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ABSTRACT

This report describes the derivation of both the zero power linearized reac-
tor transfer function, and the transfer function with feedback due to power and
temperature effects in the core. The instrumentation and special techniques

used to measure these transfer functions are also described.

The zero power frequency response function measurements on the SRE con-
firmed the experimental methods employed. The experimental data correlated
quite well with the linearized zero power reactor transfer function, and the meas-

urements provided an experimentally determined value of I/B,

vi



I. INTRODUCTION

The usefulness of transfer function or frequency response measurements on
nuclear reactors has become increasingly evident in the last few years. There
is a large volume of fundamental theory available in this area, and the merits of
this type of measurement are well known in the fields of servo-mechanisms and

feedback control systems.

For nuclear reactors, the technique is useful both for determining stability
characteristics and nuclear parameters. With this method, (1) the power coef-
ficient of reactivity may be measured, (2) control rod calibrations may be deter-
mined, and (3) the magnitude and response time of the temperature coefficients

of reactivity are obtainable.



II. DERIVATION OF LINEARIZED REACTOR TRANSFER FUNCTION

The theoretical reactor transfer function will now be derived. The starting
point for the derivation of this transfer function is, as usual, the basic differen-
tial equations of the process. Since one of the differential equations involves a
product of two variables, which are both functions of time, it must be considered
a nonlinear differential equation. For this reason, it is necessary to linearize
the equations before taking the Laplace transform of them in preparation to plac-
ing them in the usual transfer function form. Because of the linearization proc-
ess, the resultant transfer function is suitable only for small variations of the
variables. This transfer function will not be suitable for large step inputs or
transient studies. It is, however, perfectly adequate for frequency response
studies where changes in a variable are held to a few percent variation about its

equilibrium value.

The basic kinetic differential equations for a nuclear reactor are as follows:

doft) ("z““) § -lén(t) + ZX, C (1) (1)
ac.(t) p.
ﬁ-:—l}-n(t)- X C.(t) .. .(2)

where

n(t) = neutron flux or power level
t = time
P(t) = reactivity input to reactor

B3 = total effective fraction of all neutrons which are born as delayed
neutrons

B. = effective fraction of delayed neutrons in the ith group,

6
where Z Bi =B

i=1



f = effective neutron lifetime

A. = decay constant for delayed neutrons in the ith roup. I/\. is the mean
i y y g P .
lifetime of delayed neutrons in the ith group

C.(t) = concentration of delayed neutrons in the ith group
i

If there was not the product term p(t)n(t) in the first equation, one would
immediately Laplace transform both equations, eliminate C(s) between them,
and place them in the desired transfer function form giving n(s)/p(s). Due to
the product term, it will be necessary to linearize the first equation. The re-
sults will be written in terms of 8n(s) and SP(S), indicating that the final equa-

tion is suitable only for small changes in n(s)and p(s).

The usual process of linearization is to substitute for the variables n(t),

p(t), and C(t), as follows:

n(t) = n_ + Sn(t) ... (3)
p(t) = p + 3p(t) ... (4)
C(t) =C_ + SC(t) , ... (5)

where n s Ps andCo are the equilibrium or steady state values of the original
variables, and Bn(t), Sp(t), and 8C(t) represent the small changes in the variables
as a function of time. This is identical to the usual method of determining elec-

tron tube parameters and analyzing electron tube circuits.

We now substitute the above linearizing equations into the basic reactor ki-

netic Equations 1and 2.

_d[ o an(t)] 8 [P° i Sp(t)]z[n" i Sn(t)] z@%‘o " Sn(t)] 4 i A [co 4 SCi(t)] .. (6)
i=1

dt



and

d—‘i[co + Sci(t)]z ﬁji[no + Sn(t)] - >\i ko + 8Ci(t)] : .

On expanding, assuming second order terms such as Sn(t)Sp(t)are negligible
in value, and subtracting the equilibrium values from the above equations, the

results are as follows:

n 6

d—‘i Sn(t) = 798p(t)- ’%8n(t) + 21 )\iSCi(t) . o AB)
1=
and
ds Bis 5
- Ci(t) = n(t) - >\i Ci(t) ] ...(9)

Normally, Po has the value of zero. This means that thevariationin p, which
is Sp(t), is about the critical point, Po= 0. To a first approximation, this also
means that the average power or flux, n will stay constant with time, if the

variation is sinusoidal.

Taking the Laplace transform of Equations 8 and 9 gives

n B 6
s On(s) =T"8p(s)-TSn(s)+z A ;8C.(s) ...(10)
i=1
and
B;
s3C,(s) =—3n(s) - xiSCi(s) ... (11)



From Equation 11,

8C.(s) B,/

Sn(s) " s +)\i Lo
Substituting Equation 12 into Equation 10,
6
X, B /2
san(s)_— 8,0 s)-ESn(s)+8n S)Z s+>\) : v 113)
1=k
Collecting terms, and rearranging gives
Sn(s) To 14
op(e) W NAN Mkt
(s + B/f sl‘+—;\-
i=1

On letting /2 22:81/1 , and placing it inside the summation sign of the third
term in the denominator, forming a common denominator, and, clearing terms,

the desired transfer function is obtained.

On(s) _ "o . ... (15)

d3p(s) ~ 6
sf| 1+ Z s + )\

The above transfer function may be placed into a normalized form to elim-
inate its dependence on reactor power, n_, and employ £/[Bas a parameter. The

following equation is thus obtained:



g .= 1 : . .(16)

6
g, B,IB
BT TGy

It is possible to further manipulate Equation 15 into other useful forms.
The bracketed term in the denominator can be rearranged to have a common

denominator as follows:

6
B, B, B, B¢
1+ PR S | - — (1
£(s+)\i) +S+)‘1+S+>‘Z+ +S+)‘6 o
i=1
=(s + >\1)(- - - )(S+>‘6)+Bl(s+>‘2)" - (s + )\6)+—- - s)
(s + X)) - - - (s+X,)
6
klz—ll (s +a,)
= , ...(19)
6
[T(s+X))
=] !
where the ak's are the roots of the numerator of Equation 18.
This technique will give a transfer function form as follows:
6
Sn(s) n H (s + X))
.t .(20)
6



This isolates the poles and zeros of the transfer function and allows one to
plot the magnitude and phase values of the transfer function by the usual approx-

imation methods.

Figure 21, p43 shows the Bode plot of the theoretical, linearized reactivity
transfer function. It is important to note that the absolute gain of the transfer

function is directly proportional ton , the flux or power level of the reactor. It

o’
may be necessary to automatically decrease the sensitivity of the controller in

the flux control loop of a reactor as the reactor power level increases — in order
to obtain the same degree of control and prevent oscillations in power due to ex-

cessive loop gain.

It will be necessary to consider the effects of the linearization process,
namely how large a variation in Sp(t) and dn(t)is allowable before the results
depart from the derived linearized transfer function. This is not a simple cal-
culation but some work has been done to study the effect.1 One other major con-
sequence of using large sinusoidal variation in §p(t)is that the average reactor
power will increase slowly. The in-hour equation shows that the positive peri-
ods obtained are shorter than negative periods — for a given reactivity change.
These items will be covered in more detail later when the techniques and prob-
lems associated with experimentally measuring the transfer function are dis-

cussed.



