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FOREWORD 

This course on reactor controls is for the purpose of acquainting the 

student w!th some of the elementary considerations involved in setting up 

a control and safety system for a nuclear reactor. 

This material is the outgrowth of the notes prepared for the lectures 

on Reactor Controls given in the Oak Ridge School of Reactor Technology. 

The lectures given by T. E. Cole in 1953 - 1955 are the basis of portions 

of the subject matter on reactor kinetics. Many suggestions and ideas 

contributed by E. R. Mann are included throughout almost every section. 
. . 

In addition, several members of the Oak Ridge National Laboratory, and of 

the Reactor Controls Department in particular, have provided ini'6rmat1on 

which has been included in these le~ture notes. 
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l. . REACTOR WITH NO DELAYED NEUTRONS AND NO SOURCE 

1.1 Kinetic Eguation with no Delayed Neutrons 

The derivation of the reactor kinetic equations will begin with the 

simple case of a reactor that has no delayed neutrons and no independent 

source of neutrons. The symbol n will represent the number of neutrons 

existing wi.t:h:tn· th~;- :f•G\t;;<;);r: ·a.t:r the, ·.prese,n;t; ·:f;I)!S.tJallif.: of ··t;:tw~~ · 'rb~se- n~l;lt~ons 

are being lost from the reactor ·system by both absorption and leakage. The 

loss rate by absorption is proportional to the--product of the neutron flux 

and the macroscopic absorption cross section at each particular energy level. 

The flux is proportional to the number of-neutrons existing at each energy level. 

If the neutron energy;spectrum remains constant in shape even though the total 

neutron population changesp the total loss rate by absorption is proportional 

to the neutron population. A similar argument will lead to the conclusion 

that the loss rate by leakage is also proportional to the neutron population. 

Therefore, the total los_s rate by both absorption and leakage is proportional, 

to the total neutron population and will be written as )..n • Accordinalyj> A 

must have the dimensions of reciprocal time. 

The value of A depends upon the geometry of the system and the cross 

sections of the materials used in constructing the system. It is essential 

that the energy spectrum of the neutrons must be constant in shape in· order 

that A be a canstant. Thus.~> the number of neutrons exiating in any selected 

energy range must increase and decrease in proportion to the total number of 

neutrons within the reactor system. 

The symbol k represents the multiplication of the reactor~.and will be 

defined as the average number of neutrons released per neutron lost. Each 

time a neutron is lost~ on the average k neutrons are released. The neutrons 

are lost at all energy levels~ and are released at fission energies as a 

result of a:bs·orpt:t.ons :i.tn i .. the'•'f'u~u·:wl:itch· prOduce fiseit<>ns~ (,Qn:_1~tlie';a,ve'rage, ·a 

neutron will spend a certain amount of time within each particular energy 

range, from fission energies to thermal energies. The sum of these time 
. I 

intervals will be the ave.z:age life span of a neutron within the reaetor. 

This average life span will be identified by the symbol .Q • : Tne time 

intervals within each energy range are constant as long as the shape of the 

energy spectrum remains constant. This shape and hence the average neutron 
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lifetime i will remain constant for multiplications near unity. 

Since the loss rate is An neutrons per second, the release rate is 

k An neutrons per second, from the definition of k • 
The kinetic equation may be stated in the following manner: 

Thus, 

[
rate of ] 
increase 

dn 
dt 

[
rate of] 
release = 

k ).n - A.n 

This equation ·may be solved for n directly. 

h (n) Ck-l)A.t +C 

At. t = 0 , h -= ho , and 

Thus, ___ h n 
ho (k-1) A.t 

(I<'- I) A.t 
or, n - no e . 

C =- h (no) 

[
rate of] 
loss 

1.1 

1.2 

Note that n is the only variable with time. The value of k is constant. 

The definitions of i and A show that there must be a definite relation

ship between 1. and A. • This relationship will be determined by means 

of Eq. 1.2. There are no neutrons within· the reactor at the instant t is 

zero. The rate of loss of this particularly identified group of neutrons at 

any succeeding instant of time will be directly proportional to the number 

of this particular group still in existence at the succeeding instant of 

time. The loss of this identified group will continue independently of 

the production of other neutrons by fission. In, other words, the loss of this 

group continues as ~f k were zero. Under these conditions, the population 

of the identified group of neutrons is obtained directly from Eq. 1.2 by 

setting k equal to zero. 
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The number of· these neutrons stili in existence at any instant of time 

will follow the curve drawn in Fig. 1.1. The average life span of the 

no neutrons is the average neutron lifetime Jl, • This average is 

obtained by determining the area under the curve and dividing this area 

by no , in the same memner that any other average is obtained. Therefore, 

or, 

: JL (area, in neutron-sec.) 
rlo 00 

1 1 -At 
:no no e dt 

0 

I [ 1 -A.t = l"'o -A. no e 
;;; *o [ - ~ ( 0- I ) J 

1.3 

Another approach to the concept of the average lifetime is to consider 

a pool containing n, gallons of water. The water is being drained from 

the pool at a constant rate and is being replenished at the same constant 

rate. These rates are defined as A fl gallons per hour. In a time interval 

of ~n hours, n gallons of water will have· passed through the pool. 

The average time spent by the water in the pool is this time interval ~ 
I 

thus, the average lifetime is A 
By the use of Eq. 1. 3 and the defini tiona of k , h » A, and .l, the rate 

kn 
~ neutrons per second, and the rate of neutron release may be written as 

n 
of loss as p_ neutrons per second. On the average, each time a neutron 

is lost, k neutrons are released at fission energy, and the average time 

lapse between the original ·fission and the succeeding fission is .fl. seconds. 

Therefore, .fL may be taken as the average time between successive generations 9 

including the slowing down time, the thermal diffusion time, and the effects 

of fast fission; leakage at all energies, and absorption at all en~rgies. 

Refer to Glasstone and Edlund 9 pages 290, 203, and 184 • 

A graphical representation of the loss and gain of neutron population 

is described in Fig •. 1.2. The total rate of loss of neutrons by leakage 
n n ( k) and absorption is .P. ; the symbol i , I - ;v represents the rate of 

loss by the sum of leakage and absorptions not producing fissions. Therefore, 
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·the :rate of· loss by absocytiqns which cause fiSsions is kn 
V.J!, • Since each 

fission release's . ,JI :·n~utrtins. oil:. the averaige')) .·the rate of release of neutron's 
is Kn 

Jl 
·Then Eq. 1.1 may be rewritten with the aid of Eq. 1.3: 

cl..n _ kn 
dt 1!. 

1.4 

The. solution to Eq. 1. 4 is similar to tba t of Eq. 1.1. 

( 1<-l)t 
n =·n0 e T 1.5 

The quantity (k-1) is the excess multiplication and will be written as ok. 
For.reactors to be discussed, the neutron lifetime will be in the range 

from 10~5 sec to 10=3 sec. In a graphite-natural ~nium systemjl .1"" 10-3 
IJ ~ =4 and in 8 light water~enriched uranium system9 ~ == 10 sec. 

I 

Consider an example: 

Take .f = 10-4 seconds and k = L 001 

n = noe(¥)t 
8k t 

- 1)oe 7[" · 

In a time interval of one second the level would increase by a factor of 

about 104. This is r.mther startling; the significant point to note is that 

~j 1 is the determining factor for this casejl and -f-i = ~ is 

the time required for the neutron population to increase by a factor of e. 

This time for the neutron level to change by a factor of e is def~ned as 

the reactGr period.. For this emmple 9 the period is 0.1 seco 

1. 2 Multiplication (»f a TheX'Dll!ill Re8.ctor 

The following procedure will show that the previous definition of k is 
\ 

consistent with the ·custonscy definition of multiplication of a thermal 

reactor based upon the ge@metry and cr~ss sections. Refer to Glasstone and 

Edlundjl pages 84 and 200 through 203. For a thermal reactor.~' the following 

expression definee k 9 based upon the v'four factor" formula. 

( '· .,. (), 
:.J .. U 

sec, 
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k 17fr= p !1, Ftn 1.6 

Where, 

t7 V 'Lt£ 
:;:: 

2:'t{f 

f = ~ct-F 
l:a. 

P = neutrons released per fission. 

L:ff = macroscopic fission cross section of the fuel in cm-l 

~f= macroscopic absorption cross section of the fuel in cm-1 • 

L:t{ = mean value of the macroscopic absorption cross section of the 
reactor in cm-1. 

E = fast fission factor. 

p = 
~827: e . = 

reasonance escape probability. 

non-leakage probability during slowing down. 

I 

L 

Ba 

non-leakage probability of the thermal neutrons, the ~raction of 
the neutrons that are thermalized which are absorbed as thermal 
neutrons. 

= diffusion length of thermal neutrons in the ~eactor in em. 
·=2 = buckling· in em , the lowest eigenvalue of the wave equation for 

the critical reactor, subject to the condition that the flux shall 
go to zero at the extrapolated boundary. 

'L = 2 Fermi age in em • 

The expression for k in Eq. 1.6 may be rewritten: 

k = (-v~rr .) ( ~~Af) 6. P R A 
~a.f 'La. s th 

('.· ·" 1 " .. h e._.-'-

)I'E,ff D 
~:---:-:-- 6 P rs. 11:~-. 
:E~ 

1.7 
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Multiply deriomi,If~.t.or .~.~d · nume~ t<?r of ~q • 1 • 7- by V ¢ 

Where, 

Then, 

or, 

: .. ·. ,. .. ·::. 

v = volume of.reactor in cm3 

¢ 2 = average thermal flux in neutrons per em ~sec. 

k = 

k = 

lJ V ¢ ~fr Ep Ps Pr~r 
V¢ Ea. 

v v ¢ L:f; e p Ps 
. y ¢'Ea. 

~h 
totai rate of release of thermal neutrons in neutrons 
per sec. 

1.8 

1.9 

v v ¢~ffe pfg = 

v ¢~a.= total rate of absorption of thermal neutrons in neutrons 
per sec • 

Now ,11 since Ff:h = thermal ab~orp~ion 
thermal absorption + thermal leakage 

total rate of lo~~ of thermal neutrons by both absorption 
and leakage in neutrons per sec. 

Therefore, by Eq. 1.99 

rate of release of thermal neutrons = 
rn~~ ~r ~g~~ gf ~h~~! R~u~P?~~ k 

· On the ba·sis· thst the neutrGn· energy spectrum· of the reactor remains constant, 

rate of release of thermal neutrons 
ra·te of los~ of thermal neutrons 

= 

= 

total rate of release of neutrons inside reactor 
total rate of loss of neutrons inside reactor 

neutrons released per neutron lost. 

Therefore, the definitions of k ~re consistent. 
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If' thermal neutrons only are considered, 

dnth -
dt 

Irate of' production J 
~f' thermal neutrons 

v v¢ r;ffC p Ps ~ 

·= (_)) V ¢ 'EFr € P 8 Pth 
~- V ¢> EQ.. 

[J J rate of' loss of' 
thermal neutrons 

v ¢ Ett. 
11-h 

1( ¢ 'Eo., 

'th 
Make use of' the definition'of k in Eq. 1.8. 

d nth= (k·-1) Jt¢Eo.. 
dt . . lf:h 

Now, · 

Where 

q; = hth v
y 

hth total number of thermal neutrons in reactor. 

v- average velocity of thermal neutrons 

= htn v- Ea. ( I + L2 8 2
) 

Now, ~th = >r ~ (I ~ L 2 a e) = life of a thermal neutron in seconds 
in a bare reactor. 

Then, 

There:forep 

013 

• 

1.10 

• 

1.11 

1.12 
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C.ompare Eq. 1.12 to Eq. 1.4. Note that the derivation of Eq. 1 .• 10 considered 

that thermal neutrons were released at the instant of fission, consequently 

the life span does not include any slowing down time. The effects of resonance 

capture and fast leakage were included, although the time between fission energies 

and tber.mai energies was neglected. This error is·small for.thermal reactors. 

G·.:J0 
''-' lj A.. 
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2. NEUTRON. ENERGmS 

The energy level at which the neutron population is taken will be 

discussed next. The prime consideration from the standpoint of reactor control 

is nuclear power (fissions per secondi or neutrons released per second). The 

derivation of the kinetic equations being described are applicable to the 

actual multi~velocity reactor. Consider that the neutrons are released at 

fission energy and are lost at all energies. The fission energy itself will 

cover a range of energies. The value of n is the total number of neutrom 

within the reactor covering the range· of all energy levels. The only require~ 

mentis that the spectrum of ne~-energies for the reactor does not change 

in shape and that the average neutron lifetime remains constant. Thus, the 

number of neutrons within any pa~ticular energy range is directly proportional 

to the rate of neutron ·release. Therefore, the total number of neutrons in 

existence is directly proportional to the nuclear power. 

The shape of the spectrum of neutron energies as well as the average 

neutron lifetime will vary slightly_during a transient. In fact, the neutron 

spectrum·during a transient must be somewhat different from th~t in steady 

state. For example, a thermal reactor on a positive excursion will contain a 

slightly larger fraction of high energy neutrons, not yet slowed down, as 

compared to the case of the same reactor at steady state. In addition, the 

removal of a neutron absorber having a high absorption for thermal neutrons and 

a low absorption of fast neutrons will affect both the spectrum and the lifetime. 

The energy spectrum and average lifetime are affected to some extent by changes 

in fuel loadings, by fuel burn=upp and by fissi~n product poisoning. In the 

case of very fast transients, the spatial distribution of neutrons will vary 

in shape. All.of the described changes are small provided I< is near unity. 

If desired, the value of n may be consi<;lered to be the neutron 

population within a particular unit volume of the reactor. The spatial distribution 

of neutron population is assumed to remain-constant in shape. 

Actually, h is often taken as the population of neutrons within a 

particular range of energies. For example, the neutron detecting instruments 

used in reactor ~ontrol systems may be sensitive to thermal neutrons only. 

In any case, .R. should be taken as. the total lifetime, not the time spent · 

within a particular energy range. 

C15 

• 
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}o . :REACTOR WITH DELAtED NEPTRONS AND NO SOURCE 

3.1 Delayed Neutrons 

In the previous discussion, all of the neutrons were assumed to be 

produced at the instant of fission. A very large fraction of the neutrons do 

originate at the moment of fission and are called prompt neut~ons. Howeverl 

· ··. a small portion of the neutrons are released by the decay of certain radioactive 

nuclei which were formed by the fissioning of the fuel. A neutron emitted 

through this decay process is called a delayed--neutron because its release is delayed 

for a time· interval after fission occurs. Although the total fractional yield 

of the delayed neutrons is less than 1% of all those released9 this small 

fraction is extremely important in reactor control. 

The mean life of the precursor of a delayed neutron will determine the time 

interval between a fission and the subsequent release of a delayed neutron. The 

beta~emitters bremine-87 and iodine-137» have been identified as precursors of 

~ e the two delayed neutron groups having the longest delay, and beta=emitters 

bromine-89 and tellurium-136 probably are the precursors of the next two longest 

~, · delay groups. A s'I.UlliliSry of data from several siources1A~e presented in Table 3.1. 

· A given isotope will be the precursor of a particular delayed neutron group 

;;; 

regardless of the type of nuclear fuel. 

3.2 Average Neutron Lifetime Approximation 

The kinetic behavior of a reactor can be approximately determined at 

multiplications very near to unity by using an average neutron lifetimel including 

the effect of delayed neutrons, in Eq. ·1.5. This weighted mean lifetime can be 

obtained from the following expression in which nn delayed neutron groups are 

considered: 

I= (J-{3)~ + f31 (t:,f...f.) +fJz. (tz+...l)+n" +f3tn (tl'n f...l.) 

1Glasstone, S.» Principles of Nuclear Reactor Engineering, Van Nostrsnc:i, 1955, 
Table 2ollp Page 113. 

~eactor Handbook.n Pbysics 8 TTBAF.C' and MoGraw-llill, 19~5, Tables 1.2oY and 
lo2olOSJ Page 109; and Table 2olo5p Page 624o 
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TABLE 3.1 DELAYED NEUTRONS FROM FISSION BY THERMAL NEUTRONS 

.. 
·Delay Precursor Precursor Precursor Yield, Group Mean Life Decay Constant f3i' Per 10 

t 1, sec 1 . 
lf35 lf33 Ai' sec-

1 Br87 80.2 0.0125 2.5 1.8 

2 I137 31.7 0.0315 16.6 6.2 

3 Br89 6.51 0.153 21.3 8.6 

4 Te136 . 2. 12_ ·o.4s6 24.1. 5.8 

5 0.62 1.61 8.2_ 1.8 

6 0.07 14.3 ·2.5 
. 4 

Total Yield, f3, Per 10 Neutrons 75·5 24.2 
.·· 

•: 

4 Neutrons 

Pu239 

1.2 

9.4 

11.2 

10.5 

4.0 

36·3 

.. - ) 

I 
1-' 
1\) 
I 
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. whe:re·: 
-.I= average neutron lifetime~· ·including the effect of delayed neutrons, sec • 

. ~ = average neutron lifetime from release to loss~ sec. 

13 = summation of the fractional yield of all the precursors of delayed . 
neutrons~ 

/3, ' fi3e;o·,~ = 

t, , t 2 ;··, t 111 = 

fractional yield of each group of precursors of delayed 
neutrons. 

mean life of each group of precursors of delayed neutrons~sec. 

J- ~ = fractional yield of prompt neutrons. 

The equation is solved for I as follows: 

Now, /31 + f32 -+- .. · · + f3tn - f3 
A..=-m 

And, ~ -t, + f3e t2 + 0 

• • • + f3rn tm . ?: Fk. -t_;_ 
-<.=-I 

Where, f3..t.. = fractional yield of the A.fl,· group of precursors of delayed 
neutrons. 

t.;. = mean life of the A..th group of precursors of delayed neutrons~ sec • 

..<.=m 
Thus, I = ..1.- /3~ + L; !3.<. ik + )91. 

A.=-1 

Or, 

Now~ = decay rate per precursor in precursors per sec. 

Therefore, Eq. 3.1 can be written as follows: 

It should be noted that the lifetime from release to loss has been taken 

as constant for both the prompt and dela;}'ed neutrons. 
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From Table 3.1, """ = 0. / sec for uranium ... 235. Consider the 

previous example in which the excess multiplication was 0.001. 

n 

Then, the reactor perios is 100 sec. 

This is a decided improvement in terms of being able to control the reactor 

when a disturbance is encountered. 

The preceding approximation will yield reasonable results only if 8 k is 

smail compared to f3 • 
3·3 Kinetic Eguations With Delayed Neutrons 

The kinetic equations with delayed neutrons included will now be derived. 

The procedure will be the same as·for.Eq~ 1~4; however, the delayed neutrons 

must be subtracted and added at the proper time. 

The derivation begins with.the following statement: 

[
rate of ] 
increase = [

actual rate] 
of release 

factual rate] l of loss :. 

This expression is the same as for the case of no delayed neutrons, except 

for the word 18actual'' to distinguish between. neutrons and precursors of 

delayed neutrons. The symbol n will represent the actual number of neutrons 

in existence inside the reactor system; thUs;"' T is the actual rate of loss 

as before. The neutrons represented by n come from two sources: 

(1) prompt neutrons directly from fissions 

(2) delayed neutrons from the decay of precursors 

Although the decay of precursors releases delayed neutrons at energies con

siderably below that of the energies of the prompt neutrons, the energies 

of the delayed neutrons will be taken as being in the fission energy range. 

The multiplication will now be defined as 

k = rate of release of potential neutrons 
rate of loss of actual neutrons · 

The word 01potential11 means that these particular neutrons include both the 

prompt group released at. fission and the delayed groups which will be released 

later upon the decay of precursors that were formed at fission. From the 

019 

. ... 

.. 

.. 
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definitions qf k' n,.'' and .i; the rate of release of ~otentia:;t· ~e~rron~. is ·¥· .,. 
·a's befo11e. ·. · • ·. 

h t t t . kn f? T era e of s orage of neu.rons in precursors formed by fi'ssions is ·JL , 
which is the total rate of production of precursors. The symbol-~ represents 

the summation of the yields of all the precursors of delayed neutrons. 

In add'ition, the total ra:te of release of delayed neutrons by the decay of 
.A.-=m 

·m groups of pre·cursors is ~ A_ C _ 
-<.-=1 A. :,.(.. 

The value of C. · is the number of 
~ 

precursors of the A. +h group of delayed .neutrons _in existence at the present 

time 9 AL is the decay· rate per precursor of the i.th group of precursors in 

precursors per second. ·Then, A~ C;_ is the rate of release of the kth group 

of delayed neutrons. 

The loss and release of neutrons are graphically described by Fig. 3.1. 

The loss rate of neutrons by:;all. causes. is t , the loss rate by leakage. and 

absorptions not leading to fission is f ( 1 - +) . , leaving the fissi9n 

rate at ¥a- fissions per second. Thus, the .sum of_the release rates of w: ..ls.rL 
prompt neutrons and precursors of delayed neutrons is Jl. · Prec'ursors are 

being formed at the rate k lJ? , w:i,th the J..+h group being produced at the 

rate of kj/3i. o There are C;,. precursors of the A.tJ, group in the reactor. 

The total production rate of delayed neutrons by the radioactive decay of 
~.:=m 

precursors is L i\.. Co Prompt neutrons are being released at the . _, . :,(.., ~ 
.(.-

rate ,. (1- 13) o Therefore9 the total rate of neutron release is 

.l.:=m 
k n "". y(l-13) + ~ A.;..C;. 

The -.:f'ollowing equation may next be stated: 

[
actual rate] 
of release [

rate of release of] 
potential neutrons 

frate of storage of ] 
Lneutrons in precursors 

= ...krL 
fl. 

+ 
[
rate of release of] 
delayed neutrons 

·· .. -.. 
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kn i=m 
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Fig. 3.1 Neutron Population Loss and Gain,with Delayed Neutrons. 
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The complete different,ial equation may .be stated:. 

[
:ate :~f ] . 
l.ncrease = 

+ 

E!!l = qt 

orjl 

. ' ~ ~ .. 

.kn. 
J. 

rrate of release of] 
Lpotential neutrons 

[
ra:te of release. of]· 
delayed·. peutrons 

~ 
;;=-m 

+ 2: A.- c~ 
~ 

__ , A- ~ 

..(...- . .., 

;.:m 

[
rate of storage of ] 
neutrons in -~,precursors 

[act~l rate] 
of loss 

.lL . 3.4 
fl. 

[k(l-t3)~1] dn. n + ~- A.;,CL 3·5 - T dt .i.,=-1 

The differential equations for the delayed neutron precursors are also 

riecessai:'yo The rate of formation of precursors .. of the ~fh. group by fissions 

is k ~ §.;_ , in which foj;_ is the yield of the .J.. th. group of precursors o · 

The rate of decay of these precursors is A.;_ C;., o The differential 

equation for the precursors of each group may be stated: 

rrate of'] 
lincrease' = 

de-
=-:::::::& = dt 

{rate: of· 1 
lforina tionJ [

rate of] 
decay 

.;·:·· 

j.6 

There will penn equations. of this typejl one equation for each delayed neutron 

group. 

The kinetic equations will be restated for emphasis: 

dC· 
~: 
dt 

G22 
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3.4 Solution of the Kinetic Equations 

In general, both t and k are independent· va:i-iables, and C;, and n are 

the dependent variables in Eqs. 3·5 and 3.6. Under these conditions, Eq. 3.6 
represents nn linear first-order equations, but Eq. 3·5 is non-linear since it . d . 
contains both -jf and the product of n and k . The solution of these 

interrelated equations, one being non-linear, can best be carried out on a 

computing machine and will not be discussed in this section. Refer to Section 11 

on analog computing for an example of one method of solving these equations 

when k is a variable. 

When k is a constant, Eq. 3·5 as well as Eq. 3.6 are linear and the 

solutions are of the general form illustrated below: 

n 

I 

These e4uations are usually written in the more abbreviated manner of Eqs •. 3·7 

and 3.8. 

3·7 

and, 
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The constants in· the. ejtponents:~ represented by Wj are depend,ent .entirely 

·8n the value· .of k. und~r the. as.~umption that· 13...\. , A.;.. ~nil ;£' . do. not vary. 

The coefficients A j and. C.L j . are dependent on the initial conditions. 

The equations that provide the means of evaluating the various values 

of WJ ' Aj ~ and c.i.J will ·be derived. The equation for Wj will be derived 

first. Substitute Eq's. 3·7 and 3.8 into Eq. 3.6. 

,. ·-

This equality must hold for each individual value of j. 
wt · 

TbenJI divide by e :j ' and collect terms: .¥· .. ~. . . ' ' """~ : : .... -,. .. ~ ' 

,. ' 

or, 

This equality must also hold for each individual value of j. 

Divide • by eb>jt ; 

A
·- _1L -1. 

;;="' 

[k C 1- ~) -.1] .· + §, .A.t C;.j 

Substitute Eq. 3·9 into Eq. 3.10, then divid~ by Aj and multiply by ..f. • 
..;_~"" "\ fJ 

.1 w. . - [ k-( I .... 13) - I ] + k ~ A;: .c. 
~ ~=I .GVJ + ~~ 

(k-1} 

C2~ 
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Now, fJ = L /3.,;., 
A..=/ 

So: 

Write 
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as 
w j 13.t + A..t. /3.4 

WJ +A;.. 

in order to obtain a common denominator, and substitute this expression into 

Eq. 3.11. 

Then, 

.2~j - (k-1) 

k~ Wj ~.<: 
::: (k-1) - L, 

~:J Wj + )....;, 
Divide by k , and collect terms. ' 

k- L = ~ tAi ~m W.J ~..c:. . 
k k + £:;, .w..; + A..c:, 

The reactivity, represe11ted by P , is defined: 

Then,. 

0 - k-1 
/ - k 

3.12 

The units of Wj are per second, . the quantity T j has the. units of seconds. 
I Use, T, 

J 

,· ". 

