g s w i t c h which h a s an open t i m e of 0.257 
s ec (to) and a c l o s e d t i m e of 0 .004 s ec (tc) for t h e s m a l l l a t t i c e u n i t s of t h e 
two d i m e n s i o n a l n e t w o r k . 

I i s t h e c u r r e n t wh ich f lows when t h e swi t ch i s c l o s e d so t h a t 
I = ix + i2 w i th R-W m e g o h m s ii » i 2 

i i s t he loop c u r r e n t s wh ich f lows when t h e s w i t c h i s open . The 
c u r r e n t flow a t po in t A i s p lo t t ed in f ig. C - l (b). If I i s c o n s t a n t t h e a v e r a g e 
v a l u e of V 

v R I t c 
V a r e = 

tc + to 
The v o l t a g e r i s e s to a m a x i m u m at tx t h e n fa l l s f r o m tl t o t2 and r i s e s a g a i n 
f r o m t2 to t3 e t c . 

With RC l a r g e the v o l t a g e V^ i s n e a r l y c o n s t a n t and in p r a c t i c e it 
w a s found tha t t h e v a r i a t i o n in v o l t a g e due to s cann ing w a s 0.25 v o l t s , a t 
100 v o l t s on the 0 n e t w o r k , o r a v a r i a t i o n of .25 p e r cen t . T h i s i s w e l l 
wi th in the l i m i t s of e x p e r i m e n t a l a c c u r a c y . 



At steady state i is near ly equal to i2 and 

i = XA 9. _ <£ I d t 

R C C 

With I constant over the period o to tl 

i = I / i d t = I±iI 
c Jo c 

T h u s t h e c u r r e n t i i s s e e n t o be a d i r e c t funct ion of t h e t i m e t h r o u g h ­
out w h i c h the s w i t c h is c l o s e d . If t h i s t i m e i s d i f f e ren t on s u b s e q u e n t s w i t c h 
c l o s i n g s i and (as a r e s u l t ) V0 w i l l c h a n g e . F u r t h e r m o r e , if t he t i m e t c 
w e r e d i f fe ren t for t h e d i f f e ren t c o n t a c t s of a s c a n n i n g s w i t c h the c u r r e n t 
fed to t h e r e s p e c t i v e n e t w o r k feed p o i n t s would not be a funct ion of t h e 
a m p l i f i e r c u r r e n t a l o n e but would v a r y wi th t h e c o n t a c t t i m e . It i s t h e r e f o r e 
i m p o r t a n t t h a t t he scann ing s w i t c h c o n t a c t t i m e be c o n s t a n t so tha t t he 
a m p l i f i e r c an p e r f o r m i t s funct ion p r o p e r l y . 

F o r p r o p e r s c a n n i n g of t h e l a r g e l a t t i c e uni t s e c t i o n of the n e t w o r k , 
t h e i n t e r v a l s b e t w e e n f e e d s m u s t be a s u n i f o r m a s p o s s i b l e o r an a d d i t i o n a l 
v o l t a g e v a r i a t i o n w i l l r e s u l t . To u n d e r s t a n d t h i s , c o n s i d e r t h e a c t i o n of 
s c a n n i n g a n e t w o r k po in t four t i m e s in one r e v o l u t i o n of t h e swi t ch . In fig. C - l 
(c) t h e t i m e b a s e i s one r e v o l u t i o n , tc and to a r e t h e c l o s e d and open t i m e s 
r e s p e c t i v e l y for a c o n t a c t , and 1, 2, 3, 4 a r e s u b s c r i p t s deno t ing t h e four 
s e p a r a t e c o n t a c t s wh ich feed c u r r e n t t o t h e n e t w o r k poin t . 

The v o l t a g e r i s e due to t h e c u r r e n t feed of c o n t a c t n u m b e r 1 i s 0.25 
vo l t . F o r the s m a l l l a t t i c e u n i t s t he v o l t a g e d e c a y i s v e r y s low wh i l e for the 
l a r g e l a t t i c e un i t s the d e c a y i s four t i m e s . a s f a s t . In fig. C - l (c) t h e four 
feed c o n t a c t s h a v e b e e n a s s u m e d to b e s p a c e d even ly , and t h e r e f o r e t he 
p e a k of t h e saw too th w a v e i s a l w a y s a t t h e s a m e v o l t a g e . In t h e two d i ­
m e n s i o n a l s i m u l a t o r t h e c o n t a c t s w e r e a c t u a l l y s p a c e d a s shown on fig. C - 2 . 
C o n t a c t s n u m b e r s 1 to 2, 2 to 3, 3 to 4 h a v e 13 s e g m e n t s b e t w e e n e a c h , and 
b e t w e e n n u m b e r s 4 and 1 t h e r e w e r e 31 s e g m e n t s . The . r e su l t of t h i s unequa l 
s p a c i n g w a s a v a r i a t i o n f r o m m a x i m u m to m i n i m u m v o l t a g e of about 0.35 
v o l t s . In fu tu re c o n s t r u c t i o n m o r e even ly s p a c e d c o n t a c t s would b e d e s i r a b l e . 

B . Scanning S e q u e n c e 

The s e q u e n c e in w h i c h t h e feed p o i n t s of t h e n e t w o r k s a r e fed by 
t h e a m p l i f i e r h a s a s ign i f i can t effect on t h e v o l t a g e d i s t r i b u t i o n . It w a s 
found in t h e w o r k w i t h t h e s l ab r e a c t o r s i m u l a t o r t h a t s c a n n i n g t h e p o i n t s 
in r o t a t i o n f r o m one end of t h e n e t w o r k to the o t h e r r e s u l t e d in an i m p r o p e r 
v o l t a g e d i s t r i b u t i o n w h e r e a s , if t he n e t w o r k w a s fed a s shown on fig. B - 5 , 
t h e v o l t a g e d i s t r i b u t i o n m o r e n e a r l y s i m u l a t e d t h e c a l c u l a t e d flux d i s t r i b u t i o n . 
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Feeding adjacent network node points consecutively is not des i r ab le 
because the network voltage of points around the point which has just been 
fed a r e at the peak of the saw tooth of fig. C - l . Since the cu r r en t fed to a 
point is propor t ional to the voltage at that point, the cu r r en t fed will be 
higher than it would have been had some t ime elapsed for the voltage to 
decay before the c u r r e n t feed was applied. 

In the two dimensional s imulator the scanning sequence was selected 
so that the points were fed a lmost at random. The sequence is shown in 
fig. C-3 for the la rge lat t ice section. The sequence for the section con­
taining smal l mesh is as follows: 

Switch segment number 1 was connected to network point number 73: 

SW Point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Net. Point 
73 
70 
62 . 
44 
6 
15 
26 
50 
33 
40 
3 
21 
1 
0 
11 
2 
30 
13 
4 
24 
51 
35 
6 
63 

