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AN ELEMENTARY APPROACH TO ANALOG COMPUTING

This material is supplementary to that in CF 57-1-1, Reactor Controls,
by C. S. Walker, January 5, 1957·

The analog camputer, or simulator, to be discussed here is described

in more detail in ORNL-2405, ORNL Reactor Controls Analog Facility,

Operation Manual by F. P. Green. Also, refer to CF 57-1-1.

An analog computer is made up of components which basically

function as operators  iii the mathematical sense. For example;  a

variable which is a function of time is to be added to another function

of time, or multiplied by another variable, or integrated with respect

to  time.     Only  a  few  of the operations  that  can be performed  by an analog

facility will be described.,

I.    Solution 2£ ei  Glv'en Mathematical Expression
'

As a specific example, the following relationship is to be considered:

9 = 6x +3 al - o. GfxdtClt
The variable y  is an independent function of time, the variable X is to

be  determined  as y varies. A block diagram to specify the operators  re-

quired to solve for X is to be set up. The first step is to solve for

the highest ordered differential.

35*= 9-5x +O.6fxat
The operator may be drawn as a block:

YO

+ ofjxato           >                                             2  +3 -rlx

L k /11 (Lt

Sx°    >

C.-  1
' 19.1.

-2-
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This summing operator has three input. variables, which when algebraically

, added provide an output  of +3 041.
6Lt

d.*
Next,   if the proper scale change is performed on +3-dd       t- is obtained.d,t '  dt

This + h is integrated to obtaintx,  and a scale change with  a  sign  in-
di

version is performed to obtain -·SA.

.-

olx+3- O

,   + 4-Pfi')
_lzL+ 4,=te.. > +X

5            <16                                                 ·

-S X < -SE+X] c

Fig.2

'      Also,+X  may be integrated again  and a scale change taken to obtain  4 0. 6,/A //0

+A 0 In fe gra fer  .1 94
.

to.6 f*16 c
  + O.6» dd    < Fin,3

Now,   all the inputs   to. the first summing  operator:  have  ·been.obtained; :
--

and the dependent variable  M  has been determined.

The camplete solution by means of the operators is drawn below:
(iMPM+) r-- '>th (OU+put)ty 0-4          b      .... -di-'

>1    J'14rn 2rs             Jr   'Blx,   -      -r   Ct *         -. , 1  +1 1       -1-»de+3
----  +3Lf,4il ,    1ntty r./e.    1          .          >1 l. te,r< 6,

e  I r-+

_                  5-Xf-.

S                                      1 -If+  c
to'6fxdt

+0.6 I+fxal-=
F.9.4 -3- . . -
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In order to obtain the solution pn the camputer, the initial conditions

must be known. In other words, the values of X and ofj<12/  must be es-                       1

tablished and set into the facility and clamped at the condition for

t=   0. In general,    the  · i ni tial conrli tions following any integration   must

be   known. The clamps   are then released  and y 'is varied as required.      The                                   -

output  will  be X as the dependent variable. Naturally, there are certain

physical limitations on the magnitudes of the variables.

Another point that must be considered is that a device to vary y

as a function,of time must be provided.

In the ORNL analog facility, the input and output variables are

voltages, the maximum allowable value being 100 volts, either positive

or negative. These voltages are measured with the frame  of the machine
4

being a common point.  The voltages are then said to be measured with

respect to ground.  Also, in the ORNL computer, each operation on a

variable results in a change of sign.  This means that the integration
tx                                                                  Foft- will result in-A, and the sumty+0.6196/+-S¥will produce                    '
dt

Jx                                              --24*     rather  than +3 - · The actual block diagram used in setting upde 0/6

the camputer is called a road map, and the road map to solve the specific

example taken above will be developed.

First, it will be necessary to study the symbols used on the road map

to. represent the operations to be performed.

II.  Simple Operators

-         It should be noted that each of the operators to be described employ

an electronic amplifier  as the basic  unit. An elementary description  of                             v

the operation of the amplifier is given in CF 57-1-1, pages 77-80, with

-
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more information in ORNL-2405.

1 A. Silmmation (Inverter and Scale Changer)

L.g

+ V,   o.      b

+  14   o                  c    |                                 F.·9.3-                           3
-V

-9

The basic mathematical relation is

+  6 5   +C v 2  -a. 1 6 = O

Ori       Ki = - - 1/  + i - 1'2    .
Here,  it  has been assumed  that  the two input voltages  are 1/;  and  \'2,  and

that both are positive with respect to ground.  Since the operator inverts

the  polarity, the output voltage is negative. The letters a, 6,   and c

indicate the numerical value of the coefficient of the scale change ob-

tained in this summation. The numerical values of these coefficients

available are generally 1, 5, and 10, although 2 and 20 can usually also

be obtained.  It should be noted that there are actually three input

voltages, namely +4  ,  +5,   and- 15· One useful  way of thinking  of  the

action involved here is to consider the device as, a mechanism which

adjusts the output voltage \5, in such a mgnner that the sum

+ 64 +c p - Q 5 is equal to zero. Note that this is the sum of the

three voltages, each voltage having a coefficient to provide a scale

change.

More than two variables may be added, if desired.

B.  Integrator IC
*

b
a

/.                        -tv    o-                                      0/                                                   - VZ

F9.6
-5-

i
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The basic relation is

+94-b dv  -0Lt -

Or            Y,  =  -Ef V,  81.t)

Note the reversal  in  sign  as  in  the summation operation. The coefficient  a .

on the input is available as in the summing amplifier and may have the

numerical values given above.  The coefficient 6 written outside the

triangle may have the values of 0.1 or 1, with 1 being the custamary

value.    · The terminal marked  IC  is   used  in  case an initial· conditi.on

other  than zero volts is required   from. the integrator. In other words,

at the instant in time that the system operation is to cammence, the volt-

age   is to have a certain specific value other than zero, and this
value with sign reversed as in the case of an input voltage is written

at the place indicated by the, symbols IC..   In many applications,  an

initial condition  is   zero,   and the terminal marked  IC  is then omitted.

It is possible to algebraically sum as well as integrate in one

operation. Refer to Fig. 7, in which a second input voltage  5 io
applied.

