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NUCLEAR REACTOR SIMULATOR

Preiface

The purpose of this report is to describe the work done at Gak Ridge
Maticnal Laboratory in the development of a nuclear reactor simulator.
This work is part of the total prograrm of the Power Pile Division and was
carried on by the Control Section. No one person in this section spent full
time in this development work. Limited personnel made it necessary to
stop this work {rom time to time to design electrical contrel circuits for
the particular reactors being siudied by the division, The advantages to be
gained {from having available a simulator were sufficient to warrant direct-
ing the persons involved te put as much effort as pessible ifita its develop=-
ment.

" A great deal has been learned about the possibilities of such a
simulator and the difficulties which are encountered in its design. In this
report no attempt is made to draw any definite ¢onclusions. [t is felf ithat,
because of changes in personnel and the fact that the reactor development
program has been relocated, all the significant information pertaining to
the sirmmulator should be gathered together.

Thig report includes the following:

Introduction, Page 7, is a general piclure of the ideas behind the
simulator and its uses.

Section A, Page 14, entitled Network Development, covers the der-
ivation of formulae for the relations belween reactor constants and elec-
irical network constants.

Section B, Page 28, entilled Construction of Experimental Network,
describes the networks used to determine the feasibility of the simulator.
Results of test runs are given and corapared to calculated values.

Section C, Page 45, entitled Current Feeding Equipment, gi..vea a
description of the methods used to feed electrical current, which simulates
the hirth of neutrons in the reactor, intoc the electrical networlic. _

Section D, Page 65, is entitled Experiment and Development Work,
As the tests described above were conducted several ideas developed which
offered solutions to the various difficuliies encountered. Some of these
were tested and are described in this section.




Appendix I, Page 90, is entitled Transmission Line Analogy. In
this section an attempt is made to present corrective formulae which would
make the results of mesgurements on a lumped network exactly equal to
the equations for a dastributed network and therefore equivalent to a
homogeneous reactor.




SYMBOLE AND DEFINITIONS OF TERMS

General symbols used for reactor constants and quantities through-
~out this report are: :

-

number of therral enerpy neutrons produced per therrnal
neutron absorbed in an infinite core.

k

Zi4p, = transport cross section for thermal Energy neutrons, (em™1).

transport cross section for high energy neutrons, {em='),

v
&
"

Saih = absorption cross section far thermal energy neutrons, {em™),
= absorption cress section for high ¢nergy neutrons, {cm-l}.
' ®; = high energy neutrons per sq cm per second.

P_ = thermal snergy neutrons per sq ¢m per second.

1
L= 5 ¢f the mean square distance a neutron travels
3 tthzath
from peint at which it becomes thermal 1¢ point at which it
is absorbed.

1 “ . " 1 '
T = = Farmiage’ of neutrons, 7+ of the mean square
3. & . o
tf “af .
distance a neutron travels hetween point of fission and point

at which it becomes a thermal energy neutron.

The terms used to describe the electrical system are those generally
accepted in electrical engineering. However, the terms are somewhat more
specific and are set out here for clarity.

Network is the term applied to that portion of the slmulatur consisting
of resistances interconnected in a mesh configuration.

Sirnulator is the term applied to the entire sysiem which includes
the network and the current feeding equipment.

Mode Point is the term describing these points in the resistor net-
work where resistors are joined together.

Lattice Unit i5s the term used to describe that portion of the network
of resistances which contain a2 node point. In particular refer to fig, A-1.




The lattice unit here consists of the four resistances R/2Z and the resistor
Rg. In the network this point would be surrounded by four similar lattice
units a distance h away from x, y, which would contain the other half of R
shown here. Each of these four lattice units also contain the value Rg.
Fig. £=-2 is a typical lattice unit for a three dimensional network. in this
figure two lattice units similar to fig. A-] have been placed on top of one
another and a lattice unit refers to this combination. Again, each lattice
unit contains the value R and Rg and six of each of the values R /2 and

Ry/2.

Feed Point is the term used to indicate the node points at which
current is fed into the network. Feed points occur only in the network
which represents reactor region.




NUCLEAR REACTOR SIMULATOR

Introduction

The simulator is an electrical analogue computer. The idea of
solving differential equations by the use of electrical models has become

2 widely accepted technique. If due consideration has been given to keeping

the model similar toc the physical phenomena described by the differential
equations, the practical engineer has at his disposal a means of studying

the physical phenomena without continual reference to the differantial
equations invelved. The simulator developed at ORNL., through the combined
efforts of E. J. Wade and J, W. Simpson of the Power Pile Division, meets
this requirement. It comsists of a network of electrical conducting ele-
ments and suitable scurces of current and current sinks. The design of

this network is such that when the proper electrical resistance values are
aszembied and the current scurces and sinks are properly adjusted, the

,steady state voltage distribution on the nestwerk is the same as the sieady

siate flux distribution in the rsactor and the current sources are a measure
of the critical mass of the reactor.

In elementary diffusion theory, the neutrons are assumed to obey
the diffusien eguation {a) for any velume,

Ztoto-as+0-52

dt
where
A = ¢k, = number of newtrons absorbed per ¢u cm per sec.
l'% = diffusion constant for the reactor materiat.
G w (nv) = nevtron flux = neutrahs/cu €m X cm per sec = neutrons
per 8q cin.
Z, = absorption constant for ne\;trnns.
Q = neutrons produced per cu cm per sec which may be a
function of their position in the rE&CtDlh}f
- n = number of neutrons per cu cm.
t = time.
:_

7% = Laplacian = divergence of the gradient.
| {a) AECD-2201
6176




This equation shows that the rate of change of neutrons for 2 par-~
ticular volume of core material equals the net neutrons that diffuse into
that volurne less those that are absorbed there plus those produced in the

Saime volume,
L

The net neutron current density ie given by equation (b),

---ﬂ
I=-5ve

The diffusion of electrical current in a small volume of electrical conductor
obeys the diffusion equation {c),

v;v_ c+1-3
in which
V = electrical potential.
I = electrical current entering the conductor.
Q = electrical charge per unit volume.
t = time.

¥? = Laplacian.

R = resistance of the conductor.

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

Lteg @

The similarity of equations {a) and {c) as well as (b) and {d) can readily be
BEEeEN.

¥V is analogous to (nv}

iis analogous to J

Q is analogous to n

A volume of electrical conductor in which there is a sink € and a

source I, will serve as an electrical analogue for the differential equation
of neutron diffusion. Consideration is restricied to only the steady state

{b) AECD=-220}
8:76




flux condition and therefore in eguation {a) and {c) the right hand side is
ZET D, 4

Vo -2, +RQ=0 {e)

-C+1=0 (£)

;‘:,E\' ""‘lf

FPractical aspects of building a conductor such as have been de=
gcribed must now he consadered. [t is not difficult to build 2 conducter of
some material and introduce a source or several sources of current into
it through small insulated conductors. However, it is quite impossible o
construct an absolutely homogenaous distribution of sources in the conducior.
Thereiore, a finite spacing of sources must suffice. Since the sources musi
be apaced at finite intervals the finite volume of conductor, which exists
between each source may as well be replaced with a conductor which has
the same resistance as that volume of conducter. U, for simplicity, the
spurces are spaced evenly throughout the volume, the same resistor be-
iween each source would be used. 5o far it has been implied that the cur-
rent is being removed from ail points on the surface of the volurne of con=-
ductor and that these points are not necessarily at the same potential. The
same is {rue for the network cof lumped conductors. The current is removed
from all resistors which reach to the boundary <f the volume. For the
balance of this discussion the distance between the two sources is considered
to be a unit distance {assuming evenly spaced sources) and a volume of all
unit dimensions is called a unit volume.,

For convenience attention is confined to a volume of conductor of
unit thickness which contains all the sources in one flat plane of the total
conductor voelume. Here it is implied that the components of current {low
out of this unit thickness volume, perpendicular to the plane of the spurces,
are known. A network to represent such a volurne is shown in fig. 1 where
equal spacing of the sources is again used and therefore all the conductors
are of equal resistance R ohms. At each of the node points (where Tesistors
join} the current source [ is introduced. This current flows through the
networlk eventually reaching ground to complete the electrical circuit. This
current [ can be any guantity and all the ieeds are not necessarily equal.
For the analogy this current should be propertional to the voltage which
exists at each node point because, in the reactor. the number of neutrons
produced by fission is proporticnal to the thermal fluw pregent at any point
in the reactor, where fissions occur. To complete the analopgy & sink term
C is needed, which for a periect analogy, requires that the elecirical current
be destroyed at all points in the volurme of conducting material ih an amount
which 18 everywhere proportional to the neutron flux present. Here again
practical considerations require that the aink C, for the units of volume be
lurnped at the node points of the network. Since this sink is proportional to
the voltage, at each node point, it is possible to take advantage of the linear
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relation of Ohm's law
1= E/R

and place a conductor, from each node point to ground, which has a resist=
ance inversely proportianal to the absorption constant for neutrons, The
current source requirement can be met by a voltage conirolled current sup-
ply such as a vacuum tube operating in the linear portion of its characteristic
curve. With a suitably controlled source in place, the analogy for elementary
diffusion theory is complete.

In a thermal-neutron nuclear reactor, neutrons exist at all energies
between fission energy and thermal energy, and the “constanis™ of equation
(e) are functions of neutron energy. The “two-group theory™#is used exten-
sively in practical reactor calculations as an approximation to this situation,
Here it is assumed that the neutrons exist in two energy groups, fast or
high energy and slow or thermal energy. For a steady state flux of either
energy level, an equation like ¢ applies. In the case of fast neutrons the A
term represents slowing down while for thermal neutrons ii continues to be
absorption. The electrical analogy requires two sirnilar networlks of the
type described. Each must have the same lattice construction, that is,
equally spaced node points. Thermal neutrons are produced by the slowing
down of fast neutrons. The current of the sink term of the network repre=
gsenting fast neutrons must be made to flow into the corresponding node
points of the thermal network., This syggests that the conductor which
carries the sink current away from the fast network should connect directly
between the corresponding node points of the fast and thermal networks
instead of to ground. In twa=-group theory it is assumed that all fissions
occur because a thermal newtron flux is present at any point at which {is-
sion ¢an occur, For this analogy, then, the current source I, for the fast
network is controlled wiith the voltage of the thermal network. Thus, a
single network can be constructed to simulale all the elements of two-group
diffusion theory. .