SW Point 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 

Net. Point 
26 
55-
72 
64 
54 
60 
52 
34 
5 

41 
23 
31 
20 
10 
12 
22 
6 
26 
32 
14 
42 
43 
25 
53 

SW Point 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 

. 69 
70 

Net. Point 
61 
45 
71 
-
-
-
-
-
-
6 
-
26 
-
-
-
-
-
-
-
-
-
-

C. Time F a c t o r s 

The t ime requi red to charge the condense r s connected to the network 
de te rmines the t ime requ i red to s tabi l ize the network at any des i red voltage. 
This t ime factor has no connection with the r eac to r t r a n s i e n t s . 
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When the network was completely de-energ ized and a l l the capaci tor s 
w e r e d ischarged it was found that the t ime requi red to es tabl ish steady state 
network voltage of 100 volts peak value was about 15 minutes . This 15 
minutes was not a fixed figure but the average t ime requ i red by the ope ra to r s 
who worked with the s imula tor . If the amplif ier were applied to a completely 
de-energ ized network, where t h e r e was no VQ voltage, the theore t i ca l c u r ­
rent fed is zero , just a s in a r e ac to r , no f iss ions take place unless a neutron 
source is p resen t . Actually, the cu r r en t output of the amplif ier was never 
exactly ze ro so some cur ren t would flow, in the order of 5 x 10 amps , 
and the cycle of production could s t a r t . The voltages i nc rease as long as 
A is above the c r i t i ca l value, in which case a super c r i t i ca l k ex is t s for the 
r eac to r simulated. A must , of cou r se , be reduced to the c r i t i ca l value when 
the des i r ed peak voltage has been establ ished. If this smal l initial cu r r en t 
w e r e depended upon in establishing the network voltages for a run the t ime 
consumed in reaching a peak voltage of 100 volts would be very long unless 
A was set far above the c r i t i ca l value. With A set only slightly super c r i t ­
ica l a long t ime is requi red and the tendency is for the opera tor to set A 
very high to speed up the charging p r o c e s s . If th is is done the V^ vol tages 
r i s e rapidly as the VQ voltages become l a r g e r . To prevent the VA voltages 
reaching the maximum voltage output of the amplif ier A mus t be reduced 
to slightly above c r i t i ca l as soon as the V,* voltages begin to r i s e rapidly. 

The amplif ier cha rac t e r i s t i c is not I - A VQ at load vol tages above 
about 180 volts and the cu r r en t feed requ i rement is not being met by the 
amplif ier in th is region of sa turat ion so the sys tem does not s imulate the 
r e a c t o r . It was found that the bes t way to s t a r t up the s imula tor was to 
apply a VQ voltage at the network node point where the peak voltage would 
logically occur and hold the value of A jus t slightly above c r i t i ca l during 
the buildup t ime . 

The possibi l i ty exis ts that the V,* voltages will r i s e to the voltage 
sa tura t ion point of the amplif ier during a run as well as when star t ing up. 
With the network energized and A set at the c r i t i ca l value the sys tem is 
theore t ica l ly s table . Actually th is i s not the ca se . A slight change in A 
due to a shift in amplif ier c h a r a c t e r i s t i c s caused the network voltage to 
fall or r i s e . If the value of A was re tu rned to the c r i t i ca l value immedia te ly 
the voltages fell to ze ro or r o s e to the maximum voltage dictated by the 
ampl i f ier . This r i s e or fall was slow if only a smal l shift f rom c r i t i ca l 
took place but none the l ess the voltages changed and the voltage dis tr ibut ion 
could not be read accura te ly . To prevent th is voltage drift it was impera t ive 
the re fo re to include in the amplif ier a means of providing a smal l step 
change in A which could be controlled by the network voltage. If the V0 
voltage rose.above the des i r ed peak value a set of voltage sensi t ive re lay 
contacts were opened and a r e s i s t ance was inser ted in the A control c i rcui t . 
With a fall in voltage the r e v e r s e took place . The c r i t i ca l A value then was 
between the high and low value applied through this control . The value of 
A must be de termined with ins t rument readings taken at the network, 



namely, average I fed to a point divided by the average VQ for that same 
point. The total change in I and VQ for the network used in the t e s t s was 
so smal l that hardly any change was noticed on the ins t rument s . It was 
therefore not difficult to take readings which r ep re sen t the actual cur ren t 
per volt fed to the network. 

The opera tor must have the ability to adjust the network to opera te 
at a des i red peak voltage, hold it t he re by adjusting the voltage sensi t ive 
control re lay, and then read the ins t ruments proper ly . This ability is not 
difficult to acquire through a reasonable amount of exper ience with the 
s imulator sys tem. 

D. Scanning Switch 

The original scanning switch for the slab reac to r s imulator was 
made by inser t ing pins in a lucite sheet about 1/2 in. thick. Twenty-four 
pins w e r e spaced evenly around a c i r c l e and a contact, c a r r i e d on a m o t o r -
driven a r m , was pivoted at the center of the c i r c l e . See fig. C-4. 

The contact spring was set so that it did not touch two adjacent pins 
at the same t ime . 

It has been pointed out that uniformity of contact t ime is very i m ­
portant . Severa l fac tors contributed to the poor uniformity of this switch: 
the contact bounced when the spring hit a pin; the spring tension changed 
during operation; al l the pins were not set absolutely ve r t i ca l to the mount­
ing sheet, and were not evenly spaced. The 0 network connected to one 
ring of pins and the Q network to the other as shown on fig. B -5 . 

An improved design was developed and, since the two dimensional 
s imulator was in view at the t ime , it was made with 70 p a i r s of contacts 
on each of two contact d i scs . The complete assembly is shown on fig. C-5, 
which is a photograph of the switch and network assembly . F igu re C-6 
shows the detai l of the contact a s sembly . A machine screw held each 
contact in place on the lucite d isc . A wi re was connected from each.contact 
to the network. The outer row of contact was connected to the 0 network 
points and the inner row was connected to corresponding 6 network points. 
The lucite between each contact was machined flush with the metal l ic 
contact surface . A revolving contact a r m c a r r i e d two spring steel contacts 
which slid over the r ings , contacting a corresponding pair s imultaneously. 
E lec t r i ca l connection was made to these moving contacts through two slip 
r ings which were in turn connected to the amplif ier input and output. One 
side of the network and amplif ier was connected to ground to complete the 
c i rcui t . 



The contact t ime uniformity for this switch was bet ter than for the 
or iginal switch but was st i l l far from the uniformity requi red . F igu re s C-7 
and C-8 a r e photographs of the switch contact operat ion as shown on a 
cathode ray osci l lograph. In these p ic tures a slow ve r t i ca l beam sweep 
was coupled with a fast hor izontal sweep to make success ive horizontal 
l ines , which s ta r t at the bottom of the scope sc reen and move upward. 
The switch contacts when closed caused the blank spaces in these l ines . 
The b reak in the bottom line r ep re sen t s one contact and the next b reak 
above it is the next conLact on the disc . The switch was turning at about 
230 rpm for fig. C-7 and about 115 rpm for fig. C-8. 

The large var ia t ion in contact t ime is easi ly seen from these two 
p i c tu re s . Although they do not contain all the contacts they show a r e p r e ­
sentat ive sample of the contact action. The contact t ime var ia t ion was 
over 100 per cent from the shor tes t to the longest contact t ime shown in 
the photograph. Poor machine shop accuracy caused this var ia t ion. It is 
not likely that this type of switch can be constructed accura te ly enough to 
meet the needs of the s imula tor . 

Severa l ideas were advanced for further improvements and some 
t e s t work has been done with a view to developing a be t te r switch. This 
work is descr ibed in Section D of this repor t . 

E. Amplifier 

It has been pointed out that a cu r ren t must be introduced at each 
network feed point in the 0 network which is propor t ional to the voltage of 
the corresponding 6 network point. The same amplif ier was used for both 
the slab r eac to r and the two dimensional s imula tor . 

The ideal input-output relat ion for this amplif ier is a s t ra ight l ine ' 
I (out) = A VQ (signal). 