I1l. DERIVATION OF REACTOR TRANSFER FUNCTION CONSIDERING FEEDBACK EFFECTS

A. CONTROL SYSTEM FEEDBACK THEORY

The basic feedback control system equation will now be derived. It will be
needed to determine the effects of temperature coefficients of reactivity on the
zero power reactor transfer function. Temperature coefficients, along with
xenon poisoning, are examples of a power feedback effect, and either add or sub-
tract from the direct reactivity input or forcing signal. It will also show the

manner in which delayed neutrons may be considered as a feedback effect.

The basic block diagram for a feedback control system is shown in Figure 1.

G(s)ZP

+
Bp(t) _>® e(t) Zero - Power Sn(t)
+

Reactor Transfer
Function

H(s)
Feedback
Transfer
Function

Figure 1. Block Diagram of Reactor With Feedback Transfer Function

Sp(t) = reactivity input signal
Sn(t) = power variation of reactor

e (t) = error signal to reactor; sum of input reactivity signal and reactivity
feedback effects



The basic derivation is as follows:

e(t) = Sp(t) + H(s)dn(t) , < h2l]}

and
S n(t) = e(t)G(s)yp - e

Eliminating e(t)from Equations 22 and 23, and rearranging, gives the funda-

mental feedback theory equation

8 SBgp o123
P Sp(t) 1 - G(S)ZPH(S)

G(s)

where[G(s)]ZP is the zero power - linearized reactor transfer function derived in
Section II. [Cz(s)]p represents the overall reactor transfer function when there

are reactivity feedback effects due to power or temperatures.

B. TREATMENT OF DELAYED NEUTRONS AS A FEEDBACK EFFECT

The zero power linearized reactor transfer function is rearranged to treat
the effect of delayed neutrons as a feedback mechanism. This willbe done mainly
to provide additional insight into feedback effects. Many digital codes for reac-

tor kinetics actually operate on this basis.

Referring to Equation 10,

n_ B 6
s8n(s) == 8p(s) - 8n(s) +3 A, 8C,(s) . .- (10)
1=1
Rearranging,
n 6 A
S ENPELIEAL . I WRCA T ) Ny
e Iy Sp(s) + ; = BM)SCI(S) (24)



Also,
B./1
8C,(s) = 8n(s) —— . R

s +A

Figure 2, Step 1, shows the results of Equations 24 and 12 in block diagram

form.

Figure 2, Step 2, is the final desired block diagram. It shows the delayed

neutron groups as a feedback mechanism. The forward block,

n
O

T

represents the reactor transfer function at the higher frequencies where delayed

neutron effects are no longer important.

Although it would be possible to separate the delayed neutrons as shown
above, they will not be separated in the rest of this work. G(S)ZP will be used to
represent the zero power linearized reactor transfer function. G(s)P will repre-
sent the transfer function at other than zero power, indicating that power and

temperature feedback effects are operating.

C. DELAYED NEUTRON PARAMETERS FOR THE SRE

Table I lists the delayed neutron data used for all analysis on the SRE. From
this table, it can be seen that the delayed neutron group with the highest break
frequency is the sixth group whose break frequency is 0.617 cycles per second.
At this frequency, its effects are already down 3 db, or 0.707 of its dc value. At

ten times this frequency, the effects of this group can be ignored.

Even the prompt neutron group will be unable to follow sufficiently high si-
nusoidal frequencies. This break frequency is given by8/f, and for the SRE is
2.13 cps; where ,Bz 0.007, and £ = 5.25 x 10_4 seconds. It is interesting to note
that this frequency is only 3.5 times the break frequency of the sixth life de-
layed neutron group. Simple calculations have shown that since the fraction of
delayed neutrons in this long life group is so small, it has little effect on the

transfer function near the prompt neutron break frequency point.

10



Sp(s)

2(s) + B/ 5

6
XiBi/ﬂ
(s + B/EXs + )\i)

i=1

n
(o]

Figure 2.

6
1 BiX;
L mmsiinaen s Pt 0.
%o (s + >\i)

2(s+ B/1)

dn(s)

i=1

Block Diagram of Techniques for Treating Delayed
Neutrons as a Feedback Mechanism

11



TABLE I

DELAYED NEUTRON GROUP CONSTANTS FOR U235*
Half-life Fraction of Decay Constant | Mean Ljife Break
Group Tl/Z Delayed Neutrons i T 5 L/\ Frequency

(sec) in Group,,Bi (sec-1) (sec) (cps)
1 54.51 0.000264 0.0127 78.8 0.00202
2 21.84 0.00149 0.0317 31.6 0.00504
3 6.00 0.00132 0.115 8.70 0.0183
4 2.23 0.00285 0.311 3,22 0.0495
5 0.496 0.000895 1.40 0.715 0.223
6 0.179 0.000182 3.8 0.258 0.617

*Data from G. R. Keepin and T. F. Wimett, Nucleonics 1_6, (10) (1958) p 86

D. POWER FEEDBACK EFFECTS AND POWER COEFFICIENTS

The most important feedback mechanisms are those of temperature coeffi-

cients of reactivity and xenon-samarium poisoning.

In some reactors, such as

homogeneous and boiling water, void formation would represent another impor-

tant power feedback mechanism. In this report only temperature coefficients of

reactivity will be considered.

the order of a cycle per day, and thus

standpoint.

The frequency response of xenon poisoning is in

can be ignored from the reactor stability

Figure 3, is a block diagram of the reactor '"at power' transfer function

G(s)p and shows the predominant reactivity feedback mechanisms, as well as

the fuel and moderator temperature coefficients of reactivity.

In equation form, one obtains

G(S)P =

12

Bn(s) Gls)yp
8p@)= __Sﬂ(ﬂ . STm
1 - G(S)ZP Qf"—"‘sn(s) % am Sn(s)

Y



+
Sp(s) \@+ G(s),p Sn(s)
+ STy(s)
—
— a
+® fSn(s)
3T (s)
RS p i S
- Sn(s)

Figure 3. Block Diagram of G(s)j.:> Showing Reactivity Feedback Mechanisms

where
STf(s) = small variation in average fuel temperature
8T (s) = small variation in average moderator temperature
Ef = average fuel temperature coefficient of reactivity per °F
Em = average moderator temperature coefficient of reactivity per °F.

Equation 25 may also be written

G(s)g = G(S)ZP (26)
¥ _ 18T/ 8| _ |8T_/8n|] £
1 - Gs)yp|% (Ttst) P m@+st)

13



where

% = fuel thermal time constant

T
m

moderator thermal time constant.

I

It should be noted that this equation is a one-node representation of the heat
transfer characteristics of the core, and will be correct only at sufficiently low
frequencies where the phase shift is small. At higher frequencies it is necessary

to use multinode equations for accuracy.

E. INTRODUCTION TO REACTOR TRANSFER FUNCTION MEASUREMENTS

Sections IIand III of this report have shown the derivation of the zero power,
linearized reactor transfer function, and how it is effected by power and tem-
perature feedback mechanisms. The experimental measurement of these trans-

fer functions will be discussed in Sections V and VI.

