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ABSTRACT

Tests to determine the neutron flux-to-reactivity frequency response
were performed on the Molten Salt Reactor Experiment with the reactor at
various power levels between zero and full power and with the reactor
fueled with a U fuel mixture and a 23X fuel mixture. Test patterns
employed were pseudorandom binary sequences (PRBS) and pseudorandom ter-
nary sequences (PRTS) of various sequence lengths and minimum-pulse-
duration times. 1In some tests reactivity (control-rod position) was
forced to follow the test pattern, and in other tests the neutron flux was
forced to follow the test pattern. The experimental results were analyzed
by several different methods and the results were compared.

The frequency response of the uncontrolled reactor system was found
to be in good agreement with theoretical predictions for both the 235U ang
2337 fuel loadings. There were no indications of response characteristics
that might cause control or safety problems.

The power spectra for the various sequences were flat over the ex-
pected ranges and variations in the sequence specification changed the
pPower spectra in the expected manner with no anomalous changes. A diagram
is presented which makes specification of the spectral characteristics Ffor
a particular sequence immediate.

For the 275U fuel loading, results of the flux-controlled testing
using PRBS's and PRTS's were adequate, but for the 233y fuel loading,
additional system noise coupled with equipment limitations caused ex-
cessive scatter in the frequency-response results for both type sequences,

For the 2337 fueled system, a closed-loop method of positioning the
control rod and use of a PRBS was necessary to obtain acceptable results.
Use of a PRTS with this method of control-rod positioning caused intro-
duction of errors in the indicated control-rod position rendering the test
results unacceptable.

Experimental data were purposely analyzed at non-harmonic frequencies
showing that careful specification of the analysis frequency is necessary
for meaningful results. In data containing a large amount of noise, the
results of analysis of the same data by the different techniques were
found to contain anomalous differences, particularly at the first few har-
monic frequencies, Analysis of the data by the different methods for low-
noise tests gave results which were in excellent agreement,

Keywords: frequency-response testing, MSRE, pseudorandom binary se-

gquences, pseudorandom ternary sequences, signal generation, Fourier analysis,
235y 23
)



CHAPTER I
INTRODUCTION

The dynamic response of a nuclear reactor may be characterized by
several methods.l* One of the more useful methods is the determination
of the power-to-reactivity frequency response of the uncontrolled reactor.
Mathematical models are usually formulated which predict the frequency
response before the reactor is in operation. These same models are
frequently used in application of\stability criteria, such as the
familiar Nyquist stability criterion® or determination of the eigen-
values of the system matrix., 2,3 Stability criteria can seldom be
"measured" so the adequacy of the mathematical models must be determined
by some other means. Determination of the adequacy of a model is important
since it is entirely possible that analysis of a mathematical model will
show a reactor to be stable yet the mathematical model may be incapable
of accurately describing the actual response of the system.

One method by which the adequacy of a model may be determined is to
compare the theoretical frequency response with the experimentally de-
termined frequency response. Perhaps more important is that, regardless

of the agreement between the predicted and observed response, once the

*
Superscript numbers refer to similarly numbered references in the
List of References.



experimental frequency response is determined the dynamic response char-
acteristics of the actual system are known and this is the information
of primary interest.

The frequency response of the £2°U-fueled Molten-Salt Reactor Experi-
ment (MSRE) was predicted by Ball and Kerlin® and the results of the
initial, experimental, frequency-response tests were reported by the same
authors.® The purpose of the work reported herein was to continue the
experimental tests throughout reactor operation with 2357 as the fissile
material and then to continue the testing program throughout reactor
operation with 237 as the fissile material. Variations were made in
testing signals and testing techniques and the effects of these variations

on the experimentally determined frequency response were noted.



CHAPTER IT
SYSTEM DESCRIPTION
I. PHYSICAL DESCRIPTION

The MSRE is a liquid-fueled, graphite-moderated, thermal reactor.
The liquid fuel is composed of the fluorides of uranium, zirconium,
lithium, and beryllium in the proportions shown in Table I. The liquid
in the secondary loop is composed entirely of LiF (70 mole percent) and
BeFs. At full power, the reactor produces about 8 Mw of power which is
dissipated to the atmosphere by an air-cooled radiator through which about
2 x 10° cfm of air is forced. Figure 1 shows the basic flow diagram for
the MSRE.

The basic differences between the dynamic behavior of the MSRE and
most other £3°U-fueled reactors arise due to the circulating fuel. The
most apparent effect of the fuel circulation is the birth of delayed neu-
trons in the external loop; indeed, the fuel circulation lowered the
effective fraction of delayed neutrons born in the core from L0067 to
.00kk for the U-235 fuel loading and from .0026 +o .0017 for the
U-233 fuel loading.* It requires about 17 sec for fuel leaving the core
region to reenter the core, and at higher powers the effects of fuel salt
reentering the core with a temperature which is representative of the
power level 17 sec earlier also has a pronounced effect on the dynamic
behavior of the neutron flux. Table II lists certain important facts
about the neutronics of the MSRE, particularly those which affect the dy~

namic response of the reactor.



TABLE I

COMPOSTTION OF MSRE FUEL SALT

235 Fuel Loading’ 233 Fuel Toading®
(Mole %) (Mole %)
LiF 65 6L.5
BeF, 29.1 30.2
ZrF 5 5.2
UF4 0.9 0.14

ISOTOPIC URANIUM CONCENTRATIONS

(Atom %) (Atom %)
233y 0 8L.7
234y 0.3 6.9
235y 35 2.5
23y 0.3 0.1
238y 6L .k 5.8

a, Molten-Salt Reactor Program Semiannual Progress
Report, July 31, 1964, USAEC Report ORNL-3708, Oak Ridge
National Laboratory, p. 231, (November 196L4).

b. Molten-Salt Reactor Program Semianmual Progress
Report, February 28, 1969, USAEC Report ORNL-4396, Oak Ridge
National Laboratory, p. 130, '
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6
TABLE IT

NEUTRONIC CHARACTERISTICS OF MSRE
WITH 233 and €75U FUEL SALT at 1200°F

233 Fuel 235U Fuel
Minimum Critical Uranium Loadinga
. b
Concentration (g U/liter sal) 15.82 33.064
Total Uranium Inventory (kg) 32.8 207.5
Prompt Neutron Generation Time (sec) L.o x 107% 2.h x 107%
Reactivity Coefficients®
Fuel Salt Temperature (°F)~?! -6.13 x 107° -4.1 x 10°°
Graphite Temperature [(°F)~ 1] -3.23 x 107> -l,0 x 107°
Total Temperature [(°F)~1] -9.36 x 107° -8.1 x 10°°
Fuel Salt Density +. 447 0.182
Graphite Density e +. 44k 0.767
Uranium Concentration +.389 0.23L
Effective Delayed Neutron Fractions
Fuel Stationary 2.64 x 1073 6.66 x 1073
Fuel Circulating 1.71 x 1072 L. Lhh x 1073
Reactivity Change Due to
Fuel Circulation (% &k/k) -.093 -0.222

®Fuel not circulating, control rods withdrawn to upper limits.

b
235U only.