The c i rcu i t developed by E. J. Wade is shown on fig. C-9 . This 
drawing covers the amplif ier c i rcu i t alone.- The equipment included a 
s tandard d-c power supply which is not shown. An additional c i rcui t called 
a compensator was built onto the same chass i s but never used in operat ion 
on the s imula tor . This c i rcui t is not shown in th is r epor t . The purpose of 
th is c i rcui t was to compensate for the ze ro drift of the amplif ier by chang­
ing the voltage a c r o s s R5 of the amplif ier input c i rcui t . Compensation for 
ze ro drift in the amplif ier was needed but this pa r t i cu la r method did not 
prove sat isfactory. 

The power supply was not a s r ipple free as was des i rab le and the 
c i rcu i t of fig. C-9 was changed to that shown on fig. C-10, in which the 
t h r e e OB-2 voltage regulator tubes were installed in place of the voltage 
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divider . In addition the 500, 0.5 megohm potent iometer was inse r t ed in 
place of the fixed r e s i s t o r in fig. C-9 . This gave m o r e range to ze ro 
signal adjustment. F o r operat ion on the network the amplif ier was so 
adjusted that , at ze ro voltage input, the output cur ren t was approximately 
5 x 10~6 amp for all set t ings of the A control . The des i red ze ro signal 
cu r r en t was ze ro , but, since this point of the cha rac t e r i s t i c curve was 
not used in operation, the smal l ze ro cu r r en t was to le ra ted . In setting 
the ze ro cu r ren t it was important not to suppress the z e r o point. If this 
was done a considerable voltage signal was requi red to produce any c u r ­
rent flow. Zero mus t be set where the output is just 5 x 10"6 amp at ze ro 
voltage signal. The t e s t curves of this amplif ier have been plotted on 
fig. C - l l . F r o m these curves it can be seen that the effect of changing 
load is smal l but that the cu r r en t flow for a given signal voltage is not 
ent irely independent of the load. For signal voltages above 0.1 volts the 
curve was a lmost a s t ra ight line. The maximum voltage output for the 
amplif ier was 197 volts and it was n e c e s s a r y , therefore , to operate the 
network at voltages well below this value. The ampl i f iers were usually 
adjusted with the output feeding cu r ren t to ground. This is near ly the c o r ­
rec t loading because the 10 y,i capac i to rs connected to each node point 
make the effective load on the amplif ier a lmost purely capaci t ive. The 
main difficulty with this amplif ier was the fact that the ze ro setting shifted 
and would not r ema in constant long enough to complete a run. With the 
ze ro set at 5 x 10~6 amp at the s t a r t of a run it was found to be 50 x 10~6 

after a run. Shifting the ze ro point caused the cha rac t e r i s t i c curve to 
shift. This affected the stabili ty of the network vol tages. The net effect 
of this ze ro cu r ren t change on the accuracy of the s imulator could not be 
evaluated during the exper imenta l runs because of the difficulties which 
existed in the scanning switch. An amplif ier is requi red which min imizes 
the effect of changes in tube c h a r a c t e r i s t i c s . Such an amplif ier would give 
m o r e stable s imulator operation. F r o m the foregoing discuss ion of the 
cha rac t e r i s t i c of one amplif ier it can be easi ly understood that some dif­
ficulty would be encountered in t rying to use two ampl i f ie rs to feed different 
sect ions of the same network. Fo r such an operation the cha rac t e r i s t i c 
curves for the two ampl i f ie rs should coincide for al l values of the A cont ro l 
setting. Here again any change in ze ro cu r r en t caused the curves not to 
coincide and the network section fed by each amplif ier did not rece ive the 
same cu r r en t as was specified in the s imulator theory, (i = A VQ ). 

Suppose the cha rac t e r i s t i c curves coincide for both ampl i f ie rs at 
s t a r t of a run and a r e shown by line 1 of fig. C-12. Line 2 shows the effect 
of a change in ze ro cu r r en t for one ampl i f ier . The line is a lmost pa ra l l e l 
to the or iginal line but th is amplif ier then supplies a cu r r en t per volt which 
is higher at al l points throughout the operating range than i ts ma te . Too high 
a voltage is then developed on the network section fed by this amplif ier and 
the voltage dis tr ibut ion on the whole network becomes dis tor ted, the peak 
voltage being shifted toward the section fed by the amplif ier having the higher 
cu r ren t output per volt. If the A control is then changed for this ampli f ier , 



the slope of its curve will change as shown by line 3, causing curves for 
the two ampl i f ie rs to c r o s s or coincide at one point. If this point (X on the 
figure) is near the center of the operat ing range the cha rac t e r i s t i c curves 
will a lmos t coincide over the operating range for the two ampl i f i e r s . In 
o rde r to make this adjustment during a run an a m m e t e r was instal led in 
the line feeding cu r ren t to the network node point 022 in the large lat t ice 
section and 22 in the smal l la t t ice section (see fig. B-9) . The cu r ren t per 
volt for these two network node points was then adjusted by the operator 
so that they were the same, 

F . Conclusions , 

In this section the inherent inaccurac ies of the cu r r en t feeding 
equipment have been pointed out. No evaluation of the effect of each was 
made since the net effect of all e r r o r s introduced by the var ious e lements 
was the only r e a l concern. A complete investigation of al l possible cu r ren t 
feeding methods would include: 

1. Scanning with an e lect ronic mul t iv ibrator c i rcu i t in place of the 
mechanica l switch with an amplif ier suitable for that type of scanning. 

2. Feeding cu r ren t with manually adjusted var iab le r e s i s t o r s con­
nected to each feed point from a source of voltage. This is the I terat ion 
Method descr ibed in Section D. 

3. Development of an automatic sys tem of adjusting the var iab le 
r e s i s t o r s (s imi lar to 2) using a servo sys tem. 

4. A vacuum tube, for each feed point, whose conductance is changed 
by scanning the grid c i rcui t of the tube with a voltage signal ampl i f ier . 

5. Combinations of the above methods. Fo r example the amplif ier 
and scanning switch method can be used to feed the network proper and then 
a section requir ing fract ional feed points can-be fed by a sys tem of var iab le 
r e s i s t o r s . 

The problem of p roper ly designing a cu r ren t feeding sys tem for the 
network could only be solved by construct ing the network of r e s i s t o r s , in 
which no apparent difficulty has been found, and then building up the best 
poss ib le cu r r en t feeding sys tem and t rying it out. The r equ i remen t s of th is 
cu r r en t feeding equipment a r e now more c lear ly understood. Almost al l 
the t ime spent on the s imulator was spent in the development of the cu r ren t 
feed and it is felt that a suitable sys tem can be devised as a resu l t of this 
endeavor. Section D which follows shows some of this work in p r o g r e s s , 
and cu r ren t thinking on this problem. None of the work can be considered 
complete and therefore no final design of a cu r r en t feed sys tem is r e c o m ­
mended in th is r epor t . 
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- SECTION D 

FURTHER EXPERIMENTAL AND DEVELOPMENT WORK 

A. I terat ion Method 

This method of feeding cu r ren t has been indicated in the other 
sect ions of this repor t . The c i rcui t is shown in fig. D - l for a two d imen­
sional network. Three node points a r e shown in fig. D- l in a network of 
any number (n) node points. 

In Section A it was shown that ix; i2 ; i3 ~tc. mus t be equal to 
AVg (1); AV0 (2); AVQ (3) e tc . respect ively or 

A _ i l il __b = = iS -
A -V 0 ( l ) " V 0 (2) " V 0 (3) " ~V 0 (n) 

When the scanning switch and amplif ier were used the A was the same for 
each feed point so it was only neces sa ry to find the value of A which gave 
a constant VQ (1), Vg (2), VQ (3) e tc . 