It is possible to consider the measurement of the theoretical zero power

transfer function G(s from two standpoints, (1) verifying the theory, and (2)

checking the experimfrial techniques. From the many problems encountered in
making accurate magnitude and phase measurements in the frequency range of
0.0005 to 20 cps, it is believed that viewpoint 2 is preferable. If consistent re-
sults can be obtained that check within #5% for the magnitude, and within 1° or
2° for the phase of the theoretical transfer function, then sufficient confidence

can be placed in the transfer function measurements at power.

To verify the operation of the equipment and techniques, a number of tests
were performed with the SRE. The results are discussed in detail in Section VII
of this report. The oscillator was also employed to obtain control rod calibra-
tions for the purpose of comparing this technique with the rod-bump-period meth-

od of calibrating rods.

To determine the power coefficient of reactivity H(s), it is necessary to know
both the '"at power' and zero power transfer functions, since the power coefficient

is defined as follows:

H(s) = ! B ! ... (27)

B G(S)P G(s)ZP

14

S



Since H(s) is the difference between two quantities which are nearly equal,
it is necessary to measure G(s)P and G(S)ZP as accurately as possible. This
accounts for the large effort expended on instrumentation and correlation tech-
niques. At the same time, many other facets of this problem must be considered,
such as the method of varying reactivity, magnitude and waveform of reactivity
variation, linearities, and accuracies of various instruments. These will all be

discussed later in this report.

15



IV. EQUIPMENT FOR OBTAINING SINUSOIDAL VARIATIONS OF REACTIVITY

A. REQUIREMENTS

An optimum reactivity varying mechanism would produce a perfect sine wave
variation of reactivity at all necessary frequencies and have provision for se-
lecting the magnitude of the reactivity variation. For the SRE measurements,
the part of the mechanism located in the reactor would have to operate in tem-

peratures of at least 1000°F and a thermal neutron flux of up to 6 x 1013 nv.3

It was desirable to vary reactivity over a frequency range of 0.0005 to 20cps
for the zero power tests and from 0.0005 to 1 cps for the power tests. At low
frequency, the gain of a reactor increases inversely to the frequency of oscilla-
tion, making it difficult to select an optimum magnitude of reactivity variation if

a constant reactivity variation must be used.

Table II shows the value of reactivity variation which will produce a 5%
change in power, and the percent change in power for a constant reactivity mag-
nitude variation of 5 x 10~ 58,0— both as a function of the forcing frequency. The

gain of the reactor is also shown as a function of frequency.

TABLE II

REACTOR GAIN VS FREQUENCY
(8n/n vs 8p, and Sp for a given §n/n for various frequencies)>:<

Reacter Gain
Frzeque)ncy e ST 5o 5T S3n/n % f015' 8,0 for
Cps (0] -

3 gnOSp/B nSp/B | n,8p 3p=5x10"| 8n/n = 5%
0.0005 27.82 24.6 3510 17.5 0.14x 10" %
0.001 22.08 12 1810 9.1 o.zsxlo‘4
0.01 8.36 2.62 374 1.8 1.34x 10'4
0.1 1.43 1.18 168 0.84 2.98x 10'4
1 -1.00 0.892 127 0.64 3.93x10'4
10 13.6 0.209 29.8 0.15 16.8 x10°4
20 19.45 0.108 15.4 0.08 32.4 x10'4

*3n and 8/3 are sine wave magnitude values
Tdecibel units

16
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The optimum choice for the magnitude of reactivity variation depends on two
important considerations: (1) the minimum value 0118 n/nl that can be measured
with sufficient accuracy — with instrumentation noise being present; and (2) the
maximum value oflS n/nl that can be allowed without errors appearing —because
of the use of linearized, small signal theory in the derivation of the reactor trans-
fer function. For this work, the minimum value ofIS n/nl that can be reliably
measured with correlation techniques is 0.1%. The maximum value oflS n/nl, to
stay within the accuracy of the linear equations, was taken to be 5%, where IS nl
is the magnitude of the sine wave variation of §n sin wt. Actual measurements

indicate that this value was very conservative.

One other important consideration is that the addition of equal amounts of
positive and negative reactivity produce different reactor periods — the effect in-
creasing with the magnitude of Sp. This effect causes the average power level
of the reactor to increase slowly during oscillation unless a very small negative
reactivity change is made to the reactor at the start of oscillation. Performing
exact correction at low frequencies is difficult. The drift in average power level
may also be decreased by holding |8 n/n|to the smallest possible value. Thedrift
is very troublesome on the low frequency tests, since it takes a long time to de-
termine if the average power level is holding steady from one cycle to the next.
With sinusoidal peaks being up to thirty minutes apart, an idea of the time con-

sumed in stabilizing the reactor can be appreciated.

It can be seen from Table II that a value of 8,0 le-4 will produce a |3n/n|
of 0.15% at 20 cps, and of 18.1% at 0.001 cps. A value of 8p~10-5 will produce
|8n/n| of 0.127% at 1.00 cps, and of 3.5% at 0.0005 cps. On and & p are sine wave

magnitude values.

It can be seen that a method of obtaining various Sp magnitudes will be nec-
essary in order to meet the original specifications. A discussion of the various

types of reactivity mechanisms tested will now be given.

B. TYPES OF REACTIVITY MECHANISMS EMPLOYED FOR SRE TESTS

Three types of reactivity varying mechanisms were tested during the SRE
oscillation experiments. These are listed as follows:
1) rotary device

2) Scotch-yoke (slider crank) mechanism to drive a shim rod
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3) direct drive of shim rod by existing servo motor actuated by special

sine wave tracking servo loop

Table III lists the advantages and disadvantages of each of these three de-

vices. These various reactivity devices will now be individually discussed.

TABLE III

ADVANTAGES AND DISADVANTAGES OF THREE REACTIVITY
VARYING MECHANISMS

Type Advantage Disadvantage
Rotary 1. High Frequency 1. Difficult to vary
(20 cps) magnitude of Sp
Scotch- Yoke 1. Testing at power 1. Possible mechanical backlash

2. No change required 2. Limited to &~ 0.1 cps maximum
in reactor loading

Direct Drive 1. Uses existing control 1. Extra servo loop phase align-

system ment
2. Limited to &~ 0.1 cps maximum

1. Rotary Device

It was originally thought that this type of reactivity varying mechanism
would be the best for the SRE measurements. Although two devices with differ-
ent Sp magnitude would be necessary, this presented no difficulty because the de-
vices could be handled by the SRE fuel handling cask — a straight forward opera-
tion. With the rotary device, any frequency from the lowest necessary up to 20
cps could be obtained. Figures 4 and 5 are views of the boral squares fastened
to the aluminum rotor and stator of the rotary device. As the rotor turns, the
boral or poison squares are alternately shielded by the stator poison squares
and then exposed to the neutron flux. The resulting reactivity waveform is very
close to a sine wave, as seen in Figure 6. With four poison squares 90° apart,
four sine wave cycles of reactivity changes are obtained for one mechanical ro-
tation of the rotor. Thus 20 cps of 8,0 variation requires 300 rpm for the rotor.
The rotor was satisfactorily operated at speeds to 300 rpm (20 cps) during zero

power tests and frequency response data were obtained.

The rotarydevice was designed to fit inside a spare SRE control rod thimble
that had an inside diameter of 2.522 in. Schedule 40 aluminum pipe was selected
for the stator and 1.75 in. diameter aluminum rod was selected for the rotor.