VO c  b
3

0

go        a ' ,9.7   -5
The basic relation is

d e+<14 +cts -6--0dt

Or, V2=1& f( a.v,+CV3)ott

-6-
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C.  First Order Linear Operator
(First Order Log)

Actually, this operation is identical to the combination of summat-

ion and integration shown in Fig. 7.  If-\,2 in Fig. 7 were connected to

the  terminal  where  73 is applied, the operator, would appear as in  Fig.

8;  and  \3 is replaced by -1  in the mathematical relations.

6C

J 0a
+ 4   0                                      -5

F:9.8

The basic relation is

+ a 4  - 6   2   -  b   Givi  :  0
ri t

05 9  -  6-- V   A-  - d.vl1    -      a        2       '      n- de
or,     Vl =   t   f(av,  -C  vz)'  Jt

The basic relation is that of the first order linear differential

equation having constant coefficients. The output voltage    does  not

instantaneously follow a change of the input voltage '1  ; in other words,

a lag is introduced.  Due to the fact that the differential equation

is of first order, this operation is sametimes called first order lag.

When steady-state is reached with V; being constant, the voltage \  Will

also became constant.

III.  Analog Calculation

»                 A.  Road Map for Equation

For simplicity, it will be assumed that any desired constant

value of scale change is available.    The  road map  of each operator will be

developed in the same manner as were the required functions previously

-7-
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drawn in block form in Figs. 1, 2, 3, and 4.

The first operator is to have input voltages ofty,+ 0.6, 6/4 and - 3,X,

.   The output voltage is to be proportional to . -gLK. .
ir/=I--Ii---6 d.t

I .-I..-Ii /

+3 9         1.                           c

+0.6/]ral  o                      /                                          1     >    -lit

-5* 0     1          F: 3,9
''

The mathematical expression for the sum being taken is
4*3-=+9 + 0:6fxat -5)( <16                                    .

consequently the output  of the summation operator  is -34 because  ofdt
the inherent reversal in sign.  The basic relation for the operation is

+ 9 -+ 0.6fxclt -SA - 34x  = odlt

which is the desired equation.

dxThe next operator is to have' an input of -346and an output voltage

of +X.       Clearly, the operator  must   be an integrator .

1/ > +2(
-3 €Mo k' 1\ (-+ V )
it = 3/

-5A       i 1<IJ
F:9./0 -00

Using the output voltage  as + V, the basic relation  for the integrator

follows:

4, 6 3  'd x    )                                                                                                                                                               ,   -RF,/ f 'G 9 0

Or,      V2        f -i}L.  cit  =                                                     -dt                       r

143  008
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Note the scale factor of  .f) on the input voltage.

L In addition, an operator to change the sign X and also raise the

value   of,X  by a factor  of  J is drawn   in  Fig.   10.

Next, the qi]Antity +0. 63'/t is to be obtained by first integrating

»             with a unity scale, then raising this -integrated output by a factor

o f  0.6 and reversing  the sign. Refer  to   Fig.   11,
.

-                                               1 T,(\  -'/AdiL4.1 0 3/
/11*o.6.frat < „

F,9.11
0,6

\
All of the dependent variables required by the summation operator

in  Fig.   9.·   have  now been generated. The complete  road  map is drawn

in Fig. 12.
»                     >    f x     C  output,

(Input) 1-_L \1 \/
90 -J dt )t-Z     / \ -»4''tI, \>  1.'«

-1- / -1                               1..

-S. 1 iiiip

+  0.6fx  0,F 1 /lj
O.6

F,9.12 \
The road map of Fig. 12 requires five amplifiers; it is possible to reduce

this number by combining the operations of summation and integration.  If

,-

-9-
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the integration of Fig. /0 is combined with the summation of Fig..9.., it
f                                                                                                                                       -

 
should be possible to obtain an output proportional to,X ; however, _9(2[-                       4

dt
cannot be measured.

1 13 '
..IX                -

113         '. +90 0

P 6.2fnato--.! /
F:9.13

It  has been as sumed  that +JMdi has  been  reduc€d  by a factor  of   5  by

another circuit.  The coefficient associated directly with the integration

is unity because values other than 1 or 0.1 are not available.  The

summation coefficients are those which are required to satisfy the                       :

equation. The basic relation  of  Fig. /.21 follows:

*'135-5/33· 6.1/*41 -idl= 0Gle                                          '
Rearrange, and multiply by 3:

9 =   5*  2  3  sLA-   -  o.  4fx  atClt
This is the original equation.

There is only one dependent variable needed in -Fig. 13 to camplete

the  solution. A reduction  of -X by a factor  of 5, followed  by a unity

integration  of - 02)(together  with the inherent reversal  of  sign  will

produce +O.<idt. A unity inverter  may  be   used to obtain +Afrom-X·       The

road map is drawn in Fig. 1120

> +A
(°61pt,+J

M\ \/
ty O '4   | \       -21   1        '6    7      + 0.2»/r

(InPU+) Ily  -
F.                          I-://

F:9./4-
143 010 -10-
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Note that the factor of 1/5 is introduced in the input to the second

integrator, rather  th n  in the output. This reduction before integration

is  to  limi t the amplifier output  to a maximlim value  less  than 100 volts.

_              It should also be noted that the connection fram the output of an operator

back to the input is often omitted on the road map when the summation

scale factor on the output voltage is unity.  This connection hasj

been omitted in t.he. inverter to obtain+X in Fig. 14. In addition, the
omission of the value of the summation scale factor on any input is

interpreted  to mean unity. Again, refer to the inverter in Fig. 14.

The values of the scale coefficients of the summation in Fig. 14

'               are not available directly.  Obviously, the fixed values previously

stated are hardly suitable for a wide variety of applications, con-

sequently a continuously adjustable element is available to be added

into the circuit.  These elements are potentiameters, sometimes called
.

"pots", which can be adjusted to reduce the respective voltage to any

« desired fraction  of the input voltage  to  the  pot. The phrase "voltage

divider" aptly describes the function  of one of these devices.    When a

pot is added to the input circuit of a summation amplifier, the actual

scale change is equal to the product of the voltage ratio due to the

pot and the coefficient of the amplifier input.  Note that the pot ratio

cannot exceed unity.  In order to achieve an input coefficient of 5/3,

a pot ratio of 0.333 together with a fixed coefficient of 5 could be

used.