In this method, however , the voltages a r e always constant no 
ma t t e r what the value of A but this cu r r en t voltage rat io A, for every point, 

" must be the same and it is this requ i rement which will be met by only a 
pa r t i cu la r value of A. The p r o c e s s then consis ts of finding this pa r t i cu l a r 
A value by adjusting the var iable r e s i s t o r s . As an example, the method of 
finding A for a par t icu la r network is shown in fig. D-2. The I tera t ion 
P r o c e s s for a pa r t i cu la r network is shown in fig. D-2. The network is 
shown at the top of the figure. The total length j? has been divided into ten 
equal sect ions and the point 5 is the center feed point of the network. The 
purpose is to find a value A such that i fed into every point will be AVg. 
The shape of the cu r ren t feed curve (current as a function of jj) will then 

- be the same as the shape of the V Q curve (VQ as a function of Jj). Only 
one pa r t i cu la r value of A will satisfy this condition. In this case Step 1 
s t a r t ed with a s t ra ight line cu r ren t dis tr ibut ion. This resu l t s in the curve 
F t (x) for VQ which is not a s t ra ight line because the end points a r e at 
ground or ze ro voltage. Actually, it will slope approximately as shown in 
the VQ curve of Step 1. Then F1 (x) is a n e a r e r approximation of the r e ­
quired cu r ren t curve and it is possible to make i = Ax F t(x) in Step 2 where 
Ax is the cu r ren t i enter ing any network lat t ice unit divided by the c o r r e ­
sponding voltage VQ . It would be best to use the cur ren t and voltage at 
point 5 because it will be affected leas t by subsequent adjus tments , but 
actually any point may be used. Then in Step 2 a new VQ curve f2 (x) is 
obtained. 
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Repeating this p r o c e s s in Step 3 f3 (x) is determined for VQ which 
is nea r ly one loop of a sine curve . (Theoret ical ly the curve should be a 
sine curve.) Step 4 makes the shape of the curve n e a r e r s t i l l to a sine 
curve . The'value A4, calculated after step 4, would be near ly equal to A3. 
This means that more s teps will not change the dis tr ibut ion of cu r ren t 
ma te r i a l l y . 

In general when A(n + l) is near ly equal to A (n) the p rope r cu r ren t 
sett ing ex i s t s . This is the value A which is being sought. 

It is evident that had one s ta r ted with the cu r r en t dis t r ibut ion 
according to fx (x) or f2 (x) the i tera t ion p r o c e s s would have been shortened. 
This can be done since it is known that the ends of the final curve will 
slope and the peak will occur at the center point and there is no reason for 
s ta r t ing with a s t ra ight line cur ren t dis t r ibut ion. F u r t h e r m o r e , if a point 
of the 6 network is grounded, which is the case when simulating a rod, 
black to the rmal neu t rons , inser ted at some par t i cu la r point in the r eac to r , 
VQ goes to zero at that point. The peak voltage occurs at some point b e ­
tween the p e r i m e t e r ground and the rod and a reasonable dis tr ibut ion of 
c u r r e n t can easi ly be es t imated . This so r t of forethought shor tens the i t e r ­
ation p r o c e s s for any p rob lem. The chief advantage offered by this method 
is that switch and amplifier difficulties a r e e l iminated. This method applied 
to s eve ra l hundred feed points could prove tedious, but it is a convergent 
p r o c e s s and will eventually give an answer to the problem which is set up on 
the s imula tor . In o rde r to tes t this method of feeding cur ren t , an assembly 
of 13 var iab le res i s to rs^was constructed and used to feed the large mesh 
half of the two dimensional network (see fig. B-9) . The assembly is shown 
on fig. D - 3 . The plot of voltage distr ibution obtained with this equipment is 
shown for two radi i on fig. D-4 and fig. D-5 . The k as de termined from the 
appara tus was 1.268 which compares well with the analytical value 1.266. 

If the switch and amplif ier method of feeding cu r ren t eventually 
proves imprac t ica l this method should be developed more fully. An au to ­
mat ic e lec t romechanica l sys t em for adjusting the var iable r e s i s t o r s can be 
developed. 

B. F rac t iona l Feed Points 

In Section C-5, it was pointed out that the cur ren t fed into a network 
point mus t be propor t ional to the volume of r eac to r m a t e r i a l r epresen ted 
by that point. In the following discuss ion a definite volume of r eac to r is , 
cons idered a unit volume. The network represen t ing that a r e a is a unit 
la t t ice and the cur ren t fed to the node point in the unit latt ice is considered 
a unit of cu r r en t feed. 
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Consider again the scanning switch descr ibed in Section C. If each 
segment r ep resen t s a unit of cu r r en t feed ( amplif ier cu r ren t x t ime of 
contact) then a lattice represen t ing twice the unit volume can be fed twice 
and the cu r r en t fulfills the r equ i remen t s of the s imula tor design. How­
ever , in the other direct ion the re is a problem. If a volume of 1/2 is to be 
fed the segment must be cut in half. Even if this were p rac t i ca l , further-
reduct ions of 1/4 and 1/8 a r e cer tainly difficult to construct accura te ly . 
A be t te r method is to feed al l such fractional points with another amplif ier 
and switch. In this case the segments can be of a set s tandard size but the 
amplif ier will feed a cu r ren t of say 1/8 or 1/16 of the cu r r en t being fed to 
the main network. This es tab l i shes a new sys t em of bas ic units which can 
be used in mult iples of 1, 2, 4 e t c . depending upon the volumes to be r e p r e ­
sented. 

Another way to accompl ish this is to use the var iable r e s i s t o r feed 
sys t em, descr ibed in Section D-A, to feed the fractional a r e a s s t i l l using 
the amplif ier and scanning switch to feed the r e s t of the network. The 
mechanics of this combination feed method have not been worked out but 
should be t r i ed in lieu of adding another amplif ier and switch in subsequent 
work. 

C. R e - d e s i g n of Scanning Switch 

Design for an improved scanning switch is shown on fig. D-6. In 
pr inciple this switch inver ts the action of the switch in Section C. The 
spring contacts a r e s ta t ionary and the. contact segment is moved over them. 
Thus the contact t ime mus t be more accura te because the same segment 
length is used for each contact. In o rder to tes t this design a scale model 
switch, having only six contacts was built and tes ted . The switch is shown 
on fig. D-7. The tes t was set up as shown in fig. D-8 . 

The tes t work showed that the contact t ime was a lmost absolutely 
uniform for a l l contacts at l eas t as near ly as could be m e a s u r e d with an 
osci l loscope sc reen pic ture of the contact operat ion. F igure D-9 is the 
photograph of the oscil loscope s c r e e n pic ture of contact operat ion. To 

- make this pic ture all s ix of the contacts were wired together . Each t ime a 
contact was made the line on the oscil loscope s c r e e n was moved downward. 
Therefore , the shor t upper l ines r ep re sen t the contact open t ime and the 
longer bot tom lines show the contact per formance of the switch. Where the 
contact lower line is clean and solid good contact is indicated. The hash on 
two of the contact l ines indicates the p resence of d i r t which caused a high 
contact r e s i s t ance . When this run was s ta r ted al l the contacts were clean 
and none of the contact l ines on the scope pic ture showed any hash . The 
p ic ture was taken after about two hours of operat ion when some d i r t began 
to accumula te . The uniformity of contact was st i l l very good as can be 
seen f rom the p ic tu re . The length of the contact line r ep re sen t s t ime . 
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The scope beam moved from left to right and completed one s c r e e n sweep 
in 1/30 s e c . The contact t ime was therefore about 0.0032 sec . 