“Based on 73.2 ft° of fuel salt at 1200°F, in circulating system
and drain tanks.

dpased on a final enrichment of 33% 279U,

®At initial critical concentration. Where units are shown,
coefficients for variable x are of the form &k/ksx; otherwise, coef-
ficients are of the form xgk/kdx.

THighly enriched in the fissionable isotope (91.5% 233 or 93% 2357y,
Source: Haubenreich, P, N. et al., "MSRE Design and Operations Report,

Part V-A, Safety Analysis of Operation with 237U," USAEC Report ORNL-TM-
2111, Oak Ridge National Laboratory, p. 41, (February 1968).



Since the reactivity perturbations for the experimental tests re-
ported herein were introduced by control rod movement, a brief description
of the control mechanism will be given, The reactor is controlled by
three control rods which are positioned in thimbles near the vertical
centerline of the core and are inserted into or withdrawn from the core
as demanded. Normal rod movement (as opposed to a rod scram) is achieved
by activating a single-phase reversible-drive motor. This, in turn,
drives a chain which is attached to a flexible cable that is threaded
with beads of the poison, gadolinium oxide. The cable maneuvers around
two 30° bends in the thimble before reaching the core centerline position.
The three control rods are essentially identical in every respect;
however, during operation, bne of the rods is positioned farther into
the core and is used as a regulating rod. It was through movement of
this rod that reactivity perturbations for the dynamics tests were
introduced,

A schematic diagram of the control-rod drive train is shown in
Figure 2, and a detailed schematic of the drive unit assembly is shown
in Figure 3. These are shown in detall in order to give the reader a
feel for the complexity of the control rod assembly so that the problems
encountered in trying to determine the exact position of the lower end
cf the control rod might be better appreciated.

A complete description of the MSRE physical plant is given in
Reference 7, and a description of the instrumentation is given in

Reference 8.
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ITI. THEORETICAL PREDICTIONS OF FREQUENCY RESPONSE

The mathematical model? which was used to predict the frequency
response of the 235y-fueled MSRE divided the reactor core into 18 fuel
lumps and 9 graphite lumps. The external loop (coolant system and heat
exchanger included) was also modeled using a lumped parameter model.
Results of the initial dynamics tests® were in excellent agreement with
the predictions, so the same basic model was used to predict the response
of the 23¥j-fueled system.>

Figures 4 and 5 show the theoretical neutron level-to-reactivity
frequency responses for the two fuels. In general, the theoretical curves
will also be shown with the experimental data and are shown here for
comparison purposes.

For the higher power levels, an outstanding feature of these plots

is the dip in the magnitude-ratio curves at about 0.24 rad/sec and

dn
> No-8k ?
the associated "bumps" in the phase angle, The frequency at which these
occur corresponds to the time required for the fuel to circulate completely
around the primary loop (25 sec) and is caused by the return to the core
region of fuel which has temperature representative of the power level
25 sec earlier. With the 275U fuel, the dips in the magnitude-ratio
curves were relatively small and were not verified in the initial testing
program,9 but for the =33y fuel, the predicted dips were larger and it
was hoped that these could be verified. For a given fuel loading, the mag-
nitude of the dip is a function of the salt mixing3 that occurs during the

circulation around the primary system. More mixing causes a less pronounced

dip.
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CHAPTER ITI
EXPERIMENTAL PROCEDURE

In all experimental frequency-response tests which utilize a de-
terministic input signal, the same general procedure must be followed:
(1) the pattern of the input signal which is to be used must be determined,
(2) the input signal must be imposed upon the system, (3) the values of
the input signal and the resulting output must be determined and recorded,
and (4) the record signals must be analyzed. While there is great variety
as to how each of these steps may be performed, they must each be per-
formed before an experimental frequency-response determination can be made,
In this section, the method by which we satisfied each of these require-

ments will be discussed,
I. TEST PATTERNS

The basic test patterns which were used in the experimental determi-
nation of the frequency response of the MSRE were the pseudorandom binary

sequence (PRBS) and the pseudorandom ternary sequence (PRTS).

Pseudorandom Binary Sequences!©

*
Certain periodic, binary (two-level) sequences of square-wave pulses

(bits) are known to have the following important mathematical properties:

*
The two levels which a PRBS assumes are O and +1 during the genera-

tion stages, particularly if the shift register technique mentioned later

1s used. However, the values a PRBS assumes in practice are +1 and -1.
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(1) The autocorrelation function of the sequence has a spike at lag
time equal zero and an identical spike at lag times of nT
(n is an integer and T is the period length). The value of the
auto correlation function is slightly less than zero between the
spikes.

(2) The power spectrum of the sequence is flat over a wide frequency
range. The particular frequency range over which the spectrum
is flat depends on the particular sequence and the pulse width,

An example of a PRBS, its autocorrelation function, and power spectrum
are shown in Figure 6. The analytical expression for the autocorrelation

function of a PRBS is:
7z + 1

Cll(T) = 1-( T Y1, 0= SET/Z;
Cii(7) = -1/z, T/2<t<T- T/Z;
Ci1(7) = -2+ (Z r; l)r, T-T/2<1=<T.
where

C11(7) = the autocorrelation function,

T = lag time,

7Z = number of bits in sequence,

T = period length, and

T/z = pulse width of a single pulse (bit).

The Fourier series coefficients of the autocorrelation function define
the power spectrum of the PRBS. Since the autocorrelation function is
periodic, the power spectrum will be non-zero only at harmonic frequencies.

The amplitude of the power spectrum at these frequencies is given by :1©
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A(k) = 1/2% for k = O,
sin i c
2(z + 1) VA
A(k) = s T for O<k = 1, 2, 3, ---,
Z
where
. th ;
A(k) = power in k  harmonic, and
Z = number of bits in the sequence.