The road map of Fig. 14 is redrawn: in Fig. 15, showing the pots as

circles, with the pot voltage ratios written inside the circles.

-11- 143 011
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+IDOV

h45.ov '7      , xcou/-7 «0)..1.3191                                       ;.
- «Y-' . e , 'rt«ty 0 (.3333- 1 - -

(Input) C) *Ly -1/
+0·2fxdt        -

Fig.IS
The initial conditions are indicated  in   Fig.  /·5. No initial condition

.is shown for fxdt because this quantity is to have an initial value of

zero volts.  A pot is.to supply + 5.0 volts to the integrator to produce

-5.0 volts  as the initial value  of-X  .    Note the reversal  in  sign

between the output and the initial condition as in the case of the re-

lation between the output ahd input voltages.

The source of + 100 volts is provided by the power supply which is

part of the analog facility.  A source of - 100 volts is also provided.

The voltage -2(is not converted to +A because the indicator of this

voltage is equipped with a polarity reversing switch in order that either           '

positive or negative voltages may be indicated in the up-scale direction.

It should be pointed out that the pot settings read on the potentio-

meter dials  are not identical  to  the pot voltage ratios obtained.    The

current which flows through the pot resistance will reduce the voltage

ratio to a value lower than the actual setting of the dial.  Consequent-

ly, the pots are adjusted to give the desired voltage ratio, as determin-

ed by voltage measurements, after the circuits are connected.  The setting

of the pot to supply the initial condition of X in Fig. /5 is not shown

because this pot is to be set to supply + 5.0 volts, rather than to provide

a voltage ratio from a varying voltage source.

143  012 -12-



B.  Actual Solution

The actual process followed in obtaining a solution of the

differential equation is described in the succeeding paragraphs.  The

solution is shown in ORNL-LR-DWG 26123, together with the variation in
.,

y for which this solution was obtained.  This particular variation of the

independent variable was taken in order that it could be expressed

mathRmatically, if desired.

3

0

-13-
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65
-ORNL-LR-DWG 26123

60
· , EQUATION

55 , =  3* ,  +5 x  -0.6fxdt

AT   t=O,  x=   5,fxdt=  0     -
x IS DEPENDENT VARIABLE

50

45

f

-3- 40
1                                                                                                        f
.

35

30

25

20

15

10      hij
5

i-I
0
-5      0      5      10     15 20 25 30 35 40 45 50 55 60

t (Sec)
20

5         1 -2
:

y IS INDEPENDENT VARIABLE
10

20.2 volts

5

5
2    0

kA

-5 11.2  volts

t •        14.3 sec        :                                                                                                                        r
-10

1 27.6 sec .-I

-15

-20
e

Analog Solution  of a Mathematical Equation.

143 01*4
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The initial linear increase in y was obtained by integrating a con-

stant voltage of 1.42 volts, as indicated in Fig. 16 f' After this volt-

age had been applied to the integrator for 14..3 seconds, the switch in

the output of the integrating amplifier was thrown to obtain a constant

-             value of -11.2 volts.  After 13.3 seconds, the switch was thrown to the

center position, which held y  at zero volts.
.

\/
 --6204 f.Switch

-g   +f-/, 1,2,/t-
-/OOV- 0 - I. ,·21  «   O k      >

+9

-100V :42v
--

Fi9./6

Two   of  the pot voltage ratios   in  Fig.   /,6 are blank because   the

actual settings were unimportant, the desired voltage being the important

consideration. Two potentiometers in cascade,    or   a    "pot   on   a   pot"

were used in obtaining the low value of -1.42 volts fram the source

of -100 volts in order to avoid taking this rather large reduction on

one pot.

The voltage y out of the road map of Fig. /6 was applied as the

input  of  Fig.   15. The voltages y  and X were recorder on strip-chart

recorders and redrawn for ORNL-LR-DWG 26123.  The initial conditions

taken were + 5.0 volts fort)(and zero volts for,A#, as previously
,

5            stated.

-15-
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IV.  Camplex Operators

A.  Functi6n Generators

It is often necessary to produce -a voltage ' 2 which is dependent                   -

directly  upon the value  of  '1/; ,  but  is not.time dependent. For example,

the variable may be needed, with M/known.  In other cases, thev,1.8                                                          -

relationship between the desired variable and the independent variable

is available only as a graph.

The function generator.produces the desired variable with the

known independent variable as the input.  Refer to Fig. 17·  The cam-

puter operator sets up the function generator to obtain the desired

relation between the output and input voltages.

30 ,     f-(*)

B.  Multiplication F,9.17
1.  Electronic Multiplier

The electronic multipliers in the. ORNL Analog Facility depend          Z

upon   function  generators for their operation. First,   the   sum  and  the

difference  of  the two variables in question are taken by means  of  summ-

ing and inverting operators.  Next, the square of this sum and of this

difference are individually obtained by :function generators.    The

difference of the'squares, obtained by another summation, provides a

voltage proportional t6 the product.  M6re information may be found in

Fig. 21 of ORNL-2405.  The road map symbol is given in Fig. 18.  The

%Uoutput is--4wheri the  ihputs' are M and y  . The multiplier operates100

with either polarity input. r

% 0   > ,>< >- 12
/00                    -

Fi9·18
-16-
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2.  Servo Multiplier

. The basic element in the servo multiplier is a potentiameter,

or pot, used as a voltage divider.  Refer to Fig. 19.

+ K 0-,  16<*         O V
0(

Fig'lq-                   -VI
One of the input variables is the voltage V/, the other is the position

O(   of the sliding contact. The output .voltage \6 will be proportional

to the product   «,  4 being expressed  as a fraction  of the total  dis-

tance fram the cammon ground point to the upper end of the resistance.

Both  polarities  of   are required  if 16is to change  sign; 0< may be either

positive or negative to place the sliding contact in either the upper or

lower half of the resistance, producing either positive or negative

signs of 14.