The bes t resu l t s (longest sa t i s fac tory runs) were made with the 
ro to r very lightly oiled and continuously cleaned with a swab. The design 
(fig. D-6) provided for running the ro tor in an oil bath with a view to r e ­
ducing surface wear but the oil film establ ished a perfectly insulated 
surface on the ro to r , and this idea had to be d i sca rded . 

In addition to the spr ing contact shown on the design drawing a 
flat spr ing was t r i ed , which had no ra i sed wire contact sur face . This 
contact did not work as well as the original design. 

A further idea was t r i ed in which a square thread was cut on the 
ro to r so that a groove was formed that wiped a c r o s s the s ta t ionary contact 
sur faces once in each revolution. This did not offer any marked i m p r o v e ­
ment . The contacts st i l l became dir ty after about a six hour run. 

No definite conclusions have been reached about this switch design 
up to the p resen t t ime and it is intended that seve ra l different contact 
m a t e r i a l s will be t r ied in an effort to find something more sa t i s fac tory than 
s tee l on b r a s s . These m a t e r i a l s were used only because they were readi ly 
available from stock. It is felt that a run of 40 hours without cleaning is 
n e c e s s a r y . In genera l , the r e su l t s of t es t work a r e encouraging and it is 
felt that this method of cu r r en t feeding should not yet be abandoned. Even­
tually it may become an establ ished fact that a sliding contact is not 
suitable for this se rv ice . Other methods of scanning should be investigated, 
especia l ly an e lect ronic mul t iv ibra tor type c i rcui t . The question of t r a n s ­
mit t ing a very low voltage signal through such a c i rcui t may prove to be a 
p rob lem, since the VQ signal voltage ranges f rom 0.2 to 2.0 volt. The VQ 
voltage can, however, be increased by changing the "kappa factor" of the 
network design-and thus the voltage can be ra i sed to a more suitable value. 

D. Re-des ign of Current Feeding Amplifier 

In Section C-5 some of the difficulties encountered in the amplif ier 
were pointed out. An amplif ier which e l iminates most of these t roubles 
was designed and tes ted by F . W. Manning in the e lec t ronic shop at ORNL. 
The following analys is of the p rob lem and amplif ier design was done by 
Manning and is included here for comple teness . 

It is c lear that this amplif ier mee ts the specifications set forth by 
the author for the s imula tor amplif ier . While this project was in p r o g r e s s 
it was decided to discontinue work on the s imula tor and hence no per formance 
t e s t s were made on the network. 
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The reac to r s imulator amplif ier (fig. D-15) is a d i rec t coupled th ree 
t e rmina l annplifier designed to take a negative input signal of up to three volts 
and del iver a cur ren t up to nine mill iarr iperes to the output t e r m i n a l s . The 
output cu r r en t is re lat ively independent of the load circui t impedance. The 
t ransconductance of the amplif ier may be readily adjusted to any value f rom 
700 to 3000 mic romhos . When operated f rom a regulated a-c l ine, the t r a n s ­
fer cha rac t e r i s t i c of the amplif ier r emains essent ia l ly a constant negative 
t ransconductance at load cu r ren t s g r ea t e r than 50 m i c r o a m p e r e s . 

The circui t for the amplif ier consis ts of a cathode follower input 
s tage, a "boo ts t rap" cathode follower output s tage , an attendant amplif ier , 
and the n e c e s s a r y power suppl ies . The bas ic c i rcui t is that of a "boots t rap" 
or , cathode follower used as a constant cu r ren t device, which may be found 
on page 94 of Time Bases by O. S. Puckle (John Wiley and Sons). This 
c i rcui t is shown in fig. D-10. 

i 

In this c i rcui t , the cu r r en t charging the capaci tor C remains a lmos t 
constant after opening switch S until the potential a c r o s s the condenser 
approaches a large fraction of the supply vol tage. According to the above 
re fe rence , the l inear i ty of the charging cu r ren t is the same as if condenser C 
were being charged through an ohmic res i s t ance f rom a high potential supply. 
In the case shown in fig. D-10 with the cathode r e s i s t o r made equal to the 
plate r e s i s t ance , the equivalent supply voltage i s : 

i L ± i . E + l E B 
2 2 

A modification of the above circui t , shown in fig. D - l l was uti l ized 
in the Pile Simulator Amplifier fig. D-15 wherein a 6AG7, pentode connected, 
Vf,, preceded by a 6SL7 difference amplif ier , V8, is used instead of the t r iode 
above. A pentode, V9, is ut i l ized as the cathode r e s i s t o r of the "boots t rap" 
which allows operat ion of the "boo t s t r ap" cathode follower with a reasonable 
s tat ic plate cur ren t , thus operat ing in a more l inear portion of the tube 
c h a r a c t e r i s t i c s , while retaining the advantage of having a high dynamic 
impedance in its cathode c i rcui t . 

The input signal is applied to V u , a 6AG7 connected as a t r iode cathode 
follower. The output of this stage is connected in s e r i e s with the t r a n s c o n ­
ductance control R , and connected thence to the cathode of V$. 

The bias control is so adjusted that the s tat ic plate cur ren t of Vn 
flows through the bias control and no potential drop occurs a c r o s s R Q . 

The ze ro control adjusts the stat ic bias on V$. Under no rma l o p e r ­
ating conditions, this control is used to adjust the output cu r ren t to ze ro 
when both input and output a r e shor ted. 
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T h i s c o n t r o l a l s o c h a n g e s the e f fec t ive ga in of the a m p l i f i e r V8 and 
c o n s e q u e n t l y wil l have a* m i n o r ef fect on the o v e r - a l l c h a r a c t e r i s t i c s of 
the i n s t r u m e n t . T h i s is no t c o n s i d e r e d a s e r i o u s h a n d i c a p s i n c e the z e r o 
po in t wi l l r e m a i n f ixed for a g iven s e t of t u b e s in the a m p l i f i e r . Z e r o d r i f t 
i s m i n i m i z e d when the i n s t r u m e n t is o p e r a t e d f r o m a r e g u l a t e d a - c l i n e . 

S i m p l i f i c a t i o n of f ig . D - l l r e s u l t s in f ig . D - 1 2 which l e n d s i t s e l f 
m o r e r e a d i l y to a n a l y s i s . 

i 

Vfc and V8 of f ig . D - l l " a r e r e p l a c e d by a t r i o d e V2 of f ig . D - 1 2 w h o s e 
p l a t e r e s i s t a n c e i s i d e n t i c a l to t h a t of Vg and w h o s e a m p l i f i c a t i o n f a c t o r is 
g r e a t e r by the ga in of Vg. Vj of f ig . D-12 c o r r e s p o n d s to V u of f ig . D - l l . 
S ince v e r y l i t t l e c u r r e n t change o c c u r s in V9 l i t t l e e r r o r i s e n c o u n t e r e d in 
i t s o m i s s i o n in f ig. D - 1 2 . S ince c u r r e n t wi l l be c o n s i d e r e d f lowing in to the 
l o a d , l i t t l e e r r o r is i n t r o d u c e d by omi t t i ng V1 0 f r o m fig. D - 1 2 . 