A typical laitice unit for this network is shown in fig. A=l of Section
A. In this figure the fast neutrpn diffusion network resistors are denocted
by the subscripts ¢ and the thermal network by 8, R, is the slowing down
resistor and Rg is the absorption resistor, The source current I is repre-
sented by a box which is an electronic amplifier whose output current I is
equal 60 A x Vg. To operate the simulator a particular value of A must be
found which will establish constant voltages on all points in the network,
If the voltage Vg were zero the source I would be zero. In order to start
the cycle of production of current, a sourve Vg must be applied to the net-
work just as in the reactor a source of neutrons rmoust be present in order
to start the chain reaction. Once the cycle is started the source can be .
removed and the cycle sirnulating the chain reaction will continue,

*Soodak, H., AECD Publication 2201
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An ideal analogue would simulate the continuous slowing down proc=
€55 which occurs for the neutrons in the chain reactor. Actually what is
wanted is the simulation of many groups of neutron energies. From the
discussion of the two-group simulator it is evident that a voltape difference
must exist such that the ¢ (fast) network voltage is higher than the 8
{thertnal} network voltage. The larger this voltage diflference, the more -
nearly the slowing down of neutrons can be sirmulated in the sink conducter
of the fast network., In the simulator of this report (Section B) the ¢ net~-
work peak voltage was set at 150 volts and the @ network peak at 3 volts,
a ratic of 50:]1. Obwviously an attempt to simulate three groups with the
same ratios resulis in ratios of 2500:50~1, a peak of 7500 volis for the -
highest energy for & peak of 3 volis on the lowest energy network. This
is not practical but, fortunately, the 50:1 ratio between voltages is not
necessary and by using a2 smaller ratio of, say 10:1, at least three energy
groups could be simulated. At ORNL the work was confined to twoenergy
groups.

In Section A of this report, the relations between the network param-
eters and reactor constants are developed. In Section B the construction
of two sirmulators, each for a different reactor, is describeqd.

A chain reactor consists of a core and a reflector region. So far
only a Tegion in which sources of neutrons are present, which is the case
in the ccre, has been considered. The slowing down, absorption and dif-
fusion which occur in the reflector region can be sirnulated by a network - .
of the same form as the core with the source current (I) zero. The source
of thermal neutrons due to slowing down is still present and the absorption
of thermal neutrons is much less hecause of the absence of fissionable
material. For all practical purposes, all that is necessary in order to
simulate the reflactor region is to assign averapge values of material con=
stants to that region and to adjust the neiwork resistance values to corre-
spond. This is covered more completely in the designs of Section B. The
neutron flux is considered te be zero at the outside boundary of the reflector
and therefore the network is prounded at that point.

Sirmulating the insertion of a control rod into the core is a matter
of imposing upon the simulator network the known effect of the rod upon -
the neutrons. If the rod will absosrb ail the thermal neutrons in a particular
reactor region the thermal network can be grounded at those points which
correspend to the effective rod dimensions. The practical considerations .
of this operation are covered more fully in Section B of this report.

With a sirnalater of this kind available, the deterrmination of critical N
mass and the flux distribution for complex boundary condition problems is
greatly simplified. Analytical solution of the two-group theory différential
equations results, for nearly all boundary problems, in a tedious trial and
error process. The simulater offers a means of performing this process
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- rapidly through the feed-back action of the electronic amplifier., Examples

of these complex problems are: the insertion of control rods along the
radius or a chord of a cylindrical core, irregular control rod spacings and
the case where the material constants vary as a function of the locatmn of

the material in the reactor.
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SECTION A

NETWORK DEVELOPMENT

A. Natwork Theory
Partial differential equations such as those used in two=-group theory
calculations can be solved by the use of suitable electrical networks.

Considar the point x, y in a network mesh as shown in fig. A-l {b}
{This is one point in the network of fig. A=l (a). .

The eglectrical current equation at x, y is:

Vicrhy) - Vioy) | Yixehy) - Viry) , Vouysh) = Vooy) | Vioy-h) - Vooy) | Vixy)
R R R R Rg

or;

[V{x+h,y) + V(x-hiy} - 2¥(x,y}] + [V(x,¥+h) + V(x,y-h} - ZV(x,¥)] = ¥Vix,¥) %ﬂ

Using Tayler’s expansion®

h oVixyy) b oPV(cy}
1! ax 21 3yF

Vix+h,y} = Vi,¥) + =

and

b aveey) W aiVixy)
1' A 2! 3yt

-

V{x-h,ﬂ = V{.x !"}

adding and rearranging terms

3V(xy) _ Vixthy) Vix=hy) 2V(xy)
axz N he

*In this development a lattice length br =} could be conveniently used, and
the variables x, y and z could be measured in lattice units. In Section

B, however, different values of length for h ware used and it was considered
more convenient o let h remain as a parameter in the equation,



likawise '

32".’!::,1! Vix,y+h} + V(x,¥y=h) = 2V{x,y
ay - h

The network equation becomes very nearly:

E?z"f!x.)r} Ba"fjx,}:! ix.z‘j

X

The solution of this equation V(xy) can be read with a voltmeter
~ from the network point {x ¥) te grc-und

B. Network Theory Applied te Calculations for Reaclor

This fundamental idea can be extended into three directions x, ¥
and z and the resulting network equation will have aV %V term where the
reactor equation contains 72§ The netwark eguation would be:

Vix.v.z) R
h* Rg

V yix,y,2) =

Int two-group theory the neutrons are assumead to exist only in two
energy levels, fast or high enerpgy, and thermal or low energy. In either
energy lavel the genaral form of the balance squation at steady state condi-
tions of flux is:

- Leakage - ahsorption + production = 0

) I - -
UV P mE ot RT g 0y =0 (ip)

3
Atth

Ty, TZam® th T Zag®s” 0 @p)
whara
lu' 2
— v d‘.:f = number of fast neutrons diffusing into a ¢n cm per sec.
Atth_, : : o
*—?? Py = number of thermal neutrons diffusing into a cu cm per sec,

zi'a,f'tlzlf

= number of fast neutrons becoming thErmal/:':u cm/ser:.

15



Z athPth

k Eath¢ th

In the electrical network a current I amp can then be introduced at
the node point and the balance equation for current will become!

¢

Z
%?ZV{x}fz} - Vixya)

+1=0
Rg
or;

]
E‘FZV{xyz} - M+ I_= 0
R hRg " h

which is of the same form as {lp) or {Zp) above.

‘For each neutron energy group an electrical resistor network having
the above equation can be constructed. For a simultaneous solution of these
e#quations, the eurrent I at each node point in each network must be made
proportional to the voltage ¥V of the corresponding node point in the other

networl.,

Rather than construct separate networks to meet these requirements,
a single network with suitable resistance slements to represent all of the

number of thermal neutrons absorbed/cu cm/sec.

number of fast neutrons produced/cu em/sec.
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terms in both enexrgy group equations can be arranged. The network equations

can then be written and the coefficients of these equations equated ic the

coefficients of the reactor eguations.

A network of resistances to meet these requirements is shown in

fig. A=2.

C, Calculation of Network Constanis

The current equation at V{ iar

X ¥.3%)

(Equation 1n)

i@{x+a.}r,z} - V glx.v.2) + Vm(:ﬂi'a,?-b}_' Vo (x.¥.2) "

R¢x R@:
f_@{x.]r-i-b.z] - Valx.y,z) + Yo (x.y=b.z) - V{.ﬁ{x;y,z} .
Ry Ny

Volriy,zte) - Valxyz) Volxyz-e) - Volxyiz}l Vo-Vo  ,y._ o
R
Y

Hu‘.lz R¢z




(5

I

ET

or collecting terms

Vglxta,y,z) + Voplx-a.y,2) - 2V {x.v.2)

_I.
. R,

Vo lx,y4b,z) + Vlx.y=b,2) = 2Vglx,y,2) |
Ret

‘J¢(x,y,z+c) + Voix,y.z=c) - Z.Ucﬂ[}.c,},r,z}
oz Y Y

Reactor equation for fast flux {nv)f = @¢

At _
580 -2 ar®t + kZath®tn = 0

By Taylor Expansion (using a, b, and ¢ to correspond to lattice unit length
in %, v, and =z directions)

&
D gleta,y,z) = Gpx,y,z) +-IE-E %—Ef{x v.z) + = F?Ll:x v.z) ¥ ..

y D I¥D
®slx-a,y,z) = Yelx,y.z) --{1!1—1{3.3',2.} +%!§z?-f[x,y,z) - ...

4

Adding

32‘13‘{ {x.;.z‘-}= Pelxta,v,z) + Pflx-a,y,z) = 2¢1lx.y.2)

Bx a®

Similarly, terms for

32 dplx,yv.2) ; 229 ey 2)

dy
ran be obtained.

Substituting these expressions in lp we get: (after multiplying
through by a, b and c)

Equation lp
N .
_;..f.—-[ Pgix+a,y,z) + 1la-a.y,z) - 2040ny.2)] +
1*,1' ag

[d:-f{ wib,z) & (x.y-b,z) - 2¢¢(x,v,2)] +




A
- ab [¢£{x.}r,z+c} + ¢I£{x.}'.z-c} - EmI(x,y,z.]] -

3 ¢

abe Eaf ¢£(x.1r,z-} + abck zath s‘.‘lth{?h'frz} =0

Equation 1ln and lp” will be equal if:

o =V

£~

ch=va
3 a

R'P‘-}‘—H'E (2-1)
3 b

R et | e— 31-2

oy Ay A€ (4-2)
3 c

Bz iy b (#-3)
1

Ry =~ Z _abc (8)
af

1

-E+A-k2amabc (6)

Likewise, the equation for the @ network is as follows: {(Using a, b and ¢
as before).

{Equation 2n)

E&_{x+a,]r,z) + Vgx-a,y,5) = 2V a{%,¥.3) + /
Rﬂ'x
Volx,y+b,2) + Velx,y=b,2) -~ 2Volx,y,2) |
Ro
¥ -
Vg{x.}f,zdvc]k-l- V dx.y.z=¢) = 2Valx.y.2) _ 1 l_] g _
Rgz 8 Vgix,v.z) Ry + Ry + Ty ={

The reaction equation for thermal flux (d:—}th infinite difference form is:

(Equation 2p”)

Atth  be
- [!bﬂl(x-l-a,]r,z] + dith{x-a,]r,z) - Z¢th(1,]r.z)]+
Atth

3 31;_‘: L#, Guytb.z) + @ (x.y-b.2} -2 ¢, (x.y.2)] +

18




Atth  ab .
~5= = {0, Guyzke) + O (Kiy,zme) - 20, (x.y.2)] -

abc Z_ '-ihth(x.',r.z.} +abc & '@m[xt?,z} = 0.

Here again 2n will be similar to 2p”° if:

- V=t (7)

. Rox = ﬁl B (5-1)_
Rg, =—:;. a_'z (8-2)
Ry, =ﬁ _a':T (8-3)
é.ar RL? Z“h abe (9)

Having established the above relations the ratios between network
Tesistance values can be set up, :

D. WNetwork Resistor Ratios

2 F
Zox-2z -2 (10)
R, Aig Yoo
2 2
Re :3bzf:i {11)
" A T
5 3t 2 | ,
- =" K f=_ [IZ}
R, *4 = T

- From4-1,2,%and 8 -1, 2 and 3

R, R, R, X
¢x__dy ¢z " tth (13)

REX Bej.r _Rﬁz. A tf

From8 =1and 7

) - . R [—1.+sz-§£ za.- =iz




From 13
A
E = R .-t_i
Bx $x A tth
a’ _Rgx Ay Po_oab A
Rax = — - . —— = —L --&— —
| Ry 2Atth L* T Atth
)
Rox _2'[, . L 24 {14-1)
Rg Lf T Ry
Likewise:
R : 2 hef |
Sy b, L T“. (14-2)
Rg Lf L T Agihl '
R z [ 2 er )
8z & |, . {14-3)
Re LFL T *inl

From 6

- L
A= kiath " Ry

Substitute 9

1 1 1
A:kl:— +—-]--"~—
R
i k-1
== 4
Rg RT

The current I was defined as AVH

I
or A = —= (mhos)
Vg

In order to supply this current a current generator is required which
can be controlled. Its output current must always equal AVgy. An elecironic
amplifier will satisfy this requirement, The ideal input=output relatidn for

thiz amplifier is a straight line, the slope of which ig A, The slope A must
be adjustable.




el

E. Kappa Factor

The network under discussion will simulate a reactor described by
the two=-group theory equation but the current flows iy, ig and I of fig. A-2
will not represent exactly any reactor Juantities because the  network has
been placed on top of the 8 network, Consider again the basic network re=
quirement that the absorption resistor Ry or Rpg) should go to ground. It
is easy to 5ee that this ideal network will be approximated by the combined
network if the voltage Vi of this combined network is very large compared
to Vg, for axample, in the order of a 50:1 ratio.