Since voltages are to be multiplied, it is necessary that o< be

continuously directly proportional  to   one   of the input . voltages impressed

upon the multiplier.  This proportionality is produced by an electro-

mechanical servo system utilizing an electric motor to position the

potentiometer shaft. The input  X  in  Fig.   20  is the voltage  to the servo

which positions the sliding contact.

1+9  . -
1 o                 Xs          ---6

I-'

F,9.20 1 + AN- or -31
/00 /00

-17-
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Either polarity of output voltage is available by interchanging

the  polarities  of the voltagesty and-y applied  to the potentiometer

terminals.  Also, the servo motor positions the shafts of several pots;

consequently additional voltages may be multiplied by ,* .   This is

useful  when the products   of X   and 3, as   well   as   of A    and y   must   be

obtained. The ability  of the servo positiener to follow a rapidly                                                    •-

varying input voltage limits the frequency of % to a maximum of

approximately two cycles per second.  There is no such limitation on

the rate of change of the voltage applied to the potentiameter re-

sistance. In cases where X  does not change  sign,  it is possible  to

operate the multiplier with 9nly one polarity of voltage applied to the

potentiameter resistance.

C.  Division

The process of division will be considered as the inverse of

multiplication. The voltage   > is  to be obtained.
& V 0

If,  3- Z-  - -J
then  .1 = 3- Y

In this last equation, ,* could be found by multiplying j by y  ;  how-

ever,  <Pis not ]mown  but is desired,   and  both  X and y  are   lmawn.      Then,

the problem is to force the computer to generate a voltage V-that when

multiplied by y will produce a voltage equal  to the known value  of  X  .

If this voltage y-can be generated  such  that

V. 9  =  1
then, obviously,

2 = v-

-18-
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and the operation of division is accomplished.

'                 In this application, it is necessary to use an amplifier to obtain

the maximum voltage amplification. possible.  Refer to Fig. 21.

+ \/, O art\ +V/ 0 a 
0

-4 C 6 ..,3/    1<    S -'20 bL/> VO
Fig.2'a F,9.2/6

Either  Fig.   2.la   or   2lb may represent this application.     With  the

amplification available, the actual net input must be near zero in

order to maintain an output between + 100 and - 100 volts.  The only

practical mathematical relation possible is

+6079-614 -0
The value of '1/6 is indeterminable as shawn here; therefore, the circuit

external to that indicated in Fig. 21 must be used to make this mathe-

matical relation possible by making use of the output voltage   .  The

two input voltages must be opposite in sign.

The road map for the basic operation of division is drawn in Fig.

22. 3 input
9 (Pos:'ive)

  denomin=tor
>X

... 9-26//00
(negative)

.1 -

04put1-                  ,         ./           c'*94''ve,            t/) X
Cpos:+:ve) \ \/ 0 Input
9uot:ent (Poj:t:ve)

hurnerator

F.9.22
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Assume  that  both the voltages y  and  X have positive values. Further,

assume that the voltage V-is available as a positive quantity to be

applied as one input to the multiplier.  The output of the multiplier

VIY.is- -in this case since the multiplier produces a change in voltage/00

sign. This negative product is compared to the input voltage X by
}

means   of  the   extremely high   gain amblifier illustrated  in  Fig.   21.

The output of this camparison amplifier is reversed in sign by the

inverter amplifier which supplies the positive voltage V- back to the

multiplier.  The high gain comparison amplifier requires that

A-  V.9  10   ./00
in  order  that the voltage r i s finite .

Therefore,    V- z  /0 0 -  .

The desired voltage was the quotient  ; therefore, the division

operation has been produced.  All voltages must be limited to a maximum

value of + 100.  It has been assumed that both input coefficients of

the camparison amplifier were unity.

Another way of considering the operation of this circuit is to

imagine that both X andy are simultaneously applied. The comparison

amplifier and sign inverter will produce a positive voltage VT..  This

positive voltage, together with the other positive input y to the

multiplier will produce a negative voltage as one of the inputs to

the comparison amplifier.  This last negative input will reduce the

numerical value of V-until the output of the multiplier is sufficient

to  bal Ance the voltage  X   .

The preceding road map is applicable for either positive or negative

values  of the numerator  of .the quotient, which  is X  in this example.

4
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It is applicable only for positive values of the denominmtor y .
r

The road map of Fig. 23 is for negative denaminators, and for either

positive or negative numerators.
input-

9Ch€galtive)
denominator

> X rg r
-- l negq'.ve)too

.. --I

04+PU+ ft , .3 Input
(hegQ+:ve) v --, 03 ( posit:ve)
?u°tie'lt F,9.23 nurnerator

This inverse 6peration of multiplication to obtain division can
-

be applied by means of either the electronic multiplier or the servo

multiplier.  Note the signs of the voltages associated with the multi-

plier.  However, other methods of obtaining quotients by use of the

servo multiplier are described in ORNL-2405.

D.  Function Delay

One cammonly encountered situation is analog computing involves

transport lag.  For example, consider a pipe carrying a fluid.  At

equilibrium, the temperature of the fluid leaving the downstream end

of the pipe is the same as that entering at the other end.  However, if

the temperature of the fluid entering the pipe changes, there will be

a time lapse before this temperature change can be observed at the down-

stream end.

The symbol for a function delay is drawn in Fig. 24.

0             7             >
If                       1/6

F: 9,24
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The  symbol T represents  the time delay. The output voltage  VZ is  de-

layed T seconds later than the input voltage 1/; . In addition, the sign                     - 

of VE will be reversed, and the magnitude reduced to one-half in the ORNL

facility.

10-(t) =  -I, Yi (t --r)
The above expressioh indicates the mathematical relation.  The symbol

(t) mARns "a function of time", and(t-73lmeans "a function of time de-

layed by  the time interval T  ". The delay time is adjustable,  but  is

notvariable while the circuit is ih operation.

It is a relatively simple matter to employ an inverter with a voltage

gain of two following the function delay device in order to obtain the

original voltage polarity as well as the original voltage magnitude

at steady state.  In the usual case, this extra amplifier and circuit

is included in the symbol for the function delay in Fig. 24.

E.  Explicit Circuits
1 -

The road map symbols do not always suffice to prescribe the

camputer operations.  It is s6metimes necessary to draw the explicit

circuit, showing the electrical circuit elements in detail.  An out-

standing example of this situation is the simulation of that portion of

a nuclear reactor system represented by the kinetic equations relating

nuclear power and multiplication.  Refer to CF 57-1-1, page 36, Eqns.