It wi l l be o b s e r v e d t h a t the change in g r i d vo l t age of V t i s : 

de = de - di [R +R ] - di R , . 
g l s p i B C p2 C (1) 

and the c o r r e s p o n d i n g change in p l a t e v o l t a g e i s : 

d e p l = - d i
P l [ V R C ] - d i

P 2 R C <2> 

B y a p p l i c a t i o n of the f i r s t t e r m of a T a y l o r s e r i e s e x p a n s i o n fo r 
p l a t e c u r r e n t of a t r i o d e v a c u u m t u b e , the change in p l a t e c u r r e n t i s : 

J - ^ P J d L. , der. 
d i . - —£- de + P He = g e + — E 

P 1 -v g . P rn g 
d e o e rr, g 

and for V, 

d i = g de + pi m l g l 
d e p i 

(3) 

F r o m 1, 2 and 3: 

d i = g [de - di (R_ + R „ ) - di R ] + [- di .(R.' +R ) - di R 1 ,A. 
p " m l s p i B C p2 C r L p l B C p2 C j (4) 

P'1 

Since 

M 
8 - r 

P 
m r 

d i p l [ r p + ( p l + 1 ) ( R B + R C ) ] = M l d e s " ( / ' l + 1 } R C d i p 2 ( 5 ) 
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Whenc e 

d i ^ l d e s " ^ l + VR
C

di-P 2 
p i " r + ( M + 1 ) ( R B + R C ) 

L i k e w i s e for V2 

(6) 

de , = - d i _.(RA + R } -d i , R „ g2 p2N A C' p2 C 

With a load r e s i s t a n c e R a c r o s s t h e output t e r m i n a l s 

de = - d i , (R T + RA + R ^ ) - d i , R p2 p2N L A C' p i C 

de 
di = g ' de + P 2 

p2 irui g2 r 
P 2 

(7) 

(8) 

(9) 

di _ = g _ f - d i _ ( R . + R _ ) - d i , R ! + — f - d i 0 (R T + RA + R „ ) - d i , R 1 (10) p2 s m 2 |_ p2 A C p i C j r |_ p2K L A C' p i CJ v 
pZ 

_ d i pZ [ r
P 2 + < " + ^ A + R C ) + R L ] = ~^Z + ^ C ^ p l ( I D 

S u b s t i t u t i n g (6) in ( l l ) 

di p 2 [ [ r p 2 + ^ 2 + 1 ) ( R A + R C ) + R L ] 

R C ^ 1 ( ^ 2 + X) 

( / i 1 + l ) ( / i 2 + l ) R 2
c 

r p l + ^ l + 1 K R B + V . 

d e r + ( M l + 1 ) (R B + R c ) s (12) 

S ince t h e t r a n s c o n d u c t a n c e of a n e t w o r k i s def ined a s t h e r a t i o of 
t h e c h a n g e in output c u r r e n t t o t h e c h a n g e in input v o l t a g e , f r o m 12 a b o v e 
it i s found t h a t : 

d i (13) 

A = _ ^ 1 ( ^ 2 + 1 ) R C 
d6s ' ' [V^l^^B + VJt'pZ^^^A + V^J-t^l + ̂ V ^ a 
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By substituting the following values for the quantities as found in 
r eac to r s imula tor amplif ier : 

r , = 2500 
. P i 

Mi = 21 

R B = 150 

R = 2200 

r „ = .130,000 p2 
u = Gg r = 30 x 11000 x 10~6 x 130,000 = 42800 2 m .p 

R A = R A 

A A 
Equation (13) then reduces to : 

1 
A = - 1.172 RA + 282 A 

Since a 1000 ohm 10 tu rn helipot was used for R . , with the dial 
ca l ib ra ted from 0 to 1000, but so oriented that the res i s t ance in the c i rcui t 
was equal to 1000 minus the dial reading, the above equation reduces to the 
following in t e r m s of dial reading. 

1 
1454 - 1.172D 

A plot of this equation and of exper imenta l data taken with a one 
volt s ignal applied to the input t e rmina l s and a 100,000 ohm r e s i s t o r a c r o s s 
the output t e rmina l s is-shown in fig. D-13. 

It will be noted that close ag reement exis ts between the two curves , 
substant ia t ing the above c i rcui t ana lys i s . 

» 
Typical input voltage - output cu r r en t curves a r e shown in fig. D-14 

for two set t ings of the t ransconductance control . It may be seen that these 
curves a r e essent ia l ly s t ra igh t l ines . The curve "for a dial setting of 975 with 
a 100,000 ohm load i l lus t r a t e s the sa tura t ion of the amplifier at an output 
voltage of 420 volts corresponding to 4.2 mi l l i ampe re s through the load 
r e s i s t a n c e . 

The action of the amplif ier operat ing into a capacitive load may be 
analyzed by assuming a capaci tor C a c r o s s the output t e r m i n a l s . The dif­
ferent ia l equation for the c u r r e n t flowing in the output t e rmina l s may be 
shown to be : 
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(16) 

1 ' - w _ . _ \ 
P2 

(Ju1+l)( /i2+l) R 
r p 2 + ^ 2 + 1 ) ( W " r + (̂ 1 + D(R C + R B ) 

M i ^ + O ^ 
C "r +( /x 1 + l ) (R c + R B ) s 

which is of the form 

IR + ^ = E ' (17) 

with solution 

I = f e " T c (18) 

F r o m this it may be seen that the capaci tor C is apparent ly being 
charged f rom a voltage source 

a (u + 1) R ' ^ ' 
~ H1V^2 ; C „ 21 x 42800 x 2200 _ , , , n n 

6 s r , + Oi. + l)(R + R J " " 6 s 2500 + 22(2200 + 150) " " 3 6 b 0 ° % 
p i i c a 

The apparent s e r i e s res i s t ance R will be found to be 

(/i +l)(/i2+l) R 2 
R = ' P 2 + ^2+1) ( W " rpl+(Ml+l)(Rc+RB) <20) 

= 1.03 x 107 + 42800 RA 
A 

Thus the apparent s e r i e s r e s i s t ance will vary from about 10.megohms 
to-53 megohms. 

Exper imenta l r esu l t s showed approximately 10 m i c r o a m p e r e s change 
in output cu r ren t by shorting out a 100,000 ohm load r e s i s t o r , while the t r a n s ­
conductance was adjusted to 2000 mic romhos . This implies an apparent 
voltage of approximately -40,000e and apparent s e r i e s res i s t ance of about 
20 megohms. This shows a reasonable cor re la t ion between calculated and ex­
per imenta l r e s u l t s . 

The apparent t ime constant of the c i rcui t when used with a load 
capacitance of 10 microfa rads would be of the order of 100 to 530 seconds . 
F o r per iods smal l with r e spec t to the t ime constant one would expect to 
charge the condenser with a reasonably constant cu r ren t . 



It was found n e c e s s a r y to operate the ampli f ier f rom a regulated a-c 
line to prevent excess ive drift of the output cu r r en t . This occurred in spite 
of the fact that an e lect ronical ly regulated supply with a stabil izat ion factor 
of 1:200 was used to furnish the positive and negative 105 volts to the a m ­
plifier s tage , V8 of fig. D - l l . It is felt that considerable benefit would be 
obtained by balancing this stage by the addition of a one megohm plate load 
to the input section and by adding a 15 megohm re s i s t o r from its plate to 
negative 105 volts . This would tend to prevent changes in supply voltage 
f rom affecting the b ias of the "boots t rap" s tage . This would produce an 
attendant loss in gain and consequently reduces the value of ji2 by approx i ­
mately 1/2, thereby modifying al l of the above calculated and exper imenta l 
r e s u l t s . The input impedance of the amplif ier is approximately equal to 
the input grid r e s i s t o r since the signal is a lmos t completely degenerated in 
the cathode c i rcui t of V n . Should a higher input impedance be des i red , it 
is suggested that V u be preceded by a high input impedance cathode follower. 
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, APPENDIX I 

Introduction 

In the body of this r epor t it is shown that p rac t i ca l const ruct ion 
considera t ions necess i ta te the use of a lumped network for the e lec t r ica l 
analogy of a neutron r eac to r . It was pointed out by J .W.S impson that the 
differential equation of an e l ec t r i ca l t r ansmis s ion line, with dis t r ibuted 
sources and sinks, was exactly s imi l a r to the differential equation of a 
slab r eac to r in e lementary diffusion theory . Having drawn this analogy one 
then can build a "TT" section of r e s i s t o r s which is exactly equivalent, at i ts 
t e r m i n a l s , to the t r ansmis s ion l ine. A lumped network of these "TT" s e c ­
tions would then be exactly equivalent to a dis t r ibuted slab reac to r in e l e ­
menta ry diffusion theory . The formulas for the equivalent c i rcui t of a 
t r a n s m i s s i o n line a r e well known and can be found in any text book on the 
subject. Here the neces sa ry formulas for such a r e s i s t o r network have 
been der ived and the analogy extended to include the two group theory of 
neutron diffusion. The formulas for a th ree dimensional reac to r a r e a lso 
der ived. 