This means that there mmust he a ratio of about 50:11between the
values of R~ and Ry and between the values of R¢ and Rp,

Formula (13){with x = y = z) gives the relation

Atih
2 = X

A factor k is now introduced so that

R Atth

Kg = k q (13&]‘
and this is called a " kappa factor.” This gives the desired arbitrary re~
duction of the network voltage and if Agth = Atf

R¢ = kRg

This factor also affects formulas (14) which {witha = b = ¢) becomes
E ]

Rg _ .a_i 1~ L ;t_f

Rg L T Atth

and before the “kappa factor” was introduced this could have heen written
(by using 13}

Ehfi[l-a*_.fm]

Now inserting the -ratio of 13a with the “kappa factor” introduced the result
is: : . .

Rp =£[1-Ek£:| ' {14a)
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In formula 15 the value of Ry which was determined using k is em-=
ployed, Here, since Rg has been reduced, A for a given k iz larger. This
means simply that any method of introducing the current I = AVg must
supply a larger current per volt than would have been required without the

kappa facter.”

When the relations of formulas 3 through 15 are built into the elec~
trical network the following direct relations between reactors and network

quantitics exist. .

- Network Quantity Reactor Quantity Represented
EBiffusion of fast neutronsfsec/a.b.c.
gt igys igy (cm)? in the directions x, ¥ or 2
iy Fast neutruns/ se c/ a.b.c. {cm)® which

slow down or become thermal

igx, lgys igz Diffusion of thermal neutrons/sec/a.b.c.
{em)® in the direction x, y or z

Thermal neutrons/sec/a.b.c.{cm)* which

bg
cause fissions
[ (The current entering the Fast neutrons/sec/a,b.c. {cm)® which
network node point) result from fissions

A soluticon to the network equations results when Vi and Vg are
consiant and for this condition A for the amplifier musi be adjusted to a
particular value. The operational procedure is to stari current flowing in
the netwotk by some external means, and vary A until V¢ and Vo are
constant, A is then a measure of k for the reactor by equation 15, The node
point voltages V¢ and Vg give the flux distribution in the reactor,

F. Boundary Conditions

So far only the core has been considered and no specific attention
has been given to the reflector region, The core is surrounded by a reflec-
tor region and it is assumed that no neutrons leave the reflector., Three
boundary conditions regularly used for solution of the reactor equations must
be met by the simulator; namely, that in the reflector the production of
neutrons is zero, that the flux'is continuons across the interface between the
reflector and the reactor and that the thermal and fast flux are both zero at
the outside boundary of the reflectar. The first condition is met by nat
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feeding current into the reflector node point, To meet the third of theseé
conditions the perimeter of the network which represents the reflector is
grounded. For the second condition reflector section network rmmust be
built to contain the constants T, L%, ks and Agip for the reflector using the
formulas developed for By, Rg, Ry, and R‘E and the networlk 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 R‘:r' 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 Rr-r and Rg resistors at
this point must be adjusted. To do this the respective regions are considered
to overlap at that node point and the fellowing value is used.

, _ 2 Ry {reactor) x R., (reflector}

R-f {interface) = _R'I' (Feactor) & R"f (reflector) {16)

The meihod of arriving at this formula is shown in fig. A-3, If the inler-
face occurs sorne fraction of the way between the last node point in the
reactor and the first node point in the raflector, only the diffusion resigtor

 between these node points must be changed if By or Rgfor the reactor is

not equal to Ry or Rg for the reflector. In the case where the interface is
at one half of .the distance beiween the node points the fast neiwork diffusion
resistor are equal o

Rg (reactor) plus Rg (reflector}
) Fl F

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

Another boundary condition which must e 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 & network at points in that network which corre=-
gpond to the dimensions of the rod. The production of neutrons iz zera so
again no current faed is neaded in that section of the 8 network which was
grounded, In this way any number of rods of any configuration can be sim-
ulated,

G, Conclusions

r

1. A& network can be constructed sc as to sitmulate the reactor
described by the two-group theory equations.




2. The network is one of lumped constants and contains a finite
distance between the network node points. These finite network lengths
have a definite directional relation of 90 degraes to one another.

3, The accuracy of the results obtained from the simulator network
depend upon:

a. Selection of resistors whose values c¢lasely apfpruximate the
calculated values,

b. The accuracy with which the current feeding equipment fulfills
the theoretical requirement: 1= AV,

€. The accuracy of instrument reading,

~d. The error involved in transforming the differential equation of
the reactor into finite differance form. In the Taylor expansion, all odd
powered terms cancel out and terms aof the fourth, sixth, ete,, puw'er con=
etitute the error. '

The total exror resulting from all of these effects is best dete rmined
by constructing a network and comparing the measured results with those
obtained by solving the reactor equations amalytically,
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SECTION B

CONSTRUCTION OF EXPERIMENTAL NETWOBRKS

A, A one dimensional simulator is also called a network system.

1, Generxal Description: The first test neiwork constructed by
E. . Wade is shown on fig. B~5., This drawing contains the complete hook-
up incloding the network and the current feeding amplifiar and switch. The

network is the squivalent of a glab reactor in two-group theory calculations.

A slab reactor is one in which the neuiron flux depends on only one coor-
dinate. An 8uf condenser was connected hetweaen each point of the ¢ net-.
work and ground. The condenser together with the rotating switch and am-

plifier constitute the current feeding equipment for the network of resistors,

As the switch revolves it connects the amplifier input and output succes~
sively to corresponding points on the ¢ and & networks. The amplifier
supplies a current directly proportional to the input voltage and independent
of the joad resistance, When this assembly is in contact with any pair of
network points the current charges the condenser. The condenser then con-
tinnes to feed current into that point of the netwerk after the amplifier and
switch assembly moves on to the other points. This process is refarxed to
as “scanning.” DBy using this system the necessity {or having an amplifier
for zach network point is eliminated.

The main purpese of this network was to sindy the feasibility of this
scanning, and to develop a suitable amplifier.

A detailed discussion of the switch and the amplifier will ke given
in Section €, .

2. Network Resistance Values: (In all cases the available standard
resistor size closest to the calculated value was used.}

_ reacior length _ 240 cm _
® po..of lattice units ~ 232 1o cm

L J

A standard resistor size was selected for F"'I’ = 2,2 megohms,

By formula 10 Section A, with P = 250 sq cm

R., “RpT (2.2) (250) = 5.5 use 5.6 megohms.
al 100
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A standard resistor was then selected for Rg = 0.047 megochms
which was approximately ]/5[} of Roy then by farmula t3a of Seciion A

&__1 2.2 K ltth
Rg 047 6.8 = A i +f

Let A¢f = Xith- Thern k = 46.8 the kappa factor,

With L2 = 200, by formula 142 of Section A

R a® (1 - L? Aith)
Rg LT (T kg
0.047 _ 100 (1 - 200 )
Ry 200 { {250) 46.8) ’

Rg = 0.1 megohms

For the reflector let T= 250 sg cm, the same az in the reactor.
Hence the R~ in the reflector = the R in the reactor when the lattice unit
length, a, and Ry are not changed,

Let L*? for reflector be 950 sq cm

*3.047 _ 100 (1 - 950 )

Ry 950 (* (250) (46.8) ) )

Rg = 47 rmmegohms

The boundary between reactor and reflector was made by adjusting
the values of Rg al point 1 using formula {18}, See fig. C.

2 {100,000) (476,000)
130,000 + 470,000

R (interface) = = 164 000 chms

3. Measurement of k: The X natwork system is operated by first
starting the multicontact switeh, The output current of the amplifier for
zero signal is not exactly zero and therefore, a small initial current flows
" causing voltages to be established at the varicous points of the @ network,

The small initial amplifier current corresponds to the source of
neutrons required 10 start a chain reaction, The value of A for the ampli~
fier, which has been shown torepresent k of the reactor in Section A.then
feeds a current representing neutrons into the network as dictated by this
small initial source producing a voltage Vg, If A is large encugh 1o rep-
resent super critical the voltage of the network rises just asthe flux of the
reactor increases if more neuirons areproduced thanare absorbed. When




the V¢ approaches a convenient value such as 100 volts at the highest point,
A is reduced until V4 ceases to rise, This indicates that just enough cur-
Tent Is being received by the network to replace the current lost by leakage
to ground, This reprasents the steady state condition in the reactor which
calls for leakage plus absorption of neutrons to be equal to neutron produc-

tion. This A value is measured in amps per volt, which is conductance, and

having A, k for the reactor is calculated by the formula, A = %ﬂ +'%

for the close appr:uximatiun due to “kappa factor" since the large value of
R (5.6 megohms) makes the last term small, so that k = A.Rg-

4, Boundary Conditions: To operate the network as a core without
reflector the ¢ and @ networks were grounded at the network points corre-
sponding to the reactor boundaries.

To simulate the effect of a control rod the g network was grounded
at'the point in that network at which the flux was to be zero, For the curve
of fig, C=2 the natwork was grounded at points 11L, 12 and ]1R, Each lat-
tice unit represents 10 cm of core material hence the effect of a 1 x | x 20 cm
rod black to thermal energy neutrons was simulated, In fig, B-1 and ‘B-2
the effective rod dimensions are 1 x 1 x 0 ¢m because only one network
point was grounded.

5. Experimental Results: In the test runs on the simulator kgwas
measured for various boundary conditions, The k was then calculated by
golution of the reactor equatipns so that the aceuracy of the measurement
¢ould be determined. For the core and no control rods, the measured k was
1.16; the calculated k was 1,078. The balance of the results were taken
with the insertion of control rods sirnulated. Various dimensions of rod
were simulated and in each case the rod represents, in a slab reactor, a
slab rod of ] cm x 1 ¢m x some desired thickness, The thickness was var-

ied in each case. : :

Figure B-1 describes a ¢core, and a rod of zero effective thickness
at the center. Tl_'ne: measured k was 1,24;: the calculated k was 1.270,

Fl

.Figu:re B=2 describes a core with a rod of 20 cm thickness at cen-
ter. The measured k was 1.32; the calculated k was 1.340,

Figare B-~3 describes a core with two, zerp effective thickness,
rods at points 40 ¢m out from center. The measured k-was 1.695; the
calculated k was 1,825,

Figure B-4 describes one half of the core with reflector and no rods.
The measured k for this core wga's 1.15], the calculated k was 1.06.




Each of the above figures shows the plot of the flux distribution, as
simulated by the network voltages, as a solid line. For comparison with
thig the caleunlated flux distribution from ananalytical solution of the reac-
toT equations was plotted as a dotted line for B-1 and B-2.