Aluminum was selected for the test device because of its low thermal neutron

18
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Figure 6. Reactivity Waveform of Rotary Sinusoidal Reactivity Device

capture cross section, and its availability. Boral was likewise chosen because

of its availability and suitability for the test device.

Calculations of the heating effect in the rotor and stator due to the(n, a) re-
action in boron and gamma heating in the aluminum showed that the rotor would
operate 50°F/Mw above the temperature of the sodium surroundfing the thimble.
This would limit the use of the aluminum rotary device to a reactor power of

approximately 1 Mw at a sodium outlet temperature of 600°F.

The next step in the design, after choosing the dimensions of the rotor and
stator, was the determination of the dimensions and number of poison squares

required to produce a reactivity variation of approximately 5% of 3.

Figure 7 shows a cross section of the rotor and stator with poison squares.
Due to shadowing effect uncertainties, the criteria chosen for the design were:
(1) to size the rotor and stator squares to fit inside lines 1 and 2 when opposite
each other; and (2) to fit between lines 2 and 3 when the rotor square was fully

exposed and producing the maximum neutron poisoning effect. Figure 8 shows
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the relative sizes of the rotor and sta-
tor poison squares. Although a mathe-
matically correct shape for the rotor
poison might be that shown in Figure 9,
a simple square shape was used and

found satisfactory.

Simple calculations indicated that
two to four sets of squares would be
necessary to achieve the desired reac-
tivity change. The rotor and stator
were milled to hold nine sets of chips.
Since the sets are easier to remove
than install, when the rotor becomes
radioactive, four sets were installed

initially, 6 in. apart, at the center po-

sitions on the rotor and stator.

The value of reactivity variation

produced by four sets of poison squares was 1.7 x 10-4
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Figure 7. Cross Section of Rotary
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ing Location and Dimensions
of Poison Squares
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this value was four times larger than desired, it was unnecessary to remove a
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set of poison squares. As seen in Table II, the variation is only too large at fre-

quencies below about 0.005 cps.

The upper and lower bearings of the rotor operated at temperatures up to
500°F. They were made of graphite which was coated with Electrofilm to im-
prove the wearing qualities when operating in a dry atmosphere of air or helium.

The bearings were used only in an air atmosphere and performed satisfactorily.

The thimble and top shield plug were obtained from a Mark I control rod.
The thimble was already equipped with grooves which were used to prevent the
stator from turning in the thimble. The top shield plug was modified to adaptthe
existing control rod drive shaft to the oscillation drive shaft. A Torquestat was

used to prevent damage to the mechanism if it jammed during operation.

Although no jamming occurred, the rotary device required a fairly large
driving torque because of the O-ring seals on the drive shaft located in the top
shield plug. The 3/4-hp motor on the drive mechanism was definitely needed

when operating the device at 300 rpm (20 cps reactivity variation).

A protractor was added on top the shield plug for use in calibrating and de-

termining the reactivity change vs angular position of rotary mechanism.

The unit was calibrated with the reactor critical at zero power. The auto-
matic flux level controller was adjusted to peak sensitivity. A Veeder-Root
counter which read totenthsof 1/16in. was mounted directly onthe control rod drive
mechanism tower. Readings of control rod positions were taken as the rotary

device was moved in 5 angular degree increments.

The resulting data is plotted in Figure 6 and indicates that the rotary unit

provided a satisfactory sine wave variation of reactivity.

The use of aluminum facilitated construction of the rotary test device. How-
ever, it was necessary to limit reactor power to 1 Mw and 600°F when employ-

ing the aluminum device because of heating in the boral squares.

Zirconium construction had been planned for a second rotary test device.
This would allow operation of the device at full reactor power and temperatures.
Rare earth poisons would be employed to eliminate the (n, a)heating from boron-

neutron absorption.
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After initial tests with the aluminum rotary device, the next step was to
investigate the possibility of sinusoidally operating a regular shim rod. This
would allow data to be taken at any time without inserting a special reactivity de-
vice into the core. Due to successful operation of this method, it was unneces-

sary to fabricate the zirconium rotary device.

2. Scotch-Yoke Device

A Scotch-yoke device which would impart a sine wave motion to the ball-
nut-screw mechanism of an SRE shim rod was designed and fabricated as shown

in Figure 10.

VEEDER-ROOT COUNTER
FOR ROD SYSTEM

P PIN ON ROTATING CRANK

T

SLOTTED SLIDING MECHANISM

ROTATING CRANK ATTACHED TO
MAIN OSILLATOR DRIVE SHAFT

DRIVE SHAFT FOR BALL-NUT SCREW
MECHANISM

Figure 10. Scotch-Yoke Gear Box for Driving Control Rod Ball-Nut-Screw
Mechanism With a Sinusoidal Motion
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The Scotch-yoke mechanism is installed over the reactor face, and at-
tached to the shim rod ball-nut-screw mechanism which is located below the face
of the shield (Figure 11). This unitwas successfully employedinobtainingall the
""at power' frequency response measurements on the SRE. A maximum fre-
quency of 0.1 cps could be successfully obtained. Higher frequencies were pos-

sible but the large driving torque added additional phase shifts in the system.

The magnitude of the 8p variation could be varied by either: (1) changing
the position of the pin on the face of the driving wheel — which determined the
limits of motion of the sliding plate; or, (2) positioning the shim rod to operate

at a different point on the differential rod worth curve.

The Scotch-yoke device withits associated gears, shafts, and bearings
was designed to mount on the end of the drive unit as shown in Figure 11. The
correlation equipment mounted on a servo plate, and geared to the same main
drive shaft which attaches to the Scotch-yoke driving wheel can also be seen in
Figure 11. Figure 11 also shows: (1) the protractor and its pointer (used for
aligning the correlation equipment); (2) a universal joint; (3) a Torquestattopre-
vent damage to the equipment if the shim rod ball-nut-screw mechanism should
jam; (4) a device for disengaging the drive gears to allow the shim rod to be
moved manually to the desired location by turning the crank located on top of the
Scotch-yoke mechanism box; and (5) a Veeder-Root counter to keep track of the

shim rod location or distance it has been raised.

The only design difficulties encountered were those of suitable bearings
for the mechanism. O-ring seals on the shaft of the shim rod mechanism are
used to maintain a helium atmosphere in the shim rod thimbles. The seals im-
pose a large friction load on the Scotch-yoke drive mechanism. This load caused
the original bearings to fail. They were replaced with larger and higher quality

bearings which were found to operate satisfactorily.

The coupling between the Scotch-yoke mechanism and the reactor face
was the type with a ball bearing insert. It should be emphasized that couplings
with any type of deformable rubber or plastic inserts should not be used in oscil-
lator mechanisms as they will cause spurious phase shifts to be introduced into

the measurements.
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The Scotch-yoke mechanism was capable of sinusoidally oscillatinga shim
rod with a sine wave magnitude of 0.480 in., although in all the experiments the

maximum shim rod motion was 0.256 in.

It would have been desirable if frequencies up to 1 cps could have been
obtained with the Scotch-yoke device. This would have made it possible to obtain
data at frequencies where both the ""at power' magnitude and phase curves would
match those for the zero power curves. This point deserves further elaboration

and will be discussed later under experimental techniques, Section VI.