The formulas for the re la t ion between the var ious e lec t r ica l network 
constants involve the value k of the r eac to r to be s imulated. This means 
that the analogy would only be exact for one k value. F o r any value of k 
other than this pa r t i cu la r value, the re la t ions a r e again approximate . The 
deta i l s of this analogy a r e included he re for comple teness and because 
these m o r e exact formulas may prove useful in the future. No use was 
made of these formulas in the exper imenta l work to da te . 



APPENDIX I 

T r a n s m i s s i o n Line Analogy 

The resu l t s of the finite difference calculation can be reached in a 
more exact form by making the following analogy between a t r ansmis s ion 
line and a r eac to r . It is possible to build lumped network exactly equiv­
alent to a dis t r ibuted t r a n s m i s s i o n line at the end points of the l ine. By 
making the d i rec t analogy, then one can build a network exactly equivalent 
to a dis t r ibuted r eac to r . 

A. One-Group Theory 

Consider a slab pile of any length I surrounded by a perfect r e f l ec -

'///////////////////////W/^iik^////////////////J////T7iml 

<£> Neutron Flow 
g »~ 

(<£) is the flux at a dis tance I from ( $ ) r . 

F iss ionable ma te r i a l is dis t r ibuted homogeneously along the reac to r mod­
e ra to r . 

Reactor m a t e r i a l constants a r e 2 a , 32^. 

K = number of t he rma l neutrons produced pe r t he rma l neutron absorbed in 
an infinite r e ac to r . 

The equivalent e lec t r ica l t r a n s m i s s i o n line is : 

Modera tor" $ r 



In w h i c h vol t g i s t h e c u r r e n t g e n e r a t e d p e r vol t e v e r y d l d i s t a n c e a long 
t h e l i ne and i s a n a l o g o u s t o k Z ^ in t h e r e a c t o r . ' 

y ' = Z a m o h s p e r uni t l eng th . 

r = 3 Z t o h m s p e r uni t l eng th . 

T h e n 

I = C u r r e n t in a m p s , i s a n a l o g o u s t o n e u t r o n s f lowing a t any po in t . 

E = Vol t age a n y w h e r e a long t h e l i n e . 

E r = At r e c e i v i n g end = ( n v ) r = 0 r 

E g = At send ing end = (nv)g = $ „ 

I = L e n g t h (cm) and wi l l be m e a s u r e d f r o m t h e r e c e i v i n g end . 

d E 
d i 

d 2 E r d l 
d i 2 " di 

L e t t he ne t c o n d u c t a n c e y = y ' ­ g ( s i n c e g i s a n e g a t i v e c o n d u c t a n c e ) . 

T h e n : 

dl 
d i 

d2I 
d i 2 ­

d 2 E 
Ld£2 " 

d2I 

y E 

d E 

■ r y E 

: r v T 
di2 

L e t t i n g D = — , t h e so lu t ion of t h e s e e q u a t i o n s i s 

(1) 

(2) 

(D2 ­ ry) E = O 

(D2 ­ ry) I = O 
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E = A exp i Vry + B exp -ft Vry* 

I = C expi Vry + D exp -A Vry" 

-T-j- = A Vry exp Wry " B Vry exp - 1 Vry d i 

-r-j = C YrY exp 8 Vry - D Vry exp - I Vry 

When A = O 

dE 
d8 = r I r ( l r = receiving end current ) 

and 

Then 

d I XT 

E = A + B = E r 

d E / i 
- ^ j = A ^ry - B Vry = r l 3 

I = C + D = I 

dl 
r 

d ^ = C \fr7 - D Vry = y E r 

Solving for A, B, C, and D substituting in E and I equations: 

E = E r cosh 4 \/ry - I r / L sinh i / r y (3) 

I = I r cosh £ \T*Y - E
r \ ^ £ s i n h fl. y/^y (4) 

These a r e the usual t r a n s m i s s i o n line equat ions . The re a r e r e a c t o r con­
stants to be inse r ted d i rec t ly for the t r a n s m i s s i o n line cons tan t s . 

F o r use l a t e r the following re la t ions can be set up. 

With receiving end of line open. I r = O 

Eg = E r coshfl Vry (5) 

, I g = - E r /Z-s inhJ l \fr7 (6) 
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With receiving end short c i rcui ted . E r = O 

E g = I r ^ sinh J y^y" (7) 

I g = I r cosh 5 \/r"y~ (8) 

A lumped r e s i s t ance network which is equivalent to the line of d i s ­
tr ibuted constants must be found. This can be obtained in the following way: 

(1) (2) (1) (2) 
—vV\AAr—|—vV\A/— — V W w - A / V W — 

R, > Rj Rj > R| 

(a) 1 "* (b) * ^ 

Let Rf be the r e s i s t ance to ground from (l) and (2) in (a) 

Let R„ be the res i s t ance to ground from (l) in (b) 

Then 

Rf = Rj + R 3 

P - TJ 4. R 1 R 3 _ R l + R 1 R 3 + R 1 R 3 
K g ~ K l + R, + R3 " R, - R3 

Eliminate Rt 

_ (Rf - R3)2 + 2 (Rf - R3) R3 
R g ~ Rf 

_ Rf2 - 2Rf R3 + R3
2 + 2RfR3 - 2R3

2 

Knr = * 
8 Rf 

Rg = V - R>' 
g Rf 

R3 =V"Rf2 - RfRg (9) 

Solve for R3 f rom (7) and (8) 

R g = _5g =Jjr tanh £ \/r^ 

Likewise from (5) and (6) 

Rf = £g= +JI coth Jt / r ^ 
T Vy 



Pu t t i ng t h e s e v a l u e s in (9) 

R 3 =\|~ \l coth 2 ji \fry ­ t anh J| Vry ' coth I Vry 

R 3 =W ­ s inh i yry 

R j = Rf ­ R 3 

={$■ co th Si Vry ­ ­ ^ ; — A , 
' y * ' s inh A \/ry 

^ f c o s h f l Vry ­ 1 1 
' j y | _ s i n h I Vry J 

J£ tanh I S 

By d i v i s i o n 

R l _ t a n h 
JJVry ' • s inh 1 Vry 

R3 2 

Since Rx i s 1/2 of t h e r e s i s t a n c e of t he whole T s e c t i o n 

— = 2 t a n h ­4" \/ry • sinhJL Vry 
R 3 

In which t h e l u m p e d g e n e r a t o r = g l i s c o n t a i n e d in R 3 . 