B, Two Dimensional Simulator

1. General Description; The simulator was built to Tepresent a
cylindrical reactor of length | ¢m, and 91,44 cm over-all radius, having
£0.96 ¢cm radius reactor. For a two dimensional reactor neutron flow is
considered to be in two directions only, that is, the flow under considera-
tion is confined to a plane. The network then represents a sheet of reac-
tor material l cm thick having the akove dimensions, The fluxdistribution
in such a reacter is symmetrical arcund the center and therefore the network
was built to represent only ahalf circle of reactor material. The plan view
of this network is shown on fig, B-%. To construct the network the circu=
lar reactor section was first drawn to scale and then divided into square
sections as gutlined by the dotted lines, In order to approximate a circu-
lar area with a group of small square area units, the size of the units must
be small. In this case two sizes of square area units were used, so that
the effect of changing network lattice size could be studied, Having laid
cut the square sections a network node point was placed at the center of
each area, and the peoints were joined by resistors. Each large unit rep-
regants a volume of reactor material 15.24 39 cm and | cm thick and each
small unit represents a volurne 7.62 sgq cm and 1 cm thick.

The drawing shows aplan view of the network representing one en-
ergy group whereas the entire network consists ‘of two such arrangerments
of resistors with resistors Ry between coerresponding node points of the ¢
and @ netwosks and resistors Rgtc ground from eachof the @ network node
points.

2, Current Feeding Equipment: There are 60 node points in the
section of network which represents the reactor, Each of these ¢ network
noede points must receive a current feed preperticnalto the 8 network volt-
age at that point and alse proportional to the volume of reactor material
represented by the lattice unit containing that point. If the same amplifier
is used for both sized volumes, the time the amplifier feeds esach point must
be proportional to the area represented. This was accomplishad by feeding
each large lattice unit four times as often as the small units were fed. The
large lattice represents four times the volume of reactor material repre-
santed by the small lattice.

There are 45 feed points for small volumes and 15 feed poinis for
larpe volumes 50 a switch, having (4 x 15) plus 45 or 105 contact pairs was
nsed. It was decided to build these contacts on two separate disks, each
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disk having 70 pairs of ¢contacts. The constructionof this switchis covered .
in Section C. It is immediately clear that if two switches are used, two
amplifiers will be necessary, one for each group of points fed by a switch,

These amplifiers must be similar. It should be noted that even though the

105 pairs of contacts could have beehn built on one disk in this particular

case, in the construction of three dimensional simulator it would be neceg-

sary to have several switches and amplifiers. Two=disk construction was

used so that the problem of matching the characteristic curves of more than

onc amplifier could be studied.

3. Calculation of Resistor Values: It was pointed out that the lat- -
tice zize is directly related to the volume of reactor represented by that
network section. It is clear, then, that if a value of B¢ iz selected and
used throughout the network the core volume represented by a network lat-
tice unit is determined by the value of Ry at the node point of that section
of lattice, Let the pile constants for the reactor be T = 268, L? = 121 and
Ayg= Ay The value of Ry was first selected to be 2,25 meg-.::-hms and
also the value of Rg . 0.047 megohms.

Selecting the values of Rg and Rg for the small lattice unit fixed
the value of R¢g and R g for the larger lattice units, When changing the lat-
tice unit size the diffusion resistance per unit area must be kept the same,
Beferring to fig. B-9, for example at point 11, the resistance in either the
x or y directions of a small unit is R for the drea h® {7.62 x 7.62 sq cm)
enclosed by the dotted liné around point 11, Compare this area with the
four points 11, 21, 22, 12 which form a square and arae together enclosed
by dotted lines of Zh cm on a side., The area contained by these lines is
therefore 4h*, These dotted lines always bisect a resistor, so in the x -
direction starting at a2 left hand dotied area it is found that there is
R/2 + R + R/2 or 2R ohms along the line of 2] and 11 and the same 2R chms
along the line of ¢2 and 12. The parallel combination is R, the resistance
through which current must pass in going from the left hand boundary of
the four units to the right hand boundary in the direction x, The same can
be said of the direction y at 90 degrees to x, It follows logically then, that
for the area of 4h’ a single resistance R could be installed between the two
boundaries in either the x or y direction and the current passing across
the section would not be changed, This is what was done in the large lat-
tice units. For example, at point §22 R/E + R/E R for the resistance R
in either the x or y directions. Only the x and ¥y components of current
diffusion which has been demonstrated in Section A in the development of
the network formulas are considered, Current which diffuses in any inter-
mediate direction between x and y is broken up into its x and y components,
Consider thai there exists a voltage at point 022 greater than that at 044,
A current cannot flow directly from point 022 {o point 044 if a direct con- _
ductor connection does not exist between them. Howewver, a current does
flow between these points through the balance of the network, because, by
the superposition network theéorem, the flow of current in any network due




to any one voltage is independent of other voltages existing onthe network.
It is important therefore that in designing a network the X and ¥ direction
resistances per unit square area be rnaintained the sarme, no matier what

size area is considered. Since the distances in the X and ¥ directions are
squal for square tmesh, a = b =¢ = h = 7.2 ¢m for the small lattice units,

from 10 : '

Ry M
R~y T
2.25) . {258)
Ry = { {'?.62:::2_ = 10 megohms

Here again as in the slab reactor simulator, a ¥ kappa factor” is
introduced zo that the @ network voltage will be small,

By formula 13a

Rg 225  ,o.4d7 - KXMb
Rp - .oa7 - 7% Y

Then by formula 14a

E‘—ﬁ = lif [1 _M

Ra Lz_ Tk A tth
C 121 % 047

g€ Fe2rx(l-128 1+ )
47.87)

R

= 0.09795 megohms |
use 0.1 megohms

25

=]

For ihe large lattice units h = 15.24 ¢m

From )0
Re ¥
RT T

Since T does not change, and R is the same for both sized latlice

“ﬂits 1

R~ (large mesh} _ h? {small mesh} _ (7.62)° _ 1
Ry (small mesh}) h’ {large mesh} (15.24)2 1

Ry (large mesh) R, (small mesh}

T - 2.5 megohms

*
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Similarly

Rg (large mesh) =-EE.[sma;11 rnesh)

= 25,000 ahme

Here the nearest available sme was 24, U{III.'.I ohms which is the value
used in the network,

For the reflector, letting T = 150 sq ¢m, L2 = 100 sgq cm and using
the diffusion resistor values of Rg and Rg which are now fixed values the
following is cbiained.

o (2.25) (150}
Ry * 7 ezy

value 5.6 megohms was used.

5.6

R (large mesh} = rul 1.4 mégnhms for which the standard value

1.5 megohms was used.

{1000) {0.047)
(7.62)% (1 = 1000 . 1 }
150 47.87

Rg (small mesh) = = } megohm

Rg (large mesh} = 0.24 megohms

4. Boundary Conditions: On fig. B=9 it can be seen that the bound-
ary between the reflector and reactor, represented by the heavy detted line,
passes between the node points of the network. As a result of this choice
it ie not necagsary to adjust the value of R or B at this boundary as was
necessary in the slab reactor simulator when the%oundary passed through
a node point, The boundary of the reflector is grounded for both the ¢ and
8 networks. )

The method of making the connections between the'large and small
mesh sections must still be justified, (refer to fig. B-9). I[n the x or y
direction the value'of R for the srall lattice corresponds to the distance h
whereas in the large lattice it corresponds to 2h. Hence, the distance h
in the large lattice requires the value 11} In the small lattice the distance

corresponds to E’ Examining the adjacent points 0, 1 and 01 on the

fig. B=9 it can be seen that the distance from 0 or 1 to 01 is the sum of
Ior the large mesh plus E‘ for the small lattice, If the resistor 5 for the
large lattice is split into two resistors in parallel, each of value R, and
these resistors each placed in series with the # reguired for sach of the
small lattice points, the total resistance beiween either ¢ or 1 and 0] is
1.8 R. This is the value used. Thiz connection correspondz to the physical
concept of neutron diffusion inesmuch as the neuwirons at 01 which diffuse

z 5,813 megohms for the small mesh for which the
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in the X direction must reach 0 and 1, The reverse is also true because
neutrons from peints 0 and I must flow to 0.

5. Control Rods in Reactor: The network as designed will allow
simulating the insertion, inte the core, of two sizes of rods, black to ther-
mal neutrons, one 7.62 s5q ¢ and the other 15,24 sq cm by grounding the #
network at the boundarias &f a 8 network lattice unit,

If, for example, 2 rod 7.62 sqg cm is desired at point 10, the resis-
tors R are disconnected {rom between points 10 and 20, 10 and 11, 10 and 0,
Resistors of value % ohms are then connected to pround from each of points
20, 11 and 0. The current feed to point 10 in the ¢ network must then be
zero to simulate no production of neutrons in the reactor volume represented
by the dotted sgquare arcund 10, Likewise point 022 can be treated in the
same manner. By placing resistors of g‘ chms between 02, 024, 042, 020
and ground, a rod 15.42 sq cm is simulated.

The location of these rods is coniined to areas around existing node
points of the network, Generally, however, a method is desired of simu-
lating a Tod of any given size at any point in the reactor. Tc do this there
must exist at that point a network lattice unit which represents the cross
sectional area of rod to be simulated. The method of changing network lat-
tice size described above can be extended through subsequent reduclions
until the size of area simulated is very nearly the area of control rod de-
sired. The subgeguent reductions in area size are, starting with an area
h%; h* h*  b* etc. The value of R and Rg for each of these points must be

4" 16" b4
adjusted in accordance with.the formulas in Section A for each new section
length, esqual to E'. h: h ete, At the zame time the current feeds to the ¢
network must be changed 50 that the current fed to each point is propor-
tional to the area represented, This current feed provision is the mest
difficult to satisfy, There are various methods by which this can be dene
and they are covered in Section I3,

6. Experimental Results: All experimental work to date has been
done with the network gimulating a reactor without control rods. For this
type of reactor the caleulation of the flux distribution and & by analytical
solution of the reactor eguation, is not a very difficult problem.

The process of operating the two dimensional simulator involves
inserting a voltage source at some point on the 8 network and thereby set-
ting up some distribution of voltage in the network., This simulates the
presence of a neutron source. The switch and amplifier are then staried
and because a current I = AVg is then fed into the ¢ network points, the
veltage distribution becomes a function of the network resistor values and
the value of amplifier transconductance A. In the simulator used for the
experiments two similar amplifiers were used to feed the network through



http://must.be

the two separate switches, The voliage distribution is seriously affected
by any dissimilarity in the value of A for each of these amplifiers. The
characteristic input voltage-output current curves for these amplifiers
must coincide throughout the range of current feed, Similarly, the con-
tact time {or each switch rnust be the same because if, for some reason,
one switch fed current for somewhat longer intervals than the cther, that
network section would receive rmore current. This would result in an
improper voltage distribution on the network, because the current feed (I)
would not even approxirmnate the desired or dasign value,

The two amplifiers displayed a tendency to have a shift in their
zero signal-current output and the result was a change in the slope A of
their characteristic curves. For this reason it was found that adjusting the
arnplifiers to coincide before a run was not sufficient and that a continual
check of this transconductance was needed. In practice this check consisted
of installing a milliammeter and a voltmeter at representative network feed
points in each section, fed by an arnplifier. The current per volt at these
points was méasured and compared by the operator s¢ that he could adjust
the A of the amplifiers to coincide at one point on their characteristic
curves. This operation is covered more fully in Section C=5, Inaccuracies
due to the switch contact timme could not be adjusted in all cases,

The experimental results are therefore somewhat dependent an the
aperator’s observations during a run. It will be necessary in future work
to eliminate this accuracy factoer by developing a more stable amplifier and
a more accurate switch,

The results obtained from the simulator are platted on fig. B=6 and
B-7, The flux distribution obtained by an analytical solution of the reactor
equation is pletied on the same graph for comparison. The k measured
using the simulator was 1.263% and the analytical value was 1.266,
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SECTION ¢

CURRENT FEEDING EQUIPMENT

A. General

The condensers, scanning swiich and arnplifier constitute the current
feeding equipment for the resistor network, The cperation of this assembly
can be studied by resolving the system into the simple circuit of fig. C-1

{a).