True random noise has a power spectrum which is flat over all fre-
quencies and the autocorrelation function of random noise has a spike at
the origin and is zero elsewhere. The similarity between the properties
of random noise and a pseudorandom binary sequence 1s apparent.

Only sequences which contain certain numbers of bits (e.g., the
number of bits in one period of a PRBS must be odd) possess the possi-
bility of exhibiting the aforementioned properties. Usable sequences are
generally classed according to the number of bits in a period with the
most popular classifications being:

(1) Maximal length©,'1»12 or m-sequences which have possible periods

of N = 2" - 1 (n is an integer).

12513 yhich have

(2) Sequences derived from quadratic residue code
periods N = Lk - 1, N being a prime number and k an integer.
Other classifications include biquadratic residue, octic residue, twin
prime, and Hall sequences., A description of each of these sequences.
may be found in Reference 12.

Knowing the number of bits in the sequence is not sufficient to

ensure that it will possess the mathematical properties previously
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mentioned. These rules merely state that it is possible to construct a
sequence of this length which will possess these properties. The actual
ordering of the bits in a sequence to get the desired mathematical
features is tedious and on-line signal generation does not appear prac-
tical except for the m-sequences, whiéh have periods 2n - 1, These may
be generated using the shift-register technique which is well suited for
digital computers. The shift register technique is based on linear re-
cursive relationships in which the first stage is replaced, after each
shift, by adding the contents of certain other stages using Modulo-2
arithmetic. The details of shift register techniques and the stages
which must be added to obtain a particular sequence are well documented

in the literature.,1©>1t?

Tt is worthwhile to note here that if the proper
stages in the register are not used in the feedback to the first stage
a periodic sequence will be generated, but it will not have period
o _ 1 and will not possess the desired mathematical features. A large
amount of work has been presented in the open literature on the generation
and properties of pseudorandom binary sequences.lo-19

From an experimental testing standpoint, the flat power spectrum of
the PRBS is an important property. For by changing the reactivity in the
form of a PRBS, the power-to-reactivity frequency response may be de-
termined for a wide frequency band with one experiment; whereas, the

more conventional method of using a special control-rod oscillator re-

quires a test for each frequency of analysis.
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Pseudorandom Ternary Sequencesl®

A pseudorandom ternary sequence is a beriodic ternary (three—level)*
sequence of square-wave pulses which possess the following important
mathematical properties:

(1) The autocorrelation function of the sequence has a positive
spike at lag time equal zero and an identical spike at lag times
of nT. There is also a negative spike of equal magnitude at
lag times of n T/2,

(2) Like the PRBS, the power spectrum of a PRTS is flat over a wide
frequency range; however, only the odd harmonics contain signal
power. Therefore, for similar tests, the PRTS would have fewer
useful harmonics than a PRBS but more signal power in the good
harmonics.,

An example of a PRTS, its autocorrelation function, and power spec-

trum are shown in Figure 7. The analytical expression for the autocor-

relation function of a PRTS is

T

Ci1a(7) =l‘.%’f, OSTSZ}

T T T
Cii(t) = o, Z7=ET=5 55
Con(e) o E2_Z r_oT_ T
TS =TT T T o g =T=35;
Con(e) - B2 _Z r___T.T.
e S U p=T=5T g

T T T
Cll(T) = 0, §+ZST<T—Z’

7 T

Cll(T) :ET+1‘Z, T‘ZSTST

*
In generating the ternary signal the levels normally used are 0,1,2,

but in actual application the levels used are 0,1,-1. Note that the levels
0,1,2 correspond to 0,1,-1, not to -1,0,+1 as is sometimes quoted in the
literature.®® Effects of this difference are shown in Sect. 1 of Chap IV.
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where the symbols have the same meaning as before, Note that the auto-
correlation function is normalized to equal 1 at ¢ = O,

The amplitudes of the power spectrum at the harmonic frequencies are

given by
A(k) = 0 for k = 0 or even
e sin kn :
8(z + 1 Z
A(k) = —L-j;—l' - for k = odd,
z A
3 Z

A PRTS has an average value of zero while the average value of a
PRBS is non-zero (but is small)., For zero-power reactors or for systems
in which variable drift is a problem, the zero average value of a PRTS
may be a distinct advantage, particularly for short seguence tests in
which the deviation of the average value of the PRBS is farther from zero.

Another advantage of the PRTS is that it discriminates®® against
system nonlinearities and therefore gives a better estimate of the
"linearized" system response, This should be particularly useful for
testing systems which are strongly nonlinear. The primary disadvantage
of the PRTS is the three levels. In practice it is often considerably
more difficult to achieve three levels with available system hardware than
it is two.

More information about the properties of pseudorandom ternary se-

quences may be found in References 11, 1k, 19, 20, 21, and 22.

Choice of Pseudorandom Seguence

The anticipated response of the system under investigation usually

dictates the desired frequency spectrum of the input signal. One usually
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desires to have a spectrum with sufficient signal power over the range
where the system has a resonance peak or other interesting characteristic.
For a periodic signal, the lowest frequency containing information

is, of course, the fundamental freguency,

fo = 2x/T, (1)
where
fo = Tfundamental frequency (rad/sec), and
T = period length, sec.

For a pseudorandom binary or ternary sequence, a '"rule of thumb" for the
highest frequency at which one should plan to obtain useful information
is the harmonic frequency at which the signal power is equal to one-half
the power in the fundamental harmonic. This is not a physical limitation,
but serves as a guide in planning tests. The actual physical high-
frequency limit for obtaining realistic results 1is based on the noise
level in the system and data-sampling rate,

Tt can be shownl© that the harmonic with about one-half the ampli-
tude of the fundamental harmonic is given approximately by the relation,
k = 0.447,

where

n

harmonic number of the harmonic with one-half the amplitude
of the fundamental, and

Z

I

number of bits in the sequence.

Tt follows that

and

H
]

0.4hz 2x/T (3)
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Rearranging this expression yields

.88
T/Z = fh ) (h')
but T/Z is just the duration of one bit so
. . . .88x
basic bit duration = T/2 = T (5)

This implies that specification of a high-frequency limit also specifies
the basic bit duration. Note that the upper frequency limit is indepen-
dent of all other properties of the sequence,

With these basic relations, the graph shown in Figure 8 can be con-
structed. This graph presents all of the information one needs to deter-
mine the properties of the sequence he must use to obtain information from
a single test which will cover the frequency range of interest. The funda-
mental frequency line is a plot of the relation given in (1). The
half-power frequency lines which are parallel to the fundamental frequency
line were calculated from equation (3). The basic bit duration lines were
determined from equation (5).