• 
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Then)) 

Eq. 3.13 can be rearranged as follows: 

k: = I- .f 
When Eq. 3.16 is substituted into Eq. 3.12 

. ~=~ 

.f= .i..wj (I- .f) + ~ 
.;_=I 

This equati\on can be solved for P : 

f 

Either Eqs. 3.12, 3.14, 3.15, or 3.17 may be referred to as the "inbour formula" 

(Glasstone and Edlund, pages 298, 301, and 302). 

There are On+ I) numerical Values of (J.)j which will satisfy the inbour 

formula •. A graphical solution of Eq. 3.17 can be obtained by considering OOj as 

the continuous :variable (i} and plotting the curve in Figure 3~2. As W becomes 

large in either the positive or negative sense, JP becomes asymptotic to +1. 

Also, as lA> approaches any of the values of - )...L , the curve undergoes a 

discontinuity as sho:m· ··one otb~r discontinuity in f occurs as 6:J approaches 
.L "\ . -1 '"\. . ~1 - R.. The values of ":~,:range from 0.0125 sec for A 1 ,. to 14.3 sec 

for ~ 1 . from Table ::3·l.for ~nium ~ 235· The quantity l will have a 

value which probl!.biy, iies :between 103 and 105 sec -l. Thus, Figure 3· 2 is 

intended to be quai:ltati~~ only. Operating reactors will have a range of 

J> probably n~t gre~tly exceeding ( I+ f3 ) or being ·smaller· than ~1. The 

numerical limits ()f f are +1 for k ::+ao, and - cP for k = o. 
After the graph of Figure 3.2 is drawn, the (rn+ I) values of Wj can be 

determined for a given ~lue of f . A suggest~d method of identifying the 

various values of o0j is shown in FigUre 3.2, in which ~o bas the possibility 

of covering the range between.- 'A, and positive infinity. Note that U)e is 

·positive when the reactor multiplication exceeds unity, ~0 is zero when 

. • .. ~· 

G82 
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L _______ _ 

Fig. 3.2. General Graph of the lnhour Formula. 
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the multiplication is exactly \mity, and Wo is negative when the-multiplication 
' . ': .. 

is less than unity. All ·of' the· other values of' (.A)J are negative f'or all 

values of' k . 
The reciprocal of' W0 is . defined as the stable period To a and the - -i ,- :,' 

reciprocals of' w1 , C.Uce, "I , lUtrt, are defined as transient periods. At reactor 

multiplica1;ions greater than unity but less than (1 + 13), the value of' the 

neutron lifetime bas only a small effect on the stabl,e pe:r:iod. · Approximate 

values of the stable period for multiplications greater tban unity may be 

obtained from the curve in- Fig. 3· 3· .· 
The instantaneous reactor period, T', is defined as 

-~ [.tn. (n)] 
dt n . 

is really dh • (Refer to Glasstone, article 4.29, page 233, and to 

dt 
the footnote, page 364). 

T- h 

The instantaneous period ·is also graphically illustrated._in. Figure 3.4. 
;. .. . . 

, which 

For increasing ~lues' Of time,. the .value of n of Eq. 3.7 will asymptotically 

appr~ch that given by Eqs. 3.19 or 3.20 because of the_ ~uccessiviUy larger 

negative .values of (;)1., w2 , "I', l.A);,.. 

:n . Ao efAlot 

or, . . . . 
. ..:L 

n = Ao e ro 

.· .. 

At a sufficiently large magnitude of time, Eq. 3.19 is a reasonable approximation 

of Eq. 3.7. Then., from Eqs. 3.18 and 3.20: i. 
·- A eTc. 
T = ' oc -r: ) - = To - A eTc; - · .. To 0 . . 

The instantaneous period, T , will asymptotically approach To , and To 
. may be called the asymptotic period as well as the stable period. 

G32. 028 
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Fig. 3.3. Positive Stable Reactor Period. 
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~ext, the initial conditions will be uaed to derive the equations for Aj. 

Substitute Eq. 3·9 into Eq. 3.8. 

C..<. = k /"- 't"' A; W,jt 
J =o Wj + A;. f? · 

Now, at the instant of the· change in k, t = 0, and C.L = CL0 , then 

.. 

Assume steady state up to t = O, then, from Eq. 3.6, when ~~.i. = O, -~ = J, .~nol n =no 

Thus, 

0 = n~f3L - A· C · 
~ A.o 

or, 

c. 
~0 

Set Eq. 3.22 equal to Eq. 3.23 and solve for no . 

Aiso.P Eq. 3· 7 may be wri.tten for t = 0 • 

Eq. 3.25 represents one equation having (m +I) terms of A j" Eq. 3.24 .re

presents rn independent equations; one eqUation for each value of A~ from 

68~2 r 31 
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i = 1 through i 

terms of' WJ 

= m; each.·equati~~ Gont~ins (m +I) 'terms of' Aj.and (m +I) 

In· the case of' five delayed neutrons groups.? Eq. ·3.25 becomes: 

The five equations represented by Eq. 3.24 are as follows: 

no -y-
1 
I 
I 

no 
K 

A.,Ao +/\,A, + ____ +).,As 
Wo +A, w, r A, ()l)5 -t A., 

., 

Ae.A5 :.\2. Ao + 
c.Oo + Az. 

/\gAo + ____ + 
w, + itz . Ws + Az. -~).-:. 

I 
I 
I 

'AsAo + 
Ci>o +its-

I 
I . 

I· 

ASAI +----+ 
w, +AS" 

I 
I 
I 

Its As
w'S+ A5 

There are a total of six equations here.? with six terms in each equation. 

Once the six values of' W0 through Ws are determined f'rom Eq 's • 3.12.?. 3· 14)) 

or 3.17 :~ the six· values of Ao -thro.l.lgh A5 may be determined f'rom . the six 

simultaneous equations represented by Eqqs. 3.24 and 3.25. {also see Schultz:~ 

page 31). Then Eq. 3·7 may be written: 

The values .of Cij may be obtained from Eq. 3· 9· ,For .. f:j,.ye delayed 

neutron groups:~ there are·f~ve values of Ci:~ with six :Values· of Cij in each 

group. 
Next)) consider the case where ·the reactor has been at steady state; the 

reactivity is made slightly positive (or negative) 9 then changed again after 
. . . 

a certain time interval. 

For t < 0 .? the reactivity is zero)) the multiplication is unity 

For 0 ~ t < t, 9 the reactivity is f )) the multiplication is k 
(the unprimed symbols will be used during this time 
llnterval) 

For · t. ~ t, :J the reactivity is f' :~ the multiplication is k 
1 

• 

(the primed symbols will be used during this time interval) 

,._,. I' . (' 32 
~0" 0 
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The general expressions in Eq's. 3·7 and 3.8 are applicable to these new 

conditions for t ~ t, . The inhour formula, Eq. 3.12, 3.14, or 3.18 can 

o' or k' '·)~ be used with the new values / to determine the new ~ to use in 

Eq. 0 s 3· 7 or 3.8. The ·new values AJ can be determined by using the new 

bol,lDdary conditions as follows: 

For t ~ t, , from Eq. 3.21, 

. I 

_ l<'f3L f:m ,AJ ewj(t-t,) 
1. J=O U3 + A..(.. 

I c. 
;,I.. 

For t ~ t, , from Eq. 3. 7, 

j ::t'l') I 

n' - I A~ e£0Ct-t.) 
J=o J . 

Now, at t:::::. t, , Eq. 3.21 equals Eq. 3.26 and t- t, =- 0 , 

and, 

Then, 

j =m 

r 
J-=o 

k' f3;. 
i 

Also, at t =- t, 11 E9. 3· 7 equals Eq. 3.27 and t- t, =O. 

Then 

j=rn 
[A'. 

J-=o J 

Eq. 3.29 represents one equation with (m + 1) terms of Aj and of ~j· Eq. 3.28 · 

represents m equations, one for each value of ).L , each equa.tion containing 

(m +l) terms of A j and of A j and (m + 1) terms of Wj and of · ~ 

C33 
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There are no general Jt>uie·ss for the signs. and values of A.; . Each 
. . . 

solution will depend upon ~be initial conditions of the reactor. However, 

the following graphical process, based upon experimental data, will yield. 

a ·limited knowledge of the signs and. magnitudes of_· A.i • 
The known experimental behavior of a reactor-after a step increase in 

multiplication» with the reactor originally at steady state, is illustrated in 

A e Wot Fig. 3·5· After sufficient time 9 the dominant term in Eq. 3. 7 is 0 

and the appro~imate values of A0 .and OOo can be graphically obtained from 

the c.urve. In this case.11 both Ac and (;1)0 are positive numbers. 

Now )I 

Since Ao > no then 

[ A, + A2 + · H ~ + A'm] < 0 

requiring that at least one, if not all these A 9 S be negativ~~ 

When I n - Ao ei.Uot I is plotted as in Fig. 3o6p the •ipe~ling off 00 

process may be used to determine the approximate values of A1~ A29 ••• , Am 

as well as C.01 9 Wz .11 • • .. , Wm • All of these W 's and A's are negative 

since tbe slope of the curves will not r.everse sign. 

For a negative jP, n will decrease as·illustrated in Fig. 3·7; again 

from experimental evidence. Obviously)) Wo is negative. Here)> no ) Ao l> and 

The peeling off process will show that all the A9 s are positive because there 

will be no reversal of the slope of the "peeled off" curves. In summary" for 

.the reactor being initially at steady=state: 

For a positive ? : 
Ao and Wo are positive 

A, through Am are negative 

W 0 through Wm are negative 

For a negative· f : 
Ao through A, are positive 

W 0 through Wtr~ are negative. 
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Fig. 3.5. Step Increase in Multiplication. 
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The approximate dynamic behavior of a reactor under various circumstances 
. . 

has been computed and sketched in Figs. 3~8 and 3.9, and 3.10. The reactor 
f ' . 

was assumed to be at ste~~Y stat~ preceding the step change in multiplication . 

in each case. In Fig. 3&.10, the mt4tiplication was reduced to unity 10 sec •. · 
f . . " .. ,, .. : ··. 

after the initial step -increase. ·Only one group of delayed neutrons was 
I ~ .! 

considered ~n these calculations~ f3 ·_was taken as 0.0075, A as 0-.-08- sec -l, 

and ..R. as 10-3 sec. . 

The reactor power9 or fission rate 11 was assumed to be proportio~l ,to' 

the neutron population in these curves. This is an approximation, ·hdwever, 

it_ is quite common to refer to the reactor neutron flux and reactor--power 

as being· directly proportional. 

3·5 Initial Variation in Neutron Population 

For small step increases in k , from·the steady state, the neutron population 

will jump as if there were no delayed neutrons; then as the neutrons from the 

decay of precursors no longer correspond to the new level, the increase slows, 

and then rises exponentially on a stable period determined largely by the-delayed 

neutrons •. A study of Eq. 3·5 wiil reveal the situation. The aP;proximate 

height of the transient rise may be obtained by assuming that the rate of rise 

is so rapid that th,e rate of decay of precursors does not change during the 

transient. Rewrite Eq. 3·5~ 

.Qin=· .. ~- ll. t·k -~ f]!·.'
dt .. .l ... .. ... 

K n S ~.:=rn 
n + "' A.- C-~ ~ :..(, ::.l. 

.4.':/ . 

Under steady state conditions,-~~ = 0, k:. I , and Then 

·, ... 

where h and C.i..0 are -the conditions at the beginning _of th¢ ·transient.- ; 

Assume that the rate of decay of delayed neutron precursors remains constant ' 

at this initial value. Then9 

. ..rul_ 
dt· 
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or, dn -dt . 3·30 

For the case of a small increa-se iti· k, such that k f3 >. (k-1), [ ( K-1)- k t3] is 

negative. As n increases, the quantity 

fl.[(~ I). k ,$] + nof3 . · dn. J. 1\ - - . .. . . ----y- ·:becomes .. smaller and ·dt will .be 

zero at n =- n, 0 The. initial jump will be defined as nnp 
0 

At this point, 

and 

-/3 
k-I-kJ3 kfJ -(k-1) "3· 3.1 . 

A usefu1 app~oximation of Eq. 3.31 is given by Eq. 3.32 

:..lli ~ 13 
no }3 -$1< 

~ 
/3 fj-r 

Introducing a k of 1.001 produces an g! = 1.15. 
. . 

Note that· this approximate ratio is· also an approximation ·for A (Glasstone, 
. . 0 

Eqn. (4.25.1) page 231). ' · 

The foregoing approximation of the size of the jump also applies to the 

case of' a redud;;o.n .i·n k · .. K·_.< q · .• Here, [(k-1) -1<13] is again. 

negative and dt bas its largest negative value at t = o. 
In other words, 

( 
')fl 

:. J ~y 

at t =O 

• 



• 

. . 
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As n fa:tl~ 9 .. a po~~~--:;~_+;+.~ ...• ;pe· :~.e~¢h~.d. a~ n. =:::_. n1 such that 
• I . ~t\ t' ,: , ~. : ...... , t • • 

' •, 

T [ (K- I) - k ~] . . ~ . . . n1_f3 . 

At this point ~- -.;:~().~.-.;:}i~rld-._the ~tio of ~: is again given by Eq. _9 .. 31. 

The initial rate of change of neutron population may ~lso be determined .. 

At the instant of a step change in k from the steady state~ the rate of decay 

of precursors is ni fj ~ and Eq. 3.30 may be rewritten with no substituted 

for n. 
' . 

Note that this equation contains.no approximations. 

Rearranging~ 

dno :: h 
dt 0 

or.~~ approximately~ 

:r 

n' .k.=l. 
This. is approximately tqe initial rate of change of 0 Jl. -from Eq. 1.5 
with the delayed neutrons neglected. 

The solution of Eq~ 3.30 is a simple exponentia!' equation having a value 

of' no at t -=-0 ~ a~d with an asymptotic value of h 1 .P given by Eq. :;\.31. 

3~6 Approximate Valu~s of the Stable Period for Small and Large Reac~ivities 
An approximate expression for GUb at small reactivities will be 

derived. When the stable period is of the order of eoo sec, either positive 

or negative~ jwo I << I A., I . Thus, all of the q1.3ntities ( W 0 + A...t.) 

may be written as A.(. • Substitute this approximation into Eq. 3.12. 

_k_::j_ .,. . i I! ~ . + tln OOo ~.i. 
--y- - k ._ 1 A."" 

A..-

1<- I -:;: We [~ + th\- 13;:_ ] 
k . I< .i.~' A.,~.. 

-GB2: C ·:10 
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Since k is nearly unity)l a further approximation is possible. 

Now9 

..<.-=tn 
-1 +2: ·~;. 

A.=-f it..c:. 

Substitute Eq. 3~2 int.o 3·35)l and solve for Wo • 

k-i 
P.. 

3·35 

·, Eqo 3.·36 agrees with the simple assumption made in Section 3.1ll using Ego L5 

and Ego )".2o 

Whenever a reactor has a large negative reactivi ty·ll the stable period 

approaches -80o2 see9 as indicated by Figo 3o2 and Table.3.L Actually, this 

approach is quite rapid, and a value of k as large as O,'f7 :will produce 

a negative stable period ·shorter than 81 sec in a reactor using any of the 

three fuels listed in Table 3.1. 

A· simple algebraic process will obtain an approxima.te expression fo;r:;;,, 

the stable period for large·positive reactivities. The value of ~0 will be 

a:s-sume.d·.: to be sufficiently large that Cl>0 >> Arn where Am is the highest 

decay rate ·of any of the delayed neutron precursorso This condition holds 
. -2 

in the case of uranium~235 for stable periods of the order of 10 sec or 

shorter, which requires that k be something like lo02 or larger for a 
-4 '·., neutron lifetime of 10 sec.· 

.;.~· .. 

·Under these conditional' all of the quantities ( 000 + A..c,) can be written 

as C4) in Eq. 3.11. 

Upon 

And)l. 

k-1 
.. k 

simplificationg 

-~-I .l.t.Oo + k -· k 

Wo 
k-1-kS - .£. 

fl 

k(l-a)-/ - .R.. 

• 
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It should .be· noted ~hat Eq. 3~.37 i.s useful only . if [ k '(I -:- ,8) - J ] is 

su:ffici~ntly positive :that·. Wo >> ~~ .. At. the cond:i.tion::,that k· = I~ 6 Eq~ 3··37 

would give a value of zero for.~o, which is obviously in error. 

When · k ~ ~ , _ the reactor is prompt critical because the, :chain reaction 

can be maintained on prompt neutrons alone. This can be verified by 

rewriting Eq. 3.5 9 with the contribution of the delayed neutrons omitted. 

~~ -= .~ [k (1~13)-1] 
At· k-= I~J3 , ~~ -=-0, which indicates that the reactor-.. i·s.•capa'Qle of 

operating on prompt. neutrons alone at the prompt critical.condition. The 

multiplication at prompt critical is sometimes stated as ;(J.+ ;9) because 

I 
1-.B 

Near and above a multiplication of pro111pt critical, the reactor dyna~ic 

'behavior is almost entirely dependent upon the neutron lifetime,jl rather 
. I 

tban on ·the decay rates of .the precursors of delayed neutrons. This situation 

leads to considerable concern regarding the reactor safety system if the 

prompt critical condition is to be encountered. 

3·7 Momentary Termination of an Excursion 

Assume that the reactor is on the .positive sta.,ble ~riod To produced 

by the multiplication k . The new value of multiplication9 k' 9 requirE;Jd 

to momentarily halt this positive excursion will be dete~ined. The 

situation is displayed in Fig. 3.11. 

From Eq. 3·5 9 up to the time t 1 , · 

Under the· assumption that k has been constant sufficiently long for the 

effects ·of the transient periods to become negligible, the·· stable period 

and the instantaneous period are virtually identical. Also,- from the 

definition of the instantaneous period by Eq. 3ol8 

T=T= 
0 

I 

. \ 
\ 

n 
.9n. 
dt 

('42 
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Fig. 3.11. Momentary Termination of a Positive Excursion. 

'~ 

C43 I 



\ . ., 
Theni dh. 

dt 
n 
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Thus 9 from Eq. 3•5 

dn += (i)o ~ k (l-f3)-l 
j_ 

. . ~=m 

..t. w : k Ci- f3) -.1 + L 2: A.. c. 
o .· .. _ n .;,-:.1 ~~- A, 

After the step change from k to· k9 ~t ·the ~ime t 9 l1 the rate of change of 

. the neutron population is to be momentariiy zero,!) although k' < -~ . ' 
· Then, from Eq. 3· 5 at t -= t

1 
.v 

. ..<.=m 
0- ]' [k'(l-f3) -1] +];, ~~ 

.(.=m . . 

~0 t=A.~Cl. ~- [k'(J~f3)-1] 
~~I . . . . . 

At the time when the change from k· to k 1 
occurs l> n ::: n 1 

.and C .i. : C l .v 

therefore.~~ at t -:. t 0 P 

Substitute Eq._ 3.40 into Eq. $i.38. 

1wo - k (I ~ f3) - I - [ k 1 
( I - J3) - I] 

Therefore, 

k- k' - 3'.41 
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The difference between k and k' is extremely small for reactor 

conditions below prompt critical. For example, in the case of a uranium-235 

light water moderated system, f3 is approximately o. 0075 and ./!. is about 
~4 k 10 sec. A period of 10 sec requires to be approximately 1.003 from 

Fig. 3·3· 

Herep 

k- k'. - ( Jl('4 )( 10-D) 
I - D.0075 

- ID-s 

·k' .= 1,003 - 0, 00001 1. ooe99 

The multiplication must be reduced furtherto compensate for the gradual 

increase in the emission rate of delayed neutrons if .the excursion is to be 
dh' I<' terminated permanently. In order to hold d~ = 0 indefinitely, 

must be reduced ±n a manner that allows n• to remain constant at all times 

after t, in Eq. 3·39· 

The preceding analysis is not limited to positive excursions in reactor power, 

Eq. 3.41 is valid for both positive and negative periods. Naturally, 'the 

multiplication is increased, rather than reduced, to momentarily stop a power 

decrease. 

In ca-se the reactor is above prompt critical, the-·approximate value of 

kl 
to momentarily terminate the positive excursion can be found quite easily. 

Substitute Eq. 3·37 into Eq. 3.41 ....... 

k _; k' - ..t[kCI-13)-J] 
~ (0- ~) 

Therefore·, 

·k·' - 1-18 

-- I - 13 
l' .. ,. 

'! ' - ·. l '.;. ·~· 

~ ..... , ~ ... ~ 

A reduction·of the multipli~ation to prompt critical will momentarily reduce 

the rate of power rise to zero under these conditions. 
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KINETIC EQUATIONS OF A THERMAL REACTOR 

The Value of n bas been assumed to be the total population of neutrons 

of all energies within the reactor ... The assumption has also been made that 
~ . 

the delayed neutrons were released at fission energiesp when actually the 

· delayed neutrons originate at energies considerably below the ave.rage energy 

of the prompt neutrons. Under these assumptions~ c;~ is the total population 

of the ...ith group of precursors within the reactor. However.~> if desired~ h may 

be taken a·s the poplil.ation of neutrons within any desired"energy range. This 

concept ha-s been discussed previously in Section 2. 

Suppose that h of Eq. 3•5 is taken as the number-of the~l neutrons in 

the· reactor. Then» the C,;. of. Eq. 3.6 is no longer the total population of 

:a group of' precursors.~> but C;:. now becomes the number of precursors that would 

be needed ·if the delayed neutrons produced by the decay of these: precursors . . . . 

were released directly as ther.mal neutrons. Obviously9 the number of thermal 

neutrons existing within the reactor is ~ima.ller than the total population by 

some proportionality factor. Similarly» the number of precursors that would 
' 

be needed if the delayed neutrons were released directly into the thermal 
. . . . . 

group is 'smaller than the actual population of' precursors by the ·same 

proportionality factor. Eq. 3.6 indicates the relation between .the population 

of precursors to be. cons~dered and the populS.tion of the,_ I!leutrons within the 

energy range selected. Eqs. 3.5 and 3.,6 remain valid provi.ded that new 

definitions of h _and C...i are ~pplied. 
If the actual_1!:1i)ta'.Lip:r~&e~.cDit.<.:P.d~;t4-,00:; .. toge.tlier Lwi,t~~- 'the~mai:l :n.eutron..s only 

are consideredj the actual rate of-production of thermal neutrons may be 

written as follows: 

I 

. · [rate of productionJ 
· · of . 

thermal neutrons [

rate of production] 
= of.·prompt 

thermal· neutrons [

rate of production] 
+ of. delayed 

thermal neutrons 
= 
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The symbols have been defined in Sections 1.2, 3.2 and 3·3· 
The decay of precursors of delayed neutrons is assumed to releas~ neutrons 

at fission energy; therefore, the delayed neutrons reaching thermal energies 

are reduced by the resonance escape probability and the non-leakage probability 

during slowing down. 

Therefore, 

dnth= 
dt ~ 

rate of ] 
production of · 
thermal neutrons [

rate of · J 
loss of 
thermal neutrons 

Use the definition of k from Eq~ 1. 8 and the definition of 

Eq. 1.11. 

from 

·Thus, 

4.1 

Compare Eq. 4.1 to Eq. 3·5· 
The expressions for the precursors of delayed neutrons are as follows, 

considering the total population of a group of precursors: 

·de&. = 
dt [ . . ] rate of·.· 

.. formation [
rate· of] 

· decay ·· 

- v v t/> ~FF € Jt ~ A.;,. C;:. 

·Note that Y ¢ E'ffc is the. total number of fissions per second occurring 

within the reactor. 

•· 



Now,jl 

Thereforej 

Compare Eg. 4.2 to Eq., 3· 6. 
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; ' 
' 

The derivation of.Eqs. 4.1 and.4.2 did not include the slowing down time 

in the neutron life span. · Neutrons which reached thermal energies were properly 

taken as being fewer than those released either by fis!Sli.on .or by the decay of 

precursors because of the resonance capture probability and the leakage 

probability during slowing down. However9 these thermal neutrons were assumed to 

drop instantly from thedr emi. tted energies to thermal energies • 

. . J 

(lfl.:i 
·~· '..V:U 
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5. REACTOR WITH AN .INDEPENDENT NEUTRON SOtmCE 

5.1 Neutron Sources 

One of the sources commonly ·used in reactors is composed of beryllium 

and polonium-210 in which the high~energy alpha particles emitted by the 

polonium produce Be(o<~ n) C reactio~s. The actual strength of -the source 

in neutrons per second is a function of the source efficiency as well as the 

activity of the polonium. The source strength is usually given in curiesi one 

curie being 3· 7 x 1010 disintegrations per second of' the .. polonium. An activity 
6 6 . . 

of one curie will produce an emission of 2 x 10 to 2.4 x 10 neutrons per 

second. Polonium-210 has a half life of' 138.4 days 9 co~sequently the rate 

of neutron release will decrease accordingly.· Polonium-210 i's obtained by 

the irradiation of bismuth~209 in a reactor. 

Polonium-beryllium sources with initial activities of 50 curies (and 

perhaps ·higher) may be obtained. A 50 curie source 3 without· con~ineri can be 

fabricated as a cylinder 0.7 inches in diameter and 0.7· to 1.0 inches in height. 

The container is wrought ironi nickel plated. The density of the Po _:.Be 

mixture alone is about 5 grams/cm3. It should be pointed out that polonium and 

certain forms of beryllium are extreme health bazardsJ especially when ingested. 

Therefore 1 the source must be completely sealed. 

Another common reactor neutron source is composed of beryllium and 

antimony-124. Neutrons are released by the high-energy gamma photons emitted 

from the antimony which have (~»n ) reactions with the beryllium. Antimony-124, 

having a 60 day half-life, is produced by the irradiation of stable antimony-123 

in a reactor. The neutron yield is approximately 2 x ·lo6."neutrons per second for 

one curie. Source strengths of 40 curie~ are possible. This type of source 

is built up in strength by operation of the reactor in which it is placed, in 

constrast to polonium-beryllium which continues to decrease in strength whether 

or not it ·is subjected to nuclear radiation. 

The decay of natural uranium also provides a smail neutron source of 

approximately 15 neutrons per second for each kilogram of uranium. 