& is & constant current generator which represents the ampliiier.
The amplifier has virtually a constant currant cutput fer any particular net-
work point when the network voltages V'II and ‘i.lre are nearly constant.

C is the 10 uf condenser between the ¢ network node points and
ground.

R is the resultant netwerk resistance from any node point tc ground
for a steady voltage distribution. This resistance changes as the network
voltages change since the effsctive resistance to current flow at any par-
ticular peint is a function of not only Ry but also of the veltage difference
between the node point being fed and the neighboring node points of the net-
waotk, -

5 is one pole of the scanning switch which has an open time of 0.257
ser (to) and a closed time of 0.004 sec {tc) for the small lattice units of the
two dimensional network.

Iis the current which flows when the switch 1s ¢losed s¢ that
i=1i; + 1, with R~7 megohmns 1; >>i,

1 is the loop currents which flows when the switch is open. The
current flow ai point A is plotted in fig, C-1 [b}. If I is constant the average
value of ¥

B Itc

Vare =
te + to

The voltage rises to a maximum at t; then falls from t, to t; and rises again
from t; to ty etc. )

With RC large the voitage V; i< nearly constant and in practice it
was found that the variation in veltage due to scanning was 0.25 volts, at
100 volts on the ¢ network, or a variation of .25 per cent, This is well
within the limits of experimental accuracy.
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At steady state 1 is nearly equal to 13 and

Vg _ Q _ ,ﬁ’ldt
R-C~

iz 2

With 1 constant over the period » to t,

N U S X
c

Thus the current i is seen ta be a direct function of the tirme through-
out which the switch ie closed. If this tine isdifferent on subsequent switch
clogings i and (as a result} Vg will change. Furthermore, if the time tc
were different for the different contacts of a scanning switch the current
fed tc the respective network feed points would not be a function of the
amplifier current alone but would vary with the contact time. It is therefore
important that the scanning switch contact tirne be constant so that the
amplifier can perferm its function properly.

For proper scanning of the large lattice unit segtion of the netwark,
the intervals between feeds must be as uniform as possible or an additienal
voltage variation will result. To understand this, consider the action of
scanning a network point four times in one revolution of the switch. Ia fig G=1
{c) the time base is one revalution, tc and to are the ciosed and open times
respectively for a contact, and 1, 2, 3, 4 are subscripts denoting the four
separate contacts which feed current 10 the network point.

The voltage rise due to the current feed of contact number 1 is 0.25
volt., For the small lattice units the vollage decay i1s very slow while for the
laxrge lattice units the decay is four times as fast. Infig. C-1 (c) the four
feed contacts have been assumed to he spaced evenly, and therefore the
peak of the saw tooth wave is always at the same voltape. In the twa di=
mensional sirnulator the contacts were actually spaced as shown on fig. C-2.
Contacts numbers 1 to 2, 2 te 3, 3 40 4 have 13 segments between each, and
between numbers 4 and 1 there were 31 segments. The result of this unequal
spacing was a variation from maximurm 1o minimum veltage of about 0.35
volts. In future construction more evenly spaced contactz would be desirable,

B. Scanning Sequence

The sequence in which the feed points of the networks are fed by
the amplifier has a significant effect on the voltage distribution. It was
found in the work with the siab reactor simulator that scanning the points
in rotation f{rom one end of the network to the other resulted in an improper
voltage distribution whereas, if the network was fed as shownon fig. B=5,
the voltage distribution more nearly simulated the caleulated flux distribution,
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Feeding adjacent network node points consecutively iz not desirable
because the network voltage of points around the point which has just been
fed are at the peak of the saw tooth of fig, C-1. Since the current fed to a
point is proportional to the voltage at that point, the current fed will be
higher than it would have been had some time elapsed for the voltage to
decay before the current feed was applied.

In the two dimensional simulator the scanning sequence was selected
50 that the points were fed almeost at random, The sequence 15 shown in
fig. C=3 for the large lattice section. The sequence for the saction con-
taining small mesh is a3 follows:

Switch segrment number 1 was connected to neiwork point number 73:

SW Point Net, Point SW Point Net, Point SW Foint Net. Foint

] T3 25 26 45 61
2 70 26 55" 50 45
5 62 . 27 72 51 71
4 44 28 64 52 -
5 & 29 54 53 -
) 15 30 60 54 -
7 26 31 52 55 -
a 50 32 34 56 -
4 13 33 5 57 -
10 40 34 41 58

11 3 35 z3 59 -
12 21 36 31 &0 26
13 1 37 20 61 -
14 0 38 10 62 -
15 11 39 12 63 -
16 Z 40 22 64 -
17 30 41 6 &5 -
18 13 42 Zh (7Y -
19 4 43 32 67 -
20 24 44 14 68 -
2] &1 . 45 12 . b9 -
Zz 35 46 43 70 -
Z3 & 47 25

24 63 48 53

<. Time Factors

The time required to charge the condensers connected 1o the network
determines the time required to stabilize the network at any desired voltage.
This iime factor has no connection with the reactor tranzients.




When the netwerk was completely de-energized and all the capacitors
were discharged it was found that the time required to establish steady state
network voltage of 100 volts peak value was about 15 minutes. This 15
minutes was not a fixed figure but the averape tirmne required by the operators
who worked with the simulator. I the amplifier were applied to a completely
de=-energized network, where there was no Vg voltage, the theoretical cur=-
rent fed is zero, just as in a reactor, no fissions take place unless a neutron
spurce is present. Arctually, the current output of ihe amplifier was never
exactly zero so some current would flow, in the order of 5 x 10-¢ amps,
and the cycle of production could start. The voltages increase as long as
A is above the critical value, in which case a super critical k exisis for the
reactor sirmulated. A rmust, of course, be reduced to the critical value when
the desirad peak voltage has heen established, If this small initial current
were depended upon in establishing the network voitages for a run the time
consumed in reaching a peak voltage of 100 volits wonld be very long unless
A was set far above the critical value. With A set enly slightly super crit=-
ical a long time is required and the tendency is for the operator 1o set A
very high to speed up the charging process. If this is done the Vi voltages
rise rapidly as the Vg voltages become larger. To prevent the Vg voltages
reaching the maximum voltage ouiput of the amplifier A must be reduced
to slightly above critical as soon as the V¢, voltages begin to rise rapidly.

The amplifier characteristic iz not [ = A Vg at load voltapges above
about 180 volts and the current {eed requirermnent is not being met by the
amplifier in this region of saturation so the system does nol simulate the
reactor. It was found that the best way to start up the simulator was to
apply a Vg voltage at the network node point where the peak voltage would
logically gecur and hold the value of A just slightly abowve critical during
the buildup timse.

The possibility exists that the Vg voltages will rise to the voliage
saturation point of the amplifier during a run as well as when starting up.
With the network energized and A set ai the critical value the system is
theoretically stahle. Actually this is not the case. A slight change in A
due to a shift in amplifier characteristics caused the network voltage to
fall or rise. If the value of A was returned to the critical value immediately
the voltages fell i zero or rose to the maxirmum voliage dictated hy the
amplifier. This rise or fall was slow i only 2 small shift from critical
tool place but none the less the voltages changed and the voltage distribution
could not be read accurately. To prevent this voltage drift it was imperative
therefore to include in the arnplifier a means of providing a small step
change in A which could be controlled by the network voltage. Ilf the Vg
voltage rose above the desired peak value a set of vellage sensitive relay
coniacts were opened and a resistance was inserted in the A control circuit,
With a fall in voltage the revaerse took place. The critical A value then was
between the high and low value applied through this control. The value of
A must be determined with instrument readings taken at the network,




namely, average [ fed to a peint divided by the average Vp for that same
point. The total change in ] and Vg for the network used in the tests was
so small that hardly any change was noticed on the instruments. It was
therefore not difficult to take readings which represent the actual current
per volt fed to the network. ’

The operator roust have the ability to adjust the netwerk to operate
at a desired peak veoltage, hold it there by adjusting the voltage sensitive
control relay, and then read the instrumenis properly. This ability is not
difficult t6 scquire through a reasonable amount of experience with the
simulator system.

D. Scanning Switch

The original scanning switch for the slab reactor simulator was
made by inserting pins in 2 lucite sheet about 1/2 in. thick. Twenty-four
pins were spaced evenly arcund a circle and a contact, carried on a motor-
driven arm, was pivoted at the center of the circle. See fig. C-4.

The contact spring was set so that it did net touch twe adjacent pins
at the same time,

It has been pointad cut that unifoermity of contact time is very im-
pertant. Several factors contributed to the poor unifocrmity of this switch:
the contact bounced when the spring hit & pin; the spring tension changed
during cperation; all the pins were not sei absoluately vertical to the mount=-
ing sheet, and were not evenly spaced. The $ network connected to one
ring of pins and the & network to the other as shown on fig. B-5.

An improved design was developed and, since the two dimensional
simulator was in view at the time, it was made with 70 pairs of contacts
on each of two contact discs, The complete aszembly is shown on fig, C-6,
which is a photograph of the switch and network assembly. Figure C-6
shows the detail of the contact assemhly. A machine screw held each
contact in place on the lucite disc. A wire was connected from each contact
te the network. The outer row of contact was connected to the ¢ network
poinis and the inner row was connected to corresponding € network points,
The lucite between each contact was machined flush with the metallic
contact surface. A revelving contact arm carried two spring steel contacts
which slid over the rings, contacting a corresponding pair simultanegusly.
Electrical connection was made to these moving contacts through two slip
rings which were in turn connected to the amplifier input and ¢utput. One
side of the network and armplifier was connected to ground to completa the
circuit.
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The contact time uniformity for this switch was better than for the
eriginal switch but was still far from the uniforrity required. Figures C-7
and C-8 are photographs of the switch ¢ontact operation as shown on a
cathode ray oscillograph. In these pictures a siow vertiical beam sweep
was coupled with a fast horizontal sweep to rmake successive horizontal
lines, which start at the bottom of the scope sereen and move upward.

The switch contacis when closed caused the blank spaces in these lines.
The break in the hottom line represenis one contact and the next break
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 variation in contact time is easily seen from these two
pictures. Alhough they do not contain all the contacts they show a repre-
sentative sample of the contact action, The contact time variation was
over 100 per cent from the shortest to the longest contact time shown in
the phafugraph, Poor machine shop accuracy caused this variation. It is
not likely that this type of switch can be constructed accurately encugh to
meet the needs of the simulator.