Use of this graph is perhaps best illustrated using an example. Sup-
pose one had a system for which he desired to know the fregquency response
in the frequency range between 0.0l and 0.5 rad/sec. From the graph we
see that the period required to give a fundamental frequency of 0.01
rad/sec 1s about 630 sec. So that the signal power at the higher fre-
quencies is not less than half the signal power at the lower frequencies,

a bit time of about 5 seconds or less is necessary. The only remaining para-
meter to specify is the sequence length. A 127-bit PRBS would fit nicely
with the hypothesized conditions to give results over the required fre-

quency range. With the specified bit time, shorter sequences would



23

ORNL-DWG 69-9524R2

POSSIBLE PRBS OR

PRTS m-SEQUENCES BASIC BIT DURATION {sec)
~ 9 =9
PN § FY 105 2 1 05 0204005
ot TN N
N e —
SN N AN
SSONEN
AN NGO N
HALF-POWER\\\ N S
FREQUENCY \ N
—~ 103 LINES — \‘\} AEANN
§ \\ \\ N \\\
p N
8 AN N AEILAAN
o N\ NN N
N N
a \\\7 NN
102 FUNDAMENTAL N\ &“ A -
—— FREQUENCY *—~ X N
\\
AN AN N
N AN N
N NS
10! L L | \‘h i IIII\QL* h
T 111 ¢ T Ti(0t H III] I I|I| | IRARA
1073 1072 107! 100 10! 102

FREQUENCY (rad/sec)

FIGURE 8, Range over which the power content of a PRBS or PRTS is
essentially flat for sequences of various length and bit times.
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increase the fundamental frequency, but shifting to longer sequences
would lower the fundamental frequency and probably be acceptable to the
experimentor,

It is apparent from this example that there is a spectrum of accept-
able sequences, bit times, and/or period lengths available for each par-
ticular application. It is this variety which emphasizes the utility of
a diagram such as that in Figure 8. The effect on the other parameters
caused by changing one item in a test specification may be directly ob-
served. This diagram was found to be very useful in planning the dynamic

tests reported herein.

IT. SIGNAL GENERATION

There are two stages in imposing the desired signal on a system.
First, the signal itself must be generated in some manner and then the
system hardware must be forced to follow the signal. Since a Bunker-Ramo-
340 digital computer was a part of the equipment at the MSRE site, it pre-
sented the opportunity for generating either a PRBS or PRTS using the
shift register technique. A machine language program was written by
5. J. Ball of the Instrumentation and Controls Division at Oak Ridge
National ILaboratory that allowed the use of a variety of different se-
quence lengths for both the PRBS and PRTS., The consequence of this pro-
gram was the opening and closing of relays in the BR-340. By applying
the appropriate voltages across these relays and summing them, a pseudo-

random signal could be generated easily,
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There were three distinctly different methods used for getting the
generated sequence into the reactor system. The methods for implementing
these signals will be presented in this section with brief discussion of
the advantages and/or disadvantages of each, but most of the discussion

will be deferred to the results section (Chapter IV).

Rod-Jog Tests

The rod-jog method was used extensively during the early testing
program by Kerlin and Ball.® The BR-340 was used to generate the desired
sequences and integrator and comparator circuits on an Electronic Associates,
Inc., Model TR-10, analogue computer were used to determine "on" times for
the control rod drive motor. When switching from a positive to a negative
position in the sequence, the rod was required to insert for x sec., where
the time, x, was adjustable. The inverse jump in a sequence instigated a
withdraw of y sec., where y was adjustable and separate from x. Since
there was no automatic feedback from the rod position, the rod-jog tech-
nique was an open-loop procedure. Details of the rod-jog method are given
in the report by Kerlin and Ball.®

The rod-jog technigue worked when the control-rod system was new and
tight. However, as the system aged, frequent adjustments became neces-
sary on the timing circuits to keep the rods jogging at the same average
position without drifting. This method was attempted several times near
the end of operation with the £®U-fuel and, with one exception, produced

unacceptable rod positions.
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Flux-Demand Tests

Since the rod-jog method was not able to provide accurate and repro-
ducible rod positions, it was necessary to either change the testing
method or discontinue the testing program. This led to development of
the flux-demand technique,

At low powers (<1 Mw) the servo system in the MSRE compares the neu-
tron flux as indicated by the compensated ion chambers with a manually-
demanded flux and moves the control rod as necessary to meet the demand.
At powers greater than 1 Mw, the neutron flux is compared with a "computed"
flux-demand and the servo again moves the rod to meet the demand. (The
computed flux-demand is based on temperature drop across the core, neu-
tron flux, and core-outlet temperature.) Since the servo moved the con-
trol rod to match the actual flux with the demand, the flux could be
forced to simulate any reasonable test pattern by putting in a false
flux-demand at low-power levels or a false computed flux-demand at high
bowers.

This was the reverse of the normal brocedure in that the predeter-
mined signal shape was imposed on the output and the input (rod position)
became the dependent variable, Figure 9 shows control rod position and
flux plotted as a function of time for representative rod-jog and flux-
demand tests. In the rod-jog example, the rod position resembles the
shape of an ideal PRBS and the flux is determined by the system characte-
ristics; whereas, the plots of the flux-demand test show that flux follows
the test pattern and the rod is the free agent. The two levels of the
PRBS flux-demand are apparent and may be compared with the three levels

of the PRTS flux~-demand signal,
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For the flux-demand technique, the pseudorandom signals were generated
with the circuits shown in Figure 10. Reference voltages from the TR-10
were fed to the BR-340-operated relays. The relays were off-on type so
they elther fed the reference voltage or zero voltage back to the TR-10.
For the PRBS, if the relay were closed the up part of the sequence was
created. Opening the relay formed the down part of the sequence. For
the PRTS, two relays were operated with the following results: relay No. 1
and No.2 open created the down pulse, No. 1 open and No. 2 closed formed
the middle position, and No. 1 closed and No. 2 open caused the up part
of the sequence. Both relays closed was not allowed. Attenuator No. 9
reduced the signal to the voltage which was needed for the particular
test. At the start of a test, attenuator No. 9 was normally set at zero
and then increased slowly until the desired signal magnitude was achieved.
Normally the flux was allowed to deviate from steady state by 5 to 10%.