(29) and (10), and to pages 77 through 83 for the explicit circuits.

In cases in which neither the explicit circuit nor the general

symbol for an operation is known, one can specify the operation to be

performed by drawing a box and stating the necessary operation.  The
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operation specified in Figs. 1, 2, 3 and 4 are examples of this method,·
'.

which may be especially useful when camplicated operations must be carried

Out.

F.  Differentiation

-                    The process of differentiation with respect to time should be

attempted only in cases of absolute necessity.  In spite of the ex-

cellence of the amplifiers and circuit components of the Analog Facility,

there will be.a certain amount of noise in the voltage to be differ-

entiated. A source of these snall,  fast, and undesired 'voltage

variations may be a multiplier or a function generator.  This noise

may be especially troublesome at low voltage levels.  The differentiation

of this noisy voltage will yield a much noisier voltage which may be

almost unusable.  The example of the solution to the mathematical

expression intentionally avoided the process of differentiation.

1.  Direct Differentiation

-                           A relatively simple way of obtaining the time-del:ivative

of a voltage is described in CF 57-1-1, page 80.

2.  Differentiation as the Inverse of Integration

An integrator and comparison amplifier can be used to produce

the time-derivative in much the same manner as the division process

was carried out as the inverse of multiplication.  The road map of

Fig. 25 illustrates this procedure.

-» «t)
(negqlt:Ve)

*        (negabve <<*4' 
Output 000.0$ \/ 09

(positive) / n'p u+
F; 9,  25 ( p osit:ve)
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Assume, for the mament, that the input .voltage y is positive in

sign.  When this positive voltage is applied to the camparison amplifier,            '

the output voltage is negative.  The inverter then applies a positive

voltage to the integrator input, which in turn supplies a negative

voltage  to the camparison amplifier. The difference between  the  two

voltages to the input of the camparison amplifier is very nearly zero;

consequently, the output of the integrator is taken as equal to the                 -

original input voltage y .  Then,

9 =  f* at
Or,                                                          74   =      91 y

de
Thus, the time-derivative is taken.

This type of differentiation does not eliminate the problem of

differentiating noisy voltages.

-  -24-
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v.    Simulation  of a Complete Reactor System

                    The simulation of a readtor system should help define the control

problem.  The possibility of controlling certain variables can be studied,

and the performance required· of a control system  can be examined.    In  same

instances, it may be found impossible to obtain control through a method

which seemed appropriate until carefully examined.  There is very little

to be gained by using the simulator to exhibit variations which are

already known.

The simulation of the relatively simple system to be described here

was undertaken for two reasons; (1) the process of setting up the simul-

ator would serve as an example of analog camputation, and (2) the results

would indicate the actual behavior to be expected of a certain type of

power reactor system.

A.  Reactor System

The simplified flaw diagram of the reactor system which was

simulated is drawn in ORNL-LR-DWG 26402.  The system was composed of a

circulating fuel reactor, a simple counter-flow heat exchanger coupling

the fuel and coolant loops, and a single coolant loop from which the heat'

was removed by a steam generator.  The steam was produced at 8000F, the

design point heat load was 350 megawatts.  The fluids were referred to

as "buttermilk" to indicate that this was obviously a hypothetical re-

actor system, simulated as a particular example of analog computing.

The  delayed neutrons were those of uranium - 235·

The symbols in the discussion are defined as follows:
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I



73. - reactor fuel inlet temperature or heat exchanger fuel outlet
r/   temperature '

*r - reactor fuel mean temperature

TA)/6 reactor fuel outlet temperature or heat exchanger fuel inlet
temperature

Tfh- heat exchanger fuel mean temperature

The- heat exchanger metal mean temperature

72,· - heat exchanger coolant inlet temperature

7Eh - heat exchanger coolant mean temperature

720 - heat exchanger coolant outlet temperature

T,· - steam generator coolant inlet temperature

Tcy - steam generator coolant mean temperature

TYD - steam generator coolant outlet temperature

7; - steam temperature

  - reactor heat production rate

/   - fuel to heat exchanger metal heat transfer rate

/ C  - heat exchanger metal to coolant heat transfer rate

/   - steam heat removal rate

2- - transit time of coolant in piping from heat exchanger to steam

generator and in return fram steam generator to heat exchanger

There was no transport lag of the fuel between the reactor and heat

exchanger because these pipe lines would probably be short to limit the

volume to be shielded as well as to hold down the fuel inventory.  Con-

sequently, 7 i is both the heat exchanger outlet and reactor inlet temper-

ature, and  720 is the heat exchnnger inlet as well as the reactor outlet

temperature.

The design point temperatures are listed  on  the flow diagram.     The
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average rate of change of the temperature of the fluid passing.through

a region where heat is added or removed is obtained by dividing the temper-

ature change by the transit time through this region.  The temperature

change is the difference between the inlet and outlet temperatures.

The average rate of change of the temperature of a solid is ,determined               -

on the basis that the entire design point power is being stored in the

solid as heat energy.

The negative temperature coefficient of reactivity was that of the

fuel alone.  It was assumed that the temperature coefficient contribut-

ed by any moderator wouId be snall, and that in addition, the temperature

change of such a moderator would be small during a transient.

The fluids were assumed to circulate at constant velocity.  The energy

put into the system by any necessary pumps was neglected. Heat loss by

convection or radiation was also neglected.

The road map for simulating the reactor system is drawn in ORNL-

LR-DWG 26401.  A powar of 350 megawatts was represented by 70 volts of

potential fram the reactorf and by 14 volts in the heat transfer portions

of the system.  Zero volts meant zero power in every case.  A temperature

of.5000F was analagous to zero volts, and 1500'F was represented by·100

volts, giving a ratio of 10'F per volt.  A suppressed temperature scale

was possible because the temperature scale itself is arbitrary.  The

time scale was unity, one second of time on the reactor being also one

second of time on the computer.