Several ideas were advanced for further irnprovements and some
test work has been done with a view to developing a better switch. This
work is described in Section D of this report. '

E. Amplifier

It has been pointed out that a cufrent rmust be introduced at each
network feed point in the ¢ network which is proportional to the voltage of
the corresponding & network point. The same amplifier was used for both
the slab reactor and the two dimensicnal sirnulator. :

The ideal input-output relation for this arnplifier is a straight line-
I{out) = A Vg (signal).

The cireunit develeped by E. J. Wade is shown on fig. C-9. This
drawing covers the amplifier circuit alone: The eguipment included &
standard d~c power supply which is not shown. An additional circuit called
a compensator was built onto the same chassis but never used in operation
on the sirmulater. This circuit is not shewn in this report. The purpose of
this circuit was to compensate for the zero drift of the amplifier by chang-
ing the voltage across R5 of the amplifier input circuit. Compensation for
zero drift in the amplifier was needed but this particular method did not
prove satisfactory.

The power supply was not as ripple free as was desirable and the
circuit of fig. € -9 was changed to that shown on fig. C-10, in which the
three OB-2 voltage regulator tubes were installed in place of the voltage
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divider, In addition the 500, 0.5 megohm potentiometer was inseried in
place of the fixed resistor in fig. C~9. This gave more range to zero
signal adjustment. For operation on the network the amplifier was so
adjusted that, at zero veoltage input, the output current was approximately
5 x 107% amp for all settings of the A control. The desired zerc signal
current was zero, but, since this point of the characteristic curve was

not used in operation, the small zerc current was tolerated. In setting

the zero current it was important not to suppress the zero point. If this
was done & considerable voltage sipgnal was required to produce any cur=
rent flow. Zero rnust be set where the output is just 5 x 107% amp at zero
voltage signal, The test curves of this amplifier have been ploited on

fig. C=11. From these curves it can be seen that the effect of changing
load is small but that the current flow for a given signal voltage is not
entirely independent of the load. For signal voltages above 0.1 volts the
curve was almost 2 straight line. The maximum voltage output for the
amplifier was 197 volts and it was necessary, therefore, to operate the
network at voltages well below this value. The amplifiers were usually
adjusted with the output fesding current to ground. This is neat;ly the cor-
rect loading because the 10 i f capacitors connected te each node point
make the effective load on the amplifier almost purely capacitive, The
main diffieulty with this amplifier was the fact that the zero seiting shifted
and would net remain constant long encugh to complete s run. With the
zero set at 5 x 107" amp at the start of a run it was found to be 50 x 107¢
after a run. Shifting the zero point cavsed the characteristic curve to
shift. This affected the stability of the network voltages. The net effect
of this zero current change on the aceuracy of the sirnulator could not be
evaluated during the experimental runs because of the difficulties which
existed in the scanning switch. An amplifier is required which minimizes
the effact of changes in tube characteristics. Such an amplifier would give
more stable simulator operation. From the fcregoing discussion of the
characteristic of one amplifier il can be easily understood that some dif-
ficulty would be encountered in trying to use twe amplifiers to feed different
sections of the same network. For such an cperation the characteristic
curves for the two amplifiers should coincide for all values of the A control
setting. Here again any change in zerg current caused the curves not to
coincide and the network section fed by each amplifier did not receive the
same current as was specified in the sirmulator theory, {I= A Vg ).

Suppose the characierisiic curves coincide for both amplifiers at
gtart of a Tun and are shown by line | of fig. C=12. Line Z shows the effect
of 2 change in zero carrent for ene amplifier. The line is almost parallel
to the original line but this amplifier then supplies a current per volt which
is higher at all points throughout the operating range than its mate. Too high
a4 vollage is then developed on the network saction fed by this amplifier and
the voltage distribution on the whole network becomes distorted, the peak

voltage being shifted toward the section fed by the amplifier having the higher

current output per voli. Ii the A control is thean changed for this amplifier,




the slope of its curve will change as shown by line 3, causing curves for
the two amplifiers to cross or coincide at one point. If this point (X on the
figure) is near the center of the operating range the characteristic curves
will alrmost coincide over the operating range for the two amplifiers. In
order to make this adjusiment during a run an ammeter was installed in
the line feeding current to the network node point 022 in the large lattice
section and 22 in the small latiice section {see fig. B=9). The current per
voit for these twe network node points was then adjusted by the cperator
z0 that they were the same,

F. Conclusions '

In this section the inherent inaccuraciss of the current feeding
egquipment have been peointed out. No evaluation of the affect of each was
made since the net effect of all errors intreduced by the various elements
was the anly real concern. A complete investigaiion of all passible current
feeding methods would include:

1. Scanning with an electronic multivibrator circuit in place of the
mechanical switch with an amplifiaer suitable for that type of scanning.

Z. Feeding current with manually adjusted variable resistors con-
nected to gach feed point from a source of veltage. This is the Iteration
Method described in Section D. -

L]

3. Development of an automatic system of adjusting the variable

resistors (similar {0 2) using a serveo system.

4. A vacuum tube, for esach feed point, whose conductance is changed
by scanning the grid circuit of tha tube with a voltage sipnal amplifier.

5. Cormbinations ¢f the above methods, For exarmple the amplifier
and scanning switch method can be used to feed the network proper amd then
a section requiring fractional feed points can-be fed by a systam of variable
resistors,

The problem of properly designing a current feeding system for the
network could only be solved by constructing the neiwork of resistors, in
which no apparent difficulty has been found, and then building up the best
possible current feeding system and trying it cut. The requirements of this
current feeding eguipment are now more clearly understood,. Almaost all
the time spent on the simulator was spent in the development of the current
feed and it is felt that a suiftable system can be devised as a result of thas
endeavor, Section D which follows shows some of this work in progress,
and current thinking on this problem. None of the work can be considered
complete and therefore no final design of acurrent feed system is recom-
mended in this report. |

S
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SECTION D

FURTHER EXPERIMENTAIL AND DEVELOPMENT WORK

A, Iteration Methad

This method of feeding current has been indicated in the other
sections of this report. The circuit is shown in fig. D=1 for a two dirmen-=
signal network. Three node points are shown in fig. D=1 in a network of
any number {n} node points.

In Section A it was shown that iy, i; ; iy ~tc. must be equal to
AV g (1); AVg (2); AV g (3) etec. respectively or

Aol g _ s . _in_ ]
Vg(1} ~ Vg (2) vp(3y T T Vg (n)

When the scanning switch and amplifier were used the A was the same for
each feed point so it was only necessary to {ind the value of A which gave
a constant Vg (1), V4 (2}, V4 (3} ete.

In this method, however, the voltages are always constant no
matter what the value of A but this current voltage ratio A, for every point,
must be the same and it is this raquirement which will be met by only a
particular value of A, The pracess then consists of finding this particular
A value by adjusting the variable resistors, As an example, the method of
finding A for a particular network is shown in fig. D=2, The Iteration
Process for a particular network iz shown in fig. B=2, The network is
shown at the top of the figure, The total length ! has been divided into ten
equal sections and the paoint 5 is the center feed point of the network, The
purpose is to find a value A such that i fed into avery point will be AVy.
The shape of the current faed curve (current as a function of }) will then
be the same as the shape of the ¥V gcurve (Y5 as a function of §), Only
one particular value of A will satisiy this condition. In this case Step 1
started with a giraipght line current distribution. This results in the curve
F, (%) for Vg which is not a straight line because the end points are at
ground or zero voltage. Actually, it will slope approximately as shown in
the Vg curve of Step L. Then I, (x) is a nearer approximation of the re-
gquired current curve and it is possibla to make i = A, F(x) in Step 2 where
A, is the current i entering any network lattice unit divided Ly the corre~-
sponding voltage Vg. It would be best to use the current and voltage at
point 5 because it will be affected least by subsequent adjustments, but
actually any point may be used. Then in Step 2 a new V, curve f; (x) is
obtained.
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Repeating this process in Step 3 fy (x} is determined for Vg which
iz nearly one loop of & sine curve., {Theoretically the curve should be a
sine curve.} Step 4 makes the shape of the curve nearer still to a sine
carve, The value A,, calculated after step 4, would be nearly equal to A,.
This means that rmore steps will not change the digtribution of current
rmaterially.

In general when Aln T 1} is nearly equal to A (n) the proper current
setting exists, This is the value A which is being sought,

It is evident that had one started with the current distribution
accordinp ta f; {x) ar f; (x) the iteration process would have bean shortened.
This can be done ginece it is known that the ends of the final curve will
slope and the peak will occur at the center point and there is ne reason for
starting with a straight line current distribution. Furthermore, if a point
of the 8 network is grounded, which is the case when simulating a rod,
black to thermal neutrons, inserted at some particular point in the reactor,
Vg goes to zero at that point, The peak voltage occurs at some point be-
tween the perimeter ground and the rod and a reasonable distribution of
current can easily be estimated. This sort of forethought shortens the iter=
ation process for any problem, The chief advantage offered by this method
is that switch and amplifier difficulties are 2liminated. This methed applied
to several hundred feed points could prove tedious, but it is a convergent
process and will eveninally give an answer to the problam which is set up on
the simulater, In order to test thiz method of feeding ¢urrent, an agsembly
of 13 variable resistors was constructed and used to feed the large mesh
half of the twa dimensional network {see fig. B=9). The assembly is shown
on fig. D=3, The plot of voltage distribution obtained with this equipment is
shown for two radii on fig. D=4 and fig, D-5. The k as determined from the
apparatus was 1,268 which compares well with the analytical value 1.266,

If the switch and amplifier method of feeding current eventually
proves impractical this method should be developed more fuily. An auto-
matic electromechanical system for adjusting the variable resistors can be
developed.

B, Fractional Fesd Points

In Section C=5, it was pointed out that the current fed into a network
point must be proportional to the volume df reactor material represented
by that paint. In tha following discussion a definite volume of reactor is |,
considered a unit volume. The network representing that area is a unit
lattice and the current fed to the node point in the unit lattice is considered
a unit of current feed.

1 ]



Consider again the scanning switch described in Section C. If each
sagment represents a unit of current feed ( amplifier current x time of
contact) then a lattice representing twice the unit volume can be fed twice
and the current fulfills the requirements of the simulator design, How=
ever, in the ather direction there is a problem. If a volurme of 1/2 is to be
fed the segment roust be eut in half, Ewven if this were practical, further-
reductions of 1/4 and 1/8 are certainly difficult to construct accurately.

A better method is to feed all such fractional points with another amplifier
and switch. In this case the segments can be of a sel standard size but the

amplifier will feed a current of say 1/B ar 1/16 of the current being fed to

the main netwocrk. This establishes a new system of basic units which can

be used in multiples of 1, 2, 4 ete. dapending upon the volumes to be repre=
sented. -

Another way to accomplish this is 1o use the variable resistor feed
gystem, described in Section D=4, te feed the fractional areas still using
the armplifier and scanning switch to feed the rest of the network, The
mechanics of this combination feed method have not been worked out but
should be tried in lien of adding another amplifier and switch in subsequent
work,

C. Re=~design of Scanning Switch

Design for an improved scanning switch is shown on fig. D=6. In
principle this switch inverts the action of the switch in Section C, The
spring contacis are stationary and the. contact segment iz moved over them,
Thus the contact time must be more accurate because the same sepgment
length is used for each contact. In order to test this design a scale model
switch, having only six contacts was built and tested, The switch is shown
on fig. D=-7. The test was set up as shown in fig, D-8.