It can be stated that it was not possible to determine Spwith sufficient
accuracy to directly determine the gain of the reactor at each frequency. Thus,
to obtain the power coefficient, which is the difference betweenthe reciprocalsof
the ''at power'" and zero power frequency response curves, it was necessary to
match all curves at the high frequency end where the effect of the power coeffi-
cient approaches zero. This accounts for the need of obtaining data at frequen-
cies considerably above the break frequency of the fuel time constant, which was

the shortest time constant feedback effect in the SRE.

3. Direct Drive Device

A third means of sinusoidally varying reactivity was tested and found ac-
ceptable for obtaining amplitude data, but was not satisfactory for obtainingphase
data. In this case, the shim rod was operated by the regular relay-servo drive
system employed for automatic flux level control of the SRE. The L. & N PAT
automatic control unit was modified so that the feedback potentiometer on the
shim rod drive - servo motor unit would be forced to follow a sine wave input
signal to the PAT unit which contains a relay-servo loop. It must be noted that
the rod drive - servo system had not been designed for high speed response,
since this is not necessary for flux level control of the SRE. Nevertheless, it
was possible to obtain good magnitude data at frequencies up to 0.05 cps, although
the waveform appears quite jagged. If a continuous servo had been available,

better results would have been obtained.

These tests were terminated when it became apparent that the Scotch-
yoke mechanism was the most satisfactory for direct drive of the shim rod. The
ma jor difficulty with the direct drive device is that the transfer function of the

relay servo mustbe ¢onsidered inthe data when employing the correlationtechnique

26



of measurement. The phaselagofthistransfer functionvariesboth withfrequency
and the magnitude of shim rod motion. The difficulty of havingthis additional trans-

fer function willbe evident whenthe correlation measurement technique is discussed.
C. MECHANICAL DRIVE MECHANISM

The mechanical drive mechanism was initially built to drive the rotary de-
vice, but was found to be satisfactory for the Scotch-yoke mechanism. It was
also employed for driving a sine potentiometer to generate the sine wave input

signal for the direct drive servo unit.

A 3/4 hp Servotek thyraton-controlled dc motor was chosen to drive the unit.
It was equipped with tachometer feedback and capable of accurately holding any
desired speed from 36 to 3600 rpm. This unit proved to be an excellent choice

and greatly aided in obtaining selected oscillation frequencies.

A frequency range of 0.0002 to 20 cps, requires a shaft speed range of five
decades, of which the motor speed control could give at best only two decades.
Four additional decades of speed variation were obtained by the use of gear boxes.
Three gear boxes with speed ratio of 10:1, 10:1, and 100:1 were employed. Fig-

ure 12 shows the motor and gear box units.

Figure 13 shows the drive unit and
Scotch-yoke mechanism installed. The
servo plate with the correlation equip-
ment may also be seen. A plastic shield
was installed over the gear train as a
safety feature. The length of the drive

unit could have beendecreasedbutatthe

‘ 2 time it was designed it was not known
» e &

Figure 12. Special DC Motor Drive be required.
and Gear Boxes

what additional gear boxes, etc., might

The only design problems that were
encountered were alignment and slippage of the gears on the shaft. Even though
two heavy duty set-screws were used on each gear, it was found necessary to
pin them to the shaft with removable, expanding pins in order to completely pre-
vent slippage. Also, all couplings were of solid construction, with no rubber or

deformable inserts.
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V. MEASUREMENT OF REACTOR TRANSFER FUNCTIONS

A. REQUIREMENTS

At first it may seem a simple matter to record the power variation of a re-
actor along with an electrical representation of the reactivity variation, and di-
rectly measure the magnitude of the power variation,sn , and the phase differ-
ence between dn and the reactivity variationSp. In certain frequency ranges,
this magnitude data may be accurate to a few percent, and the phase data accu-
rate to £5°. At high frequencies whenlSn/nlapproaches 0.1%, noise distorts the
power signal and directly recorded data become quite inaccurate. Fortunately
a correlation type of measurement may be employed which makes it possible to

obtain good data when the signal is equal to or even smaller than the noise level.

It is necessary to measure accuratelylSnl,l nol, and the phase difference be-
tween 8n and 8p. For 'at power" measurexnents,lSTf ,lSTml,ISTé], and the phase
differences between them and 3n must also be measured, although the accuracy

requirements are much less than those for (Sn/Sp)(jw).

The measurements of (3n/3 p)jw)at both zero power and ''at power!'' repre-
sent the transfer or frequency response functions of the reactor. The difference
between the reciprocal values of the '"at power'" and zero transfer functions is
the true power coefficient of the reactor. Since this difference is small, good

accuracy is necessary in the measurement of these two functions.

B. METHODS

During the course of the SRE transfer function measurements, three meth-
ods were used to measure the magnitude of reactor response, and the phase dif-
ference between this response and the reactivity forcing function. These were
the (1) direct visual method, (2) quadrature components method, and (3) the null
balance method. The null balance method is basically the same as the quadra-

ture method.

Table IV shows the advantages and disadvantages of these methods. Each of

the three methods will now be discussed.
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TABLE IV

COMPARISON OF THE THREE METHODS FOR MEASURING REACTOR
TRANSFER FUNCTION, GAIN, AND PHASE ANGLE

Method Advantage Disadvantage

Direct Visual Method Fast, Direct Difficult to obtain
accurate phase data,

especially if the noise
level is high

Quadrature Components Accurate phase and Needs 3 to 6 cycles
Method magnitude data even of good data with no
with small signal/ reactor power drift

noise ratio

Null Balance Method Accurate phase and Time consuming to
magnitude data even obtain null balance,
with small signal/ that is, to align sine-
noise ratio. Elimi- cosine potentiometer
nates computing wiper in phase with
phase and amplitude. reactor response

signal.

1. Direct Visual Method

Although Table IV indicates that this method is not as accurate, it was

used at some extremely low frequencies, and for analyzing temperature data.

The data were recorded on Sanborn multichannel recorders of which ten

channels were available.

The values of 8n and 8p were normally recorded directly and side-by-
side, as a means of checking the magnitude and phase data obtained by the cor-
relation technique. For '"at power' measurements, STf and Smeere recorded

along side dn, in order to obtain their respective phase shift from &n.

2. Quadrature Component Method

This method consists of determining both the magnitude of the component
of &n that is in-phase withSp, and the magnitude of the component that is 90°
out-of-phase with SP. dn is obtained from the square root of the sum of the
squares of these two components. The tangent of the phase angle between 8n
and SIois the ratio of the quadrature to the in-phase component of 8n. This meth-

od of measuring these two components (discussed in detail in the Section IV-C-3)
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has the characteristic that the noise part of the signal, as well as all harmonics
in the signal, cancel to zero. Thus, it is possible to achieve an accurate meas-
urement for &n magnitude and phase, even though the noise level is as large or
larger than the signal level, and even though the reactor response signal contains

harmonics from a slightly nonsinusoidal reactivity input.

3. Null-Balance Method

This is merely a special technique employed with the quadrature compo-
nents method. The technique requires that the phase relationship of the wipers
on a sine-cosine multiplying potentiometer be adjusted in such a manner during
the measurement that the quadrature component goes to zero. In principal, this

would allow a very accurate phase angle measurement.