A neutron source sometimes used in .laboratorie·s is composed of radium 

and beryllium. The high-energy alpha emission of the decay products of radium 

cause neutrons to be released from the beryllium. At equilibrium, such a 

source decays with·the 1620 year half life of radium~226. Refer to the 

Reactor Handbook on Physics~ USAEC = McGraw-Hill, 1955· 
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Reactors containing beryllium or deuterium will have another source·of 

neutrons as an inhere'nt charact·eristic. .'Aftteir: the reactor has been operated .. 
at power» the decay of fission products will release gamma-radiation having 

sufficient energy to produce ( ?J"; · n ) reactions in the beryllium or deuterium. 

This source is not available for the initial startup~ and· will decay after 

a long shutdown period. Replacement of the fUel will also eliminate this 

source. 

The apparent'del.ayed neutron contribution will be somewhat larger in 

reactors containi~beryllium or deuterium than listed in Table 3.1. The gamma 

radiation from the decay of fission products immediately following their 

formation will cause the release of neutrons from the beryllium or deuterium. 

These photoneutrons will lag the fission neutrons in time and will affect the 

behavior· of the reactor in a manner similar to tha·t of the delayed neutron~ .. -
The aecay ·constant and yield of each particular specie of fission product emitting 

gamma energies sufficient to cause ( <;; n ) reactions in the beryllium will . 

determine the equivalent delayed neutron emission due to the· beryllium. There 

will be many such equivalent delayed neutron groups. The inhour formula~ 

Eqa. 3.12~ 3.14~ 3·15 or 3.17~ cannot be accurately applied to a reactor 

5.2 Subcritical Multiplication . 
The effect of adding an independent source of neutrons to the volume 

under consideration will be examined. The source neutrons are assumed to be 

spread out in both energy and space in the same manner as the neutrons from 

fissions. Eq. 3·5 becomes~ 

The source ~ is in neutrons per second. The source does not contribute 

directly to the precursors of delayed neutrons, thus Eq. 3.6 ·is applicable. 

Under 

also, 

dCL = 
dt A.- C-A., A. 

steady state conditions~ k must be somewhat less than unity, and 
. dC· _ 

the p:t;>e~ursor concentrations must be constant; "dr - 0 .. 
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Then, ~rom Eq. 3.6, 

\< n t3 
L , and Eq. 5.1 becomes dn = 

dt 1 [k-1] +5. 

· Now, since the sub-critical reactor is at steady state, dn 
dt =0 , and 

s ,_ k 

or, 

Note that the assumption bas been made that the neutron ~li~.et1'me is not 

affected by changes in multiplication. 

5·3 

The quantity t is the total n~utrons per second being reieased in 

the reactor. The quantity S is a constant; thereflre, 1l k represents 

a multiplication of the source. This factor of /- k is referred to as 

the subcritical multiplication of the reactor. (A discuss~on of subcritical 

multiplication is given in Glasstone and Edlund, pages 220-222). 

In critical experiments, the counting. rate of an instrument such as 

a fission chamber is observed and a plot made of the reciprocal of the 

counts·per second against the mass of fuel in the reactor. The counting 

rate is proportional to n ; thus, the reciprocal counting rate is proportional 

to ( I - k ) from Eq. 5. 3· I:t;~. Fig. 5.1 the intersection of the curve with the 

abscissa should yield the mass required to go critical. Many· factors combine 

to limit th~ extent to which this type of data can be extrapolated; however, 

the information obtained enables one ~o safely proceed with the experiment. 

See Schultz; pages 217-220. Note that k =- I does not define the steady 

state condition with a source present. 

5·3 Delayed Neutrons as a Source 

The concept of the delayed neutrons as a source of neutrons for an 

imaginary reactor that has no delays is helpful as a qualitative approach to 

reactor kinetics. Think of the decay of precursors as an external source 

supplying neutrons, and of the multiplication of this imaginary reactor as 

k -/3 , where k is the multiplication of the actual reactor. Tlien, at 

steady state, k ~I , and h -= no ; and the source is fJ!} neutrons per second. 

\.~ 
I 

.• 
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• 
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Fig. 5.1. Approach to Criticality. 
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Now, if the k of the actual reactor is suddenly increased to ( I + & k ) , with 

b k less than /3 , the new multiplication of the imaginary. reactor remains 

less than unity, and the jump is finite. The new fictional muitiplication is 

( I + b'k -/3 ) • Assume the source remains constant. 

Substitute the expressions for the .source and multiplication of this ,., . . 
fictional reactor into Eq. 5.3, using n, for the new neutron populatiqn 

after the jump rise. 

I 
1- (I+~ k- /3) 

/3 
,B- Sk 

Compare Eq. 5·4 to Eq. 3.31. 

•, •;. 

• ... j..>;. "f'~c· 

After the jump, there will be an increase in the precursor popul~tion 
'~ . 

of the actual reactor, followed by a gradual increase. in decay. rate. The 

fictional source theref9re begins to increase, prQducing-the continuous 

exponential rise in neutron population. Notice that the .imaginary reactor 

has remained- subcritical :.throughout· this. variatiou. 

. ., 

The _same type of argument can be used to-describe the effect of a 

sudden decrease in k • Quali tsti ve answers can be obtained for a change in . ~ .. 
k · while- the ·reactor is st'ill- in a transient caused by a previous change in 

reactivity~ 

5.4 Range of Neutron Level 

Consider a reactor into which a source bas been inserted. The range of 

power· level from shutdown to full power can easily be estimated. Eq. 5o~ 

is used to determine the rate of release of neutrons at the: shutdown condition. 

The rate of'release of neutrons at full power is determined from the fissions per 

watt-second and the neutrons released per fission. 

From Eq~ 5•2, 

. . written as I ~~O 
Take 3·x 10 

Then, 

the :ne:utrons r~l~ased .. _per.· se9ond while shutdown may be 

; where k 5 is the .·value of k shutdown. 

fissions/watt-sec., and 2.5 neutrons releas~d per fission. 

[

neutrons released] 
per second at 
power 

= (power in watts) (3 x 10
10

) (2.5) 

= (7.5 x l010)(power in watts) 

053 

.. 
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The range of fl::ux.ie.:V~l';:tan4 .<;if. ·pq\:1~1{ l;e:V~l, will be apprqx:Lmate.ly the same 

. as the range ·in ne~.on··~te.iea.;6·~··.·rete~ :Til-us, · 

neutron release rate at power 
Range - neutron release rate at shutdown 

= (Je5 
\ 

10 . 
x 10 )(power in watts) s . 

J..- ks 

= (power in watts) 
. 10 
(1 - ks)(7•5 X 10 ) 5·5 

5 

Take as an example a source of 107 neutrons/sec, a full power of 100 kw1 

and a shutdown k of 0.95.• Then, 

Range = 

As another example, consider a natural uranium reactor. Here, spontaneous 

fission contributes about 15 neutrons/kg-sec. The neutron source due to 40 
tons of uranium may be computed~ 

S = 40 x ~~~0 x 15 = 5·45 x 105 neutron/sec 

.If the reactor runs at 4000 kw1 and has a shutdown k of 0.95 1. 

6 ·. 10 . 
Range = (4 x 10 )(1 - • .Q5)(7.5 x 10 ) = 2•75 x 1010 

·5.45 X 105 

A range of 1010 is a substantial number of deaa·des to measure. Refer to 

Glasstone 1 pages 364-366 and Article 5,112; and to Schultz, pages 187-190. 

05~ 
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6. FISSION PRODUCT POISONING 

The effect of fission product buildup plays an important role in 

reactor control, especially in high-flux reactors having highly enriched 

fuel and low absorption materials. In the case of xenon-135 and samariuw-149, 

particularattention must be given to the very large capture cross sections 

and the time behavior. This subject is discussed in Glasstone and Edlund, 

Chapter XI, pages 315-316 and pages 329-339; in Glasstone pages 263-270; 

and in Schultz pages 248-250, 23-26, 54-58 and 237. 

6.1 Reactivity Change Due to a Poison 

The change in the multiplication of a thermal reactor due to the 

introduction of a neutron absorbing poison can be examined by means of 

the thermal utilization term. Take f as the thermal utilization term 

without pois'on, and f'' as the term with poison. 

f·-

..f' 

Where, ~Q.f = macroscopic absorption section of the fuel in -1 cross em 

La.e = macroscopic absorption cross section of the reactor, not 
including fuel or poison, in cm-1 

E. macroscopic abs.orption cross section of the poison in = em 
'P 

The addition of a poison to a thermal reactor has little effect on the 

multiplication except through the thermal utilization term. Assume that 

the multiplication was unity before addition of the poison. 

k-1 
k 

f'-£ 
f' = 

6.1 

6.2 

-1 
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Thereforei the rea:ct:J;:Vi;ty. after addit!hon of the poison can be expres·sed 

by substituting ;.E~iilJ~· ·6.i :a~d ·6.2· into: Eq~. 6.}~.: 

~ -'P. 

Note that the effect of the poison is less for "dirty 00 ·reactors which 

normally have high absorption cross sections than for "clean" reactors 

having low values of ~M • .: 

6.4 

A useful quantity ca.lleq the p9Jisoning,p P ~ is defined by Eq. 6.5 • 

.L:e 
r;a.f P= 

The poi-soning is equivalent to the absolute value of the reactivity change 

in a reactor in which all of the previous neutron absorptions had been in 

the fuel only. Thenjl Eq. 6.5 expresses the maximum change in reactivity 

that can be-caused by a neutron absorbing poison. 

6.2 Xenon Concentration 
Xenon~l35· has a capture cross section for thermal neutrons of about· 

3·5 x 106 barns~ therefore)) any appreciable amount will. have a large effect 

on the reactivity of' a i;lJ,ermal peactor. Tellurium~l35 is formed in about 5. &fo 
of the slow neutron fissions of uranium=235; this undergoes a series of stages 

of negative beta decay through iOO.ine~l35.v xenon-135,1) and cesium~l35 to· 

barium~l35 9 as follows~ 

Tel~5 .. n- Il35 6.7 b~ ' Xel35 9 2 h C 135 n 104 cw ) __::...:....!......:::::"'~., • r ) s c x yr ~ 

'135 Ba (stable) : . ..:. ··~ 

In addi tion
9 

xenon=l35 is formed directly .in about o. 3% of-- the fissions. 

Since the half life of tellu.rium=l35 is very much.smal,ler than that of 

its daughter iodine-135jl the analysis is simplified by assum~ng that iodine-135 

is produced directly from fission. The expressions for the iodine concentration 

may be written as Eq •. 6.6. 

di = -"A I - ~ ¢I 2: ¢ dt, I I + Oz f"f 6.6 

OSG 
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concentration of iodine-135 nuclei per cm3 

decay constant for iodine-135, 2.9 x 10-5 sec-1 

= microscopic cross-section of iodine-135 for capture of thermal 
. -24 2 neutrons, 7 x 10 · em 

2 thermal neutron flux, neutrons per em -sec 

= fractional yield of iodine-135 (tellurium-135) from fission, 0.056 
-1 = macroscopic fission cross section of the uranium-235 in the reactor, em 

The second term is very small compared to the first term and can be neglected 
~ 15 16 2 for values of ~ less than 10 or 10 neutrons per em -sec. 

Then, 

At steady state, and Solve for Io , the equilibrium 

concentration of iodine-135· 

I = 0 6.8 

'The equation describing the concentration of xenon-135 may be written as Eq. 6.9. 

= concentration of xenon-135 nuclei per cm3 

= fractional :y·ield of xenon-135 from fission, 0.003 

decay constant for xenon-135, 2.1 x 10-5 sec-l = 
= microscopic cross section of xenon-135 for capture of thermal 

t ~ 5 10-18 2 neu rons, ~· x em 

At steady state, ¢ = ¢o 
concentration of xenon-135· 

and dX 
dt = 0. Solve for X

0 
, the equilibrium 

n5t1 ,_ 

Ar Jo + ~ 2:f'f ¢o 
Ax+ 6x ¢o 



• 

Introduc.e 

(~ + '6Jt)~Ff ¢o 
'Ax+ <fx¢o . 
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6.10 

It can be seen in Eq. 6.10 that the xenon disappears by two mea:ns; (1) the 

natural decay term Ax X ~ and (2) the absorption term dx ¢ X . 
The equilibrium value of the xenon poisoning~ /?0 , can be found by means 

of Eqs. 6.5 and 6.10. 

6.11 

..... , ·~·· 

At values of thermal flux exceeding 1014 neutrons per cm2 .- sec~ 6x. ¢a >> Ax 
and the maximum upper limit•can be found. 

~t (~ + .~) 
~ = 0.84. 
~ 

For uranium-235, 

liL = 0.05. 

TbUSp the maximum possible decrease in reactivity due to the.steady state 

xenon concentration cannot exceed 5%· 

The next point to observe is the buildup of xenon following a reactor 

shutdown. Due to the fact that in a !~_gh-t:1~~ reactor a large part of the 

xenon-135 is being des~royed by the flux and due to the iodine-135 equilibrium 

concentration9 the concentration of xenon=l35 increases following a shutdown; 

that is, the iodine=l35 continues to decay to xenon-135 which is not being 

destroyed as rapidly due to the small flux after shutdown. The steady-state 

concentration ts troublesome; however, the' increase after shutdown is an item 

of real concern. 

The equation for the xenon concentration after shutdown of the reactor 

will be derived on the assumption that equilibrium conditions had been attained 

before shutdown. If the neutron flux were reduced to zero, the equation 

058 
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for the iodine concentration can be stated as Eq. 6.12. 

di 
d t = - "A1 I 6. 12 

This equation can be solved and the initial condition that I = 10 at t =- 0 
employed. 

The expression for the xenon concentration at zero flux can be obtained 

from Eqa. 6.9 and 6.13. 

dX X 
dt +Ax 

6.13 

6.14 

This type of linear first order differential equation can be solved by 

multiplying both sides of the equation by an integrating factor which 

will allow the result to be integrated as an exact differential equation. 

The integrating factor in this case is 

6.15 

The left-hand side of Eq. 6.15 is an exact derivative."':- '~-' 

6.16 

Substitute Eq. 6.16 into Eq. 6.15, and integrate 
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Use the initial conO.itiqn that X = X0 at t = 0 , and rearrange. 

X- 6.17 

The time, tM , after shutdown at which the xenon concentration has 
·.1~ . 

reached its maximum value will be obtained from Eq. 6.17. 

dX. _ 
0 

__ 
dt .-

Divide Eq. 6.18 by 

Write 
e-A.ItM 

e-A.:xtM 
as 

logarithm of Eq. 6.19, and rearrange. 

6.18 

, and rearrange. 

6.19 

, take the 

6.20 

The. xenon poison~ng; ~· , after shutdown can be computed by means of 

Eqs. 6.5, 6.8, 6.10, and 6~17. 
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22 
All of the numerical values of the constants are known, since );.ff is 0.84 :for 

uranium-235· Curves illustrating the xenon poisoning after shutd~ have 

been computed and plotted in Fig. 6.1. The time at the maximum concentration 

has been indicated in each case. An excess multiplication of approximately 

0.5 would be needed in a highly-enriched "clean" reactor in order to over-ride 

the xenon poisoning under all conditions if the average thermal :flux were as 
14 2 . large at 2 x 10. neutrons per em -sec. This would.require that the control 

·system have the capacity to raise the reactor multiplication from unity to 

1.5 at the time the reactor is started. The excess multiplication required 

probably· limits the average thermal :flux in the :fuel to something less than 
-14 2 2 x 10 neutrons per em -sec if restart is to be necessary at any time. 

6.3 Samarium Concentration 

The effect of samarium-149 is not usually serious during operation of 

the reactor although it does offer a limitation in the :fact that it is stable 

and does not decay after shutdown. Samarium~l49 is produced by the :following 

beta decay chain: 

47 hr ) sm149 {stable) 

The neodymium-149 is produced in 1.4% of the :fissions of uranium-235 in a 

thermal reactor, but the decay to promethium-149 is very short compared to 

the decay of promethium-149 to samarium-149. Promethium-149 will be assumed 

to be :formed directly :from :fission. 

6.22 

= 6.23 
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Pm = concentration of promethium-149 nuclei per cm3 

Ap decay constant for promethium-149, -6 -1 = 4.1 x 10 . sec 

op = fractional yield of promethium-149 (neodymium-149) from 

fission, 0,014 

concentration of samarium-149 nuclei per cm3_ Srn = 

ds = microscopic cross section of samarium-149 for capture of 
-20 2 thermal neutrons, 5·3 x 10 em 

The 

Pm 0 , 

~ 
dt 

equilibrium concentrations of samarium-149,~~0 ·, and of promethium-149, 

can be found from Eqs. 6.22 and 6.23 by taking both ~~ and 

as zero. 

6.24 

6.25 

The equilibrium poisoning, ~0 , of the samarium can be found from Eqs. 6.5 

and 6.25 

Numerically, 

Thus,. the steady state reduction in reactivity due to the samarium-149 

will be a constant no larger than 1. 2!fo regardless of the reactor power 

level. 

6.26 

The buildup of samarium after shutdown can be found from Eqs. 6.22 and 

6.23 by assuming the flux to be zero and taking the initial values of 

promethium and samarium as Pm0 and Sm0 respectively. 



Then, 
d5tn 
dt 

Integrate Eq. 6.28 

S R 
-).pt 

rn = - tn0 e + k 1 
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At t·::. 0., Srn = Srn0 ; then k, - Pm0 + 5m0 

Therefore, 

6.27 . 

6.28 

6.29 

The samarium poisoning, Ps , after shutdown can be determined by means of 

Eqs. 6.5, 6.24, 6.25, and 6.29. 

6.30 

Eq. 6.30 indicates that the poisoning gradually builds up and approaches the 

numerical value,. PscJ) , stated in Eq. 6.31. 

6.31 

This maximum value of the poisoning is only 0.042 for an average reactor 

thermal ·flux of 2 x 1014 neutrons per cm
2

-sec. Thus, the effect of samarium 

as a poison is small compared to the effect of xenon. 

6.4 R~actor Instability Due to Fission Product Poisoning 

Fission product poisoning can lead to a serious dynamic control problem, 
I . . 

especiJally in a "clean11 ·reactor operating near or above a thermal flux of 
14 . 2 . 10 peutrons per em -sec. A reduction of the flux, brought about by the 

I 
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control system, will be followed by an initial increase in the poisoning of 

both xenon and samarium, and the control system must act to prevent a shutdown 

of the reactor. Similarly, an increase in the flux to a new higher operating 

level will be followed by an initial reduction in the poisoning, and the control 

system must prevent further power increases. Thus, the change in poisoning tends 

to cause the reactor power to continue to change in the direction-of the original 

change, and this tendency must be countered by the ~ontrol system. 

In order for the instability to be present, the initial rate of change 

of the poisoning must be opposite in sign to the change of flux. The rate of 

change ofxenon concentration can be obtained from Eq. 6.9 .. Assum~ that 

equilibrium conditions have been reached, and that the thermal flux is changed 

from ¢0 to ¢1 at the time t 0 • The equation for the rate of change of 

xenon concentration at the time t 0 will be written, using the relationships 

of Eq. 6.9. 

Also, from Eq. 6.9, the following equation can be written to describe the 

equilibrium conditions prior to the change from ~0 to ~1 

Eq. 6.34 can be obtained by combining Eqs. 6.32 and 6.33. 

If the quantity ( dx Xo- Ox LFf} is positive, the initial change "\n xenon 

poisoning will be opposite,in sign to the change in flux and the xenon\ poisoning 

tends to create an instability. The value of X~ is a function of . ;~0 , 

and the value of ¢ox at which the. xenon poisoning tends to create ins-'tability 

682 065 
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·can be found by m~.ane~ ·of· Eq:e:·_ 6. 35 · , 

The xenon concentration Xox occurs at the corresponding thermal flux ¢ox 
Substitute Eq. 6.10 into Eq. 6.35,. use Xox for Xo , and. ¢ox for ¢c 
and solve for ¢ox . 

Numerically, ¢ox = 3· 22 X l'<Jf~ neutrons per cm
2 
-sec. 

Therefore, the xenon concentration tends to create instability ata thermal 

neutron flux greater than 3.22 xlot1 neutrons per cm2-sec,, but the magni~ude 
of this instability is probably not. significant at flux levels below 1013 

2 neutrons per em ~sec. 

The effect ·of samarium poisoning always tends to produce instability, 

but the effect is relatively small compared to that of xenon. The initial 

rate of change of samarium after a change in flux can be found 'byr-·means of 

Eqs. 6.23, 6.24,· and 6.25. 

- Op ~ff ( f/Jo - t/J, ) 

• 

' 

The assumption .has been made that equilibrium conditions':":Qaq_been attained before 

the flux .:was changed •. Note that the initial rate of change,,-~ sama:rium 

poisoning- is opposite in sign to the change in flux. 

The preceding analysis merely indicates that the tendency toward 

instability due to fission product poisoning exists under certain conditions. 

Further analysis is necessary to determine the extent of the problem. 

:.· .. 
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1· TEMPERATURE COEFFICIENT OF REACTIVITY 

Glasstone and Edlund contains a brief discussion of reactivity 

temperature coefficients, pages 339-344. Also, see Glasstone, pages 

255-2~1. 

The effect of·a temperature coefficient to be discussed in Sections 

7.1 and 7.2 is assumed to be that of a single coefficient associated with 

the mean temperature of the fuel. The mean temperature of the fuel is a 

rather nebulous thing, and no single temperature or temperature coefficient 

· actually exists. For example, a thermal reactor fuel containing both 

uranium-235 and uranium-238 will exhibit a Doppler broadening of the 

uranium-238 absorption'resonance which depends on the fuel temperature. 

However, the effect of this Doppler. broadening will depend upon the 

energy spectrum of the neutrons incident upon the uranium-238, and this 

spectrum is a function of the moderator temperature. The various partial 

coefficients which combine to form the total coefficient may vary in 

magnitude and sign, and they vary differently with respect to time and 

reactor power. 

A heterogeneous reactor such as a graphite reactor ·with·solid fuel .. 
cooled by light water in.tubes around the fuel is an interesting case. 

The fuel may contribute to a negative coefficient which acts essentially 

instantly on heating, the cooling water may contribute to a positive 

coefficient slightly slower, and the contribution of the graphite to the 

overall coefficient may again be negative but on a much slower time scale 

due to the large·heat capacity and the small amount of heat released in 

the graphite in comparison with that in the fuel. In such a reactor, it 

is interesting to note that if the flow of coolant is interrupted it is 

quite possible that a dangerous situation could be brought about by boiling 

in the coolant tubes·and the condequent increase in reactivity as coolant 

is expelled; such a situation is to be avoided in the design if at all 

possible. A negative temperature coefficient is desired to provide 

stability • 

. 7.1 Reactor with Constant Heat Removal Rate 

The following special case is taken from notes by A. M. Weinberg and 

will serve to illustrate the effect of the tempemture coefficient. Consider 
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a bare, ·homogeneous reactor. Think of the reactor as a feedback system 

in which a change in reactivity will change the fission rate, \mich in 

turn changes the temperature and density of the reactor; this makes a 

change in the reactivity, and the loop is completed. As usual, in such 

a situation, the question is one concerning stability. For simplicity, 

neglect the delayed neutrons which, for most cases, exert a damping action~ 

The heat removal rate is P~. and is constant, k changes li~arly with the 

temperature· o:f the reactor •. The :following symbols will be used: 
.,_.' 

'..!.. : .• 

t = time 
i" ·. 

PR= average instaneous power produced by reactor 
·i'" ,. ,(~!j.,~·-.l'? ~~ ··:·t.: 

7i. = steady~state temperature 

7 = average instantaneous temperature of reactor above '1J.. 
PI;-:; = heat re~?Ya.l. rate 

Q = heat conte~~ o:f the system 

s = thermal capacity of the system per degree of temperature 

7·1 

Also, 8 k = s·ko + oT~ net excess k 

Where, 0 = temperature coefficient of reactivity per degree of temperature. · . ., ~ 

excess· k which is put into the reactor by extraneous means at 

time t = 0. 

The reactor has been operating at k = 1. 

From Eq. 1.4, 

dn __ Js.;;J. n _ o k n 
dt - R. - £. 

. Now, if the power is proportional to the neutron population, 

d ~- ~-:;6 1< ·f6 ·= tor&+ ?rr2 FJ 
.. d(.. f R _f 

Next3 divide Eq. 1·3 by Eq. 7.1 

dPg = ~ ( b ko + 0 T) 
Sdt .1. ( ~- ~) 

Rearrange Eq. 7•4 

~-Fe d~ 
~-
R 

1 (81<o + oT) dT 

1·3 . 
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or, 1 (~ko +aT) dT 

Integrate and use the boundary conditions that PR.= P~. ana_ 7 = 0 at 

steady~state. 

· J. S T 2 

(~- FC· ) - t> [ h ( f?) - k ( ~) = 7 (8 ko T + o 2 ) 
Divide by PI::, and rearrange [..t-n_ (~)-k ( ~)] 

7·5 

The exact behavior· will depend on the solution of the equation· for the 

condition at band; however, the following situations are possible: 

For ~>O , (positive temperature coefficient) the system is always 

unstable, i.e., for-z'>o, PRincreases and the system is regenerative. 

Foro< O, :.·(negative temperature coeffi-cient), the system will 
,. d7 ·. 

oscillate. From Eq. 7.1, PR= P.,_ when dt =.Oo These points define the 

maxima and minima o 

For PR= Pl.: .. iJ:l Eq. 7o5, 

Sko T + 0J2 
=0 

Obviously, this equation is satisfied if'T = o. Also, the equation may. 

be written, 

Then, 

Thus, 
~ ...... ... .. .. ~ 

and, = 7: I 7-7 

Now consider a slow increase in k with r-being negative; by the time 

S k0 has been put into the system, the effect of the temperature rise will 

just balance the increase in k o 



Then, 

7.2 Power Reactor with a Negative Temperature Coefficient 

A qualitative discussion of the behavior of a power reactor having 

a negative temperature coefficient of reactivity follows: 

7.2.1 Step Insertion of a Positive Rea~tivity. (Refer to Fig. 7.1) 

The step insertion at time t 1 of a positive reactivity 6ko into 

a reactor operating at ste~ state places the reactor on a positive period. 
dT dT 

At time t 1, PR = PL ; therefore, S dt = o, and eft = 0 by Eq. 7.1. Thus 

although the ;reactor power begins to rise instantly;'at t 1, the temperature 

remains constant for the first instant. As the power increases, PL being h~ld 
dr ~ . 