-
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The identification numbers. of the amplifiers are written inside the

triangles which represent the amplifiers in ORNL-LR-DWG 24601.  The

potentiometers are identified by the numbers inside the circles, the

desired voltage ratios being written outside the circles.  The symbols

for the variables of power and temperature with their design point volt-

age values are shown in the drawing.

B.  Nuclear Reactor

The process of simulating the nuclear portion of a circulating

fuel reactor having a negative temperature coefficient of reactivity

was carried out in a manner similar to that described in CF 57-1-1,

pages 77 through 89.  Amplifiers 39 and 40 together with the circuit

elements which included the souce, the prampt neutrons, and the delayed

neutrons constitute the heart of the reactor.  The symbol G on the input

of amplifier 39 means that the reactor network is connected directly to

the grid of the amplifier input tube, and that no input coefficients other

than those in the reactor network were used. The contributions of the

precursors of the delayed neutrons were computed and adjusted for the                 -

circulating fuel as described in CF 57-1-1, pages 61 to 69, and page

83.  Once the circuit was in operation, the source voltage was removed to

eliminate the effect of a source on the transients.

A five-to-one reduction of the voltage representing nuclearlpower

was obtained by amplifier 30, and a polarity reversal of this voltage was
C                                                                   „produced by amplifier  31. The positive and negative values  of   /   were

applied to the potentiameter resistance of servo multiplier 3·  The

maximum output voltage of this multiplier was one-fifth of that supplied
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amplifier 40 directly by amplifier 39.  Since the coefficient of the input

bf   amplifier   40   from the multiplier   was one -tenth   of   that    of the' input

* from amplifier 39, the actual maximum excess nuclear multiplication of

the reactor available from the potentiometer of multiplier 3 was one-

4-

fiftieth, or 2%.

The output of amplifier 32 was the summation of the effects on re-

activity due to shim rods, the regulating rod, and the mean temperature

of the reactor fuel.  A change in nuclear multiplication of 1% could be

obtained with a 50 volt change of the voltage from pot 58 because 100

volts applied to the input of multiplier 3 produced the maximum output

of the multiplier into amplifier 40.  Thus, a change of 50 volts of the

regulating rod was equivalent to 1% change in k . An increase in Tfr
by 346'F, or 34.6 volts, would conteract this 1% change in k by the

rod, as mathematically camputed below:

2                                                                                              (0.2  89)(S)   67>r Z  (/)(SO)

30
ATfr= (3)(0.289)   =34:6

The symb6.1.b -means change in Tr. It should be noted that the volt-

age ratio of 0.289 of pot 13 bore a direct numerical relation to the temper-

ature coefficient.  A temperature change of 346'F to produce a 1% change

ink means a temperature coefficient of reactivity of 2.89 x 10-5/0F.

The negative sign of this coefficient was obtained fram the polarities

of the voltages representing temperature and rod position.  pot 63,

representing the shim rods, was used in order that the regulating rod

pot could be set at 50 volts at design point.
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Since this is a circulating fuel reactor, the value ofk must exceed

unity to hold the reactor at steady state.  There was an output voltage

from the multiplier at steady state; therefore, the voltage output of
G

amplifier 40 was a slight amount larger than the output of amplifier

39.  This small difference in voltage was neglected.  Actually, the                 -,

excess  k   from  the   rods was computed  to  be   0.321%  to   hold the reactor  at

steady state and overcome the loss of the delayed neutrons.  The measured

excess kwas 0.326%.

C.    Fuel  Loop

The fuel loop was simulated by amplifiers 1, 2, 3, and 4.  These

four amplifiers were connected as first order linear operators.  Refer

to Fig. 8.  The relations concerning amplifier 1 will be studied in detail.

Amplifier 1 and its ass6ciated circuit represent the lower half

of the reactor, with the fuel entering at the temperature 37, heat being

added at the rate of * , and the fuel reaching a mean temperature of Tr
before leaving this portion  of the reactor.     If  4  were  zero,   then

obviously  F.  and  .would be equal.    Next,   if  4 were suddenly  step                                         -

increased to the design point value, with 74. remaining constant at its

original value, the initial rate of increase in the temperature Tr,
measured half-way up the reactor core, would be 60'F/sec.  This value of

60'F/sec. is determined by the relationship between the temperatures

Ti    and  TY at design point conditions. The transit  time  of the  fuel

in the first half of the reactor is 2.5 seconds, and the temperature rises

150' F; therefore, the average rate of rise of the moving fuel in transit

is 60'F/sec.  This means that a step rise in reactor power' from zero to
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design point would produce an initial rate of rise of 6OIF/sec. of the
r

temperature measured at a stationary point, such as at the point where

Tfr  is measured. If the fuel continued to enter the reactor at a con-

stiut temperature, the temperature Tfr' measured at a statipnary point,

would asymptatically approach a value 1500F higher than 72/.
. 1

The simulator provided an initial rate of increase in Trof
6 volts/sec., corresponding to a temperature rise of 60PF/sec.  At

steady state design point, Tr was 50 volts, corresponding to 10000F,

with T>. being 35 volts, or 8500F. The· mathematical relation pertaining to

amplifier 1 is stated as follows:

-,(0.429)(1)  Pr -(0.400)(1)Tf i  +(0.400)(1)  Tf r  +0)=  olt -  -
dTfr_°

Note that the coefficient of the rate of change of *, is unity. Assuming

that  F. and  rare equal,  and that 6 makes  a step increase  from  zero

d 72 rto 14 volts, (0·429 4)2 -=°
-                      ext

exid,                            .4.-Sf L  =     6   Vo Its   jsec.
-                   Cit

at steady state,

(0.429)(14) - (0' 400)-Ifi  +0.400) Tf r =O
72r - 72) = (0, 4-29)(14) _   6_

00 4,00 -  0 4 4-

1  5   Yolt.S
The preceding mathematics merely indicates that the pot voltage ratios

were correct.  The necessary ratios were computed by making use of the

initial rise in 77rof 6 volts/sec., together with the value of Pr of
14 volts to campute the ratio of 0.429 for pot 60.  Once this ratio was

known, the ratio of 0.400 of each of pots 1 and 2 was camputed to produce
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a  15 volt difference between  Tfi and Tr. The ratios  of  pots  1  and  2

must be identical in order that the temperatures T,· and 72, be equal at

steady state if /  were zero.                                                          •

The circuit associated with amplifier 2 was the same as that with

amplifier 1 except for the reversal in signs of the voltages.  The initial
... 1-rates of increase  in  40 and *r will be identical following  a  step  in-

crease in   ; however, 7 , will rise in value  if 5. remains constant,
eventually forcing 7 -/ to  rise 30 volts above  R at desigti point.