C. INSTRUMENTATION

The instrumentation required to perform accurate transfer function meas-
urements of a reactor will now be discussed. This will include the neutron de-
tector, electrometer, and the correlation equipment required for the quadrature
component method of measuring the magnitude and phase of dn with respect to Sp.

Figure 14 shows the instrumentation layout used during oscillation tests.

1. Neutron Detectors

For zero power transfer measurements only the reactor response must
be measured. This was accomplished by employing Westinghouse boron-coated
ionization chambers. These are the same chambers normally used for monitor-

ing SRE reactor flux or power level.

2. Electrometer

The current from the ionization chamber was measured with a Keithley
410 electrometer. The electrometer was modified by removing the damping ca-
pacitors which are in the 10-8 ampere range. With these removed,the electrom-
eter was satisfactory for use at frequencies up to 20 cps on the 10-8 ampere
range. A 25-ft length of RG71 coaxial cable was used between the chamber and

electrometer. Cable length was not critical in this case.
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3. Correlation Equipment

Reference to Figure 15, and a brief explanation, will aid in understanding
the design of the correlation equipment circuit. According to the theory devel-
oped in Appendix A, the reactor response [Sn sin (wt+f) + harmonics + noise] must
be multiplied by a signal representing dp sinwtand 8p coswt. These products
are then integrated to find the magnitude of the components of 8 n which are in-

phase and in-quadrature with the reactivity input to the reactor, 8,0 sin wt.

not + Sn sin (wt+6) [(sin wt)(Sn)(sin)(wHB)]
AAA AAA F
KEITHLEY IQ [ Yy
55 41| VWA l/ AAA~ { >—-
ELECTROMETER | Al | A2
WESTINGHOUSE
IONIZATION
CHAMBER
L ] chF
- - i
T %4 -
A A4 /
-
F
- 4~ 8nlcos (1) sin(wt+0)]
= -
-
'/
s 1
| 2 34
Spsinlwt) Sn sin(wt+8) be Ps
/ TO SANBORN RECORDER

/
7

TO OSCILLATOR
DRIVE MECHANISM

Figure 15. Circuit Layout for Correlation Measurement

The simplest method of performing the required multiplication is with a
sine-cosine potentiometer. To obtain the proper voltages across the sine-cosine
potentiometer, it is necessary to use an inverting operational amplifier with a
1:1 resistor network. It is also necessary to bias out the n value, both to pre-
vent overloading the operational amplifier, and damaging the sine-cosine potenti-

ometer.

The voltage across the potentiometer represents [Snsin (wt+ 8)+ harmon-
ics + noise]. The positions of the wipers are equivalent to Sp sin wt and Spcos wt,

and will give the following two products:
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1) Spsinwt[8n sin (wt+8) + harmonics + noise]
2) Sp coswt[dn sin (wt+8) + harmonics + noise]

Toobtainthe time integral of the above two products, the output of the wipers
of the sine-cosine potentiometers are fed to Kintel Type 111 operational amplifiers,
used as integrators. The outputsof thesetwo integrators are recorded on Sanborn
recorders. Typical Sanbornchart recordsare showninFigures l6and 17. The

slopes of the recordings are the quantities needed to calculate |§ n| and its phase angle.

i 2,0 k) MER
8p SIN wt Sn SIN (wt+8)

Figure 16. Typical Oscillograph Record of Reactor Tests Employing
Scotch-Yoke Reactivity Device

When the recorder pen reaches full scale, the condenser in the integrat-
ing amplifier is manually discharged and the process repeated. This technique
has been used to overcome the problem of obtaining a long time constant RC net-

work in the integrating amplifier. Other investigators have used Velodyne
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integrators which can have a long time constant. For the SRE measurements,

the technique of discharging the integrating condenser was entirely satisfactory.

4. Sine-Cosine Potentiometers

The selection of suitable sine-cosine potentiometers was one of the more
troublesome parts of the experiment. The original potentiometers were wire-
wound 20,000 ohm units. This is the resistance of either (1) one quadrant, or
(2) the total resistance between the +E and -E terminals. The high resistance
required a very small wire size and the units soon failed, even before being

operated at the maximum required speed of 20 cps or 1200 rpm.

yi g

Sa \’F: et e T
3p SIN(wt) 3n (wt+6)

e g

Figure 17. Typical Oscillograph Record of Reactor Tests Employing
Direct Drive Reactivity Device

The next sine-cosine potentiometers selected were the carbon-deposited
type, 5,000 ohm per quadrant, ball bearing equipped, Model 206 with a linearity
of 0.25%. They were manufactured by Computer Instruments Corporation and

they have proven to be a good choice.
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In order to achieve the maximum possible linearity when using these sine-
cosine potentiometers, it is necessary to specify the external resistance connect-
ed to the wipers, when ordering. In this case, these are the input resistances of

the two operational amplifiers employed as integrators.

5. Servo Plate Details

The sine-cosine potentiometers were initially geared directly to the main
horizontal drive shaft of the mechanical drive unit. Due to the difficulty of accu-
rately aligning the zero position of the sine wiper with the zero position of reac-
tivity variation of either the rotary or the Scotch-yoke reactivity mechanism, it
was decided to couple the potentiometers to the main drive shaft via a mechanical
differential. At this point, the desirability of mounting all this equipment on a
servo plate became evident. Figure 18 shows the servo plate withtwo sine-cosine
potentiometers, differentials, alignment drive motors, and phase-measuring
direct-reading angle scales. Two potentiometers that are directly geared to the

main drive shaft can also be seen in Figure 18.

Close inspection of Figure 18 will show that although the phase of sine-
cosine potentiometer 3 may be changed by the adjusting motor 3, this will also
change the phase of sine-cosine potentiometer 4. This particular feature was
installed for use with the direct drive method of achieving sinusoidal reactivity
variations. The object was to first perform a null-balance type of correlation
measurement, between the electrical sine wave input signal to the modified PAT
relay servo unit, and the resultant shim rod motion. This had the effect of cor-
rectly positioning the sine wipers on sine-cosine potentiometer 4 to match the
shim rod motion and the sinusoidal reactivity input to the reactor. Although the
technique was used in a few tests, the direct drive method was found to be less
satisfactory for frequency response measurements than either the rotary or
Scotch-yoke mechanisms, and effort was discontinued on this device. Being a
sufficiently novel method of directly and accurately eliminating the phase shift
of an intermediate transfer function in frequency response measurements, the

technique may prove valuable in oscillation experiments onother types of reactors.

When employing the null-balance method, attempts were made to readthe
phase angle directly from angle scales mounted on the servo plate. It was found

that this was possible only if the backlash in the gear trains was removed by
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approaching the null-balance point from the same direction, and with no over-
shoot. Although high quality gears and differentials were employed, the backlash

added up to a few mechanical degrees.

For this reason, the sine-cosine potentiometers were initially aligned
with the reactivity device and left in this position. Phase angles were usually
obtained by the quadrature components method. Although the null-balance meth-
od was time consuming at low frequency measurements, the backlash problem

was another reason for not using it.

The servo plate components have operated satisfactorily at speeds up to

1200 rpm for obtaining 20 cps frequency response data.