. constant, elf increases and the temperature begins to rise. Since o is ne.gative, 

as the temperature rises, the reactivity d~creases and the rea~tor period 

increases, as indicated by the continuously decreasing slope of the plot of ~ower 

against time. 

At time t
2

, PR 

also be a maximum. 

dT 
has its maximum value; therefore, from Eq. 7.1, dt 

Since PR :1i$J ·~~ ~ .. ~than PL , the temperature 

continues to rise, producing a negative reactivity. 

must 

. dT and At some ,time t 3, PR becomes equal to P~ , dt becomes equal to zero 

the temperature reaches its ~ value and begins to decrease. The maximum 

possible value of the temperature rise is given by Eq. ].6. 
In. general, the step insertion of a positive reactivity will cause 

the temperature to overshoot its final value, then to approach the. final 

value with oscillations of decreasing amplitude. :The reactor power will 

oscillate with decreasing amplitude aboUt its original value and eventually 

will become constant at the original value. Usually, there are no more 

than one or two oscillations. As 0 is increased in the negative sense, the 

frequency of oscillation increases while the power undershoot and tempe~ture 

overshoot decrease. 

7.2.2 Step Increase in Load Power Demand (Refer to Fig.7.2) 
'" .. \ 

A step increase, at time, t 1, · in the load power demand PL makes 
. dT 

both (PR ~ P~ ) and dt negative, from Eq. 7.1. The reactor temperature 

begips to decrease instantly, causing the reactivity to become positive, thus 

placing the reactor on a positive period. As the reactor power output 
dT · dr d~~ 

increases, dt decreaselil . .mxtll·Gt;f;mett2, when PR = Pa. , and both dt and dt 
are zero. 

0.1",0 
' ' 
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Since the reactivity is still positive, the power output continues to 

rise, and the temperature begins to increase because the reactor power exceeds 

the load power. The reactivity begins to decrease until, at sonie time t 3, 
the reactivity becomes zero and the temperature is equal to its original 

value. At this point, the reactor goes on a negative period. The.power 

output begins to decrease, but the temperature continues to increase, since 
di . 

PR is greater than Pit;. At time t 4, PR = P'v and dt = O, therefore the maximum 

temperature and minimum reactivity occur at this point. P~er, temperature, 

and reactivity, oscillate and eventually PRstabilizes at the new value of 

Pit•' while teinperature stabilizes at its original value. 

7.2.3 Gradual Changes in Load Power Demand and Rod Position 

In the previous discussion, only the average temperature of the 

reactor has been considered. To determine the effects of changes in load 

power and rod position, the :n)B.Ximum and minimum temperatures of the coolant 

or working fluid must also be considered. Refer tb Fig. 7. 3. 
A. For 'a ctinstant :now rate. (1.,.,

0
., - T . ) =;.:i1 Ttr .~~hl?r..ro>.cr~~pnal to 

' ...........,. mlll ·· ·· 

Pa. ; therefore, a· gradual. increase in Pa... requires a gradual. increase in 
~· 

4 T from fJ. T, ,to some greater value A 72 . Since there is no motion of the 
·~·· t ·.::. ••• ' "" 

control rod, the average . temperature Z. is unchanged during the load mean 
increase. 

B. In the case of graduaJ. rod withdrawal, assuminK P""' to be constant 

J).i will remain· constant. The average reactor temperature, · T- 1 will rise, 
· mean 

however, in order to cancel the positive reactivity produced by rod withdrawal 

The temperatures T and Tin of the coolant must increase by the same · max m 
amount in order to ·maintain the same value of .4 T. Note that in order to 

maintain the heat removal rate PL , constant as the maximum temperature of . v . ' . 

the coolant increases, appropriate adjustment of the heat removal device is 

necessary. Al.so, note that the rod is the means of controlling the mean 

temperature of the reactor. Refer to Eq. 7.8. 

I •,' 
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8. START-UP TRANSIENTS 

Consider a reactor having no temperature coefficient of reactivity 

in ~hi~h the·.only method of ch~ging· K is by insertion or withdrawal of 

neutroli absorbing rods. In the design of the safety and control system 

the ~e.·s$4\on often arises; how fast is it safe to withdraw these rods 

during a stazo:t-up? This. is an important question as it may be desirable 

to have a rapid start in order to beat the xenon buildup as well as for 

general economy of operation. 

8.1 Reactor Safety During Start-up 

The continuous withdrawal of the control rods will ~a\lSe progressively 

shorter periods as. well as progressively higher power __ leyeJ,.s:~· Start-up 

transients of a reactor using uranium-235 for two different rates of 

increase in I< are shown in Fig. 8.1. These curves were taken from analog 

computer results reported in WAPD~TM-1, "Subpower Range Start-up Transients," 

6 . -4 by E. G. Good, March 195 • In each case, the neutron lifetime was 10 

sec, and the initial value of k was 0.90. In the first case, the rate of 

increase in k .·. wa~ ·lo-3 per second and in the second case, the rate -was 
-4 

10 per second• · 

In both cases, the reactor became critical at a power level about 70 

times greater thaii the source level. Thus, the power at the illstant k is. 

unity is probably within the mUJ.iwatt to watt range. If the source level 

were one milliwatt, the power would rise to 1000 megawatts only 9 seconds 

after the reactor was critical with a rate of increase in k of 10-3 per 

second. When the rate of increase in k is reduced to one-tenth the former 

rate, the power requires 60 seconds after critical in order to rise to 10 

megawatts. In the .first case, the reactor perd:od is less than 70 milliseconds, 

and is longer than one-half second for the slower rod withdrawal. Note also 

that with the fast rod withdrawal, the reactor became prompt critical only 

7.5 seconds after becoming critical, whereas the reactor was always below 

prompt critical for the slower case. The requirements of a safety system 

are far more stringent in the case of the faster rod withdrawal. If the 

safety system were to be~in to insert the control rods at a power level 

10 decades above the source level, in the case of the faster rod withdrawal, 

the power could continue to rise until the· reactor multiplication was reduced 

075 
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to approximately prompt crit"ical. Refer to Section 3· 7. 

Note that the contribution of the delayed neutron precursors is quite 

small by the time the reactor is above prompt critical. The precursors 

having the longer half lives suffer the greatest relative decrease in 

effectiveness. 

A·computing machine offers one of the most powerful tools· ·in analyzing 

the transient behavior of the reactor during start~up accident. The rate 

of insertion of the control rods for safety action3 together with any 

change of I< due to temperature increases should be taken into account. An 

analog computer was used to obtain the- curves in Figs. 8.2 and 8.3. 

Fig. 8.2 ilJ.ustrates, at least qualitatively, a start .. up acc·ident of,. 

a 700 Mw gas=cooled power reactor. These curves were taken from ORNL~2676, 

"G~s~Cooled Reactor Project Semiannu.aJ. Progress Report for Period. Ending 

December 3li 1958~·" The rod withdrawal was assumed. to continue indefinitely, =4 . 
increasing k at·the rate of 10 per second. The power e~cursion was 

limited only by the temperature rise of the fuel acting through the negative 

temperature coefficient. No heat was removed from the fuel during the 

excursion. Although the power did not rise to an excessive value, the 

control rod withdra~ must he stopped to prevent the melting of the fuel. 

The curves in Fig. 8.3 indicate the reactor power level during the 

s.afety action of a swinim:i.ng~pooi type reactor. The reactor was assumed to 

be on a·period ·of 23 milliseconds with negligible. delayed neutron contri

bution at the instant of the start of safety insertion of the control rods. 

The non=linear relationship between the rod position and K has been taken 

into account in this a.na.lysis. Refer to Fig. 8. 4. The rods were assumed 

to be initially fully withdrawn, full rod-stroke was taken to be 22 inches. 

The curves in FigS •. 8~ 3 and 8. 4 were taken from ORNL=2318, "Reactor Safety 

System Response, II and are not limited in application to the start~up accident·;.;. 

8.2 Lower Bound of ~'Reactor Period In A Start~up Accident 

The following approximation of the ,lower bound of the reactor period 

during a start=up accident is obtained from work by H. W ." Newson. The 

value of the shortest possible period the reactor can reach during continuous 

rod withdrawal is to be determined. 

Assume that k is :increasing linear;ly with time and that the reactor 

is considerably above prompt critica£ when the neutron level n, is reached. 
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The a.nalysis concerns. the reactor at neutron levels sufficiently high that 

the source term can be neglected. Start with Eq. 3.5. 
;_;=m 

.9.n. = (k(l-J3)-1]~ +~A-C· 3.5 dt . ..(, A.=/ :..<.. :.<.. 

Next, define an exi>ression containing a c9nstant R which relates the . 

rea~tor multiplication and time. 

8.1 

I 
The reactor is prompt critical at t =0 in Eq. 8.1 because k = 1- f3. at 

that instant. Also, · --~· 

. 41<. 
R = (l-f3)dt 

-~ .9.k 
- dt 

Therefore3 f( is directly proportional to the rate of increase of K and 

has the units of recirpocal time. The value of R will be approxilnately 

proportional to the withdrawal velocity of the control rods, because the 

change in K is almost linearly proportional to the rod ~osition except 

near the upper .am· iO'W'er limits of the rod stroke; refer··: to Fig. 8.4. 
Substit,ute Eq. a:i:into· Eq. 3.5, and divide by n . 

From Eq .. 8. 2, . 

.. ..... ::· ... ::: .... .. ,, 

dn 
at. 
n > ·Rt_ 

1!. 

8.2 

Integrate this inequality, and use the bound.ary conditions that n ~· n~· at 

t ~o ' corresponding to prompt critical; and that n'-=- n,' at t -=t; ... The. 

value of n 1 . is l.!3,rger than n p by at least one or two decades. 

At t, ·, .. th~ cQJntribti.tion due. to the decay of precursors of delayed neutrons 

should be negligible compared te the pr~t neutrons from fission, refer 



to Fig. 8.1. Then, from Eq. 8.2, 
dn, 
dt Rt, 

p_ 
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8.4 

The instantaneous reactor period, 1j , at the time t, , can be determined 

by means of Eqs. 3.18 and 8.4. 

I --
II 

Solve for t, . 

dn, 
dt 
n, 

t, .1l 
Rt, 

Rt, 
.L 

Substitute Eq. 8.5 into Eq. 8.3 

h- -Rt > e ~ t,e. 
-Rearrange, and take the sqUare root of both sides. 

' , I .e 
V eR.tn~ T, 8.6 

The actual value · of·"·' ~· is probably not known, but the ~ue 0f g~ 
can usually be estimatfd. The n.eutron lev~l before start-up is no 

' 
>v)eRi~ T, 

The inequality represented by Eq. 8. 7 i~ greater than that in Eq. 8. 6. 

The value of the riglit hand side of either Eq. 8.6 of Eq. 8. 7 is smaller 

than the actual react0r peri0d at the::.instant the power level n, is reached. · 

(Refer to Glasstone, page 352, Eq. (6.116.1). It must be emphasized 

that this derivation should be used only for a rough estimate, and then 

only for multiplicati0n increase rates no smaller than 10-3 per second 

and periods n0 longer tpan 0.1 second. 

A short descripti0n of the safety considerations to be taken at start-up 

are given in Glasstone, pages 352 and 364~367, and in Schultz, pages 226-236. 
The folloWing references also include material 0n the start - up 

accident: 
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WAPD-~3, "Solutions of the Pile Kinetic Equations when the Reactivity 

is a Linear Function of Time'!, by Sylvan WaJ.J.acli. 

Nucleonics, Vol. 5, July, 1949, page 61, "Derivation and Integi'ation 
I -

of the Pile Kinetic Equations:" .. , by H. Hurwitz, Jr. 

AECD;,3163» "Automatic C0ntrol of Power Reactors", by M. A. Schul.tz 

Nucleonics, Vol. 12, No. 31 March, 1954, page 57, "Safeguard Considera

tions for Nuclear Power Reactors"·, by H. Hurwitz, Jr. 

ORNL-23189 "Reactor Safety System Response" 

WAPD"'TM"'l, "Subpo'Wer Range Start-up Transients", by E. G.· Good/1956 

AERE RE/R -~486 , "Linear Increases in Pile Reactivity", by T. E. Bumup 

1954 
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9. MISCELLANEOUS CONSTANTS AND TEBMS RELATED TO REACTOR CONTROL 

9.1 Rod Calibration 

The worth of control rod can be determined by an experimental means, 

as described below. 

Assume that the rod to be calibrated is one of' several in a particular 

reaqtor. The reactor is brought critical with the selected rod at a desired 

position •. The power level should be several. decades below the point that 

will affect the temperature in order that any temperature ·coefficient·of 

reactivity will not affect the .results. The rod to be calibrated is then 

withdrawn a sligb.t·amount to put the reactor on a fairly long stable period. 

After the elapse of- sufficient time to allow the stable period to be 

determined by the nuclear instruments~ the reactor is shut down. The maximum 

power must be limited in order to produce no temperature rise. A power rise 

of about two decades on periods at 15 to 300 seconds should be ~atisfactory. 

The period is obtained from the logarithmic plot of power against time. 

The process is ··repeated with the rod to be calibrated at a new position. 

when the reactor is again brought cri ticaJ.. Naturally the other rods are 

at different positions, too. 

The experimental·data recorded are the rod positions before and after 

the rod movement:, a.nd the stable period resulting from the smaJ.l withdrawal. 

The positiv~ reacti:Vity inserted by the rod movement can be determined by 

means of the inhour formula. A curve ~bowing the relationship ,of stable 

period to positive reactivity will be helpfuL The ~ per unit of rod 

motion, and th~ .,average of the rod position before and after each movement 

are computed. Th!ls reaativity per Unit of 'iOO. motion is pl?tted against 

the average value of each position to obtain a differential plot of reactivity 

change. Refer to Figure 9.1. The curve."of reactivity against rod position 

can be obtained by integration of the area under the curve in Fig. 9.1 as 

shown in Fig. 9.2. 
A certain amount of error ·is introduced by the change in positions 

of the other rods as the rod being calibrated is set in a new position each 

time- the reactor is brought critical •. 

Refer to ORNL-1682, "Reaqtivity Measurements with The: ;BiJlk Shielding 

Reactor", by R ... G. ·Cochran)) J. L. Meem, T. E. !.9ole, and E. B. johnson. 

Gd2 GS3 
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Usually, the.worth of one control rod is quite small, having a total 

value of the order of 0.05 in terms of' s: in Fig. ;9:;ft:~::' In such a case, 

there is an insignificant difference between rod worth stated in terms of 

S k or in terms of' reactivity. However, there may be a considerable 

difference between reactivity ana s·K for the complete roa system of a 

reactor. For example, it is difficult to obtain an accurate meaning from 

the statement that the worth of all the rods .taken together is 20'/o. If' k 
were unity when all the rods were fUlly inserted, their reactivity worth 

could be taken as ~ • ~~ • On the other hand, if k were ~i ty when all 

the ~s 1-rere ftdly:'Withdrawn, their reactivity worth coold be taken as ~:~~ • 

Unqualified numerical values of' rod worth should be taken as meaning the 

approximate change in reactor multiplication brought about by changing the 

rod position, whether the worth is stated in terms of ¥- o.r Sk 

9.2 Measurement of The TemPerature Coefficient of Reactivity 

Once ·a control rod has been calibrated, the over-all temperature 

coefficient of reactivity can be measured. Some means of varying the 

average temperature of tbe reactor is necessary. Proper manip~ation of 
the nuclear power and of the heat removal system may provide this means, 

or auxi~iary heat may be necessary.·;· 

T.he reactor is brought critical at a known temperature and the position 

of a calibrated rod is recorded. The temperature is changed to a new known 

value and the reactor is again made cr~tica.I 'by adjusting only the calibrated 

rod, leaving the other rods fixe.d in position. The change in reactivity 

introduced by the change in rod position is determined from ~he ~od cali~ 

bration. This reactivity change, divided by the temperature change; is. 

the temperature coefficient of reactivity. 

Considerable care should be exercised in producing the temperature 

change. A reduction in temperature is safer than an increase. A rise in 

temperature wouldstart a positive power excursion in·a reactor having a 

positive temperature coefficient, which in turn, would raise the temperature 
-

and continue ... ·the excursion until the reactor multiplication were reduced by 

an independent means~· :. If the reac·tor had a positive temperature coefficient 

a reduction i~ temperature would cause a downward power excursion; if the 

temperature coefficient were negative, the reduction in temperature would 

cause a power rise, but the negative temperature coefficient itself would 

limit the excursion when the reactor temperature started to increase. Reducing 

GS2 085 
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the temperature slowl.y, while simultaneously holding the reactor flux constant 

by withdrawing the calibrated coritll::iol rO'd is one fairly safe· method of 

· performing the experiment. The safety system should provide for the safety 

of the reactor even with a continuous withdrawal of the calibrated control~ 

rod at its maximum possible speed. 

9·3 Coefficients Related to Muitiplication Factor 

T.he multiplication factor k is actually a function of many variables, 

some of which· ~re inte.rdepemdent. For example, the multiplication will be 

a function of c~~~r?l rod displacement, of fuel and moderator .. temperature, 
.. . 

and of xenon and samarium poisoning, to mention only three of the more 

common variables of concern to reactor control. Of these three, the control 

rod displacement is the only independent v,ariable, both temperature and 

fission product poisoning are dependent upon the reactor: power and past 

history of the ~operation of the reactor o It has alrea.a.y, .. been pointed out 

in Section 6.4 :that tlie fission product poisoning can vary with time although 

the reactor power is held constant. 

The variables which affect the multiplication factor are often called 

"coefficients";' such as temperatru.re coefficient and power coefficient. 

These terms nru.st be u~ed with care and properly defined in o.rder to convey 

the intended meaning. · It should be noted that these coefficients can be 

taken to be constant.only over a limited range of reactor operation. 

9. 4 Units of React.i vi ty 
\ : . 

Two terms often used in speaking of reactor kinetics are: (1) in~hours, 

and (2) dollars. and cents 0 The first term is that amount of reactivity that 
:, : '• . . 

will produce a period of one hour. The second term is defined in terms of 
, ·,.:- r , ,._ 

the delayed neutron fractionj one dollar in reactivity is sufficient to allow 

the ·reactor to be self~sustaining without the delayed neutrons. Therefore, 

one dollar of reactivity will make the reactor prompt critical. Of course, 

one cent is equal to 0. 01 dollar. 

'' 

n C> 6·~ uov 
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10. CIRCULATING FUEL REACTORS 

The reactors previous~y considered had stationary fuel, thus, the 

delayed neutrons were released at the point where their precursors were 

formed inside the reactor. When the fuel circulates through the reactor, 

through a heat exchanger, and through the interconnecting piping, part of 

the delayed neutrons .are released outside the reactor core. Those precursors 

which decay outside the reactor contribute no neutrons to help sustain the 

nuclear reactions. This condition can be analytically described by a modi

fication of the kinetic~:; equations to account for the loss pf :Part of the 

delayed neutrons. 'Tb.e method to be described for accounting for this 

reduction in the delayed neutron contributions is based upon unpublished 
· work by E. R •. MB.nn. ··· · · 

8. . . ~' ~- ·, . " • ~. 

10.1 Delayed Neutron Precursors in a Circulating Fuel Reactor 

The fraction·of the precursors of delayed neutrons that are usefUl 

to the circulating fuel reactor under steady state conditions will be 

computed. The ratio expressed in Eq. 10.1 defines the fraction of the 

delayed neutrons which are being released inside the reactor core. 

where,· 

AI. .C;_ 

A..t.CT.t. 
10.1 

Cj_ - n~ber of precursors of the-4-h group irul·ide the reactor 
core. 

· tota;l.. number of precursors of the i:th group in existance, 
·both inside and outside the reactor 

The quantity A.t. C;. is the rate of release of a typical group of delayed 

neutrons inside the reactor, and A..i.LT..t. is the total rate of release of the 

same group of delayed neutrons throughout the fuel systeni. The symbol cA;_, 

represents the fraction of these delayed neutrons that are usefUl to the 

nuclear reactions; this fraction will be called the contribution factor. 

In order to evaluate Eq. 10.1, it will be necessary to e~e the 

variation of the concentration of precursors in a unit volume of fuel as 

this unit volume circulates around the fuel loop. Refer to Fig. 10.1·.-

wpen this unit yolume of fuel is inside the reactor, the rate of production 

of a typical group of precursors is p 13.i. ; w.he~ p is the rate of release 

~ ,., (j) 
~;;b..c. 
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of potential neutrons per unit volume. · Thus; p is proportional to the 

fission rate per unit volume. This _fission rate per unit_ volume is assumed 

to be constant within the reactor core; th~refore, p ~;. is constant at 

aJ.l times the unit volume of fuel in question is inside th~ reactor. The 

rate o:r decay of these precursors per unit volume of fuel is A.;. e...c.. with B.L 
being the number of precursors in this particular unit volume inside the 

reactor. This decay goes on whether· the fuel is inside .. or 01;1tside the 

reactor. When the fuel is outside, there is no production of precursors; 

the decay rate ±s it;. e...c:. , with e..<: being the number of __ precursors in 

this particular unit .volume outside the reactor. 

The total rate of production of the .L fh group of precursors is p v {3.,(.. ' 

based on the preceding discussion. The volume of the reactor core is \l ; 
thus, the total. volum~ of·;the fuel system will exceed Y . At steady state 

conditions, the total decay rate must equal the total produGtion rate. 

10.2 

T.he decay rate of all of the ~~ group of precursors inside the reactor 

core is ~v ~ .. The symbol e,c: represents the average concentration 

of this precursor group inside the reactor core. 

10.3 

Substitute Eqs. 10.~- and 10.3 into Eq. 10.1 

. 10.4 

The expression ~or_ .. _~. will be obtained. 
~ 

During the tdme the unit volume of fuel is passing through the reactor 

core, Eq. 10.5 may be applied. 

This equation can be solved using the boundary conditions in Fig. 10.1. 

p J:1 - i~ e.i = k, e=i\..tt 
At t -:. o e~ = M 7 :;.(.. . from Fig. 10.1,; therefore, . 

kv - pf!z = A.A..M 
i ... 
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. a '"\ L) Q e-At ~ M ·-A;.t Then, P f-Ji"., - A;_ C7..(. : · p ~..i,. .. · - A;_ e 
Inside the reac~o~~ . . . 13.~ .:·.·.:·)· , . _ • .. . .. ·._.. · . _ • 

-. ·-e~~-~-- · i PAJ· (l _, e· ~~)-:·+ Me ">L~t . 10.6 

Rearrange Eq. 10. 6 . /3; 
e-= ~ + (M

L . A,i. 

The average precursor concentration inside the core is described 

by Eq. 10.8. ~ 

e A = {:,j e.,{. dt 10.8 
·II ~ . 

In order to evaJ.uate Eq. 10.9, ·the expression for M must be d,etennined. 