The situation regarding amplifiers 3 and 4 was similar to that of

amplifiers 1 and 2, except that the heat was being removed, thus lowering

the fluid temperature.    A step increase  in  /  of 14 volts will produce

an   initial   rate of
decrease   in   7 of 4.5 volts/sec .    if  O remains constant .

The ratio of pot 12 was computed to be 0.321 fram this data.  The ratio

0.300 of both pots 5 and 6 was computed fram the requirement that

Th must be 15 volts lower than 72/ at the steady state design point
condition.

The circuit of amplifier 4 was identical to that of amplifier 3 except

for the voltage signs.

There is an interesting relationship in these circuits.  In the case

of amplifier 1, the quotient obtained by dividing the coefficient of the

rate of change of ;7, by the summation coefficient of Tris 2..5, which

is the time in seconds for the fuel to pass half way through the re-

actor.  The same situation applies to the coefficients on the output

voltage of amplifier 2.  In the case of amplifiers 3 or 4, this quotient

is 3.33, again, the time in seconds for the fuel to pass through the

section  of the heat exchanger represented by the circuit.    If  the  co-
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efficient of the integrator had been 0.1 rather than 1 for amplifier 1,

pots 60, 2, and 1 would have ratios of 0.0429, 0.0400, and 0.0400, res-

pectively.  The quotient obtained by dividing the coefficient of the in-

:
tegrator by the summation coefficient of the output will be equal to the

.. transit time of the fluid in that portion of the system represented by

the circuit.

D.  Heat Exchanger

The rate of transfer of heat between a fluid and the metal of the

heat exchanger:was.:taken as being directly proportional to the difference

of the mean temperatures of the metal and the fluid.  The mean temperature

of the metal was taken to be proportional to the integral of the differ-

ence between the power being absorbed by the metal and the power being

removed fram the metal. Thus:

4  „  74-   The
PG 'L' Tbe - Th

The   0vf(p'  - P) 01 t
-                         or,                           d 73, e  .A   Ff - pc

olt
The  sumbol - means "proportional  to".

The metal of the heat exchanger was assumed to rise at the rate of

150'F/sec. if all of the 350 megawatts of power were being stored in the

metal.    Thus, a difference between g and  of 14 volts  was to cause   7Z*

1

to rise at the rate of 15 volts/sec.  The equation for amplifier 7 may

be stated as follows:

drhe
(0.241)(S) Pf,(0'241)(s) pc +(1)  016-  =O
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dihe.      =    10.7  (   P+   -Pa
.9

Now, if Pf - Pc = 14 Vol+s

6/ 716
..

olt =   ('0'7)(  14-)  =    16   volts  /sec.

The ratio of 0.214 on pots 11 and 18 to obtain a total summation coefficient

dse
of  10.7. for *  and /  was determined by setting   2F-     at 15 volts/sec.
and computing the coefficient for the

difference of /  and /   .

The difference of 50'F between the mean temperature of the fuel and

the mean temperature. of the metal was to force 350 megawatts of power into

the heat exchanger metal  fram  the  fuel.    The  5 volt difference between

Tfh   and The at design point was to produce 14 volts as the value of  *  .
The expression for the conditions of amplifier 5 are written as follows:

+ (0. SGO)(S)Tf h - (0,5 40)(5)The- (1) Ff - 0
or,

Pf    =    2.8   (T+ h   -The)'

Obviously, the coefficient  of  the di fference between  72h  and The had  to                                    -

be 2.8 if a 5 volt difference is to produce 14 volts as /  .  Thus, the
ratios   of  pots   9   and  16  were   0. 560. A similar relation was· applied  to

amplifier 9 which computed € , requiring the ratios of pots 15 and 25

to be 0.560, also.

On the basis that -/  and+/2 were available, amplifier 7 computed  The

by integrating the difference between the heat input and output rates of

the metal. Amplifier 8 then produced-Se . Amplifier 5 computed -/  '

from+ *h  and- e ; amplifier  6  than  gave */1.''  Assuming  that +7 6   was

available, amplifier 9 computed t€ from +7jh and-Te, then amplifier
A

10 produced-/t .
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p                  An approximation·of the samewhat camplex heat exchanger may be set up

using only two amplifiers. The values  of *  and  /  are almost identical

except during fast transients.  If they are taken·as being equal and called

..
    ,   then  this   value   of    is   proportional  to  the   difference  between  theD

temperatures Tfh and Eh  . A circuit to perform these operations was set
..

up as drawn in Fig. 26.

1          #1\ -0.7/4

+ Th +SOYO '       1 P't>              ,·                                     18                               >A \/ ... + p
-Tch-Sovo , 414vJ

> -6
-,4.v

Fi 9.26

In  order to obtain a negative value  of  72h, the polarities  of the voltages

in the coolant loop and steam generator were reversed by reversing the

polarity of the steam load voltage.

The reactor transients in the simulation using the simplified approximate

heat exchanger were praotically identical to those using the system drawn

in ORNL-LR-DWG 26401.  The variables of reactor power and temperatures,

and of steam power and temperature differed ohly slightly from those in

ORNL-LR-DWGS 26403, 26405, 26407, 26421, and 26406, which were obtained

using the more complete heat exchanger.  No heat storage in the metal was

considered.  The effect of heat storage may be at least partially simulat-

ed by introducing first order lag into the circuit of amplifier'17 in

Fig. 26.
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E.  Coolant Loop

The circuit for simulating the coolant loop was set up inla manner            .

similar  to  that  for  the  fuel  loop. The initial  rate of increase  of   72 h
'.V'/

from amplifier 14 at the rate of 3 volts/sec. when a step change in / 
of 14 volts was.applied required that pot 20 have a voltage ratio of

0.214. In order  that the steady state value   of   72h was 15 volts higher

than 72, at design point, and equal when € was zero, the ratios of pots

50 and 28 were 0.200.  Pots 19, 27, and 22 of amplifier 11 were set with

the same ratios as pots 20, 50, and 28, respectively.