Attenuator No. 11 was adjusted so that the output of the second
amplifier corresponded to the steady-state flux with the pseudorandom
sequence Imposed on it., This voltage was Inserted into the servo circuits
at the indicated peoint in Figure 10c.

The flux-demand method offered distinct advantages over the rod-jog
technique. During testing, adjustments of the times which the rod with-
drew and inserted were not necessary and there were no problems with sys-
tem drift since the servo automatically maintained the actual flux approxi-
mately equal to the demanded flux. The basic disadvantage of this tech-
nique was that it worked the control rods rather vigorously, especially
after the more responsive £ fuel was added to the system. While exer-

cising the control rods is not in itself particularly undesirable, design
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of the rods in the MSRE provided loose coupling between the actual and
indicated rod positions and every rod movement carried with it the in-
herent probability of an erroneous indication.

The problems encountered while using the flux-demand technigue were
primarily a result of hardware limitations in the MSRE and do not repre-
sent an inherent flaw in the technique; however, excessive noise contami-
nation in the frequency range near a resonance peak can cause erratic
results when the flux is being controlled to give a flat power spectrum.
This will be discussed in Chapter IV in relation to some of the experi-
mental results. When using this technique, the experimental testing was
less laborious for the experimentors and equipment set-up time was less
than when testing with the other methods. For zero-power reactors or for
reactors in which power drift tends to be a problem, this technique
would appear to be particularly advantageous. Since the flux is the con-
trolled parameter, it cannot drift and if the system is at steady state
initially, pseudorandom perturbations of the flux about the steady-state

value will not cause an imbalance between power and flux.

Rod-Demand Tests

The disadvantages of the flux-demand tests caused a final change 1in
technique back to rod-controlled testing. However, instead of controlling
the rod position indirectly by adjusting the time the drive motor remained
activated, the technique was changed to directly control the rod position.
This was achieved by comparing the actual rod position with a demanded
position and keeping the drive motor activated until the desired position

was realized. Since there was feedback from the rod position, this was a
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closed loop system. The result of this technique was to yield rod po-
sitions which were like those obtained from an ideal rod-jog test and to
circumvent the problem of excessive rod motion that was present with the
flux-demand technique.

Since the control-rod servo is really a comparator circuit, it was
well suited for comparing actual rod position with demanded position, and
it was already wired to move the control rods if the input voltages
(normally flux and flux-demand) were unbalanced. It was necessary to
disconnect the normal inputs to the servo system and to replace them with
actual and demanded rod positions.

The circuits for generating the pseudorandom perturbations were
basically the same as those used with the flux-demand technique (Fig. 10) .
The ion-chamber connection in Figure 10c was replaced with a signal deter-
mined by the actual rod position and attenuator 11 in Figure 10a or
Figure 10b was adjusted so that the output of the servo amplifier was
approximately zero before starting a test.

One operational problem related to the rod-demand technique should
be pointed out. The rod was moved when the actual rod position was out-
side the deadband around the demanded position. When the demand shifted
at the start of a new pulse, the rod moved until the voltages were again
matched, at which time the rod would start coasting to a stop. The servo
circuits could be adjusted to start the stopping process so that the rod
did not coast through the deadband and instigate an adjustment in the
opposite direction., When a PRBS test signal was being employed, the po-

sition at which the rod stopped within the deadband was not important,
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hence the adjustments were simple. (The important point was that the rod
did stop within the deadband and at the same position each time.) However,
the three levels of a PRIS signal caused this adjustment to become more
involved. The middle position of the PRTS might occur after a pulse with
plus or minus polarity. If the rod tended to coast nearly through the
deadband before actually stopping, then the middle position of the PRTS
was satisfied by two different actual rod positions. The only adjustment
which resulted in a unique value for the middle position was a setting
which caused the rod to stop midway of the deadband. There were also
slight differences in the upper and lower positions depending on whether
the rod had started from the middle position or the extremity position.
For the MSRE, the rod-demand technique meshed with equipment limi-
tations in such a way that it was the most effective method for frequency-

response testing.

IIT. DATA ACQUISTTION

For all of the tests the reactivity perturbations were initiated by
control rod movement. As described earlier, control rod movement is con-
trolled by a drive motor, and a series of gears connects the rod drive
to the position synchros. These indicators feed a voltage to the
position indicators in the control room and to the on-line BR-3L0
digital computer. For the dynamics tests, the signal gcing to the BR-340
was intercepted and fed into an analog computer (TR-10) where the signal
was amplified by a factor of ~ 10 and low-pass filtered using a filter

with a l-sec time constant. This amplified and filtered signal was then
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fed back into the BR-34O where it was digitized every 0.25 sec and re-
corded on magnetic tape. This frequency of digitization made possible
the storing of useful information which had frequency components as high
as ~ 12 rad/sec; however, most of the test patterns we employed had little
signal power above 1 rad/sec. A filte? with a l-sec time
constant was used to attenuate high-frequency information and prevent
aliasing effects.

The nuclear power was determined by recording the signal supplied
by a compensated ion chamber, The primary purpose of this chamber was
to feed the linear-power recorders which are located in the main control
room. This signal was also fed into the TR-10 and amplified (by ~ 10)
and filtered using a l-sec time constant. The signal was then fed to the
BR-3L40 where it was digitized and recorded every 0.25 sec, along with the
rod position. The rod position and flux signals were not digitized si-
multaneously. There was actually about 0.08-sec difference between the
digitizations. This causes the calculated phase angle to be in error by
0.5° at 0.1 rad/sec and 5.0° at 1.0 rad/sec. This error was not recog-
nized until after most of the results had already been obtained and since
this was not a significant error in the frequency range of interest, the
calculations were not repeated.

In order to be compatible with the analysis programs, the data were

retrieved from the magnetic tapes and stored on punched cards.
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Iv, DATA ANALYSIS METHODS

The purpose of the dynamics tests was the determination of
the power-to-reactivity frequency response, After the data from a par-
ticular test was reduced to a stack of IBM cards, there were three methods

for gleaning the desired information,

Computing Schemes

FOURCO. The most direct and fastest method for determining the
frequency response was to immediately Fourier transform the digitized
data and then divide the transformed cutput (flux) by the transformed
input (rod position) for the desired result. This was accomplished using
a computer code called FOURCOZ3 which uses a digital simulation of an

24  Analysis of 8 cycles of

analog method reported by Broome and Cooper.
a 127-bit PRBS with a 3-sec bit time (12,192 input and output data
points) required only 1.1 min on the IBM 360/75 for calculation of the

frequency response at 60 different frequencies.