D. SPECIAL EQUIPMENT FOR "AT POWER'" MEASUREMENTS

For the '""at power' measurement, it is necessary to measure the magnitude
and phase relationship of selected fuel and moderator temperatures with refer-
ence to the reactor respanse, dn. These temperatures were measured with per-
manently installed thermocouples. Since the variables of interest are small
temperature changes, STf andSTm, thermocouples are entirely adequate for these
measurements. Figure 19 is a schematic of the circuit employed. Most of the
thermocouple signal was biased out with a dc potential before being inserted into
the Kintel 114, full-floating, true differential amplifier. The amplified signals

were then either directly recorded or employed for correlation measurements.

MERCBLljFA(Y CELL
FLOATING INPUT

THERMOCOUPLE I_'F_¥ AMPLIFIER
T oS NS
l/

KINTEL 114

~_ — SINE-COSINE POTENTIOMETER >
TRACKS REACTIVITY DEVICE

DRIVE MECHAMISM Y 4 TO SANBORN
RECORDERS
—

Figure 19. Circuit Layout for Oscillation Tempera-
ture Measurement With Correlation Method
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VI. EXPERIMENTAL TECHNIQUES AND ANALYSIS OF DATA

A. INTRODUCTION

The major reason for the zero power, reactor frequency response function
measurements was to determine the validity of the experimental techniques to be

employed in the program of oscillator experiments on the SRE.

Although the rotary reactivity device was employed for the zero power tests,
the Scotch-yoke mechanism was found to give equally good results up to a fre-
quency of .05 to 0.1 cps, and, as such, was employed for all the ""at power"
measurements. The direct drive method produced poor phase data but the am-
plitude response data was correct. The direct drive method was therefore found
convenient for calibrating SRE shim rods by oscillation techniques. This tech-
nique gave excellent results which checked within 6% of the rod-bump-period meth-
od results of shim rod calibration. The oscillation method of rod calibration
takes only about one-sixth the time required by the rod-bump-period method —
once the equipment is set up. The saving of time results from the fact that the
average power level of the reactor is not changed, and no time is required for
the delayed neutron population to return to equilibrium — as is the case in rod
bump-period tests. A full discussion of the oscillation technique for shim rod

. : L : ' 2
calibration is given in Reference.

The details of the experiments utilizing the rotary device will now be dis-

cussed.

B. MEASUREMENTS UTILIZING ROTARY DEVICE AND CORRELATION

EQUIPMENT

After installing the rotary device and thimble in the core, the first problem
was to determine its waveform and magnitude of reactivity variation. A plot of
the waveform would also indicate the best choice for the zero reactivity position.
With the rotor in its zero reactivity position, the sine wiper on the sine-cosine
potentiometer was aligned at its zero position. This was done by either (1) the
aid of a Kintel Model 425A microvoltmeter connected between the wiper terminal
and the ground connection, with a voltage on the +E and -E terminals, and with

the wiper alignment set to produce a null reading; or (2) the wiper output was
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integrated on the appropriate integrating amplifier and its alignment set to pro-

duce a zero time rate-of-change in the integrator output.

The proper gear box ratios were then set and the required motor speed cal-
culated. The motor was brought to the proper speed with its speed control. At
this time, the reactor power was oscillating an amount determined by the fre-
quency of oscillation — since the amount of reactivity variation of the rotary de-
vice is constant. With the Scotch-yoke mechanism, the amount of reactivity var-

iation could be adjusted as mentioned previously.

The next procedure concerned making certain that the average power level
of the reactor was stable. If it was drifting, a small reactivity correction was
made with a shim rod. Quite often the correction consisted of such a short "on
time! for the shim rod drive motor that it was difficult to perform without an
overcorrection. Attempts were made to allow for this correction by initially
setting the oscillator rotor at a position where the reactor would be subcritical
if the rotor was returned to its zero reactivity position, and the position of the
shim rods was not changed. The method did not completely solve the drift prob-
lem, probably because the reactor was not always exactly critical at the start of
the oscillation measurement. For this reason, it was invariably necessary to
readjust a shim rod to obtain a constant average reactor power level during re-

actor oscillation.

The next step was to measure the magnitude of the reactor power variation,
Sn, and the phase angle between Snand Sp. The reactor power level,n_ , was
also to be measured. Actually, the only magnitude measurement needed is the

ratio 18 n/nol_

A direct visual measurement was always made by recording §n, and a signal
generated by a sine-cosine potentiometer which represented the reactivity vari-
ation, Sp. These were recorded side-by-side on afour channel Sanbornrecorder.
A typical chart record is shown in Figure 20. This allowed a determination of

ISnI and the phase angle, . The value of n_ was determined by either measuring

the value of the bucking voltage or the average output voltage of the electrometer.

A correlation measurement was also performed, and it was by this method
that the most accurate phase data was obtained. Figures 16, 17, and 20 also

show the recorded correlation data. At least three to five complete cycles of
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oscillation with no reactor power level drift are necessary to obtain an accurate

measurement. The slopes of the recorded data are the numbers needed for de-

termining &nand §. That is,

1 1]
The signs of ¢’s and ¢c must be considered in order to ascertain the correct

quadrant for the angle, 6.

The effect of the integration process on a second harmonic term, which oc-
curs when integrating the product of two sine-cosine terms, can be easily seen

in Figure 16. As shown in Appendix A, this effect always integrates to zero over

a complete cycle.

=7 ':"‘sééo’N'D” HARMONIC TERM |5
~~|IN_CORRELATION PROCESS}
Jos VOLT-sec '

T

5
| aeas Hr

THH £ —HH : FESSE? ESiaREsroisae o) j

p SIN (wt) Sn SIN (wt+ )

Figure 20. Typical Oscillograph Record of Reactor Tests
Employing Rotary Device
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C. ANALYSIS OF DATA

The details of the method of analyzing the data recorded in Figure 20 will

now be discussed.

Referring to Figure 20, the first column on the left is an electrical repre-
sentation of the reactivity variation 8,0, and is an electrical signal from a sine
potentiometer. In column two, the reactor power response,Sn, is recorded
directly, and includes noise and harmonics in addition to the fundamental fre-
quency of reactor response. The amplitude of I8nlaffords a check on thel®nlcal-
culation obtained utilizing cﬁ; and cp;, in the quadrature components method. A
comparison of the phase lag between column one and two assists in eliminating

quadrant errors on the phase angle, 6.

Calculations made from data obtained from the 3rd and 4th columns of Fig-

ure 20 are as follows: (See Appendix A for the derivation of the equations)

f = 0.05 cps, chart speed 0.5 mm/sec, integration time con-
stant, 1 second

bl =2

. 0.2 Yo—rlri?ns—e—cx 50 mm _2
qbc = =7.2x 10 volts

69.5 mm
0.5 mm/sec

¢, =%

t

! —
$. = 0ExBOX05_ yq 0 442

92

12 12
4’\/¢C + qbs = peak-to-peak value

n =
dn = 4(10)—2'\/(7.2)‘2 + (13.6)2 = 0.595 volts peak-to-peak
1
6 - 'ca,n_l _92?