An expression for the precursor conce~tration outside the reactor will be 
~·~ > 

needed. · ~ 

While the unit volume is outside the reactor, there is no production 

of precursors, and Eq. 10.10 is applicable. 

~~~= - ALe;, 
' 

The solution of Eq. 10.10 follows, using the symbols in Fig. 10.1 

e.~ :: k-:a e-~..:.t 
k c.. 

At t -= (;, , &_i· = No 

Then, outside the reactor 

! . 

At t :. 'r..e ~ e...c: = M in Fig. 10.1 

. :;_:). 
10.10 

:~.u.n: 

10.11 



Therefore, from Eq. 10.11, 

M - N e -A.i ('tJ_- "t',) - N e-A;. 11e 

or, N - M e 4 1'a 10.12 

The number of precursors per unit volume of fUel leaving the reactor 

is NL therefore, from Fig. 10.1, at t;. ·1:, ~ e..l. = N in Eq. 10.6 

10.13 

Substitute Eq. 10.1~ into ~q. 10.13 and solve for M . 

M =- I'~ (· I -e-')..;_~ ) 
~ e"A-4 ~ ~ e--A.4~ 

Now that M has been evaluated, substitute Eq. 10.14 into Eq. 10.9 

' 
Simplify the term inside the square brackets through the use of a common 

denominator, and rearrange. 

10.15 . 

Substitute Eq. 10.15 into Eq. 10.4. 

otk;. ~ .. ~ ~.~ { e"-~~~~~~} f/- e-kt;) 10.16 

. This fraction, ·:!-o{;.z..·;"·'w.Ul be used in setting up the· kinetic equations of 

the circulating fUel reactor. 

The values for 0<:_A. in Eq. 10.16 are exact only at steady state because 

the computation assumed that the precursor concentration at the inlet and 

at the outlet of the reactor core.does not var.y with time. However, these 

062 091 



~s are a fairly good approximation during transients having reactor periods 

of large magnitude. 

A family of curves has been drawn in Fig. 

a parameter, with. o<....i. plotted against ~ 't', 
10.2 using the ratio .~2 as 

To obtain these curves, 

10.17 

Eq. 10.16 is rewritten as follows: 

_ _ __I [ . e)L?:.(~)- I l ( I _ -).;_1./) 
0(-<- - 1 . A.c. -r. .- --., . ~ e . 

, e· . A;.~( 1;;) -'A.z. ~, .: . , -e 
.· ··: .. 

Now, if X is·: smaJ.l, ex= l + X , and Eq. 10.17 can be simplified ~hen 
the exponents are smaJ.l. 

Then, 

10.18 

This is the ·as;Ympotic value of 0(.....(. as the ci.rculation rate becomes 

4igh ana ~ "become~ small, or for the cases when :A...t is smalL 

10. 2 Kinetic· Equations of' 5. Circul.ating Fuel Reactor 

The kinetic· eqiia.tions oi circulating fuel reactor are similar to those 

for the stationary fuel case. However, it will be necessar.y to recognize 

. \;hat only a portion of the precursors of delayed neutrons which are produced 

are useful to the reactor. 

The number of neutrons inside the reacto~ core is n ; theref~re ~n 
is the rate of release of potential neutrons, as defined in Section 3. Note 

that the ~tity p V in Eq. 10.2 is identical to the quantity t· The 

definition of the multiplication factor, k , is the· same as that given in 
· k n 6..i. · 

Section 3. The quantity ..f. is the rate of formation of the "'th group 

of precursors of delayed neutrons. The kinetic equations for the precursors 

can be stated in the form of Eq. 10.19. 

dC-q. 
dt -

.r 

10.19 

C92 
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d CT.· The quantity dt ~ is the total rate of change of all of the precursors 

of the .Lfh gro~p within the system, not the rate of' change of precursors 

in a small volume of fuel flowing around the fuel loop. Since the nuclear 

reactio~ can make use of' only t~ose precursors-inside the reactor core, 

the precursor kinetic ~_quations will be written i~ terms ~f C...t rather than 

illl te:rms.·of CTL The relation between CT~ and C..c: can be obtained from 

the definition of 0\....t in Eq. 10.1. MW.tipl.y Eq. 10.19 by OC...i, ami use the 

relationship in Eq. 10.1 with the assumption thate\t does not vary during 

a transient. 

dC& 
dt 

- k n0{;.,/3A., - "'\ • c-
.1_· "'A.. ~ . 10.20 

The kinetic equation:- of the neutron p<Opulation can be w.r.itten in terins o:( 

the precursors within--. the reactor core. It will be iden:tical:·to Eq. 3. 5 . .. 

dn 
dt = [ k ( I - f3) - I ] _n_f. - ~h"! :A· ot- r . 

. • -· A. ~ '-'i..t. A,-, 

Eq. 3.-5 and Eq. 10.20 will be referred to as the kinetic equations of the 

circulating fuel· reac'to:r. 

If the kinetic·equation of the neutron population were written in terms 

of the total precursor population, the equation would appear as follows~ 

10.21 

Eq. 10.2.1 together with Eq. 10.19 will give the same result as Eqs.- 3·5 
and 10.20 in the ·case of a step change in k with constant flow. However, 

Eq. 10.21 will·_~lead·"t:o the erroreou.s conclusion that the rate of release 

of delayed neutrons iiito the reactor core will instantly jump if .. ;t.he c:l,r~ 
~ . .. ' 

culation rate were- suddenly reduced. ActuaJ.ly :;. the nuxi:tb~r of 'precursors 

inside the !!'eac·tor core will ilicrease gradually, and the rate of r~lease 

of delayed neutrons int.o the reactor_core has the same value· immediately 

a.:f'ter a. Rt.P:p ~h!iW.ge in f'lmr al5 illllilt::uia'l:;ely befOre the change. In this 

respect:; Eq. 3~·5 used with Eq. 10.20 will provide a better approximation 

of the transient introduced by a change in flow. 

A graphical representation of the loss and gain of neutrons is indicated 

in Fig. 10. 3. The various rates of proou.ction and loss are the same as' 
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those for Fig. 3d; except for the addition of two new terms. The quantity 

k 0 li. 13L represents the rate of prodtiction of pre~ur~ors which decay 

inside the reactor and (1-0<;.) k 213..t. represents the rate of production of 

precursors which decay outside the reactor. 

10.3 MuJ.tiplication Factor o~ a Circulating Fuel Reactor _·at Steady State 

The fact that_only a portion of t~e precursors of dela~ed neutrons 

which are for.liled release delaye~neutrons that are useful ~e the _reactor 

.will require that the multiplication factor exceed unity in order to hold 

the reactor at steady. state. An expression for this necessary value· of I< 
will he derived in the following analysis.· 

Take dCA.. -= 0 l and employ Eq. 10.20 
dt 

..<...=-m · I< n A--=-~t~ · L: A. · C ·. · = . -n I: ex· f3,_ 10. 22 ._, :A.. ::.c. X. ._, :.<.- . -
A.- . .A.-

dn Substitute Eq. 10.22 into Eq. 3..5 and take dt = 0. 

. . . ~=m 

0 -= .lL ['''k( I '- /3) -·I ] + Jm Z_ o<..t. ~ i ' . L A.:=/ 

Divide by 2 and solve for k . 

Using 

or k - I 
~em 

v:J ~-2J~(I-~) 
-<.:! 

3! 1 +r~ (/-cX.A_) 
i..=J 

If all 0U v s are e-quall .and i~ Eq. 10.17 may be applied, 

k 
,...., 

+ f3(1-o<.) 

~ I + $:l/- ~) 
or ·k :::: f3~ I + ~ 

6.82 ... .. 

10.23 

•· .. ·' 
"'.·: 

09G 
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The tem t~critd:.c~" cannot be synonymous with k = 1 in the circulating 

fuel reactor because both k and the circulation rate affect the cond.ition 

at which the reactor will sustain itself at a constant power level. If the 

reactor were initially at a steady state power level with the fUel not 

circulating, the system could be considered to be critical. However, 

starting the circulation of the fuel would then throw the reactor into a 

do'WD.ward transient; and the system is no longer criticaJ... If the reactor 

were initially at steady state with the fuel in circulation, stopping the 

flow would produce a·transient that would raise the power level until 

counteracted by ~ independent reduction in k In addition, the term 

"multiplication'' must··be used with care, if used at aJ.l, in cennection w:ith 

circulating fuel reactors. 

10.4 Solution of The: Kinetic Equations~<llf' 0irculating Fuel Reactors 

The kinetics' of the circulating f'uel reactor may be examined by means 

of Eqs. 3.5 and 10.20. Take the case of step changes in multiplication and 

in fuel circulation rate. New values ar~ o(.i. and k , previous steady state 
II kll vaJ.ues are ~ and - · • The previous steady state neutron population is 

! 

h 0 , and the previous steady state precursor population is C,i0 • 

ddtn -= _n_ [· k ( I - t3) - I ] + f')._ · C-fl.. A--=-1 :.c. ~ 

dC1. = 
dt 

. . 

J=tn 
c. 

A.. 
- 2.': c .. eCI.>Jt 

J-=o "A..J 

3.5 

10.20 

10.24 

10.25 

Substitute Eq. 10.25 and Eq. 10.24 into Eq. 110:20, :solve :<for C;.j , as in 

the case of Eq. 3·9· 

10.26 
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Substitute Eq. 10.25_ and Eq. 10.24 into Eq. 3.5, and rearrange as for 

. Eq. 3.10 

A - k [ ( 1 - .B) -I] A. + ~). · C- · 
Wj ~ _.e ~ _ f4 :A, "kJ 10.27 

Substitute Eq. 19.26 into Eq. 10.27, divide by A,;, .multiply by fl. ; 
....... :~ 

substitute /3 = ~1 4;j and rearrange as in the derivation ~f Eq. 3.12._ 
.c.-

or 

Use f - k-1 . -=r=- I - k and·. -lj- W· 
;} 

j> =- ~ + "f 4:,[ I+ 1j A.;..( I -~)] 
~ k .;...:., I + lj "A;. 

Note that f -:f. 0 at steady state. 

To . determine the vaJ.ues of AJ ; 
From Eq. 10.26 and Eq. 10.25 

C- -~ 

10 •. 28 

. 10.29 

kiS 0(. '! 
Assume steady state up to t = o, then from Eq. 10.20 using and h 

II 
-~c· .,. , .. ,_, .. ku h ft.· ot.: 
c.v :4.- '0 ;.. - '10 ~ .... - A, C-
dt - / ·.:; -: 12. ;.(, ~0 

c. =-
,oil.~ 

Set Eq. 10.30 eqUal to Eq. 10.31 at t = o, solve for ·nc . 
j:m 

ko(;. " 'A..c..Pu 
ho = k UO(!a L, u:>r + A· 

:;.~. J=o J :0, 

682 

10.~ 

10.32 



Also, from Eq. 10.24 

J=tn 

no '= ~ ~ 
.J=O 

10.33 

. kl I . 
N~xt, assume that there are step changes to ~~C(Lat the time t

1
• 

- I I 
The resultant neutron and precursor populations are n and C;:., respectively. 

The symbol ~ will be used for t ~ t, . 
I 

From Eq. 10.26 and,Eq. 10.25 fort~ t 1 , using k 1 and.Ol,i. : 
.. _,'· :::-

0 ~ , J=rn A' e 
c~ = k j_a.;. r; D 1- A. eGc:?~Ct-t.,) 

;.(. J =o ~ :(. 

Also, from Eq. 10.24 for t ~ t 8 ; 

. j:h') I 

n' = ·2: A. e~ ct-t..> 
·-o ;.~ . ,J- . 

At t =- t 1 , Eq~ 10.30 equals Eq. 10.34 

k OC..i. 

k'ot1. 
J=rn 

2: 
j=o 

Also, at t-= to , Eq. 10.24 eqUals Eq. 10.35 

Y: A~ = f: A. eO);t, 
J :.() .• .;J .::·oe:. Jj.=O J 

10.35 

10.36 

10.37 

The equations for the circulating fuel reactor are more general than 

those of the.stationary fuel reactor. Eqs. 10.29 and 3.15 are equal for an 
()( . kll . II r.1 

;, of unity. Eqs • 10. 32 and 3. 24 are equal for , <X;. , and V\;. each 

equaJ. to unity. S:i.milarly, Eqs. 10.36 and 3.28 may be compared. 

Then, 

In the case of Eq. 10.29, 

k-1 
k 



or, k= I 
,L:.tn 

1-~ l!!i. ( 1- <A.z) 
-t=·l 

This is the value of k required to hold the reactor at steady state. 

Compare to Eq. 10. 22. 

10.5 Initial Neutron Level Jumw of Circulating Fuel Reactors 

The approximate size of the -~timp in neutron level may be determined 

for a step change in multiplication. The multiplication constant changes 

from k 10 
to I< , <X..£. remains . constant. 

From Eq. 10.20 at steady state: 
. k " no P-i ot;. 

Ak c L =. . . .1. . 
~=m • k"no ~tn · 

or L A.-C- - .£ L., /3; of..· 10.38 
• I :;t.. ~ ·-1 k :,.~. 
~~ ~-

-·Assume that the~precursor concentration remains constant for the moment. 

Then, Eq# :3'·:5 ll>.e.e.~: 

~~ . = tfCk -I) - K f3] + 10.39 

If k f3 ) (k-1), ~will approach zero as n increases. 

dn 
dt =0. at. n =n, or, 

Then, 
0 :::: ·~~-~~:,NJ:,(, k- I ) - k ,8] + 

~=m 

or, 
_lli_ 

k '' L 8""-ot.,i, 
,(,-=-/ 

no - k 13-(k-0 - 10.41 

.;.=m 

...tl4. 
Efli.av, 

"-' -i.=b 
no -'#.;_ bk ur, 10.42 

Compare Eq. 10.42 to Eq. 3.32 
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If' all <X..<. for all gr.oups a~ equal: 
' 

10.43 

Note that k11 
:;t I and that ~k= K ~ I Thus, S k is not the step change 

from the steady state val.ue of' k01
• In order to hold the circulating fuel 

reactor at l!lteady state, k'' is larger tbarJJ. unity, and a given increase in 

muJ.tiplicat:Lon will make the quantity (t3-bk) smaller than for the same 
•, ~ ~ 

increase in multiplication for a stationar.y fUel reactor. Therefore, the 

jtmip will. be larger when the fuel is circulating than f'or the stationary 

fuel case,. even tQ.ough <Xi, is less than unity •. 

A step change in circulation rate will not produce a jump in power 
· dC· 

level. The val.ue of C;, begins to change because F 7= 0 for a change 

in i'low, refer to Eq. 10.20. BOw'ever, since the value of' C.1. does not 

change at the instan.t of the step change in DC..i, the vaJ.ue of' ~~ does 

not suffer an instantaneous change .9 but . changes only gradually:; and n 
· dn does not jump. ·The vaJ.ue of dt remains constant at the value just previous 

to· the step change in · o<.....c:. , providing another boundary condition. Eq. 3.5 

contains no factor which changes at the instant of a step change in fuel 

flow. 

Other material on the kinetics of circulating fuel reactor is 

available in the following references: 

Journal of App1ied Physics9 VoL 25, No. 6, Jrme 1 1954, page 702, 

"Kinetics of' the Circulating Fuel Reactor", by W. K. Ergen 

BNL~334 "Theory of Low Power Kinet;cs of Circulating Fuel Reactors 

with Several Groups of Delayed Neutrons", by J. A. Fleck, Jr. 

Nucleonics, Vol. 123 N~: 10, October~ 1954, page 52, "Kinetics of 

Circulating Reactors at Low Power", by J. A. Fleck.~~ Jr. 

10 ·6;. ·Xenon Poisoning 

One aspect of the circulating fuel reactor is the possibility of 

the continuous remc;>val of x~~9n during operatipn. X:ep.on is a gas ~boye 

-107.1°C at standard pressure, thus it is possible for the xenon to escape 
. ~ . • ••• • !- . . .• 

from the fuel Uilder the proper conditions. The release rate Will be 

directly proportional to the concentrationp' and will appear.as another loss 

term. in the difte:re:tltial equati(l)n, Eq. 6.9. The equil~brium value 'Will 

I I 
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be lower than that from Eq; 6.10. Refer ·to u'l'he Aircraft Reactor Experiment -

Physic·s·", by w. K. Ergen~ A D. Callihan, c. B. Mills, and Dunlap Scott, 

Nuclear Science and Engineering, Volume 2, pages 826-840; 1957· 

··. 



The analysis of the dynamic behavior of a reactor system will require 

a computing machine except for the most elementary cases. An aD.alog computer 

provides a relatively simple method of examining the control problem of a 

reactor system while the design of the plant is in. progress. The system 

analysis will then provide the basic information needed for the design of 

the control and safety systems, and the effects of the control and safety 

actions can be e.xami.n.ed. -:- · 

The computer, or simulator, to be discussed here is described in more 

detail in ORl\lL .. 24o5, ORNL··Reactor Controls AnaJ.og Facility, Operation Manual 
I . • H 

by F. P. Green. It is also discussed by E. R.Mru:m in a paper, Electronic 

AnaJ.og Devices for Design --of Reactor Controls: 3.' pu.11.blished by the Institute 

of Radio Engineers in IRE Transactions of the Prof~ssional Group on NUclear 

Science, Volume NS=3, ·Number 2, March 1956. 

An analog computer is made up of components which basiQally function 

as operators in the ~~ematical sense. For eJ!amPle» a variable which is 

a function of time is to"be added to another f'wllction of time, or mUltiplied 

by another variable, ~r integrated with respect to time. Only a few of the 

operations that can. be pe:dormed by an analog facility will be described. 

ll.l Solution of :$:'Given Mathematical Expression 

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

dx J ~ =Bat + sx.- o. 6 xdt 11.1 

The va;riable ~ is an. independent function of tm, . the variable X is to 

be determined a.s y · varies. A block diagram to specify. the operators required 

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

highe:st olfdered differential. 

~dx 5 Jdt v dt ::. ~ - X + 0. 6 X 11.2 

The first operator may be draWXll. as a block and marked "sum" as in 

Figure 11.1. This summilll.g ~perator has three input variables, which when 

algebraically added provide an:~tpU.t of + 3 ~~ • 
d><. dX 

Nextp if the proper scal,e change is performed on + 3 dt , + dt is 

obtained. This + g~ is inte~ted to obtain + X , and a scale change with 

a sign iJ!ll.version is pert"10rm.ed to obtain =5 X 

G02 103 



(INPUT) 
+y dx 

+3 dt 
SUM 

-5 X 

' 

+0.6f xdt 
+ 0.6 [ J 

-99-

+..!!..!_ 
dt 

+ 1/3 [ J 

-5[] 

+ J xdt 

INTEGRATE 

INTEGRATE 

UNCLASSIFIED 
ORNL-LR- DWG 38392 

ou 

f---

TPUT) 
+x 

Fig. 11.1. Computer Operations for Solution of y = 3 :; + 5x- 0.6J xdt. 
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Also, + X: may be d;#~~~ted! -~ga.an ~d a. sc~e c~$~- -ta,ken to obtain + o. 6 J X dt 
Now, all the inputs to the first summing operator have been obtained, and 

the dependent variable )_( has been determined by the solution of Eq. 11.2. 
I 

The complete solution by means of the operators is dravm. in Fig. ll.L 

In. order to obtain the solution on tl;le com:Puter, the initial conditions 

must be Jmo'tm. In other words, the values of X and off X dt must be 

established and set into the facility at the condition for t-=- 0. In. 

general, the initial conditions ImllSt be known whenever an integration is 

performed. 

Another point that nru.st be considered is that a device to v$:,:-y ~ as a 

function of time must be provided. 

In the ORNL Analog Facility, the input and output variab~es are_ voltages, 

the maximum allowable value being 100 volts, either positive or negative. These 

voltages are measured with the frame of the machine being a common point, thus 

they are measured with respect to ground. Also, in the ORNL COll'lP\lter, each 

operation on a variable results in. a clla.nge of sign. This means that the 

integration of + * will result in ~ )( , and the sum + ~ + 0.6 Jx.dt -5X, 
will produce .. 3~ · _rather than + 3 M . The actual block diagram used in 

setting up the computer is c_alled ·a coiiiputer diagram, and the diagram to solve 

the specific example ~~en above will be developed. 

First, it will be necessary to study the symbols used in the diagram 

to represent the ope~tions to be performed. 

11. 2 Simple OperatQ/I'B 

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

high-gain chopper~stabilized electronic amplifier as the basic unit. 

11. 2. 1 Amplifier (Inverter and Scale Changer) 

The circuit of a simple amplifier is indicated iii Fig. 11.2. The 

resistor R3 i·s inside the amplifier, the ratio of ~ 1is 106 to 10
8
, Ve 

-3 

is the output.voltage, V, is the input voltage to the electronic amplifier. 

The gain of the complete_ circuit is * Note the polarity reversal 

between V, and V2 The 'v.oltage and current equations may be simply 

stated: 

v. -= v3 + . R . u .. -3 
' 

.kl I 
j 

/ 

_v3 + Va :::: .Le. Ra 11.4 

105 v3 - A..aR3 - ( ,;_, -..<:a) R3 11.5 
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Now, if 
V3 · -8 v: ··= 10 ' 
2 

):'4 = ~.e Rz , since Vs is negligible J.n Eq. 11.4. 

The normaJ. range of . Ve is from - 100 volts to 100 volts; Va has a value of 
-6 .. 

10 · volts wh~n Vz b,as the maximum value of 100 voJ,.ts. If ~ has a value 

of only 1 volt under these conditions, Vfj is negligible compared to · V, 
Q ~ • ~ 

in Eq. 11. 3, a.nd thll;,S ~. = ..i., "' Substitute ....t., = R( and ~2. = -Jt 
into ·~ "$1~t&~ ~ , Eq. 11. 5. 

v, ~ . v, R~ 
.~ R, 

Divide by V!> ... 

Now V3 << Ve ; therefore, 

v, R3 
Vz R, 

Divide by f?!> and rearrange: 
~ 

._&. 
· Re 

ll.6 

The amplifier acts to ~educe ~3 to as small a value as possible. For 

computer work, the circuit of Fig. 11.2 is s~ribolized as in Fig. 11.3. 

Here, the path for ~~ has been omitted from the circuit ~ V~ is taken 

as zero. The ground connection has been omitted because· all voltages 

are measured with respect t.o ground. 1'he equation relating V1 and Ve is 

simple. 

+a. v, b'Ve - 0 11.7 

or, 
Ve - a, v.. ·~ '~ 

___&, a..· 
Note that, the ratio . ~. :5j:n Eq~ lJ.. 6 has been replaced by· the ratio 1)' . 
In fact, the inp'qt coefficient a.· is prbportional if.o the reciprocal 

··' 
or the resistance R, , and the input coefficient :b is pr9portio~l to the 

reciprocal of the resistance Re . Certain values of the coefficients and 

the resistances are st.ated in Table 11.1 

G32 
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I AMPLIFIER I 
lv3 R3 I 
I I 
I . I 
I I 
I I 
I I 
I . I L ______________________ J 

Fio. 11.2. Sirr . .:Jie Amplifier. 

b 

0 

UNCLASSIFIED 
ORNL-LR-DWG 38394 

>---.... ----o-v2 

Fig. 11. 3. Computer Symbol for o Simple Amplifier. 
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TABLE 1.1 .• f& . AMPLIFIER INPUT COEFFICIENTS 

Input Co.efficient 
(Units) 

1 
5. 

10 

Input Resistance 
(Megohms) 

1 

0.2 

0.1 

The sum of severa1 vo+tages is taken by the circuit indicated in 

Fig. 11.4. Againp the input c-oefficients, a. , b , or C, are proportiori.a.l 

to the reciprocals of the resist.ences employed. The basic mathematical 

relation is stated in Eq. 11.8. 

+.bv, + cv2 ~ a..v3 - 0 u.a 

b . c 
- ~ V, + ~ Vz 

Here.P. it has been assumed that the two input voltages are V, and. Vz. , 
and that both are positive with respect to ground. Since the operator 

inverts th0 pelarity, the' output-voltage is .negative. The letters tL , 

b , ·and C indicate the numerical.value of. the coefficient of the 

scale change obtained in this summation. The numerical values of these 

coefficients available are· generally 1, 5, and 10, although 2 and 20 can. 

usual.ly also be obtained. It should be noted that there are actUaJ.ly 

three input vol ta.ges 9 namely + 'Ia , + V2 , and - V3 • One useful . 

Way of thinking of the action involv~ here is to consider the device as 

a mechanism which adjusts the output voltage V.a .\) in such a manner that. . . \ . 

the .sum + bV1 + C v2 - a.v,a is ,equaJ. to zero. 

More than. two variables may be .added,. if desired. 



0 

b 
+v1 

c + vz o--------=----1 

-104-

UNCLASSIFIED 
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>---._----<l-v3 

Fig. H. 4. Summation of Several Voltages. 

c 

r-- ·--------..:...------:-----------1 

UNCLASSIFIED 
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.----------1(-j 
R1 ;

1 
I I 

o------.AAI~~---~--~~~--~ o~-+1-_.-------o 
I+ I + I ;

3 
I 

I 
I 
I v3 I 
I 
I 
I 

AMPLIFIER 

I I L _________________________ J 

Fig. 11.5. Integrator. 

!C 

0 
+v1 o------~ 

UNCLASSIFIED 
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">---------o- vz 

Fig. 11. 6. Computer Symbol for on I ntegrotor. 
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11.2.2 Integrator 

· Integration· can be obtained by replacing the resistor Re with a 

capacitor C:.; thus, the.circuit in Fig. 11.2 is changed to that in Fig. 11.5. 

On tbe basis that both ~a and V,g are negligible, the -mathema;tical 

relations are stated as follows: 

~~ - ~2. 
Substitute Eqs. 11.9 and 11.10 into Eq. 11.11 

or, 

C dve = 0 
dt 

V2 _- R: C J V, dt 

.. ·The comput~r symbol fo_r. ~he 'integrator is drawn in Fig. 11.6. · The 
.. 

mathematical relationship is expressed in Eq. 11.13. . ···: 

..... ·.•; 

+ a.y, 'b dve 
~ crt 0 

or, 

Vz = b f v, dt 

11.9 

11 •. 10. 

11.11 

11.12 

.11.13 

Again, .~ is proportional to the reciprocal of the resistance, with the 

val.ues in Table 11.1. The coefficient b is directly proportionaJ. to 

the value of the capacitance; .in fact, this coefficient is the numerical 

value of the capacitance in microfarads. Note the reversal. in sign.'as in 

the swnmation operation. The coefficient a, on the input is . available 

as in :the summing amplif~er and may have the numerical values given above. 

The. coefficient b Written outside the triangle may have the val.ues of 

0.1,, 1, or 10, with l being the customary value. The terminal marked I C 
is used in case an initial condition other than zero volts is required 

from the integrator. In other /~rds, at the instant in time that the. 

system operation is to commence, the ¥oltage Ve is to have a certain 

1l0 



specific value ot~er than zero~ and this.value with sign reversed as in the 

case of 8lll input voltage is written at the place i~icated by the symbols r c 
In many applicatons, an initial condition is zerQ~. and the terminal marked 

I C is then omitted. 

It :i.s possible to algebraically sum as well as integrate in. one 

operation •. Refer to Fig. 11.7, in which a second input voltage V.3 is applied. 

The basic relation is 

+ b 
dVe +o..v. · cv!!l -

. 0 WJ dt 11.14 

11. 2. 3 First Order Linear O;perator (First Order Lag) 

Actually this operation is identical. to the combination of 

summation and integration show in Fig. 11.7. If ~ V2 ::in Fig. 11.1 were 

connected to the term.ine.l where Vs is applied, the operator wuld appear 

as in Fig. 11.8; and V3 is rep].aced by ~ Vz in the mathematical. relations. 

T.he basic ·relation isg 

+ ot. v, cv - b dv2 
2. dt 11.15 

or 
c b dVe 

\fi - . OL ~ + ()(. dt 

or v2 =- · i [(aVs ~ cv~) dt 

T.he basic relation is that of the first order linear differential. 

equation. having c·onstant coefficients. The output voltage Vz does not 

installltaneously follow a change of the input voltage V, ; in other words, 

a lag is introduced. Due t«> the fact that the differential equation is 

Of first order, this operation is sometimes called first order lag. When 

steady~state is reached 'With Vg being constant, the voltage V~ will 

also become constant. -

11. 3 AnaJ.og Wculation 

11.3.1 C~ter Diagram for Egpation 

For simplicity, it will be assumed that any desired constant 

value of scale change is available. The diagram w11J. be develo;pe;d in the 

same manner as tha.t.for the required functions previously drawn in block 

form in Fig. ll.l 
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Fig.11.7. Summing and Integrating. 
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c 

a 

Fig.1~.8. First Order Linear Operator. 
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The first operator (:amplifier 1). is to have input voltages of + ~ , 

+ 0. 6 J X dt , and - 5 X , and the -output voltage is to be proportional 
dx 

to dt . Refer to Fig. 11.9. 

The mathematicaJ. expref3s_ion for the sum being taken is 

3. dx +. + o.tJ[xdt - 5x dt = ~ 
consequently the output of the 

the inherent reversal in· sign. 

summation op~rator. i~: -
1 
3-*;, because of 

The basic relation for the operation is 

+-~ + o.G[xdt ~ 5x - 3 ~; - o 
which is the desired equation. · · 

dx · 
The next operator (Amplifier 2) is to have an input of - 3 Cft and an 

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

Note the scale factor of 1/3 on the input voltage. 

In addition, amplifier 3 is used to c~e·~:the :s:Lgn X and also raise 

the value of X '·'by a factor of 5. 
Next, the quantity + 0.6 [X dt is. obtained by first integrating 

with amplifier 4; ~ raising this integrated output by a factor of 0.6 

and reversing the s1~. by: means of.~l.ifier 5·' 
. All of the.depend~nt variables required by the summation operator 

have now been generated; and the complete diagram is drawn in Fig. 11.9. 

The diB.gram of Fig. 11.9 requires five amplifiers; it is possible to reduce 

this number by combin:ing the operations of summation and integration. It 

is possible to obtain. an output proportional to X ; however, ~~ cannot 

be measured. Refer to Fig. 11.10. The coefficient associated directly 

with the integration is undty. The summation coefficients are those which 

are required to satisfy the equation. The basic relation of the first· 

operator (amplifier 1) in Fig. 11.10 follows: 

. I 5 [ + - u -- x + o.e xdt !J.J .. s 
Rearrange, and multiply by 3: 

~ __ sx + 3* -o,6[xdt 
This is the original equation. 

l shs.. =o dt 

The quantity of + 0.2j X cJt is obtained by means of the second 
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(INPUT) 
+ y o--------_:_--1 

- 5x 

+ 0.6 J xdt 0.6 
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operator. A unity gain inverter may be used to obtaill + X from - X. • 

Note that the factor ~f 1/5 is introduc~d in the input to the 

second integrator, rather than in the output.··· .. This reduction before 

integration is to limit the amplifier output to:. a maxiimnn value less than 

100 volts. It should also be noted that the feedback connection from the 

output of' a summing operator back to the input is often omitted on a com~ 

puter diagrrum when the summation scare factor on the output voltage is 
·' . . 

unity. This connection hB.s been omitted in the in-verter to obtain + X 
in Fig. 11.10. In addition, the omission of the value of the summation 

scale factor on any input is interpreted to mean unity. 

The values ·of the scale coefficients of the summation in Fig. lLiO 

are not available on the amplifiers. Obviously, the fixed values pre