The test work showed that the ¢ontact time was almost abgolutely
uniform for all contacts at least as neariy as could be measured with an
oscilloscope screen pictura of the contact operation. Figure D=9 is the
photograph of the oscilloscope screen picture of contact operation. To
make this picture all six of the contacts were wired together. FEach time a
contact was made the line on the oscilloscope screen was moved downward,
Therafore, the short upper lines represent the contact open time and the
longer bottom lines show the contact performance of the switch. Where the
contact lower line is clean and solid good contact is indicated. The hash on
two of the contact lines indicates the presence of dirt which caused a high
contact resistance. When this run was started all the contacts were clean
and none of the contact lines on the scope picture showed any hash, The
picture was taken after about two hours of operation when some dirt began
to accumulate. The uniformity of contact was still very good as can be
seen from the picture, The length of the contact line represents time.
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The scope bearn moved from left to right and completed one screen sweep
in 1/35 sec. The contact time was therefore about 0.0032 sec.

The best results {Inngest satisfactory runs} were made with the
rotor very lightly oiled and continuously cleaned with & swab, The design
(fig. D=6} provided for running the rotor in an oil bath with a view to re-
ducing surface wear but the oil film established & perfectiy insulated
surface on the rotar, and this idea had 1o ba discarded,

In addition to the spring contact shown on the design drawing a
flat spring was tried, which had no raised wire contact surface. This
contact did not work as well as the original design.

A further idea was tried in which a square thread was cut on the
rotor so that a groove was formed that wiped across the stationary contact
surfaces once in each revolution, This did not offer any marked improve-
ment, The contacts still became dirty after abgut a six hour run,

No definite conclusions have been reached about this switch design
up to the present time and it is intendad that several different contact
materials will be tried in an effort to find something more satisfactory than
steel om brass, These materials were used only because they wera raadily
available from stock. It is felt that a run of 40 hours without cleaning is
necessary. In general, the results of test work are encouraging and it is
felt that this method of current feeding should not yet be abandoned. Ewven-
tually it may become an astablished fact that a sliding contact is not
suitable for this service. Othar methods of scanning should be investipated,
especially an electronic multivibrator type circuit, The questicn of trans=-
mitting a very low voltage signal through such a circuit may prove to be a
problem, since the Vg zignal voltage ranges from 0.2 to 2.0 volt. The Vg
voltage can, however, be increased by changing the "kappa factor” of the
network design-and thus the voltage can be rairsed to a more suitable value,

D. Re-design of Current Feeding Amplifier

In Section C=5 some of the difficulties encountered in the amplifier
were pointed sut., An amplifier which eliminates most of these troubles
was designed and tested by F, W, Manning in the electronic shop at ORNL.
The following analysis of the problern and amplifier design was done by
Manning and is included here for cornpleteness,

It is clear that this amplifier meets the specifications set forth by
the author for the sirulator amplifier, Whils this project was in progress
it was decided to discontinue work on the simulator and hence no periormance
tests were rmade on the network. ‘
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The reactor sirmulator amplifier (fig, D=15} is a direct coupled three
terminal amplifier designed to take a negative input signal of up to three volts
and deliver a current up te nine milliamperes to the output terminals, The
output current is relatively independent of the load ¢ircuit impedance. The
transconductance of the amplifier may be readily adjusted to any value from
100 to 30090 micromhos. Whean cperated from a regu]:ated a-¢ line, the trans-
fer characteristic of the amplifier remains essentially a constant negative
transconductance at load currents greater than 50 microamperes, .

The circuit for the amplifier consists of a cathode follower input
stage, a “bootstrap” cathode follower output stage, an attendant amplifier,
and the necessary power supplies. The basic circuit is that of a "bootstrap”
or, cathode follower used as a constant current device, which may be found
on page 94 of Time Bases by Q. 5. Puckle (John Wiley and Sons). This
circuit is shown in fig. D=10,

In this circuit, the current charging the capacitor C remains almost
constani after opening switch 5 until the potential across the condenser
approaches a large fraction of the supply valtage., According to the above
reference, the linearity of the charging current iz the same as if condenser C
were being charged through an ochmic resistance from a high potential supply.
In the case shown in fig. D=10 with the cathode resistor made equal to the
plate recistance, the eguivalent supply voltage is: . '

ME +lEE
z 2

A meodification of the above circuit, shown in {ig. D=11 was utilized
in the Pile Simulator Amplifier {ig. D~15 wherein a 6AG7, pentode connected,
Vs, praceded by a 65L7 difference amplifier, Vg, is used instead of the tricde
abeve. A pentode, V3, is utilized as the cathode resistor of the “bootstrap”
which allows operation of the "bhootsirap” cathade follower with a reasonahle
statie plate current, thus operating in a more linear portion of the tube
characteristics, while retaining the advantage of having a high dynamic
impedance in its cathode circuit.

The input signal is applied to V,,, & 6AGT connected a5 a triode cathode
follower. The cutput of this stage is connected in series with the transcon-
ductance cenirel R , and connected thence to the cathode of Vg,

The bias contrel is so adjusted that the static plate current of V|,
flows through the bias control and no potential drop occurs across Rp.

The zero control adjusts the static bias on V;, Under normal oper-
ating canditions, this control is used to adjust the output current to zerc
when both input and cutput are shorted,




' This centrol also changes the éffective gain of the amplifier Vg and
consequently will have a minor affect on the over-ali characteristics of
the instrurmnent. This is not considered a serious handicap since the zero
point will remain fixed for a given set of tubes in the armplifier, Zero drift
is minimized when the instrument iz operated from a regulated a=c line,

Simplification of fig, D~1! results in fig, D=12 which lends itself
more readily to analysis.

¥s and Vi of fig, D-11"are ;:'eplaced by a triode V¥, uf'fig. D-12 whose
plate resistance is identical to that of ¥y and whose amplification factor is
greater by the gain of V,. V, of fig. D~12 corresponds to V,;, of fig. D~11.
Since very little current change occurs in Vg little error is encountered in
its omission in fig, D-12. Since current will be considered flowing into the
load, little error is introduced by omitting ¥, from fig. D-12.

It will be observed that the change in grid voltage of V, is:

degl = des - d;PI[RB+RC] - di

R
P2 C (1)
and the corresponding change in plate voltage is:

depl =-dip1 [RB+RG] - diPch {2}

By application of the first texrm of a Taylor series expansion for -
plate current of a triede vacuum tube, the change in plate current is:

aﬁ a'e rp
and for V,
di =g . de .+ 3¢pt
plt “ml gl r (3)
pl

From I, 2 and 3:

| | : +
d.. = d - d' - ] [ + - .
= Gy [e = di | (Rp +RO)-di R ]+ = -1‘: 4 (Rp+R () d:PERC] (@)
. S p

Sihce

r ~ H .
B = o

p

dipl [rp+(p1 t I}IRB-I-RC}] = ppde - {1q + 1) Rcdipz {5}




i1

Whence ~
Hode_ - (p.l + I)RC dlpz

di =
pl rp1+ T l]TRB+RJ

(6)

Likewise for V,

L)

-di__ R (7)

de = -dlp3<RA + RC} pZ C

g2

With a load resistance R across the output terminals

L
depz = -d:pszL + R_g + RC] _dlleG {8}
depz
dlp?.‘. = Emddegz ¥ T (9}

i
1

leE = Emz[-dlpl (RA + RC} -dLPIRC] +=—

” [-diPZ(RL + R, + RG) -dLPIRC {10)

i, ["pz +(p+ DR, +R )+ RL] = (g, + 1)R'E.:11F1 (1)

Substituting (6) in (11)

_ (i) + D{u, + DRL
':hpi‘. [rpz +(P-z + IHRﬁ + RC]+RL] - rpl*(pl"'”{RB*Rc} -

Fol +(p1 + l]lfRB + R

de {13)
g s

Since the transconductance of a network is defined as the ratio of
the change in cutpui current to the change in input voltage, from 12 above
it is found that:

. . 13
di ,ul{pz+l}RG (13)

—P ..
de_ [rp=+{pl+1}[RB+RC]][rpa Hpy s DR, +R J+R ]-[(plnj{panmg]"

A=




-

By substitui:ing the following values for the quantities as found in

reactor simulator amplifier:

I = ZSUG
.pl
Hy = 21
RB = 150
RC = 2200
r 2T 130,000
= = ~& 130,000 = 42800
#2, Ggm'.l.:P 30 % 110400 % 10 »* 1300
Ry~ Ra

Equation (13} then reduces to!

i
1.172 R + 282

s

A

Since a 1000 ghm 10 turn helipot was used for R, , with the dial
callbrated from 0 tg 1000, but 5o ariented that the rems‘i?a.nce in the circuit
was equal to 1000 minus the dial reading, the above aguation reduces to the
following in terrms of dial reading.

1
las4 = 1.172D

A=

A plot of this equation and of experimental data taken with a one
volt signal applied to the input terminals and a 100,000 ohm resistor across
the output terminals is-shown in fig. D-13.

It will ke noted that close agreernent exists between the two curves,

substantiating the above circuit analysis.
- L ]

Typical input voltage - output current curves are shown in fig, D-14
for two settings of the transconductance control. [t may be seen that these
curves are essentially straight lines. The curve for a dial setting of 975 with
a 100,000 ohm load illustrates the saturation of the amplifier at an sutput
voliage of 420 volis corresponding to 4.2 milliamperes through the load
resistance,

The action of the amplifier operating into a capaéitive load may be
analyzed by assuming a capacitor C across the cuiput terminals. The dif=
ferential equation for the current flowing in the output terminals may be
shown to be:
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(16).

. (u+ M+ 1) R 2 q H R,
o2 ’pz"(’“‘z*”mcmﬁ] B rot W PR 4R T =rP1+[u1+l}[RC+RE}Es

which is of the form -
")
- E *
IR + = (17)

with salution

(18}

From this it may be seen that the capacitor C is apparently being
charged from a voltage source

(19)

s T + {p_1+1}{RG+RB] s 2500 + 22(2200 + 15{3]' 5
The apparent series resistance R will be found to be
. [p1+l}{p3+1} RGE
R = rp.?. + {,u.z+1} {RC+RA] - (20)

Fol +'(p1+1}(RG+RB]

ni,

1,03 x 107 + 42800 R‘A

Thuz the apparent series resistance will vary from about 10 megohms
to 53 megohms,

Experimental results showed approximately 10 microamperes c;hange
in coutput current by shorting out a 100,000 ohm load resistor, while the trans-
cohductance was adjusted to 2000 micromhos, This implies an apparent
voltage of approximately -4&,0!30&5 and apparent series resistance of about
20 megohms. This shows a reasonable correlation between caleulated and ax-
perimental results,

The apparent time constant of the circuit when used with a load
capacitance of 10 micreofarads would be of the order of 100 to 538 seconds.
For periods small with respect to the time constant one would expect to
charge the condenser with a reasonably constant current.