¢

S
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-1 7.2

8 = tan” " —= = 28° phase lag
13.6
n_ = 18.8 volts (measurement not shown)
'?"D = 0.023 (rotor peak-to-peak reactivity worth)
. Sn
G(j27f) = ?Sﬁl /6
o, 9P
, _[0.595 1 - o o
G (j270.05) -I X /=28%=-1.38 /=28° =2.8'db /=28
18.8 0.023

The result is seen to agree with the theoretical value as shown in Figure 21.

+20
+ 10} B =0.007
GAIN "
£ =52 x 107% sEC
(BEST FIT)
o 4 0 &
L
= —+10 5
3 w
2 _@/ a
AW B=0.065 T20
Q. —
kS 4300
Q| o 2
c <<
-20 —-40
@ 73
- 450 T
z 0.085
S -30}f r60 ©
—— THEORETICAL
O O MEASURED BY PILE & \ 70
OSCILLATOR
-40 -80
-90
-50 1 1 | |
0.00!I 0.0l 0.l 1.0 10.0 100.0

FREQUENCY (cps)

Figure 21. SRE Zero Power Transfer Function
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VIl. INTERPRETATION OF EXPERIMENTAL RESULTS

Figure 21 shows the results of the reactor zero power frequency response
function measurements on the SRE at frequencies from 0.005 to 20 cps. Also
plotted in Figure 21 are three theoretical curves for the reactor zero power
frequency response. It can be seen that the measured data best fit the theoret-
ical curve for an £/f3valueof 0.075 sec. If the value of 3 for the SRE is chosen as
0.007, the value for the prompt neutron lifetime in the SRE is (5.25 + 0.35)x 10-4
seconds. This compares favorably with the theoretical calculated value of 5.0 x
10_4 seconds and with the value of (5.25 = 0.70) x 10-4 seconds obtained by ran-

dom noise experiments on the SRE.5

The close agreement between the experimental data and the theoretical re-
actor frequency response curves indicates that; (1) the small signal theory is
satisfactory, and (2) that the experimental techniques employed for the meas-

urements are satisfactory.
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VIIl. SUMMARY AND CONCLUSIONS

The program to measure the zero power and ''at power' frequency response
functions of the SRE required the development and testing of equipment for vary-
ing the reactivity and measuring the amplitude and phase angles of sinusoidal sig-
nals. The amplitudes of those signals were in many cases, comparable to the

signal noise level.

The program for zero power reactor transfer function measurement led to
the useful development of both a rotary and a Scotch-yoke mechanism that pro-
duced sinusoidal variations in reactivity. A third method, the direct drive meth-
od, while not suitable for transfer function measurements was useful for control

rod calibrations utilizing oscillation techniques.

Also, the correlation method of measurement was developed to produce accu-

rate amplitude and phase angle measurements, as required for this program.

The zero power frequency response function measurement on the SRE con-
firmed the experimental methods employed. The experimental data correlated
quite well with the linearized zero power reactor transfer function, and the meas-

urements provided an experimentally determined value of l/ﬁ for the SRE.
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APPENDIX: DEVELOPMENT OF CORRELATION MEASUREMENT THEORY AND METHOD

The use of a correlation measurement technique has become a common ex-
perimental technique where sinusoidal signals are involved — especially where

the signal-to-noise ratio is low.

The technique, as introduced in Section V-C-3 of this report, is a method
for obtaining the in-phase and quadrature components of the desired variable, in
relation to the sinusoidal forcing function. The correlation technique allows an
accurate measurement of these two components even though the signal-to-noise
ratio is much less than unity, due to the presence of harmonics or random noise

in the signal.

The technique involves multiplying the signal which represents the response
of the system by: (1) a signal which represents the input to the system, and (2)
a signal with a 90° phase difference. Since the input signal for this method is
proportional to sin wt, the other signal is proportional to coswt. The two prod-
ucts are then integrated with respect to time. When the integration is over a
complete cycle of the input signal, the derivations will show that the integration
process results in all terms having a zero value, except the desired terms. Thus,
the effects of harmonics and noise result in a null, and the value of the desired

response signal may be extracted from a signal with large noise level.

The input signal to the reactor may be represented as

8p = 8p sin wt.

The response of the reactor, including harmonic terms and noise will be as

follows:

3n =8®n sin(wt+f) + Harmonics + Noise.
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The two products required are as follows:

P= [Sn sin (wt+8) + H + N]sin wt,
and
P2 = [Sn. sin (wt+9) + H + NJcos wt.

In the integrals required, w has been replaced by 2 77/T, and T is the period

of oscillation as follows:

cT
(f) = ':Sn sin<—é%E +9> +H+N:|sin27Trtdt 5

(o]

and

cT
¢) = dn sin<-2—7—r£+9>+H+Ncosmdt;
c 5 T T

where c is the number of complete cyclesof oscillationover which the integral is

taken.

Disregarding the harmonic and noise terms for the moment, the results of

the two integrals are as follows:

¢ =81 Slcosd

and

¢c=8n %sin@
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It is desirable to express cT in terms of the total time elapsed, t, as follows:

¢, =8n scos8

Z

and

¢.=8n > sinf
Rearranging,

¢s cosB !

"t——=8n T— = 4)5 (slope) ’
and

¢'C sin @ !

~— = Sn >— = cPc (slope) ,

1 1
where ¢_= c[)s/t and cf)c = 4>C/t are the slopes of the integration data as shown in
Figures 16, 17, and 20.

The next step is to take the square root of the sum of the squares of the two

above equations, obtaining

dn
—

. . 2 dn

¢s + ¢ = =3 '\/Cosze + sin29 =

5 |

1]
[aN]
.e\
n
+
-
0

xNote: In the numerical example, calculation of both Sno and Sp are taken as
peak-to-peak values for convenience of measurement.
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The ratio of the two equations gives

C 91n9=tan9

’

¢| COSG
S

or B, the phase angle:
¢|
g =tan ! ———(,:—
Ps

All harmonic and noise effects may be expressed as a sum of sine and co-

sine terms of different magnitudes and frequencies such as:

@
Harmonics + noise terms = An sin nwt + ,8 cos nwt
n
n=2

dn is given by

ISn lpeak-to-peak =4 ¢s + ¢c

The following two integrals must now be considered:

o0
¢S = sin wt , (An sin nwt + Bn cos nu)t) dt ,
n=

and
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qS = cos wt (A sin nwt + 8_ cos nwt) dt
c n n

W18

2

It can be shown that the following four integrals are always equal to zero, when

integrated over any number of complete cycles of the fundamental frequency w:

fCT sin wt sin nwt dt = 0
o

cT
o Ssin wtcosnwtdt=0 ,
cT .

cos wt sin nwt dt= 0

T
fc cos wtcos nwt dt=0 :
o

where c is the number of complete periods, T over whichthe integral is evaluated.

There is one more item that needs to be considered and that is the effect of
a drift in average reactor power. This would introduce a term of a form bnot,

where b is a constant.

The integrals and results to consider are as follows:

cT bn cT
b, = bn t sin wt dt = - —g—

and

cT
¢ = bn t cos wtdt =0
c o
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It can thus be seen that the effect of a drift in reactor power will be to add
another term to qb:s, but not to q’b(': In any event an unknown quantity is introduced
which will produce an error of an unknown amount in the correlation measure-
ment. For this reason, the reactor power must remain constant during the three

to five cycles of oscillation while correlation data is accumulated.
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