A function delay of 5 sec. was connected to simulate the transport

lag in each section of the piping between the heat exchanger and the

steam generator.  An extra amplifier was included in each function delay

to give the proper sign and value to the output voltage.  Refer to the

description of Function Delay in the section on Camplex Operators, pages

21 and 22.

The heat removal fram the coolant in the steam generator was simulated

by the circuits of amplifiers 12 and 13.  The actual transit time of the

Cool Ant through the steam generator was 12.5 sec., giving a coolant rate

of decrease in tempetature of 24'F/sec.  However, in an attempt to account

for the heat capacity of the steam generator, the simulator was set up

with a 2OIF/sec. rate of decrease in temperature.  The heat capacity of

the steam generator was not set up as a separate circuit.  Pot 56, with

a voltage ratio of 0.143, produced the initial rate of decrease in 729
of  2  volts/sec.  when /   was step increased  to 14 volts. The ratios  of

0.133 in pots 48 and 24 set up the steady state conditions.  Pots 54,

23 and 26 were identical to pots 56, 48, and 24.
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F.  Steam Generator

r                                                             A camplete simulation   of the steam generator  was   not  attempted.

The voltage from pot 15 determined the steam load.  This load was assumed
:

to be constant at the value set by pot 15 regardless of the steam temper-

ature 71- . The steam load € from amplifiers 27 and 28 produced the

required temperature drop in the coolant passing through the steam

generator at the design point condition.

The steam temperature was assumed to be associated with the inlet

temperature of the coolant into the steam generator.  This assumption was

reasonable on the basis of counter flow of the steam and coolant.  At design

point, the difference between the steam temperature and the coolant inlet

temperature was 250'F, or 25 volts.  This difference was taken as proportion-

al to the steam load.  Pot 55 was set for a voltage ratio of 0.357 in

order that amplifier 29 would compute the steam temperature in accord with

these assumptions.

G. Simulg.tion Results
.

The results of varying the steam load and rod position are shown

in ORNL-LR-DWGS 26403, 26405, 26407, 26421, and 26406.

Actually the ramp changes in load and rod reactivity were probably

faster than would be employed in a power plant of this type.  Note that a

change   in  the   rod  Sk of 0.5% produced a change of 173'F  in the reactor

mean temperature, which agrees with the specified temperature coefficient.

The step drop in load was simulated to approximate the variation caused

by the loss of electrical load in case the circuit breaker connecting an

electric generator to the transmission line were to.open.
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H.  Period and Log N
-

4                      The computation of the reactor period and the logarithm of the

power were not important to the system studied.  This portion of the

simulation is included here as an example of one of the types of calculat-
,.

#            ions that an analog camputer can perform.

f                                                                                  dhThe principle employed was  that of dividing - by /7 to obtain  a.                                     dt
voltage proportional to the reciprocal period.  Refer to page 25 of

t!1
CF 57-1-1. The voltage proportional to-0/L was then integrated with res-

n
pect to time to produce a voltage proportional to the logarithm of /7

The explicit circuit is drawn in ORNL-IR-DWG 26400.  The time

derivative  of 8  ,  or /7, was taken by amplifier 36. Amplifier 38 merely

reversed the sign of the·voltage * .  Pot 69 was connected to provide a

certain amount of smoothing of the differentiated voltage.  Without this

6000 ahms of damping resistance, the output of amplifier 36 was quite noisy.

Amplifier 34 together with servo multiplier 4 computed the quotient of 32-
3                                                divided  by  /7   .     .When the period  was   3   sec., the output of ampli fier

34 was -100 volts.    When the period was infinite, this output was  zero.

The servo multiplier positioned the slider of the pot having the 100 volt

reference to obtain a voltage from this slider equal to the input voltage

/ .  Since the slider of the multiplier pot in the output of amplifier

34 was also being positioned, the coefficient of the output voltage of

amplifier  34 was continuously varied  by the servo multiplier. The output

of amplifier 34 may be stated as follows:

./

-                                                                                                                                                                                                                                                                                      1

.
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Output ofamplifier 36   _ 
Output of          -

4                    amplifier 34
-4 F-voitage ratio of

 -multiplier pots -

The multiplier pot voltage ratio was 0.700 at the condition taken in the,.

.

6             circuit diagram, causing the output of amplifier 34.to be -100 volts.

C/
Amplifier 16 computed the logarithm of the power by integrating

/

the output of amplifier 34.  pot 73 was set to have an actual output of

-3.623 volts when the output of amplifier 34 was -100 volts.  This value

of -3·623 volts would increase the output-of amplifier 16 by 25 volts after

a time lapse of 6.9078 sec.  The log power recorder required 25 volts to

cover one decade of power change.  A 3 sec. period will produce one decade

             of power change in 6.9078 sec.  In order that the scale of the log power

recorder was properly indexed, the output of pot 36 was applied to ampli-

fier. 16 to set the recorder at the desired value corresponding to the

4 reactor power. The voltage  from  pot   36  was zero during the recording  of
:

'    a transient.

The output of amplifier 34 was supplied to amplifier 19 in order

that the standard period chart paper could be used on the period recorder.

The voltage from pot 37 properly indexed the recorder to indicate an in-

finite period when the output of amplifier 34 was zero.  The circuit re-

sistances provided that the recorder indicated full scale when the period

was 3 sec.  A capacitor to smooth out the rapid variations of the output

•              of amplifier 34 was necessary, especially at low values of reactor power.

' <4
The results of-a step increase in nuclear multiplication are

*

e

.
.
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described by the curves in ORNL-LR-DWG 26404.  The reactor temperature

2'
coefficient was eliminated, and the delayed neutron precursors were set               F

up for stationary uranium -235·  Note the noisy indication of reactor period ::

at .low power levels.  Also, note that the log power curve is asymptatically
rl D

approaching a straight line as the period becomes longer and approaches               ;

8,the asymptatic value of 22.7 sec.                                                     •

t

:

"

D

4

'5

\ .

.                                                                                                                                                                                                                                                                                                                                            '.
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