CPSD. This analysis method utilized a digital simulation of an ana-
log filtering technique for obtaining cross-power spectral density, CPSD,
functions.®>2> This code calculated the power spectrum of the input sig-
nal and the cross-power spectrum of the input and output signals and di-
vided the cross-power spectrum by the input power spectrum to obtain the
frequency response at each frequency of analysis. The key feature of
this code is an adjustable filter width about the analysis frequency.

Analysis time for 8 cycles of a 127-bit PRBS with a 3-sec bit time

on the IBM 360/75 was 2.0 min for analysis at 60 frequencies.
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Q§§§.26 The third calculational procedure was more involved., The
autocorrelation functions of the input and output signals were calculated
and the cross-correlation function of the signals was calculated. These
were then Fourier transformed to obtain the input, output, and cross-
power spectra. The input power spectfum was then divided into the cross-
power spectrum to obtain the frequency response. The correlation functions,
power spectra and frequency response were then machine plotted.

Calculation time using CABS for the previously mentioned case was

10 minutes.

Comparison of Data Analysis Methods

CABS and FOURCO. If an experimental test is composed of gseveral

consecutive periods of the same sequence, there are several cholices
available for analyzing the data. One method is to evaluate a single
Fourier integral of all the data. Alternatively, the data may be split
into segments (each consisting of one or more periods of data) and a
Fourier integral for each segment can be determined, and the resulting
estimates can be averaged.

The basic difference between analyzing one period of data at a time
or several periods of data as one period is to change the effective
filter, or spectral-window, width. 1If a Fourier analysis is performed
at frequency wy, where ay 1is a harmonic frequency, the magnitude of the
harmonic will actually be composed of all the signal strength under the

filter area. The "natural filter," H(w,), is®7

Be) - SRR
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where Tm = the time duration of the data being analyzed,

w frequency (rad/sec), and

w1 frequency of analysis.

This function has a maximum value when w equals w; and has null points
where (ml - w) Tm equals an even multiple of gx. Suppose Tm is equal to
one period, T, of a periodic signal then every second null point occurs
on an adjacent harmonic; however, if eight cycles of data were analyzed,
there would be 16 null points between the harmonic frequencies (see
Figure 11). For an ideal Periodic signal either filter would be suitable
since there would be spectral power at only the harmonic frequencies.
However, actual signals are not ideal and there is always random noise
contamination at every frequency; furthermore, if the harmonic frequencies
are not specified very precisely, contamination resulting from the side
lobes and the adjacent harmonics not intersecting at a null point may be
significant. Using the "eight-period" filter tends to discriminate against
hoise contamination except very close to the actual harmonic freguency
but causes large errors if the frequency at which the analysis is being
performed is not the actual harmonic frequency. ©Note that performing an
analysis at a frequency which is midway between adjacent harmonics would
not allow any of the signal strength of the periodic signal to enter into
the result since the filter would null at every harmonic frequency; hence,
analysis at these frequencies apparently provides a means of calculating
the system noise level which was present during the testing. However,

for this type analysis to be valid, it is necessary that the frequencies
which are midway between the true harmonics of the minimum period length

actually be harmonic frequencies also. For example, if only one period
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of data is available, analysis at mid-harmonic frequencies is not mean-
ingful; however, if two periods of data are analyzed, the frequencies mid-
way between the adjacent power-containing harmonics are harmonics of the
total period and analysis at these frequencies is allowed.

For the direct Fourier analysis method (FOURCO), application of the
preceding argument is straight-forward, but for the CABS program it is
more complex, With the CABS program, it is normal to work with at least
two cycles of data, since correlation functions are usually calculated
for lag times as long as one period. Calculation of the correlation
functions immediately reduces the data to one period length (fixing the
filter shape) which is then Fourier analyzed. Using more periods of data
in the correlation function determination improves the statistics of the
correlation function., The alternate method of using fewer periods in the
correlation function analysis yields worse statistics for the correlation
function but more power spectrum results at the same frequency, which may
then be ensemble averaged. The cholce is whether to ensemble average
before or after Fourier transforming. Mathematically, at least for ideal
signals, the end result is the same. Since the correlation functions are
informative in themselves, the usual method is to reduce the data to
correlation functions of one-period length before Fourier analyzing.

To determine the effect of varying the periods of data which were
analyzed, eight periods of a 127-bit PRBS with a 3-sec bit time (this
will be written as 127 x 3 in the remainder of this text) were analyzed
several different ways, All eight periods were analyzed as one period —

giving a very narrow filter — then four periods were analyzed as one
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period and the two answers averaged. This was repeated using two periods
and one period of data at a time, The results are shown in Tables III,
IV, and V for different analysis frequencies.

For the calculations in which the data were separated into smaller
segments, there is significant scattef in the data; however, the averages
agree fairly well with CABS appearing to exhibit a slight trend upward
in magnitude ratio as the data are more finely divided. With FOURCO, the
final averaged result does not appear to be significantly affected by per-
forming the analyses on one period at a time even though the individual
results for the analysis which used one period at a time are very erratic,
particularly at the lower frequencies.

The coherence-function values listed in Tables III, IV, and V for
the CABS analysis are a measure of the degree to which an output of a
system is related to a certain input. Mathematically the coherence

*
function 1is defined®® by the relation,

2
72 _ lGXY(f) l
- 2
6, (£) 6, (%)
where
y = the coherence function,
ny(f) = the Fourier transform of the cross-correlation function
at frequency £,
Gx(f) = the spectral power of the input signal (rod position in
this text) at frequency f, and
Gy(f) = the spectral power of the output signal (flux) at

frequency f.