vjD~ly stated are ~rdly suitable for a wide variety of applications, 

consequently a continuously adjustable .element is available to be added 
·. 

into the circuit~ These elements are potentiometers.~' 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 f'unction of one of these devices. When a 

pot is added to the input circuit of a summation amplifier.l' 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 5J3, a 

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

The diagram of· Fig. 11.10 is redrawn iD. Fig. ll.ll showing the pots· 

as circles, with the pot voltage ratios written bes~e the circles and the 

identification numbers written inside the circles. 

1 The initial c«;>nditions are indicated in Fig. ll.ll .. No initial 

condition is shown··for fx dt beca~e the. initial value is zero volts. 

Pot 3 provides + 5.0 volt_s to the integrator to produce -5.0 volts as the 

initial value of' - · X •· . Note tli'e reversal in sign between the output and 

the initiaJ. condition' as in the case of the relation between the output 

and input voltages • 

The source of + lCliD volts is provided by the ppW-er supply which· is · 

part of the analog fa?ility. A source of -100 volts is also provided. 

The voltage .;. X ·is not converted to + X because the indicator of 

i 
\ 
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this voltage is equipped with a polarity revers~g 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 potentiometer 
' ' 

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. Consequently, the pots 

are adjusted to give the desired voltage ratio, as determined by voltage 

measurements, after the circuits are· connected •. The setting of the pot 3 

in Fig. 11.11 is not shown beca~e this·pot is to be set to supply+ 5.0 

volts, rather than to provide a voltage ratio from a varying ;voltage 

source. 

ll.3.2 Actual Solution 

The ini.tial linear increase in ~ "WaS obtained by integrating a 

constant voltage of 1.42 volts, as indicated in Fig. ll.l2. After this 

voltage had been applied to the integroator 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 ~ at zero volts. 

Two of the pot voltage ratios in Fig. ll.l2 ar~ blank because the actual 

settings were unimportant, the desired voltage being the important considera

tion. Two potentiometers in cascade, or a "pot on a pot" were used in 

obtaining the low value of ~1.42 volts from the source of -100 volts in 

··order to avoid taking this rather large reduction on one pot. 

The voltage ~ out of the diagram of Fig. ll.l2 was applied as the input of 

Fig. 11.ll. The voJ.tages .!:1 and X were recorded on strip-chart recorders 

and redra:wn for Fig. ll.13. The initial conditions taken were + . 5.0 volts 

for+ X and zero volts for J xdt , as previously stated. 

The actual process followed in obtaining a solution of the differential 

equation is d.escribed in the succeeding paragraphs. The solution is shown in 

Fig. 11 ,-1~, 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 mathematically, if desired. 
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~.4 Additional cameuter Operators 

11.4.1 Function Generators 

It is o:f'ten necessary to produce a voltage Ya which is 

dependent directly upon the value· of V1 . , but 1B ~ot time dependent. 

For example, the variable W0·8 . my be needed, with W known. In 

other cases, the relationship ·between the desired variable and the inde~ 

pendent variable is available on,ly as a g:r:aph. 

T.he fun~tion generator produces the· desired variable wit~ the known 

independent variable as the input. Refer to Fig. 11.14. The function 

generator is set up to obtain the desired relation between the output and 

input voltages • 

.~·.· 

. ~ :. 

11.4.2 MUltiplication 

1. Electronic Multiplier 
\' . 

T.he electronic multipliers in the ORNL Analog Facility depend 

upon 1\mction generators for their operation. First.P the sum and the 

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

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

this difference are individually obtained by function generators. 

The.· difference of the s<;J.V.8l"eS, obtained by another summation, provides 

a yoltage ·proportional. to the pzoo.duc_t; More information is given in 

Fig. 21, pag~ 35 of ORNL-2~5· The symbol is given in Fig. a.1..15. 
.. .,. !:J 

The outpu~ is -
100 

·when the inputs are X and ~ • The multiplier 

operates·with _eitherpolarity input. 

2. Servo MUltiplier 

The basic element in the servo multiplier is a potentiometer, 

or pot, used as a voltage divider. Refer to. Fig. 11.16. One of the 

input variabies :i.s the voltage V1 , the other is the position o<. of 

the sliding contact. The output voltage V0 will be proportional 

to the product V1 <X, o<. being expressed as a fraction of the total 

distance from the common ground point to the upper end of the resistance. 

Both polarities of V1 are required if' V0 is 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.. V0 • 
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Since voltages are to be multipJ.ied, it is necessary .that o<. be 

continuously directly proportional to one of the.inpat voltages impressed 

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

'mechanical servo system utilizing an electric motor._ to pof?ition the 

. potentiometer sba.:f'b. The input X in Fig. ll.l 7 ·is the voltage·· to the 

. servo which positions the sliding contact. 

Either polarity of output voltage is available by interchanging 

the polaritie.s ·o.f the voltages + !j and - !J applied to· ·the poten:~iOflleter 

term:inB.ls. Also/'the servo motor positions the shafts of several pots,; 

consequently additional voltages may be multiplied. by X. This is usefuJ. 

when the products· of ><. and ~ as well as of' X and ~ . must be obtained. · 

The ability of 'the servo positioner to follow a rapidly varying input 

voltage limits: the frequency of X to a maximum of !J.P.Prox:i.mately two 
·-

cycles per sec9nd• There is po such limitation on the rate of change of 

the voltage applied to the potentiometer resistance. In cases where X 
does not change sigJ:l;; it is possible to operate the multiplier with only 

one polarity of voltage appliefr to the potentiometer resistance. · 

11.4.3 nivision·; 

The process of division will be considered as the inverse of 

multiplication. -~e voltage J. is to be obtained. 

If, '? = .. ~ 

then X = }& 

In this last equat'ioil.,' X could be, found by multiplying '} by !J ; however, 

~ is not known but is desired, and both X and ~ are known. Then, 

the .problem is to force the CO:m:J;>Uter to generate a voltage V that -;-;hen 

multiplied by ~ .. will produce a voltage equal to the known value of. X. 
If this voltage V ,·can be generated such that 

• • •r:• 

V ;j :::. X 

then, ·obv±Ously..,· 

. ; ... ? :. v 
and the operation of division is accomplished. 

·rn this appJ.ication, it is necessary to use an amplifier to obtain 

the maxiimlm voltage am:i;>lification possible. The output voltage is not. applied 

as one of the input vo~tages. Refer to Fig. 11.18. 
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Either tJ.. or bin Fig. 11.18 may ·represent this application. With the 

amplification availablej. the actUal net input must be near zero in 

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

practical mathemstica.l relation po.ssible is 

+ a:. V, - ~ V.z = 0 11.16 

The value of V0 is indeterminable as shown here; therefore~ the circuit 

external. to that illldicated 1n Fig. 11.18 must be used to make this mathema= 

ticaJ. relation possible by making use of the output voltage V0 • The two 

input voltages must-·'be opposite in sign. 

The diagram for the basic operation of divis~on is drawn in Fig. 11.19. 

Assume that both the vol.ta.ges ~ am X have positive values. Further,. 

assume that the voltage v is available as a positive qu.antity to be 

applied as one input to the multiplier. The output of the multiplier is 
'iJL . 

= 1 0 0 in. this case ·since the mul. tiplier produces a change ill voltage 

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

of the extremely ·h'.tgh· gaiz:A aJ!lplifier illustrated in Fig. Ukl8.':.t.She, qu~t 

of this comparison amplifier is reversed irA· sign by the inverter amplifier 

which supplies ·the positive voltage V back ·to the ·multiplier~ The high 
' gain comparison amplifier requires that '· 

0 
VJJ 

.. X -. 100 
. X 

in order that the ·voltage V is finite: Therefore, V = 100 y . X 
The desired voltage was the qu~Dtient ;:~ ; therefore, the division opera-

tion has been produced. All voltages must be limited.. to a maximum valu~ 
,·. 

of' ± 100. It bas been .assumed that both input coefficients o~ the comparison 

amPlifier were unity. 

Another way of.~onsi~ering the o~eration of this circuit is to imagine 
. : ·.~ ·. .. . ' 

tru;tt both X and !J are sinru.ltaneously applied. 

and sigrn inverter will produce a positive voltage 

voltagei together With the other positive input ~ 

The comPa,rison amplifier 

V • This positive 

to the multiplier will 

produce a negative··voltage as one of the inputs to the comparison amplifier. 

This last negative 'input wil11 reduce the numerical value of. v until the 

output of the ·multiplier is suf-~cient to balance the voltage X . 
The preceding diagram is applicable for either positive or negative 

val.ues of' the nume.rator ~f the q'Ulotielill.t ~ which is · ;( in this example. 



~119= 

It is applicab~e o~y for positive &.alues of the denominator !d. . The 

diagram ~f Fig~ 11.20 is· for negative denominators, and for either 
. ·•. 

positive or negative numerators. 

This inverse operation 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 multiplier. However, 

other methods of obtaining quotients by use of the servo multiplier are 

describ~ in ORNL~24o5. 

11.4.4 Function Delgl 

One commonly encountered situation in analog computing involves 

transport lag. ;··:·':For~ e.kample9 conaider a pipe carrying a fluid. At equilib::dum 

the tentpemture of· the fluid leaving the downstream end of the pipe is the 

same as that enter:ing·at the other end. However9 · if the temperature 0f the 

fluid entering the pipe changes, there will be a time ~apse before this 

temperature chBnge ·can. be observed at the down.stream e!l\d. 

T.he symbol for a function delay, or transport ~ag, is drawn in 

Fig. 11.21. T.l::i.e symbol 1: . represents the time delay. The cru.tput volt~ge 

V0 is delayed·:.·?!· seconds later than the illput voltage V0 • In addition 
, ..... -

the sign of V0 · Will' be reversed, and the magnitude reduced· to one~half 

m the ORNL Facility< ~· 

11.17 

' . .~ . 

ifb.e above explt"~ssi;on_. ill!dicates the mathematical. relat:t.on. The symbol 

( t ) means "a .f'wl!.ction of time" 1 and ( t -'lf) means "a fUnction of t:lme 

delayed by the· time interval 11". The delay time is adjustable, but is 

not variable while·· the circuit is in operation. 

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

gain COif tw follmdng the f'unctio:m delay device in order to obtain the 

origiDB.l voltage-polarity as well as the originaJ. volta.ge·ma~itude a.t 

steady state. In the usual case3 this extra amplifier and circuit is 

:included in the symbol for the :f\mction delay in. Fig. 11.21 

:u.4.5 E?q?licit Circuits._....--"-

The ~·c\OOipUter diagram symbols do not al:ways suffice to prescribe 

the c~mpu:telr' ©perati©ns. It is sometimes necessary t© draw the explicit 

G82 124 
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ci-rcuit, showing the ·electrical circuit elements in detail. . An· outstanding 

example of this situation is .the use of passive elements to simulate that 

portion of a'nuclear :reactor syst~ represented by the kinetic equations 

relating nuclear power and multiplication. Refer to Section ll.5. 

In cases in which neither the explicit circuit nor the general symbol 

for an operation is known, o;ne can specify the operation to be performed 

by drawing a box and stating the necessary operation. The o~rations . . ,. . .. 

specified in Fig. 11.1 are ex.amples of this metl:i.Od., which may· be especially 

usefUl when comPlicated operations must be carried out. 

11.4.6 Differentiation 

T.he p~ocess of differentiation with re~pect to time should be 

attempted only in .cases~ of absolute necessity. In spite of the excellence 
, I 

of the amplifiers.and circuit components of the Analog Facility, there 
" ' . . . .. '• . . . 

. will.;be a certain tf:lnount of noise in the voltage to be differentiated. A 

\ source of these small., fas~, and undesired voltage variations may ~e a 
'.. . ' .. 
multiplier or a function generator. ~is noise may be. especially trouble-

some·at low vol~ge levels. T.he differentiation of this noisy voltage 1 

w:Ul yield a much noisie.r voltage which may be almost unusable. The 

example of the· solution to the mathematical expression int~tionally 
avoided the processof differentiation. 

' •' ~ 

1. D.irect ·Differentiation . . 

A relatively' simple way of obtaining the time~e~ivative .of a 

voltage "iS. shown :1n the explicit circuit of Fig. 11.22 'lhe 

equations follow, on the basis that the input current and voltage 

are negligible. 

-The;refore, · 

~e. 

= v.e 
R 

RC dv, 
dt 11.18 

2. Differentiation as the Inverse of Integration 
_., } 

An integrator and comparison amplifier can be used to produce 

the time=derivative fn'-·much the same manner as the division process·. 

was carried out as the inverse of· multiplication. The symbols 

of Fig. 11.23 illustrates this procedure. 

G32 126 
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Assume, for the moment, that the input voltage ~ is positive in 

sign_. When this positive voltage is applied to the comparisOn amplifier, 

the output voltage is negative. T.he inverter then applies a positive voltage 

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

comparison amplifier. T.he~difference between the two voltages to the input 

of the comparison amplifier is very nearly zero; consequently, the output 

of the integrator is taken as equal to the original input voltage ~ . 

Then, 

or, 

!1 .. ~ [xdt 
.7x'"·-~ -~ 

•·. ~ dt 
Thus-, the time-derivative .is taken. 

This type of·differentiation does not eliminate the problem of 

differentiatfn8 noisy·voltages. 

11. 5 Simulation of a Reactor 

The basic process of simulating a reactor requires the computer to 

simul.taneously solve the neutron equat_ion, Eq. 3.5 or Eq. 5.1, and the 

equation for each precursor of delayed neutrons, Eq~ 3.6 or Eq. 10.20. In 

many cases, the effect of a temperature coefficient of reactivity must be . ,· . . ' 

included. 

A simplified coniputer diagram for a reactor with a negative temperature 
• • • • • p 

coefficie~ in·the fuel and six delay groups is drawn in Fig. ll.24. The 

amplifier input:·coe:fficients have been omitt.ed in the interest of simplicity. 

Each of the first "order linear operators using am:pl:i:fi.ers J, 4, 5, 6, 7, 
and 8 supplies a volta;ge representative of the prOduction rate of one group 

of delayed neutron8·.' 'For example, pot 5 is adjusted to provide a voltage 

to. amplifier 3 1.Wlliich is proport-ional to . .,.:. ¥- ,S, o<., . • The output of 

the first order J.;inear opera:to;t- will be + A., C 1 ; the equation for amplifier 

3 foll6ws, proviqed' that the pJ;'0per· coefficient·s ·are employed:~ 

. kh D "\ de, - o -·-y Pt ell + A,C1 + dt - 11.19 

Amplifiers 9 and lO·are used as=~verters ~ scale changers, and to 

reduce the number of connections necessary on amplifiers 1 and 2. The sum 

of the outputs of amplifiers 9, 6, 7, and a represents the total.rate of 
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production of delayed·neutrons. 

A voltage representing the production rate of prompt neutrons is 

obtained :from pot 2, and a voltage proportional to the·independent neutron 

source is taken :from pot 1. In order to provide the initial conditions for 

start~up, a source is necessary :tn the simulator ~s well as in the ·reactor. 

The equation for amplifier 1 can be written as. follows, again, by employing 

the proper coefficients. 

ll.20 

~is .. equation. is identical to that of a reacter ~ving a neu~rcn :source, 

.Eqo 5elo -·• '· 

The means 'of adjusting the value of k is introduced between amplifiers 

1 and 2. The servo ·multiplier takes the value of - ( k- I · ) 1 from amplifier 

15 and suppli~~' the product of · f- and ( k -I ) to amplifier 2. Amplifiers 

ll and 12 serve as scale changers and iliverters to provide the proper 

voltage across the voltage divider of~the servo multiplier. The output of 

amplifier 2 is the sum of t and ( K ~ I ) f Therefore, k is 

properly introduced. 

Amplifier 15 takes the sum of the effects on the change in k due 

to the temp.erature .. cha.nge and the control rod position change. ·The value 
. - .. 

of the tempera~Ure coefficient is set into pot 30, and pot 2~ changes the 

control rod position• 

.The fuel tempe~ture is obtained by integrating the difference between 
·~, . . . 

the rate of heat'·p~~ction iri the fuel and the rate of heat ·removal from 

the fuel. The setting of pot 25 represents the heat removaJ. rate, and the 

heat production·rate is taken as proportional to the neutron population. 

The fuel temperature :-:ts then proportional to the .. output of'·amplifier 13. 

Amplifier 14 is ·merely an inverter~ 

It is possible to replace amplifiers 3, 4, 5, 6, ·7; 8, 9, and 10 with 

a passive network as discussed in 0~-1632, "Oak·R:i.dge National Laboratory 

Reactor Controls ·Computer", by J. J. Stone and E. R. Mann. Refer to Fig. ll.25 

. for the explicit. circuit; and ,to ... Fig. 47, page 58 of ORNL-2405 for a 
. . . .· .. 

detailed description of this passive network. The voltages across 

capacitors C1 through ~ in Fig. ll.24 are proportio!llfU to the number 

G3;2 129 
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of precursors in the .. reactor. Means. of chargiilg these capacitors to 

produce a desired initial condition are provided in the ORNL Fac:Uity. 

11.6 Sinru.lation of a Complete Reactor System 

The simulation: of a reactor system should help define the control 
. . 

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

· and. the performance required rof a control .system can be examined. In ·some .. 
instances,· it may be found impossible to obtain con.t:rol through a method 

which seeme.~ appropriate until carefUlly examined. There is very little 

to be gaine'd by using· the simulator to exhibit variatio:ns which are 

already known. 

The s~tion of the relatively simple system to.be described here 

ws undertaken 'for· twO reasons,; (1) the process. of setting up the simula~· 

tor would serve ·as an: example of anaJ.og computation, and ( 2 )· th~ results 
. • • • . . ~ s 

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

power reactor . system. ,· 

ll.6.1 Reactor-System· 

The simplified flow diagram of the reactor system which was 

simulated is drawn irA Fig. ll.26. The sys~em was composed of a circulating 

fuel reactor,. a simple com.ter~nmr heat excban;ger coupling the fuel and 

coolant loops~ ,and a single coolant loop from which the. heat. was removed 

by a steam. gen~retor. The steam was produced at 8oO®FP the design point 

heat load 'WaS 356' mega"WRtts. The fluids were referred to as "buttermilk" 

to indicate that this was obviOuslY a hypothetical ·reactor system, simulated 

as a particW.ar e.xam,ple of analog cOmputing. Tb.e delayed neutrons were 

:those of u.arnium;23? ~ ·· 

T.b.e symbois ··in the discussion are defined as follows~ ..... 

t; ~ reactor' fuel inlet tempemtu...-re or he;B;t exchariger fuel outlet 
tem;peratu:re 

~ . tea~r fuel mean, temperatu.re 

- reactor fuel outlet tempera~ur.e or heat exchanger fuel inlet 
temperature 

"" · P,eat .exchanger fUel ·~an temperatur.e 

= heat' exchanger metal .mean temperature . =-~ . 
~ heat eXc'l1anger. coolant :iW.et temperature 

.. heat exchanger coolallt mean temperature 
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h~a"ti, ~fCchanger c·oolant · out;L~:t; .t~Jirp~rature. 
' . . ' . . . 

- .steam generator coolant inlet temperature 

steam generator coolant mean temperature 

steam generator coolant -outlet temperature 

·.;. steam temperature 

reactor heat production rate 

- :.fuel to heat exchanger metal heat transfer rate 

- heat exchanger metal to coolant heat transfer rate 

steam heat removal rate 

··.~ .. ··~ .. \· 
··· .. ·,. '· '1:, •• 

. . . 
... .. 

- transit·time of coolant in piping from heat exchanger to steam 
~enerat()r and in return from steam generator to heat ~xchanger 

.There was no tr~port·lag of the fuel between the reactor and heat 

exchanger because ·these pipe lines would probably be short to limit_ the. 

volume t_o ·be shielded· as well· as to hold down the fuel inventory. Consequently, 

~ is both the heat exc~er outlet and reactor inlet temperature, 

.. ~ % is the heat· exchanger inlet as well as tJ;le reactor·' outlet temperature. 

The design point 'temperatures are listed on the flow diagram. The 

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 temperature 

change by the transit: time through this region. The temperature change is 

the difference ':between the inlet and outlet t.emperatures. The average rate 

of change of the temperature of a_ solid is determined on the basis that the 

entire design point power is being store~ 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 contributed 

by any moderator would be small, and that in add.itionj the temperature 

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

The. fiuids 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 computer· diagram for simulating the reactor system is 'drawn in 

Fig. ll.27. A'power of 350 megawatts was represented by 70 volts df 

potential from the· reactor, atid<~>.Y 14 volt.s in the heat transfer portions 

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

of 500°F was anSlogous to zero volts~ and 1500°F was represented by 100 

1", ;~I) 
'vi v lv; 
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· vol.ts., giving .a ratio .of/._l.O~F. pez.". yqlt:.; · _A·· _8up~~~ssed temperature scale 

was possibl.e because the temperature scale itself is arbitrary. 'nle 

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

second of time on the c9M.PUter. 

The identification numbers of the amplifiers are written inside the 

triangles which represent the amplifiers in Fig. l.l..27. The potentiometers 

are identified by the numbers inside the c~s:~: the desired vol.tage ratios 

being written outside the circles. The symbols for the variabl.es of power 

and temperature with their de~ign point vol.tage values are shown in the 

drawing. 

l.l..6.2 Nuclear Reactor 

The process of simtlJ..ating the nucl.ear portion of a circulating 

fuel reactor having a negative temperature coefficient of reactivity Was 

carried out in a manner simi.lar to that described in Section 11.5, using 

passive elements. Ampl.ifiers 39 and 40 were connected to the circuit 

el.ements which incl.uded the source, the prompt neutrons, and ·the del.ayed 

neutrons. The symbol G on the input of amplifier 39 means that the 

reactor network is connected direc~y to the grid of the amplifier input 

tube, and that·no·inpU.t coefficients other tba.n those in the reactor network 

. were used. The contributions' of the precU:r:-sors of the del.ayed neutrons were 

computed by the· method described in Seci;iion .10. Refer to Table ll. 2 for 

the numerical. val.ues • · 
I 

The values of k·· to . hold ·the react·or' at: steady state was computed 

by Eq. 10.23 t() be ··J.·.;00328. The value :of · k found on the computer was 

1.00326. 

Once the circuit was in opera~•ic:m,. ~e s()Urce voltage was removed to 

eliminate the effect'·of a source on the ti'a.rlSients. 

A five ... to~one· reduction· of ·the· vol.tage. representing nuclear power was 

obtained by a.mpl.±fier·::30, and a pol.arity reversal. of ·this voltage was 

produced by amplifier 31. The posit·ive and negative values of fl. were 

appl.ied to the potentiometer resistance of servo multiplier 3. The maximum 

output vol.tage of this mul.tipl.ier was one.-.fifth of that suppl.ied ampl.ifier 

40 directl.y by ampl.ifier 39· ~~ee the coefficient of the input of ampl.ifier 

40 from the mu.ltipl.ier was one-tenth of that of the input-from ampl.ifier 39, 

the actual maximum excess nucl.ear nrultipl.ication of the reactor availabl.e 

from the potentiometer of multiplier Jwas .one~fiftieth, or 0.02. 
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TABLE ll.2 

CONTRIBUTIONS OF DELAYED NEUTRONS, ORSORT 
BUTTERMn..K REACTOR . 

Delay fi1x 105 A< .... l) 0<.- ~· 5 . sec ,..(.'O(....<:x 10 .·. 
Group ;.(. 

:,.(.. 

l 26 0.0125 0.429 ll.2 

2 170 0.0314 0.431 73·4 
3 210 0.154 0.453 95·3 
4 240 0.453 0.622 149.2 . 

5 84 1..61 o.876 73·6 
6 25 14.0 0.986 24.6 
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. temperature of the fuel in th~ ·~e~ctbr cor.e., wou1d ... be 60°F/S.ec·. This value. 

of 60°F/sec is determined by th~ ~~tionship between the temperatures l,f.b 
and ;,.. at design point conditions. The transit time of the fuel in· ~he 

·0 reactor is 5.0 seconds, and the temperature rises 300 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 design point would produce 

a rate of rise of 60°F/sec in each unit volume of the fuel. Thus, the 

initial rate af increase of the mean temperature is also 60°F/sec; however, 

if the fuel continued to enter the reactor at a constant temperature, the 

mean temperature, Trr 
150°F higher than 7f; 

, would asymptotically approach a constant value 

The simulator provided an initial rate of increase in 7fi.. of 6 volts/ 

sec, cn)~PGnd.ing to a temperature rise of 60°F/sec. At steady state 

design point, Trr was 50 volts, corresponding to l000°F, with 7FJ being 

35 volts, or 850°F. The mathrmatica1 relation pertaining to amplifier 1 

is . stated as follows: · 
. . .,, . . .· . d7; 

- (o.4e9)(1) If. - (o.400)(J) ~- + (o.400)0)1F,. +(I) dtr = 0 

Note that the coefficient of the rate ~f change of 7;,. is unity.· Assuming 

that w and 7j:,:. . are equal, and that Pr makes a.. step ±ncrease . from zero 

to 14 volts, .. d 7;;. 
(o~·4c9)(14) + dt = o · 

- 6 volts/ sec, 

at steady state, 

- ( o. 4-29) (14) - ( o. 4-00) 7fi + ( 0. 4-00) 7ir -= 0 

(0.429) (14) 
0, 4-00 

15 volts 

~ 
0 .. 4-

The preceding mathematics merely ±ndicat~s that the pot· voltage ratios 

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

initial rise in 7f:r of 6 voltSlsec, together with the value of f1. of 

14 volts to compute the ratio of 0.429 for pot 60. Once this ratio was 
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~ .output of amplifier 32 was ~~ :s~tion of the effects on the 

.mul t·ip;;Lication factor due to shim rods, the regulating roo, and the mean 

temperature of the reactor fuel. A change in.nuclear multiplication of 

0. 01 could be obtairied with a 50 volt change of the v.ol tage from pot 58 -._ 

because 100 volts applied to the input of mult.iplier 3 produced the maximum 

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

the regulating rod was equivalent to a change in k of 0. 01. An increase 

in ~ by 346°F, or 34. 6 volts, would counteract this change in K by 

the rod, as computed by the voltage relations of amplifier 32. 

( 0. 289.)(5) A f",_ 

·A~ 

(I) (50) 

50 
(s) (o.e89) = 34-.. 6 

The symbol ll '0- means change in. ~ ~' <11t should be noted that the 

voltage ratio of 0.289 of pot 13 bore a dire·ct numerical relation to the 

temperature coefficient. A temperature change of'3Y6°F to produce a change 

in K of O.Ol:·mea.ns· a temperature coefficient of rea~tivity of 2.89 x 

10D5/°F. The negative sign of this coefficient was obtained from the 

polarities of the voltages repr~senting 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. 

Not·~~ that the feedback cormection of amplifier 32 has been omitted 

because fhe coefficient was unity. All feedback connections have been 

omitted on summing amplifiers when the coefficient is unity. 

11.6.3 Fuei Loop 

The :fu~l'-lo'op was simulated by amplifiers 1, 2, 3, and 4. These 

~our amplifiers ·were connected as first order linear operators. Refer to 