T4

It was found necessary to operate the amplifier irom a regulated a-c
line to prevent excessive drift of the output current. This occurred in spite
of the fact that an electronically regulated supply with a stabilization factor
of 1:200 was used to furnish the positive and negative 105 velts to the am-
plifier stage, V4 of fig. D~11. 1t is felt that considerable benefit would he
obtained by balancing this stage by the addition of a one megohm plate load
ic the input section and by adding a 15 megohm resistor irom its plate to
negative 105 volts, This would tend to prevent changes in supply voltage
fromn affecting the bias of the "bootstrap” stage. This would produce an
attendant loss in gain and consequently reduces the value of u; by approxi-
mately 1/2. thereby modiiying all of the above calculated and experimental
results, The input impedance of the amplifier is approximately equal to
the input grid resistor since the signal is almaost completely degenerated in
the catheode circuit of V. Should a higher input impedance be desired, it
is suggested thai V|, be preceded by a high input impedance cathode follower.
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« APFPENDIXK I

Introduction

In the body of this report it iz shown that practical construction
considerations necessitate the use of a lumped network for the electrical
ﬁnalugy of a neutron reactor. It was pointed out by J, W, Simpson that the
difierential equation of an electrical transmission line, with distributed
sourcas and sinks, was exacily similar to the differential equation of a
slab reactor in elementary diffusion theory, Having drawn this analegy one
then can build a "7" section of resistors whichis exactly eguivalent, at its
terminals, to the transmission line. A lumped network of these “m" sec-
tions would then be axactly agquivalent to a distributed slab raacior in ele-
mentary diffusion theory, The formulas for the equivalent circuit of a
transmission line are well known and can be found in any text book on the
subject, Here the necessary formulas for such a resistor network have
been derived and the analogy extended to include the two group theory of
neutron diffusion. The formulas for a three dimenszional reactor are also
derived,

The formulas for the relation between the various electrical network
constants invoelve the value k of the reactor to be simulated., This means
that the analogy would only be exact for one k value. For any value of k
other than this particular value, the relations are again approximate. The
details of this analogy are included here for completeness and because
these more exact formulas may prove useful in the future. No use was
made of these formulas in the exparimental work to date,



APPENDIX I

Transmission Line Analogy

The results of the {inite difference calculation can be reached in a
more exact form by making the following analogy between a transmission
line and a reactor. It is possible to build lurnped hetwork exactly equiv-
alent to a distributed transmission line at the end points of the linhe. By
making the direct analogy, then one can build a network exactly equivalent

to a distributed reactor,

A. One-Group Theory

Consider a slab pile of any iength i surrounded by a perfect rafleca-

L LT L,

tor,

¢|E Neutron Flow *mModerator” . ‘br
— e
I/

q——-

LI T /;"f’,;"ﬂliéf Lector /1 /1L LT L LT

{¢}E is the flux at a distance ! from {@),.

Fissionable material is distributed hormegeneously along the reactor mod-

. aratar.

Ll

Reactor material constants are 2., 354 .

K = number of thermal neutrons produced per thermal neuiron absorbed in '

an infinite reactor.

The equivalent electrical transmission line is:

| .
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In which volt g is the current generated per volt every dl dlstance along
the line and is analaguus to kZ_4; in the reactor.

¥’= Ia mohs per unit length,

r = 334 ohrns per unit length.

Then

I = Current in amps, is analogous to neutrons flowinhg at any poant.

E = Yoltage anywhere along the line.

Er =

Eg

At receiving end = (nv), =

At sending end = (nv)g = Og

1 = Liength (cm) and will be measured from the receiving end,

$E _ rdl
2T d

Let the net conductance vy = y'= g (since g is a negative conductance).

Then:

Letting D = <

dI
af ~YE
& _ 4B
ar-Ya
%
d’E '
agz - *YE (1)
a7 '
rTi ryl {2)

ry i the soluticn of these squations is

(D - ¢y) E= O

(D*-ry) 1 =0

g2




AE _AVIT explysy - B Viy exp -4

E = Aexp! Vry + B exp = Vry
1 ;Gexpi ¥rvy + D exp -R Vry

3

di

H=CVT ey -DVF exp-dViy

Y Whent=0O

and

Then

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

%.E— =rl.. [11. = receiving end current)
dI
a =Y Er

d1 '
d_!,=c ir}r -D‘E:YEI

E = E_ cosh [ fry - Ir;u'_gsinhlﬁ
1, cosh Lfr_-ErQSinhiﬁ?

I

(3)
(4)

These are the usual transmission line equations. There are reactor con-

atants to be inserted directly for the tranamission line constants.

For ase later the following relations can be set up.

With receiving end of line open. I, = O

E. coshi ¥y

Eg

¥

1y = - EyfY sinht Vry

(5)
(6)
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With receiving end short circuited. E, = O S
. Eg = Ipfy sinh iy {7) - ]
Ig = Iy cosh} Ty (8)

A Jumped resistance network which is equivalent to the line of dis- '
tributed constants must be found. This can be obtained in the following way:

(1) | @ (2)

Let Ry be the resistance to ground from (1} and {2) in {&)
Let Ry be the resistance to ground from {1) in (b)

Then - .

Ry=R; +R;
_ R]R; - R]z + B R; + B4R, )
RE_RI+R,+R3' R, - R,

Eliminate F;
_(Re- Ry’ +2 (Rf- Ry Ry

R
E Rf
R - ZRf Ry + Ry? + 2R4R, = 2R,
RE = —
Ry -
- H
R, = RC = Re _
g R :
i w

R, =yR{ - R¢R, (9}
Solve for Ry from (7) and {8)
RE=EE =yC; tanh { V'r—y &
1
E

Likewise from (5} and (6}

Rf = IEE:-I-J%_ coth i Jr_}f

g




ik

Futting thege values in (9)

R, =E\,mth21ﬁ - tanh j§{ry ¢ coth { yry
R =F __1_
*¥Y 7 sinh g fry
Ry = Rf - Ry
1
. -
A cont Y - Gy
:F[coshnﬁ - 1]
“1¥| sinh ¥y
E EY
_E tanh 3
By division
%L - tanh !;‘F_* sinh § yTy
3

Since R, is 1/2 of the resistance of the whole T section

_ ) %— = ¢ tanh %ﬁ - sinhl Yry

3

In which the lumped generator = gl is contained in R,.

Let this lumped generator = G

i 1

R, R;-*G
or )

R

R,

-RG_-.Etanh%-ﬁ- sinh | yry
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Incert

y=vy'-~g

The general relation is obtained

% -R,G-ztmh-}‘.’r(r‘-u] . airhlVr(y - g {10}

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

The equivalent 7 seciion will be:

— WY

R/2

AR
R/2

R/2

2R, 2R, ZR;

from which it iz avident that the same relations will hold for the resizt=
ADces,

B.

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

Two-Group Theory

Thiz 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 en equivalent
electrical transmission line is drawn for each neutron energy group.

E
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£ ¢ §§§ pgtmit
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length
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High Energy Group
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length
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The high energy group line is put on top of the low energy group
line in such a way that E ;£.¢ no longer feeds to ground but instead feeds
into the low energy line in place of g, as fellows:

334t per length

3 i4y, ber length

a2 |

We are interested in finding such values for Y and vy, that with
the lines combined, each will have the same current flow as it did with the

lines separated.

 For the zeparate lines if g = kX, the following equations for
current are obtained.

al
1‘? =E¢'Ea£'kzathEE (Il}.
and
dI ' '
=2.th BEg - 245 Egy (12)

Fort the combined lines
dl . -
—af-=(By -Bg) vy - 8y ,

dl
—+

Eg Vg - {2+ vp) Eg . (13)

¢

and

d1
, __dﬁl. Egvyg-(Eg - Eg) vy

d_iT‘=|:Yﬂl ".'I'rlil} EE‘Y¢E¢ . : (14)

So that {11) and (12) will equal (13) and (14) respectively, the following
conditions must exist: ;

¥g © Zath =& af ) {15)




B = I“‘~z&|.tlm_ - Saf

g'=E

(15)

These relations will be used later,

A T network of resistors ¢an be treated in a similar manner, The
T sections are set up as follows: :

& MNetwork

8 Network

Put the ¢ network on top of the @ network

A Za

s ¥
—NWMWWY WA
RS /; RO /,
Iﬂ %
Rg . R and R are the same as before and R, is an adjusted value to be
determmed. 'Fhe :urrents I b IE are those resulting from the rearrange-

ment of the networks,

Then
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A Since the currents in the resistors R,:, and Rg are to bé the same
in the combined networks as in the separate networks, Iy is less by Eﬁ-
and, ' Y
E
g = —,E-
- Rg
- = Eﬂ - Ej- - _E
) e * ¥ ¢ Ry Ry
or - {16)
- 1 1 1
R g RT Rg

G, for the networks separately can be defined

kK _ k k
Gi=R~ "R, "R

E g Y

This conductance must be reduced by '.%E' mhos so that the currents in Ry
and Ry will not change, and, as a result, the conductance for the cambmed

networks is

kK 0k ! ‘ .
kook (1 _ (17)

g Ry Ry

¥ ™ Using equation (107} to relate the distributed values to the lumped values
i the following are obtained for separate networks and lines:

G

1 For ¢ Network

v
For 8 Network

-;Q - R¢ G =2 tanh % q.ilzﬁza[ - 38 g sinh \{Eﬁzaf— Etfg

LY

Ry o '
E% - ReGy=2tamndfaz 3 e g - Sinh 32T - 32un g

Using relations 11 through 17 these can be converted :mtl:- similar relations:
for combined networks and lines.

For ¢ Network portion

R'ﬂéz -k} S L tanhl\’ -3z WEatn - sinkil F - » 3 ZZatn
b g . _ : {18}




For 8 Network Fortion

R 1 inhty 1
-ﬁ-gu = 2 tanh %Jﬁ- 3Z iipEaf - 51ﬂhdfa' 3Z¢ih Zaf (19)

For small angles tanh 7Y = sinh ¥ =¥ and using this, reduction of (18} will
give formula (10) of Section A.

Ro L
T

Ry
and for {19) formula '14) of section & is obtained.

Rg Re {2 - -

To,apply formulas {18) ard (19) to a three dimensional network it
iz necegsary to consider that the neutrons move in x, y and z directions of
the cartesian coordinates., The analogy now calls for three transmission -
lines which meet at a point x, v, =

|

If each line is then treated alone the formuias 18 and 19 will apply
for each direction, If a, by, and ¢ are made the lengths in the x, y and =
‘direction respectively we will get: -

2 . 2
E'L[z K] - E‘E = 2 tanh \fﬁ -3kZ T o sinh a \l—f._* w2
R 2-k b\l -3kZ, 3, ; \{Z IS L Z
-ﬁ'{ - 1 nmr =2 t-a.nh i 51nhb‘ w - t_f ath
g A - |

' ) c 2 . S
%[Z-k] _%b_z._ = 2 tanh 3 7 - 3k5_‘. E ath sinh CJT - 3kZ o Ea.th
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=
E}-SE A
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““-‘JE’ "3 nZag

1
einh b {1? “32 nZas

. 1
sinh c 41—;-”%}:1{
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