¥
In this text, only the positive root of yZ is considered to have
physical meaning.
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TABLE IIT

RESULTS OF DIFFERENT ANALYSIS TECHNIQUES AT 0.016491 RAD/SEC
WHEN APPLIED TO EIGHT PERIODS OF DATA

No. of Periods

Analyzed
As One CABS FOURCO
Phase Phase
M.R.®  (Deg.) coH’ M.R.” _ (Deg.)
8 356 69 .95 360 70
L 373 63 .96 37k S
357 ey 98 352 18
Avg.© 365 67 .97 363 71
std. pev.® 11 6 .14 16 10
2 430 49 o1 361 69
435 52 1.00 393 Lo
361 61 .99 395 72
28L 67 .88 310 1T
Avg. 378 60 .ob 365 69
Std. Dev. 71 6 .06 o) 8
1 530 59
235 99
L6l 52
333 69
336 80
L51 7
312 66
319 86
Avg. 372 Th
Std. Dev. 98 15

“Magnitude Ratio
bCoherence Function
C

Average

dStandard Deviation
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TABLE IV

RESULTS OF DIFFERENT ANALYSIS TECHNIQUES AT O.L49LTh RAD/SEC
WHEN APPLIED TO EIGHT PERIODS OF DATA

No. of Periods

Analyzed ‘
As One CABS FOURCO
a Phase b a Phase
M.R. (Deg.) Coh. M.R. (Deg.)
8 671 -26 1.00 670 -26
L 694 -28 1.02 667 -27
663 21 1.01 672 -2k
Avg.© 679 -25 1.02 670 -26
Std. :Dev.d 22 5 .01 h 2
2 650 -27 1.01 hop -22
T75 -29 1.01 Tht -31
585 -21 1.02 600 -23
150 -30 1.00 k5 -ak
Avg, 690 -27 1.01 671 -25
Std. Dev. 88 L .01 87 L
1 645 -9
57k -37
768 ~-28
729 =35
575 -20
624 -25
748 -22
743 =27
Avg. 676 -25
Std. Dev. 80 9

"Magnitude Ratio
bCoherence Function
c

Average

dStandard Deviation
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TABLE V

RESULTS OF DIFFERENT ANALYSIS TECHNIQUES AT 0.98947 RAD/SEC
WHEN APPLIED TO EIGHT PERIODS OF DATA

No., of Periods

Analyzed
As One CABS FOURCO
a Phase b a Phase
M.R. (Deg.) Coh. M.R. (Deg.)
8 509 -L6 1.02 536 -L6
I 511 -43 .99 512 -L45
51k 250 9T 5k9 =48
Avg.© 513 -L7 .98 531 -7
Std. Dev.d 2 5 .01 26 2
2 510 -46 .93 539 -43
533 -43 1.0k L85 -7
Lo -63 .97 513 -48
52k -60 .95 582 -h8
Avg. 510 -53 .97 530 - b7
Std. Dev, 27 10 Nollt il 2
] 580 -ho
500 ~43
500 -48
470 -h7
L87 -45
548 -51
566 -LL
603 =52
Avg. 532 -7
Std. Dev, Lg 4

“Magnitude Ratio

bCoherence Function
CAverage

dStandard Deviation
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For a causal system in which there is only one input and one ouput
and no noise contamination, the measured coherence function should be
unity. For real systems in which ideal conditions do not exist, the co-
herence function should be between 0 and 1. If two totally unrelated
signals were analyzed, the coherence fﬁnction would be zero. Some of
the experimentally-determined values for the coherence function shown in
Tables III, IV, and V are slightly greater than 1.0. This is theoretically
impossible and the reason for these values being greater than 1.0 is not
understood. The CPSD code, which also calculated coherence functions,
also occasionally gave results which were slightly greater than unity.
These anomalously high values did not destroy the general usefulness of
the coherence function calculations which were, in general, lower for
tests in which the results contained excessive scatter (indicating noise
contamination) than for the smoother results. Analyses at non-harmonic
frequencies yielded coherence functions which were erratic and often had
values as large as 500.

In an effort to demonstrate the effect of the analysis filter, the
same data were also analyzed by FOURCO at frequencies which were offset
from the harmonic frequencies by 10% of the difference between harmonics.
Table VI lists both the real and imaginary parts of the input and output
signals for a harmonic frequency and Table VII lists the same information
for the nearest adjacent non~harmonic frequency. The analyses were per-
formed with 1, 2, 4, and 8 periods of data as one with the appropriate
results averaged, as before. For the analysis at a harmonic frequency,

the average value of both the real and imaginary parts of the signals
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TABLE VI

RESULTS OF ANALYSIS AT A HARMONIC FREQUENCY (0.3298 RAD/SEC)

Periods of

Data Analyzed Input Signal Output Signal
As One
Real Imaginary Real Imaginary

8 =177 388 -193 b5
L - 87 192 -107 25
- 86 198 - 84 20

Avg.® - 87 195 - 95 23

Std. Dev.’ 1 4 16 3

2 - kLl 96 - 56 11
- 43 96 - 52 15

- L5 100 - Lk 6

- 41 100 - ho 1L

Avg. - 43 98 - 48 11

Std. Dev, 2 2 T L

1 - 20 L9 - 28 5
- 22 48 - 27 6

- 20 L9 - 29 3

- 21 L7 - 23 13

- 27 51 - 17 1

- 21 48 - 28 L

- 20 50 - 19 1

- 19 20 - 21 2

Avg. - 21 Lo - 2k 5

Std. Dev. 3 1 5 L

aAverage

bStandard Deviation
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TABLE VII

RESULTS OF ANALYSIS AT A NON-HARMONIC FREQUENCY (0.3L463 RAD/SEC)

Periods of
Data Analyzed Input Signal Output Signal
As One
Real Imaginary Real Imaginary
8 87 - 31 olk 35
b 91 120 - 26 W
9k 117 - 16 60
Avg.® 93 119 - 21 67
Std. Dev. 3 2 7 10
2 3 93 - L2 30
L 92 - 37 30
5 95 - 31 2k
I 22 - 29 22
Avg. 5 93 - 35 27
Std. Dev. 2 2 6 3
1 -12 L - 26 9
-1k 46 - 2l 9
~12 iy - 27 7
-13 L6 - 20 13
-13 L9 - 14 -5
-13 48 - 29 10
-12 L8 - 17 10
-1 b7 -1 _s
Avg., -13 L - 21 7
Std. Dev. 1 1 7 6
aAverage

bStandard Deviation
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approximately doubles* each time the number of periods being analyzed as
one doubles., This indicates that most of the calculated signal energy
was resulting from a source which was unaffected by the changing filter
shape., Of course, this source was the spectral energy of the signal at
the analysis (harmonic) frequency. For the analysis at a non-harmonic
frequency, there is no apparent relation between the average values of
the signals as the number of periods being analyzed is changed. This
should be expected since the changing filter shape is weighting the sig-
nal energy in the nearby harmonic, as well as those farther away, in an

entirely different manner with each filter change.