Fig. 11.8. The relations concerning amplifier 1 will be studied in detail. 

Amplifier 1 and its associated circuit represent the lower half of 

the reactor, with;;the·.'fuel entering at the temperature '0- . ) ;heS.,"'j;..,being.t·· 

added at the rate of Pr ' and the fuel reaching a mean temperature of )fr. 
before leaving: this portion of the reactor. If /f were zero, then obviously 

~ and~ ~\1\ld b.e equal. Next, if If were suddenly .step increased 

to the design point value, with~~/ remain~ constant at its original 

yalue, the initial 1mte of increase in the temperature ~ , the mean 

Ga~ 138 
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known, the ratio of 0.400 of each of pots i and 2·was computed to produce 

a 15 volt difference _between ~· and 7Fr The ratios of pots l apJd 2 

must be identical in order that the temperatures ~- and. Jh. be equal 

at steady state if fl. were zero. 

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

amplifier l except for the reversal in signs of the voltages. The initial 

rates of increase in 7j0 and lfr will be identical following a step increase 

in IJ. ; however, Trr will rise in value if ~- remains constant, 

eventually forci~g ?fo to rise 30 volts above l;Fi at- design point. 

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

amplifiers l arid 2,'except that the heat was being removed, thus lowering 

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

an initial rate of decrease in 7h of 4. 5 volts/sec if 7j0 remains 

constant. The ratio ·of pot 12 was computed to be 0.321 from this data. 

The ratio 0. 300 ·of both pots 5 and. 6 was computed from the requirement that 

l;h must be '15 volts lower than 7Fo at the steady state design point 

condition. 

The circu:i.t·of amplifier 4 was identicBJ. to .that of amplifier 3 

except for the ··voltage signs. 

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

of amplifier lj the;: quotient obtained by dividing the coefficient of the 

rate of change of lFr by the summation coefficient of ~r is 2.5, which 

is the time in·sec~nds for the fuel to pass half way through the reactor. 

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 tn seconds for the. fuel to pass through the section of the 

heat exchanger:nepresented by the circuit. If the coefficient of the inte

grator had been 0.-1 rather than l f:'or amplifier l, pots 60, 2, and l would 

have ratios of 0.0429,· o.o4oo, and o.o4oo, respectively. The quqtient 

obtained by dividing the coefficient of the integrator 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. 

11.6.4 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 

1 3. 0. Go2 .... '"' 

~)· 

. ~:/: 
.•,•· 
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of the mean temperatures of the me<ta.J.. and the fluid. The mean temperature 

of the metal was taken to be proportional to the integral of the difference 

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

from the metal. Thus: I{ · ""J 7jh _ ~e 

or, ... -., •'. ~ .~·,. ' . 

Pc -v 7he - ~ 
1he ,.-.J )(fl ~ Pc) dt 

d~ rv D _ D 

dt 'f rc 
The symbol ,......, ·ifuea.ns -'-'proportional to". 

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

150°F/sec if ali of the 350 megawatts of power were being stored in the 

.metal._ Thus, a_:difference between /t and fj of 14 volts was to cause 

~e to rise at the rate of 15 volts/sec. The equation for amplifier 

7 may be stated as follows: 

or, 

Now, if 

. d~e 
-(o,214)(5)JF + (o.2.14)(s)Pc +(I) dt - 0 

~~e - I. 07 ( P,- Pc ) 

d7be 
dt 

14 volts 

= ( 1.07)(14) = 15 volt.s /sec. 

. The ratio of 0. 214 on pots ll and 18 to obtain a total. summation 7h. 
coefficient .. of 1-~C)"( for If and Pc was determined by setting ~fe at 

15 volts/sec· and computing the coeffieiE:mt for the difference of /l and 

Pc. 
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 ~xchanger metal from the fuel. The 5 volt difference between 

JFIJ and ~e at design point--- was to produce 14 volts as the value of 

1,1 . The expression for the conditions of amplifier 5 are written as 

follows: 

1~0 

-------
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+ (0.560) (5) ~ ·- ( 0.566) (5) ~e - (I) fl = 0 

ObViously, the coefficient of the difference between 7,; and ~e 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 applie~ to 

amplifier 9 which computed Pc. , requ,iring the ratios of pats 15 and 25 

to be 0.560, also. 

On the basis that .. f1 and + /l were availal;>le, amplifier 7 

computed ~e:a by integrating the difference·· b~t"W'een ~e heat input and · 

output rates of the metal. Amplifier 8 then produced ... ~e . . Amplifier 

5 computed .. If ·from- + ~ and - ~e ; amplifier 6 then ~ve + lj 
Assuming that + Tch 'was available)) amp.lif'ier 9 computed + /l from. + Tch 
and - ~e , then· B.inpiif'ier 10 p~oduced ~ Pc. . ' 

. An, approximation· of the somewhat complex heat exchanger may be set 

up using only two amplifiers. The values of lj and /i are a.lmost 

identical except during fast transients. If they are taken as being equal 

and called P , then this value of P is proportional to the difference 

between the temperatures ~ and ~ • A circuit to perform· these opera

tions was set up as draw in Fig. 11.28. In order to obtain a negative 

value of fh , 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· practically ~entical to those using the 

system draw in Fig. 11.27. The variables of reactor power and tempera

tures, and of steam power and temperature differed only slightly from those 

in Figs. 11.29,'··11.·30, 11.31, .11.32, and 11.33, which were obtained using 

the:,1more complete ·heat exchanger. No heat storage in the metal was 

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

by introducing first order lag into the circuit of amplifier 17 in Fig. 11. 28. 

11. 6. 5 Coolant Loop -~-......, 

The circuit for simulating the coolant loop was set up in a 

manner similar to that for the fuel loop. The initial. rate of increase 

., ... 
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- r,h. ~.40 v 
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Fig. 11.28. Computer Diagram foro Simplified Heat Exchanger. 
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of ~h from amplifier 14 at the rate of 3 volts/sec, when a step change 

in Pc of 14 volts was applied, required that pot 20 have a voltage ratio 

of 0. 214. In order that the steady state value of Tc.h Wa.s 15 volts 

higher than 7;; at des:i.gn point, and equaJ. when Pc :was zero, the' ratios 

of pots 50 and 28 were 0.200. Pots 19, 27, and 22 of amplifier ll 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 ea~h. s'ect"ion. of' the piping b~rtween the heat exchanger and the steam 
. . 

gener~tor. An\~xtra amplifier .was included in each function delay to 

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

tion of Function Delay in Section 11.4.4. 

The heat removal 'frcm the coolant in the steam generator was simulated 

by the .ci.rcuits ·--&f· a.mf>lifiers 12 and 13. The actual transit time of the 

coolan~ thDough the steam generator was 12.5 sec, giving a coolant rate 

of decrease in temperature of 24°F/sec. However, in an attempt to account 

for the heat capacity of the steam generator, the simuJ.ator was set up 

.with a 2o°F I sec:'; rate of decrease in temperature 0 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 in.itiaJ. rate of decrease in Tcg 
of 2 volts/sec when Ps 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 id~ntical to pots 56, 48, and 24. 

11. 6. 6 Steam·-Generator 

A complete' simulation of the steam generator was not attempted. 
' 

The ·voltage from pot 15 detennined the steam load. This load was assumed 

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

ture Ts The :St-eam load /§ from amplifiers 27 and 28 produced the 

required temperature drop in the coolant passing through the steam genera

tor at the design point condition. 

The steam temperature was assumed to be associated with the inlet 

tompcra.ture of· the . coolal:..n.l;. J..u:l.iu '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 
0 . 

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

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

1~8 
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in order that amplii'ier· .29 would compute the steam temperature in accord 
: .. : .r~ , . . 

with these assumptions. 

11.6.7 Simulation Results 

The results of varying the steam load and rod position are 

shown in Figs. 11.29, ll.30, 11.31, 11.32, and 11.33. 

The ramp_ changes in load and rod reactivity were considerably faster 

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

in the rod 5 k of 0.005 produced a change of 173°F in the reactor mean 

temperature., which agrees with the specified temperature coefficient. The 

step drop in load was simuJ.a.ted to approximate· the variation caused by 

the loss of electricai load in case the circuit breaker connecting the 

electric generator·to the transmission line were to open. 

A rod S k vaJ.ue of zero was selected as the datum plane that ca'lised 
0 a reactor fUel mean temperature of 1000 F. 

11.6.8 Period ~Log N 

The COIIIJ?Utation Of the reactor period and the logarithm Of tl::le 

power "t-Tere not· important to the· s~tem studied. This portion of the 

simulation is included here as an example of one of the types of calcula~ 
~ . . . . 

tions that an. a.naJ.og computer can perform. 
. dh 

The principle -eiig?loyed was that of dividing dt by n to obtain 

a voltage proportional to the reciprocal period. The voltage proportional 
~ . 

to ~ was then integrated with respect to time to produce a voltage 

propo:?bional to the iogari thm ~ n 0 . 

The explicit'"·circuit is ~ in Fig. 11. 34. The time 'derivative of 

Fj.. , -ox- :n , was taken by amplifier 36. Amplifier 38 merely reversed 

the s"ieYJ. of the·· voltage Pr o Pot 69 was connected to provide a certain 

amount of smooth:ing•·of the dif:f'erentia.ted voltage. Without this 6000 ohms 

of damping resistance; the output· of amplifier 36 was quite noisy. Amplifier 

34 together with servo multiplier 4 computed the quotient of ~~ divided 

by n When the period was 3 sec' the output of amplifier 34 was -100 

volts. When the period was infinite, this output was zero. The servo 

multipl~er positioned-the slider of the pot having the 100 volt re~erence --....,_ . 

to obtain a voltage from this slider e~ 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 

G82 149 
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was continuously varied by the servo multiplier. The output of amplifier 

34 may be stated as follows: 

[
Output of' ] 
Amplifier 34 

[
Output of ] 
Amplifier 36 

[
Voltage ratio of] 
Multiplier pots 

The multiplier ·pot voltage ratio was o. 700 at the condition. taken in the 

~ircuit diagram, causing the output of a.nrplifier 34 to be -100 volts •. 

Amplifier 16 computed the logarithm of the power by integrating 

the output of a.m:pl:tfier 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 aft~r 

a time lapse of 6.907a sec, which woUld cause. the log power recorder to 

rise one decade. A 3.sec period will produce one decade of pewer change 

in 6.9078 sec. In order that the. scaJ.e of the log power recorder was 

properly indexed, the· ou~put of pot 36 was applied to amplifier 16 to 

set the recorder at the desired value corresponding to the reactor power. 

The voltage from pot 36 was ·~zero during the recording of a transient. 

The output · of amplifier 34 Wa.s. supplied to amplifier 19 in order 

that the standard period chart paper couJ.d be used on the period recorder. 

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

infinite period 'WhEm the output of amplifier 34 was zero. The circuit 
' resistances provided that the recorder ind~cated full'scale When the 

period was 3 sec. A capacitor to s~ooth out the rapid variations of the 

output of amplifier 34 was necessary, expecially at low values of reactor 

power. 

The results of .. a·step increase in nuclear multiplication are 

described by the curves in Fig. 11.35. The reactor temperature coefficient 

was eliminated, and the delayed neutron precursors were set up for 

stationary uranium-235· Note the noisy indication of reactor period at 

low power levels. Also, note~hat the log power curve is asymptotically 

approaching a straight l~e as the period becomes longer and approaches 

the asymptotic value of 22.7· sec. 
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11. 7 Instantaneous Loss of Fuel Flow 

Upon the instantaneous loss of the flow ·of the fuel, the initial rate 

of increase of the mean fuel temperature is 60°F per second because the 

nuclear power of 350 megawatts will produce this rate of temperature increase. 

T.he rise in temperature will act through the negative temperature coefficient 

of reactivity to reduce the power,, but the temperature will continue to 

rise. 
. . 

T.he power will asymptotically approach zero and the temperature will 

inc.rease at a decreasing rate. The temperature will never decrease because 

there is no loss of heat from the reactor under the assumed conditions. 

When the fUel flow ceases, the contributions of the delayed neutrons 

would reach their normal stationary fuel values if the reactor could be 

operated at steady state with no flow. The originaJ. value of k with 

circulating fUel was 1.00328. An increase in the mean fuel temperature 

of 113. 5°F would cancel the excess k by virtue of the negative fuel 

temperature coefficient of 2.89 x lo-5;oF. However, there is no mec~ism 
for heat removal, thus the only steady state value of power is zero with 

no flow. 
:' .· 

11.7.1 siMulator connecti~ris 

T.he elementary computer diagram in Fig. 11.36 for simulating 

the loss of f'ueJ:-· flow· incorporates the J:?-Uclear reactor, the means for 

generating the mean fuel tempera ill re ~ and the means for control . of the 

nuclear reaction by' the negative temperature coefficient and control rod. 

T.he diagram is ·similar to a portion of the complete system in Fig. 11.27. 

T.he source was zero at the init.ial conditions. The delayed neutron network 

was initially set up to s:i.muJJ:!.t~ the steady state cotil.dition for the 

circulating fuei~ .. At the start of the transient, this network was switched 

to produce the precursors of delayed neutrons at the same rate as for 

stationary fuel. ·There are. two pots for each delayed. neutron group. One 

pot sets the initia.l value ~f Po~~ .X 103 
1 /; being the initial 

power level which· was ·· 70 ·volts. . The second pot for each group of delayed 

neutrons sets the ·value of· A· OC..i X I 6
15 

for the new condition. of 

operation. The ·pot settings are listed in Table 11.3. The values of 

A~ X 165 are_....."t""aken from Table 11.2. It should be not'M. 

that the value of ~ in the operating settings was unity; thus, the 
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TABLE11.3 
. ,··y. 

DELAYED NEUTRON CONTRIBUTIONS, SIMULATION OF LOSS OF FLOW 
J 

Delay 
Group 

1 

2 

3 
4 

5 
6 

G32 155 

'Initial Conditiofl;. 
settings 

Po ,El~ x to3 

7-8 
51.4 

66.7 
104.5 

51.6 

17.2 

Operating 
Settings 

·-4 CX~ X 105 

26 
170 

210 

240 

84 

25 
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operating setting are actually The control rods, 

pot 73, was adjusted to obtain + 70 volts at the output of amplifier 39 

under the initial conditions. 

Amplifier 38 was connected as an integrator to compute the rise in 

fuel temperature, with an initial value of zero volts. Pot 6o was set 

to provide a voltage ratio of 0.429 in order that the output of amplifier 

38 would rise 6 volts per second when the output of amplifier 39 was +70 

volts. Thus, the fuel mean temperature rise would be 60°F/sec at a nuclear 

power of 350 megawatts. A voltage rise of 34.6 volts from amplifier 38 

wouJ.d reduce· k by 0.01, which ·1s equivaJ.ent to the effect of a temperature 

rise of 346°F. · Refer ·to Section 11. 6. 2 • 
. ;. "' ·~·i ~-

11.7:2 Operation 

The transient was started by switching the delayed neutrons 

circuits from their.initial condition settings to their 9perating settings. 
" ' • • • t 

Amplifier 38 wal:'>_s!itched irito the circuit as an integrator to indicate the 

rise in fuel mE:7an temperature. Tb.e results are shown in Fig. 11.37. 

11. ·7. 3 Comparison of CircUlating Fuel and Stationary Fuel 

A second-transient was obtained under the assumption that the fuel 

was stationary, but had the heat capacity ,_and temperature coefficient of the . ' . . . . . . .. .~ 

case with circulating-'fuel. The heat woUld be removed by some sort of 

circulating co?lant w~ich would not affect the delayed neutrons. 

A sudden loss of heat removaJ. Wa.s examined. The power was found to 
~. . .:. 

decrease somewhat more slowly -than for the case of an'abrupt.loss of fuel 
. . . . '\,\ 

flow in the circulating fuel reactor.: The temperature rms·e was somewhat 

faster than with· circUlating f'uel. The sudden loss of'- fuel flow in the 

circulating fuel··case'··tends to place the reactor on a positiVe period because 

of the additionai ·deleyed neutrons which had previously been-})roduced 

external to the reactor. However, the initial levels of the precursors of 

the delayed neutrons ·a.re low compared to the stationary fuel :case, and 

this reactor could be placed on a short negative periOd by less reduction 

in k with ci-rculating fuel than with stationary fueL Refer to Section 10. 

A reactor system having a different fuel heat capacity, temperature 

coefficient, or fuel circulation .. rate may not exhibit this particular relation 

between the stationary fuel and circulating fUel cases. No general conclusions 
' 

should be drawn from tbis one example; each system must be individually 

examined. 
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12. NUCLEAR REACTOR INSTRUMENTATION 

The instrumentation to be described will be limited to that peculiar 

to the control of nuclear reactors. The temperature, or rate-of-change of 

the temperature, of certain components of any reactor are surely to be of concern 

to the proper operation·and safety of the plant; however, a knowledge of the 

fission power is imperative because the .nuclear power is one of the impo~tant 

factors in determinin~ the time behavior of the temperature. Refer to Figures 

12.1 and 12.2. Although the measurement of such variables as temperature, 

flowp and pressure are e~tremely important to reactor control, this type of 

instrumentation will not be discussed since t;hese variables are common'to 

many commercial non-nuclear applications. 

An adequate start-up procedure will probably require the measurement of 

the reactor flux over a wide range. Period information may be important in 

order that adequate control and safety equipment· can be applied. · A knowledge 

of the reactor flux is essential to the operation of a research reactor wherein 

the flux is the prime quantity produced. 

Reference material on instrumentation can be found in Glasstone, Chapters 

5 and 6, and in Schultz, Chapters 5 and 7· 
The discussion of instrumentation in this section of these notes is a 

minimum and is not meant to be all inclusive nor exhaustive. The neutron 

sensors and circuits used in the control of some of the research reactors at the 

Oak Ridge National Laboratory will be d.escribed briefly. 

12.1 Neutron Sensors for Control and Safety 

The nuclear instruments collectively must cover an operating range of 

the order of 10 decades. A single sensor ca-n hardly operate successfully over 

s.uch a wide range; consequently, separate sensors are used to cover different 

portions of the total flux range. 

12.1.1 Fission Chamber 
-6 -10 At low values of power in the range of 10 to 10 of full power, 

the thermal flux available at the sensor cannot produce a continuous indication 

because of the small number of neutrons which fall into the chamber each 

second. Counting techniques must be employed. 

A schematic diagram of a fission chamber and the associated electrical 

circuit in a counting channel is shown in Figure 12.3. The active coating 
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on. the inside surface of the chamber is uraniUm-oxide to a thickness of one to 

two milligrams per cm2 • Usually~ highly enriched uranium is employed. The 

space between the electrodes is filled with argon or nitrogen, or a mixture of 

argon and.nitrogenJJ at a pressure of one to two atmospheres. This gas may be 

sealed in the chamber, or it may be introduced by means of a continuous flow. 

When thermal neutrons fall into the chamber and cause fission of the 

uranium-235,, some of the fission fragments escape from the solid surface 

with sufficient velocity to create ion-pairs :Ln the gas. The free electrons 

produced are collected on the positive electrode in a time duration of approxi

mately one microsecond, . which causes a small reduction in the voltage across 

the chamber. The· c.ollection of the heavier slower moving positive ions on 

the pegative electrode, together with the time required to recharge the 

chamber, will cause the slight reduction in-chamber voltage to continue for 

a longer time. The de potential applied between the chamber electrode~ is 

of the order of BOO volts. 

Alpha particles from the naturally radioactive uranium within the 

chamber and gamma photons from the decay of fission products within the reactor 

also produce ion~pairs in the gas inside the fission chamber. HoweverJJ the 

voltage pulses produced by these al~ha particles and gamma phontons are much 

smaller than those caused by the very_.much higher energy fission products 

released from the uranium coating. This large difference in pulse·::height 

allows the pulse amplifier circuit to discriminate against the gamma photons 

and·alpha particles. The pulse height selector in the amplifier is adjusted 

to permit only the large pulses caused by neutrons to pe counted. It should 

be noted that the voltage pulses will not all have the same height and shape 

because the ion pairs will be formed within different areas inside the 

chamber. 

It is possible for.the gamma photons to "plhte up" and produce a sin~le 

pulse $~ficiently large to be counted. In addition, a very large number of 

gamma photons per second can produce a continuous current through the chamber 

and lower the chamber voltage due to the vol·tage drop across the resistor in 

aerioo ui th the . do pm-7er «::Upplyu 

· The capacitance of the cable attached between the chamber and. the first 

stage of amplifict3,tion reduces the size of the voltage pulse received ~t the 

pulse amplifier. In addition to the greater voltage gain in the pulse 

amplifier that is necessary when the cable is long, the signal-to-noise ratio 
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becomes poorer and the useful sensitivity of the chamber may decrease1 • 

The sensi ti vi ty of the ORNL Q-109-2 fission chamber is approximately 
' 2 

0.06 counts per second at a thermal flux of one neutron per em -sec.- The 

uranium-235 coating of this chamber is on th~· inside surface of a cylinder 

three inches long.and one inch inside diamet~r. The positive electrode is 

a rod, 0.04 inches in diameter. 

It is possible to operate fission chambers to provide a continuous 

current rather than pulses. The neutron flux must be sufficient and the 

proper external electrical circuits must be employed. 

Fission chambers are usually withdrawn and shielded as the reactor power 

increases. This accomplishes two objectives, (1) the uranium is not consumed 

as rapidly, thus the useful chamber life is-extended, and (2) the chambers 

cont-inue to provide neutron flux information. 

12 .1. 2 C omperisa ted Chamber 

Compensated ion chambers are· used witnin the range of 10-6 to 3 

times normal reactor power. The signal provided by this chamber is a con

tinuous current, rather than distinct pulses. 

Discrimination against gamma photons is accomplished by the bridge 

·circuit in Fig. 12.4. The chamber actually __ contains two separate gas-filled 

volumes; the gas in both volumes is ionized by gamma radiation and allows a 

corresponding current to flow. Both surfaces of one volume are coated with 

boron-10; therefore, the gas in this volume is also ionized by the alpha 

particles and lithium-7 nuclei emitted by the exothermic reaction between 

the boron and the incident neutrons. On the average, approximately 3~ of 

the ion pairs are formed by the lithium-7 nuclei, and 7C!fo are .. produced by 
2 the alpha particles • 

When the chamber volumes and voltages are properly adjusted for a given 

gamma flux distribution, the gamma-induced currents of the two volumes are 

nearly identical, and the signal current is that due to neutrons only • 

. The volume of the section of the chamber not coated with boron is made 

adjustable in the ORNL design. Perfect compensation is almost impossible to 

achieve because of variations in the gamma flUx distribution; in· addition, 

there is virtually no means of determining whether the chamber is properly 

£~l!!l2~~~':~~d. One method of obtaining the data for compensating the chamber 

1. "Characteristics of Fission Chambers," Jo L. Anderson, Reactor Controls 
Department, Oak Ridge Nationai Laboratory. 

2. Jo C. Gundlach, Oak Ridge National Laboratory, unpublished 
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is to shut down the reactor and adjust the chamber voltages and volume with 

the chamber in place in a flux field having negligible neutrons compared to 

gamma photons. The chamber is usually under-compensated rather than over

compensated in order to prevent a reversal of the signal current. 

Th~ structural material of the electrodes of the ORNL Q~l045 compensated 

chamber is graphite, the outer casing is magnesium. Every effort is made to 

use materials that will not become radioactive in order to eliminate signal 

currents ·due to activity in the chamber itself. The outside body of the 

chamber is approximately 36 inches long and 4 inches in diameter. The active 

portion of the chamber is only about 4 inches long, and the remainder of the 

body is filled with graphite. This graphite fills the space directly back 

of the sensitive region of the chamber, thus .serving as a reflector and 

scatterer. The neutron sensitivity of this chamber is approximately 8 x 10-l5 
2 amperes for a unit thermal flux of one neutron per em -sec; the uncompensated 

gamma sensitivity is approximately 2.5 x lo-12 amperes per R/hr. The useful 

neutron flux range of the chamber is from 102 to 1010 neutrons per cm2 -s·ec, ·; : 

depending upon the intensity of the gamma flux. 

Compensated chambers are usually filled with nitrogen at one atmosphere 

pressure, and may be either sealed or have a continuous gas flow. 

12.1.3 Uncompensated Chamber 

An uncompensated parallel-circular-plate ion chamber is used at 

ORNL in the reactor safety system to initiate emergency shutdown at an excessive 

neutron flux level. No discrimination against gamma photons is employed; thus, 

the range of this chamber is restricted to two or three decades around the 

normal operating level. The chamber and circuit are shown schematically in 

Figure 12.5. 

The electrodes of the ORNL Q-975 PCP Chamber are graphite3, coated with 

boronolO to a thickness of approximately 0.3 milligrams per cm2• The gas 

is nitrogen at one atmosphere of pressure',..- either sealed or with continuous 

flow. 

The chamber body is approximately 33 .in~hes long and 3 inches in diameter 

with the active section being about 6 inches long. The main body is filled 

with graphite to scatter the neutrons an~·~~'? eliminate leaving a void back of 

the sensitive portion of the chamber. The neutron sensitivity of this chamber 

is approximately 5 
-15 . x 10 amperes per unit thermal flux of one neutron per 

2 em -sec; the gamma-sensitivity is approximately 2.5 x -12 · I 10 amperes per R hr. 

3. ORNL-1080, "The Neutron Sensitive PCP Ionization Chamber", R. K. Abele and 
J.C. Gundlach 
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7 10 2 The useful neutron flux range is from 10 to 10 neutrons per em -sec. 

12.1.4 Thermopile 

The elementary form of another .type of neutron sensor consists of 