L e t t h i s l u m p e d g e n e r a t o r = G 

© 
R / 2 

vww 
R / 2 

T h e n 

o r 

1_ 
R3 

R 
R2 

R 2 ­ ' G 

RG = 2 t a n h jj­ \/ry s inh I | / ry 



Insert 

y = y ' - g 

The general relation is obtained 

£ - RG = 2 tanh - f V r (y ' - g) , sinh 1 \ / r (y' - g) (10) 

in which G and g are any negative conductances, the values of which can be 
specified as desired. 

The equivalent TT section will be: 

R/2 
^VWVNAA-

R/2 

2R2 2R2 2R, 

© 
^AAAAA 

R/2 

2R2 

from which it is evident that the same relations will hold for the res i s t ­
ances. 

This method can be used for three dimensions with equal results 
by simply considering that the neutrons flow only in the directions x, y, 
and z. Each direction is then a separate transmission line having the re­
sistance relations of formula (10). 

B. Two-Group Theory 

This method is now extended into two-group theory by using the 
results of the preceding calculations. 

For simplicity a slab pile is again considered and an equivalent 
electrical transmission line is drawn for each neutron energy group. 

3 2 ^ per unit 
I length 

* t h = E 0 
S a th 
per unit 
length 

High'Energy Group Low Energy Group 



The high energy group line is put on top of the low energy group 
line in such a way that E j 2 a f no longer feeds to ground but instead feeds 
into the low energy line in place of gj as follows: 

3S tf pe r length 

-A/WW— 

r t ^SAAAA-
'6 ye 

32 t t h pe r length 

-AAA/W-
. A I 

We a r e in teres ted in finding such values for y 0
 an<* Ya that with 

the l ines combined, each will have the same cu r ren t flow a s it did with the 
l ines separa ted . 

F o r the separa te l ines if g = k 2 a t h *^e following equations for 
cu r r en t a r e obtained. 

d l 
d l 
f = E 0 . 2 a f - k 2 a t h E 0 (11) 

and 

dl rf=2athE0 
E a f E 0 (12) 

F o r the combined l ines 

dl 
df = <E0 - V y* - g 

dl f = E 0 y 0 - ( g T y 0 ) E e (13) 

and 

d l JL = E 0 y 0 - ( E 0 - E e ) y 0 

dl 
f = (ye - y ^ ) E 0 - y 0 E 0 (14) 

So that ( l l ) and (12) will equal (13) and (14) respect ively , the following 
conditions must exist: 

^ 0 = 2 a f 
YQ = Z a t h ~* af - 2 (15) 
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g = k 2 a t h ' Z af 

­ g ' = 2 a f 

These re la t ions will be used l a t e r . 

(15) 

A T network of r e s i s t o r s can be t r ea ted in a s imi l a r manner . The 
T sect ions a r e set up as follows: 

vVVvWy— 

0 Network 

Put the 0 network on top of the Q network 

nWAMr 
R0A 

—vvwyv 
R 0 / 2 

A/WVW— 

6 Network 

RQ , R^ and R­y a r e the same as before and R„ is an adjusted value to be 
de te rmined . The c u r r e n t s I ' 0 VQ a r e those resul t ing f rom the r e a r r a n g e ­

ment of the ne tworks . 

Then 

L0 = R 
7 

v ­ E0 , E e ­ Ej> . JE& 
0 R 

7 R. 
7 R­y 

T T' ' ­ E 6 • 
X0 ­ ■** ­ R ^ 
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Since t h e c u r r e n t s in t h e r e s i s t o r s R 0 and RQ a r e to be t h e s a m e 
in the c o m b i n e d n e t w o r k s a s in t h e s e p a r a t e n e t w o r k s , VQ i s l e s s by —-st­
and , ' 

Ifl = E£-6 R ' 

r - ES - Ef Ee 
9 R g R ' g R 7 

o r (16) 

1 _ 1 _ _ 1 
R ' g R 7 R g 

Gj for t h e n e t w o r k s s e p a r a t e l y c a n be def ined 

k k k 
Gi = R ' g R g R. 

T h i s c o n d u c t a n c e m u s t be r e d u c e d by -g- m h o s so tha t t h e c u r r e n t s in RQ 
and R 0 w i l l not c h a n g e , and , a s a r e s u l t / t h e c o n d u c t a n c e for the c o m b i n e d 
n e t w o r k s i s 

G = — — - — * (17) 
Rg R-y R-y 

Us ing equa t ion (10 ') t o r e l a t e the d i s t r i b u t e d v a l u e s to t h e l u m p e d v a l u e s 
t h e fol lowing a r e ob ta ined for s e p a r a t e n e t w o r k s and l i n e s : 

F o r ch N e t w o r k 

|4> - R 0 G = 2 t a n h A h^tfZaf " 3 2 t f g s i n h * ^ / 3 2 t f 2 a f " 3 2 t fg 

F o r 6 N e t w o r k 

j & - R 9 G , = 2 t a n h l V 3 2 t t h 2 a t h - 3 2 t t h g . s i n h % V ^ t t h ^ a t h " 3 2 t t h 
r ° 

Using r e l a t i o n s 11 t h r o u g h 17 t h e s e c a n be c o n v e r t e d in to s i m i l a r r e l a t i o n s 
for c o m b i n e d n e t w o r k s and l i n e s . 

F o r 0 N e t w o r k p o r t i o n 

, : .A 
T 

R 0 ( 2 " k ) _ J ^ J l = 2 t a n h l ^ l - ^ t ^ a t h " S i n h * ^ " 3 k 2 t f Z a t h 
R 7 R g 2 • (18) 



F o r 6 N e t w o r k P o r t i o n 

F T = 2 t a n h z f e " 3 Z t t h S a f • s i n h U f l j - 3 2 t t h 2 a f (19) 

F o r s m a l l a n g l e s t a n h 7 =. s inh 7 = 7 and u s ing t h i s , r e d u c t i o n of (18) wi l l 
g i v e f o r m u l a (10) of Sec t ion A . 

R 7 " T 

and for (19) f o r m u l a (14) of s e c t i o n A i s ob t a ined . 

Re 
R g 

Re 
R-y 

21 
L 2 

T o app ly f o r m u l a s (18) and (19) to a t h r e e d i m e n s i o n a l n e t w o r k i t 
i s n e c e s s a r y to c o n s i d e r t ha t t h e n e u t r o n s m o v e in x, y and z d i r e c t i o n s of 
t h e c a r t e s i a n c o o r d i n a t e s . T h e a n a l o g y now c a l l s for t h r e e t r a n s m i s s i o n 
l i n e s w h i c h m e e t a t a po in t x, y , z . 

x 

If e a c h l ine i s t h e n t r e a t e d a l o n e the f o r m u l a s 18 and 19 w i l l app ly 
for e a c h d i r e c t i o n . If a, b , and c a r e m a d e the l e n g t h s in the x, y and z 
d i r e c t i o n r e s p e c t i v e l y we wi l l ge t : 

|2>x [ 2 - k ] , *&!. = 2 t a n h ± N / | - 3 k 2 t f 2 
7 a tf a t h s inh a V - " 3 k 2 2 . T T. tf a th 

* < * [ 2 - k ] , - * * y = 2 t a n h £ ^ - 3 k 2
t f - 2 

Ry a t h 
g 

JT s i n h b V ^ " 3 k 2 t f 2 a t h 



g 
sinh a Ii?" 3 2 t t h 2 a f 

^ T = 2 t a n h | fe-32^2 
g 

(LV s i n h b ^ - 3 S t t h 2 a £ 

g 
2 ' L ' 3 2 t t h 2 a f £ sinhc V £ T - 3 2 t t h 2 a f 
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