two thermocouples connected .in electrica-l oppo&i tion, but with one thermo

couple attached to a small quantity df boron-10 or u.ranium-235· The elect

rical connection eliminates an output signal when both thermocouples are at 

the same temperature. However, the thermocouple·attached to the boron or 

uranium will be a·t a higher temperature in the presence of a neutron flux. 

Consequently, ·the output signal is a function of neutron flux. 

Several thermocouples are usually employed to obtain sufficient output 

potential to be useable. Thermopiles are relatively much smaller in volume 

than chambers, but they are limited in range and in speed of response. 

12.2 Nuclear Instrumentation Circuits 

12.2.1 Log Diode 

The logarithmic element used in the ORNL logarithmic amplifiers 

is a type ·9004 diode opera ted in the region where ·the kinetic energy of the 

electrons emitted from the cathode'·produce .. the potential difference between 

the cathode and plate. ~efer to Figure 12. 6. 4 In order to reduce the 

electron flow from the cathode to the plate xo.a very low value, the plate 

must be made quite negative with respec·t to.the cathode. This is due to the 

fact that some of the electrons emitted by the cathode have several electron 

volts of kinetic energy and can overcome the opposing electric field. More 

electrons have sufficient energy to reach the plate when the plate is less 

negative with respect to the cathode. 

The relationship between the plate current arid pla·te voltage is 
-12 -4 approximately logarithmic over a current range of 10 to 10 amperes. 

The plate potential rises approximately Oo2 volt per decade of current increase. 

Although this logarithmic relationship between the tube current and plate 

voltage is present over a wide current range 1 the actual numerical value of 

the plate voltage .is a function of the cathode surface temperature and 

electron emission characteristics. At a given plate current, an increase in 

the cathode temperature will increase the~plate voltage in the negative 

direction. Mechanical shock will also change the plate voltage in an erratic 

manner. Some of these diodes exhibit a plate voltage drift during the life 

of the tube. 

,4. Redrawn from ORNL drawings DR.5399 and DR. 5777 
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12.2.2 Count Rate Channel 

Refer to Figure 12P7• ·This channel is the· only one-in operation 

during the low power range of the reactor. The scaller is used during 

critical experiments when the counting rate is below one count per second 

and the statistical variations are relatively large. For a normal startup, 

the counting rate should be at least as high as two counts per second and 

·the Log Count; Rate Recorder should be in operation. 

Pulses from an output of the A7 Linear. Amplifier are supplied to the 

Log Count Rate Amplifier. These pulses trigger a univibra·tion which in 

turn supplies pulses of constant height (approximately 230 volts) and constant 

duration (approximately 15 microseconds) to a circuit that smooths the 

constant charge pulses and takes the log&rithm of the resulting cUrrent. 

The diode described in Section 12.2.1 is used to obtain the logarithmic 

relation. The ORNL count rate channel has an upper limit of 104 counts 

per sec. 

Considerable filtering of the diode voltage is required in order to 

eliminate the effects of statistical fluctuations in the counting rate and 

to smooth out the pulses to obtain a useable signal for the Period Recorder. 

This filtering increases the effective time lag between the indicators and 

the sensor. The count rate channel is not capable of following rapid 

changes in the neutron flux variation!' and the· information from .. this channel 

must be weighted accordingly. 

It is possible to obtain period information of a sort, by taking the 

derivative of the voltage across the diode. 

12.2.3 Linear Flux Channel 

A.d-c amplifier. connected to· a compensated ion chamber will provide 

a linear ir;~dication· of ·the· thermal fluX at the chamber. This amplifier is 

provided with a .large number of separate full-scale current ranges that are 

manually selected. 

The signal for the automatic flux controller of the swimmi~g-pool type 

reactors is obtained from this channel. 

12.2.4 Log N and Period Safety Channel. 

The logarithmic diode described in Section 12.2.1 is used to derive 

a signal proportional to the logarithm of the flux. This tube is connected 

as the current detector in Fi.gure 12.4, with the plate of the tube connected 
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directly to the compensat.ed _chamber signal lead. Additional amplification 

of the voltage across the diode is obtained as· necessary in the Log N 

Amplifier. A long cable connected between the chamber and diode will 

introduce capacitance which will seriously af.fect the ability of the channel 

to respond to a fast flux transient. During a fast excursionJ> the Log N 

indicator will lag behind the actual change and the period indicator will 

not show the cGn·ect .instanteous ·reactor ·period. 

The signal for the Period Recorder is obtained by differentiating 

this voltage that is proportional to the logarithm of the flux. The resulting 

signal voltage is proportional to.the reciprocal of the period. 

A ~ignal ·to the s~fety system is also provided by the Log N Amplifier. 

The Period Amplifier differentiates the logarithmic signal from the Log N 

Amplifier to derive a signal suitable for use by a Sigma Amplifier. 

12.2.5 Safety Channels 

The control rods of a swimming-pool type reactor are suspended 

from magnets which are supplied by the Magnet Amplifiers. A scram is 

produced by the reduction of the magnet current and the consequent release 

of the rods. 

The output currents of the Magnet Amvlifiers- are determined by the 

Sigma Bus voltage. The Sigma Bus connects the output terminals of all the 

Sigma Amplifiers to the input terminals of all the Magne·t Amplifiers. The 

magnet current decreases as the Sigma Bus voltage increases above 34 voltsp 

and the current also decreases when the Sigma Bus voltage is reduced below 

34 volts. Therefore 9 a short-circuit between the Sigma Bus and ground will 

scram the reactor. 

Any one of the Sigma Amplifiers is capable of raising the Sigma Bus 

voltage and scramming the reactor. This portion of the safety system is 

~ometimes referred to as an "auction circuit". 

The Sigma Amplifiers in the Level Safety Channels supply 37 volts to 

the Sigma Bus when the reactor flux is zero. At a power level of 150% 

normalJ> the PCP chamber current is approxi~tely 41 microamperes, which raises 

the Sigma Bus to about 45 volts and releases the control rods. Two or more 

Level Safety Channels are employed for reli.abili ty. 

A signal from the Period AmPlifier rather than from an uncompensated 

chamber is supplied the Sigma Amplifier.in the Period Safety Channel. This 
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Sigma Amplifier scrams the reac-t_or at an input -signal corresponding to a 

period of approximately one second. 

Considerable care·is taken to insure that1the safety channels are in 

proper working condition. "Each Sigma Amplifier is provided with. a monitoring 

system to determine whether the amplifier voltages are present and the 

amplifier is functiqning properly. In addition, the PCP ch~mber voltages 

a~e monitored through additional conne-ctions to the chamber. ~-'malcondi tion 

detected by the mpnitoring ~ystem produces an immediate annunGi~tion to call 

the reactor operator's attention to the situation. In some cases, the 

monitoring system is also connected to scram reactor~ 

The ORNL PCP chambers have several terminals arranged to allow the 

monitoring system to determine whether the proper chamber voltage is 

present. Fission chambers, or uncompensated chambers having only one terminal,. 

are not used by ORNL because this monitoring system cannot be applied without 

additional terminals. 

4 . 
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13. REACTOR SAFETY AND CONTROL SYSTEMS 

A control system provides the means of operating the reactor plant 

at the conditions the plant is designed to fulfill. Tf a plant is to be 

operated over a given power range with power changes to be made no faster 

than a specified rate, then the control system should provide the means of 

operating the plant over the required range of power and within the·required 

rate of change. Naturally, -the control system is limited to the mechanisms 

provided by the design. 

The purpose of the safety system is to return the plant to a safe 

condition when an unsafe condition bas occurred. Again, the safety system 

must operate with the mechanisms available in the design, and it is entirely 

possible that the safety system cannot cope with every type of malfunction 

or accident. The following material, excerpted from ORNL CF-53-3-241,· A · 

PHILOSOPHY O;F REACTOR CONTROL, by W. H. Jordan, is one example of a situation 

which reduces the effectiveness of a safety system: 

So much emphasis has been placed on the measurement of neutron 
level that the .importance of maintaining a cooling rate that corresponds 
to the neutron leveLis sometimes overlooked. For example)> the design 
may call for a multiplicity of devices for scramming the reactor when 
a given neutron level is exceeded, but have only one or two relays that 
operate at reduced coolant flow. Or one may decide to operate the reactor 
at low power with reduced coolant flow without reducing the neutron scram 
level to correspond. While these are obvious considerations they are 
perhaps violated more frequently than any other safety precaution. 

The designer of a control system or of a safety system must constantly 

guard against the use of precedence as a substitute for analysis. Each 

type of reactor must be considered separately. Control and safety systems 

which have apparently been satisfactory for a particular reactor may be 

unsatisfactory in an~ther reactor which appears to be similar. For example, 

a change in a design to uranium of low enric.hment may introduce a negative 

temperature coefficient in the fuel due to the Doppler broadening; refer to 

Section 1· This fuel temperature coefficient is highly desirable from the 

standpoint of reactor safety; on the other hand)> the operation of the reactor 

may require the control system to handle fairly large amounts of reactivity 

in order to hold a given temperature constant because of this same Doppler 

effect. Only an adequate safety analysis can determine whether the example 

cited above will create an unsafe condition. Every reactor plant must be 
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examined for possible interference between the control system and safety 

system. 

An employment of a "Manual Scram" actuated by the human operator as 

a last ditch safety measure must be carefUlly analyzed. The operator can 

take three kinds of action: (1) no action, (2) the correct action, or 

(3) the wrong action. Dependence on the operator to correctly assimilate 

several pieceB of information and take the proper safety action under the 

stress of an impending reactor incident cannot be classed as a reactor 

safety system. The question could prope;rly be asked, "How can the operator 

be expected to find the correct solution to a safety problem in a few seconds 
. . 1 

when the designers did not find the answer in several months?" 

Two approaches to the basic design of a control system are possible. 

One approach is to attempt to force the plant to operate as the design 

specifies. An opposite approach is to allow the plant to follow the natural 

behavior inherent in its design. The first approach will probably require 

a more expensive and complicated control system, but the second approach 

will require that the reactor design provide a stable and inherently safe 

plant. The first method could conceivably operate a power reactor at its 

optimum condition at all times, and utilize the reactor to the utmost; although 

the problem of reactor safety may be very difficult. It is worth noting that 

a reactor operating at a.temperature only slightly below the damaging 

temperature will be vulnerable to many types of accidents. The second 

method will prObably require that the reactor normally operate at lower than 

the maximum safe fuel temperature, in order to provide a margin for natural 

control. The firs-t; method places a premiUm on reliable instruments and 

control hardware, while the second approach requires a minimum of reliability 

of the instruments and hardware. No attempt will be made here to reconcile 

these two approaches, but safety and reiiability of the complete plant together 

with the costs of construction and operation must always be considered. 

13.1 Basic Control Criteria 

The following basic rules are sugges.ted as the criteria for the 

formulation of a control system: 
... ~ .. , · .• '('t' 

· .... 

1. E. R. Mann, ORNL, private communication 
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L The control system should be as slow in response as the system 

requirements will allow. 

2. The control system should rely as much as possible on the self

regulating features of the system being controlled with a minimum 

of controlling variables. 

3· If possible, the control should be simple, but reliability is the 

primary consideration.A large lead-band in the controller to allow 

the system to stabilize itself and thus minimize the necessary 

control action is desirable, but not essential. 

The following suggested criteria for the control rod actuator bas been 

found quite worthwhile a~ ORNL: 

1. The actuator should be positive in producing rod motion. This requires 

the ability to apply force to the control in both directions, an 

impossibility when the rods are suspended on chains or cables •. 

2. The position indication of the rod should be positive. There 

should be no guesswork concerning the direction and magnitude of 

the rod travel under either normal or emergency conditions. 

3. A failure of one actuator should not jeopardize operation of other 

rod actuators. 

4. Each actuator mechanism should be amenable to inspection and repair. 

The actual application of control rod drives sometimes requires that one 

or more of these desired characteristics cannot be attained. In particular, 

when the rod drive mechanism c·annot apply a positive force to the rod in 

both directions, the position indicator becomes of major importance. 

Refer to ORNL-2090, A PHILOSOPHY OF CONTROL-SYSTEM DESIGN, by E. P. Epler 

for a further discussion of control system criteria. 

13.2 Logic Diagrams 

An information block diagram or logic diagram is one manner of graphically 

describing a control system, or a safety system, in its basic form. An example 

of such a diagram for the control of a regulat~ng rod in a reactor is shown 

in Figure 13.1. This diagram is not intended to be an example of the correct 

manner of operating a regulating rod, but is merely an example of the use of an 

information diagram. A control system, or safety system, is essentially 

concerned with the handling of information which is obtained from sensors 

throughout the reactor plant. The information from these sensors must be 
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assimilated and certain control measures taken. In this respect, the control 

system performs much like a computing machine in determining whether to prevent, 

produce, or continue any given control action. The use of a block diagram 

to describe the' computing process alloWs. the control system designer to 

concentrate upon the logic of the system,- rather than requiring him to think 

in terms of particular pieces of physical devices. 

The statements inside the single-bordered boxes in Figure 13.1 are 

conditions which will pass control information when the condition is fulfilled. 

Rod motion can be obtained only when the control information is tr~nsmitted 

to the actuator. The neutron flux should be measured before withdrawal of the 

regulating rod in the example in Figure 13.1; therefore, one condition that must 

be satisfied before withdrawal of the rod is that the counting· rate of the 

fission chamber channel exceed/t-'o counts per second. In addition,_ rod 
,J· 

withdrawal is not ~to be permitted whenever the period is shorter than 20 

seconds. Other permissive conditions are also indicated. The statements 

inside the double -bordered boxes are conditions that must be established 
( 

manually by the operator. He may set up any given manual condition at any 

·time, but no action results unless the information path is completed and the 

information is transmitted to the actUating mechanism. The horizontal 

dashed lines mean .that these manual conditions are selected on a common 

device; such as a multi-position switch.- For example, a manual selector 

switch can be in either of·the three positions ''Withdraw", "off", or 

"Insert" -- but only one selection is possible at any given time. The " 

"Manual-Servo" selector provides for either automatic or manual control 

of the regulating rod subject to the other permissive restrictions shown in 

the diagram. The small arrow pointing away from the "Servo" box means that 

this selector will automatically return to -the "Manual" condition whenever 

the information path to the "Servo" box is broken, such as by changing the 

''Withdraw-Off'Insert" selector from the "Off" condition. Automatic control 

is possible only if all the necessary permissive conditions are satisfied 

and the operator bas manually selected "Servo" contro.L • 

Rod insertion by manual selection is possible at any time in the example 

in Figure 13.1~ and in addition, automatic insertion will occur provided 

certain conditions arise. A portion of the conditions which provide 

automatic insertion are opposite to the requirements necessary for rod_ 
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withdrawal. In order to :permit withdrawal, several conditions must be 

satisfied simultaneously, but automati~ insertion occurs if any one of 
•, 

four conditions arises. 

After the control system is basically described, the necessary :physical 

hardware must be selected. The :proper use of sensors, instruments, relays, 
•, 

actuators~ and related equipment is essential in order to :provide a thoroughly 

adequate and reliable control system. 

13.3 Reactivity Changes Not Caused by Rod Motion 

The material in this section was gathered from conference between 

E. P. Epler, S. H. Hanauer, W. H. Jordan; and Co S •. Walker in January, .1957· 
Some reactors have been constructed with large amounts of reactivity 

controlled by rod motion. In the MTR, for example, the.rods·have a worth 

in excess of 40% . .14ik. On the other hand, it may 'Qe difficult or undesirable 

to install rods of any sizeable worth; indeed, with some types of reactors, 

the rods may be omitt!3d altogether. The natural uranium-graphite reactors 

commonly have iess than 5% 8 k controlled by their rods; in some 

homogeneous and other liquid-fuel reactors,- no rods are instal.led and the 

reactor is shimmed with fuel enrichment and regulated by exploiting a la!ge 

negative temperature coefficient. 

The &k available for control in all rods, and the loaded excess · 

reactivity of the assembly (rods fully withdrawn), together determine the 

b't< margin "by which the react·or is shut down wh'en the rods are fully 

inserted. In the swimming-pool type reactor, for example, the rods control 

about 7% Sk . Using the rule of thumb that one may load until the excess 

reactivity equals half the worth of the rods, this reactor may be loaded with 

about 3% excess k. The shutdown k will then be 0.96, and the shutdown margin, 

4%. In the MTR, the shutdown margin is greater than 15%· In a natural 

uranium-graphite reactor, on the other hand, ~be shutdown margin may be as 

low as 1%, and the uncertainties in fuel loading, reactivity of experiments, 

and temperature effects, may be as large as this shutdown margin. 

13.3.1 Fuel Loading (The Critical Experiment) 

' The loading of fuel into a reactor naturally fa+ls into two 

categories~ 

1. A liquid fuel loaded through a pipe and throttling valve under the . 

control of the operator9 is an example of continuous loading. Another example 
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of a loading process which is practically continuous is the use of 

natural uranium slugs, thousands of which are loaded one-by-one into long 

channels. 

2. At the other extreme 3 the_ fuel of some reactors is divided into a 

small number of indivisible fuel elements, sometimes as few as 15 or 20 of 

them. The addition of fuel, and hence the increase in reactivity is there

fore_ quantized; and there is a minimum and often large step which the 

operator must recko~ with at each stage of treloading. 

1. Continuous Loading: 

Loading a reactor in the continuous mode is done by-·.loading fuel at 

some constant rate until the instruments indicate a substantial subcritical 

rise. The loading proceeds more and more cautiously until the reactor is 

critical. One way of achieving this is to withdraw the rods fully between '· 

successive small fuel additions. This is not quantized fuel loading, since the·· 

addition{ may be as small as desired. The maximum rate at which the fuel may 
l 

be loaded is limited first by consideration of the sta~tup accident wherein 

the fuel addition is equivalent to rod withdrawal, and second, by operational 

convenience.- The rate allowed by the startup-accident calculation may be 

altogether too fast for an orderly appreach to criticality. 

In order to cope w~th a startup accident, means must be provided to 

decrease the multiplication. Any control rods must be withdrawn a substantial 

amount before fuel addition is begun, so that they may be inserted to control 

an unsafe condition arising from errors in the loading procedure or break

down in the machinery. 

2. Quantized Loading: 

This discussion will start with a partly loaded lattice, to which it is 

desired to load the next fuel element. The rods are first fully withdrawn using 

standard startup procedure, and the counting rate determined. The rods are 

then fully inserted, and the counting rate determined for this condition. From 

these counting ratesi the approximate worth of the control rods may be 

determined in terms .. of fuel mass by reading from the curve of inverse 

counting-rate versus mass of fuel the amount of fuel whose removal would 

give the same decrease in counting rate as inserting the rods, refer to 

Figure 5.1. The operator next considers the quantity of fuel in the next fuel 

element to be loaded, in order ·to assUre himself that its addition will not 
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result in the reactor reaching critical with the rods near the bottom. 

This implies that no fUel elements shall have a reactivity 'tmrth as much 

as half the reactivity worth of the control rods. Although the determina

tion of control-rod worth need not be done before each fuel addition, the 

operator must at all times know the rod worth as compared to the fUel 

element worth. 

The operator having determined that loading the next element is safe, 

it is loaded under his direction. The two related problems will next be 

considered; how shall the fuel element be loaded, and where shall the 

control rods be during this operation? 

Assume that the fUel element is loaded with the rods partly withdrawn, 

and, through some error, the reactor is made supercritical by this fuel 

addition with the rods in this position. The power level will rise until 

the safety system releases the rods. Assume that the·rods are then fully 

inserted, and that the reactor is driven subcri'tical. The power burst 

required to initiate the action of the safety system would not have occurred 

if the rods had been fUlly inserted before the step increase in multiplication 

took place. This· power burst caused an unnecessary hazard to the reactor 

system and to the operating personnel. In addition, the partial withdrawal 

of the rods has increased the probability of a given fuel addition producing 

a supercritical condition. 

In the case of reactors having only a small amount of reactivity in the 

rods, the operator may have no confidence ·in his determination of the relative 

worths of rods and fUel element. In this ·ca·se, he will properly withdraw the 

rods part way before each fuel addition, and he must load the fuel element 

slowly and reversibly. If the control rods ·are inserted by the safety·system 

the new fuel element must be removed immediately. It is conceivable that 

direct human handl~ng by skilled technicians might accomplish this, but what. 

is really attempted here is an approach to continuous loading, where the 

loading rate must be controlled, because the operator has lost c.onfidence 

that the conditions for quantized loading are fulfilled. Under these cir

cumstances, when the insertion of fuel must be stopped or reversed to avoid 

a supercritical condtions, the fuel should be loaded by machinery which 

inherently limits the rate of fuel insertion to a safe value. This machinery 

should provide a means of quickly removing a satisfactory quantity of fuel. 
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The control system should include the fuel loading process as well as the 

rod contri:bl. The loading should be under the control. of the reactor . 

operator at the control board at all times. 

13.3.2 Unscheduled Reactivity Changes. 

The determination of whether the rods should be partially 

withdrawn in a reactor that is shutdown must be ob~ained from safety 

considerations. The probability that the reactor may become critical 

when the rods are fully inserted must be evaluated. It is extremely 

improbable that a rea·ctor having the shutdown margin of the MTR can be 

made critical with the rods fully inserted due to any credible non

catastrophic accident. On the other hand, other types of reactors may 

become supercritical with the rods fully-inserted as a result of what might:; 

appear to be a minor occurrance or accident. Examples of this are loss of 

light-water coolant from a natural uran1~~graphite reactor, a change in an 

in-pile experiment, or leakage of fuel from a region of low importance to· 

a region of higher importance in a c'ircul.Sting fuel reactor. A reactor with 

a small shutdown margin is especially susceptible. Each reactor must be 

examined to determine the safest shut down position of the rods. 

Consider an unscheduled increase in multiplication occurring at a 

constant rate, with the rods initially partly withdrawn. The incident is 

illustrated in Figure 13.2. The increase in multiplication causes the 

reactor power to initiate a rod drop at the--time t 1 due to e~ther a high 

power level or a short period. The reactor is thus made subcritical 

immediately after the time t
1

. Now, the time interval between t
1 

and t 2 is 

available for further corrective action to prevent another recurrance of 

a supercritical condition at the time t 2 • 

If an alert operator bad been watching a- reliable startup instrument, 
I 

he could.have detected the start of the incident long before the .time t 1 • 

Many reactor operators choose to use the safety system and thepartly with

drawn rods as a more reliable detector which works even in the absence of an 

operator. Usually, instead of partly withdrawing all rods, a few rods, 

designated "Safety Rods", are fully withdrawn for this protection, and the 

& k which they control has been maned "spare negative k". These rods 

should be withdrawn immediately after shutdown, and their automatic insertion 

by the safety system should be understqod to indicate an urgent need to 
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dismantle part of the reactor so as to decrease the multiplication 

before the time t 2, the time when the reactor will go supercritical 

again • 
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