CPSD. The advantage of the CPSD technique is that the filter shape
may be specified at the time the analysis is performed., The filter

specified by the code has the transfer function®®

H(s) =

@02 + 2;())05 + S2

*
The doubling occurs because the integral being used to calculate
the signal energy is:
T

F(jo) = [ £(t) e 0% at
~0
where

H
—
o+
~—

I

the time signal,

frequency (rad/sec),

\/-l:

time, and

the total time of the recorded data.

nn

H o E
I

The integral is not normalized by 1/T; therefore, for data sets
containing the same power at frequency w, the calculated F(jo) will be
twice as large if the number of sets analyzed is doubled.
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where
wo = the center frequency of the filter,
s = the Laplace transform variable, and
t = the damping factor.

Figure 12 shows H(s) for various values of t- As g takes on smaller
values, the peak in the transfer function becomes very narrow, If{ is
set too wide, the contribution from other frequencies becomes significant,
but if { is set too narrow, a slight discrepancy between the harmonic
frequency and the calculational frequency will cause a large error in the
calculation of the signal magnitude at the harmonic. The complete fre-
quency response plot for the test case (8 periods, 127 x 3 PRBS) is shown
in Figure 13 for various values of {. When { is equal to 0.5, the data
is smoothed to the extent that it does not portray the actual frequency-
response shape in the regions of sharp curvature. Damping factors of
0.05 and 0.001 give essentially the same shape; however, there is more
scatter in the data with the 0.001 damping factor.

Comparison of the CPSD method with a damping factor of 0.05 with the
CABS and FOURCO results revealed that the results were usually within 5% of
each other with occasional deviations of 10%. There were a few tests in
which there was large discrepancy between the analysis techniques at a
few frequencies. Since these appear to be a function of the testing
technique, they will be discussed in the appropriate section (Chapter Iv,
Section II),

Unless otherwise specified the data reported herein used the fol-

lowing analysis criteria:
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(1) When more than one period of data was analyzec using FOURCO, it
was analyzed as one period, 1If the periods of data were ana-
lyzed separately and the results averaged, the results are
labeled "FOURCO ENSEMBLE."

(2) When using CABS, the data was reduced to correlation functions
of one period length and then Fourier analyzed.

(3) A damping factor of 0.05 was used with the CPSD code.

In some cases the data were analyzed using all three methods; how-
ever, the results were, in general, so nearly the same that this was not
actually necessarily so in other cases only two methods were used. 1In
cases where the analysis schemes gave the same results only one set of

results was usually plotted.
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CHAPTER IV
EXPERIMENTAL RESULTS

In this chapter typical results obtained during the testing program
will be presented and discussed. In some cases preliminary results such
as correlation functions will be shown together with the frequency-
response results and in other cases only the frequency-response results
will be presented, Tests were performed which will not be discussed at
all. A listing of all the tests performed and pertinent informafion

about each test is given in the Appendix.
I. #°°U FUEL LOADING

The initial dynamics-testing program9 made extensive use of the
reod-jog technique. But by the end of that testing program, the experi-
ments were becoming difficult to perform. There was apparently some
stiffening of the flexible-hose part of the control-rod assembly, or at
least some extra friction, which was causing reproducible rod positioning
to be difficult.

Near the end of operation with the £3°U fuel loading, more dynamics
tests were performed. These were two-fold in purpose. First, the tests
would indicate whether the dynamic characteristics of the MSRE had
changed after more than 72,000 Mwhrs of power operation. Second, the
groundwork was to be laid for using the flux-demand technique during the

233 fuel loading. The plan was to do more rod-jog tests followed by
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flux-demand tests so that comparisons between the technigues would be
straight forward. Tests with both the PRBS and PRTS test signals were
also planned. The "coarse" position indicator was used to supply the

control-rod position indication,

1. Rod-Jog Tests

The first rod-jog test attempted was performed without flaw, This
led to hope that the suspicions about inadequacy of the technique were
permature and that a change in technique was not warranted. However, all
subsequent attempts at rod-jogging were failures. During these tests,
almost continuous adjustment of the motor-timers was necessary, and there
were several times when a one-bit segment of the test pattern was skipped
resulting in two consecutive rod movements in the same directions, an
impossible occurrence for a true PRBS. The first problem was most likely
an extension of the previously-encountered problems related to friction
in the control rod assembly. The bit-skipping Suggests failure of the
sequence-generating equipment. The equipment was 'bench-tested", but no
equipment defects were found. So at least part of the reasons for the
failure of the rod-jog technique are not understood.

The autocorrelation function and power spectrum of the rod position
for the good rod-jog test are shown in Figure lha. These closely follow
the theoretical curves for an ideal PRBS and indicate that the test pat-
tern was well represented by the control rod. Four periods of the se-
quence were analyzed. The autocorrelation function and the power spectrum
of the flux are shown in Figure 14b and the cross-correlation function

of rod position and flux with the assoclated power spectrum are shown in



o3

ORNL —NWG 69— 12248

0.060

0.046

PEERINE PN

0.032 +

—

0.018 ¢

0.004

e — <-_‘.——<._‘—T__4 -4

AUTOCORRELATION FUNCTION (arbitrary units)

;‘
:
:
i%

-0.010

- PSR )

140

280 420
CORRELATION TIME (sec)

f
L
560 700

10

EE e o S S S S

POWER SPECTRUM {arbitrary units)

;
!
—t e -
1
l

i

T

|

1072
1072

FREQUENCY (rad /sec)

(a) Autocorrelation function and power spectrum of the control-rod
position,

Periods of data analyzed — L
Type sequence — 127 x 5 PRBS

FIGURE 1k

Correlation function and power spectrum results from a
rod-jog test.



54

ORNL-DWG 69-12054

2.0
£ 14
c
=) V
> 1 '
g N | | ]
5 : ‘ i : 1
; 08 : | T ? i -
3] : % ! 3 ;
5 : : 1 1 S :
r4 H | ; T :
2 | ‘
- L 1
S 0.2 - R
E ™ — /
_
oy
x
I
o I
o I
e -04 + - I S oo
2 t , ;
S i : . !
i s : i
|
-0 I I
0] 140 280 420 560 700
CORRELATION TIME (sec)
102
) t
£ 10 ¥
3 A
> -
|4 : S
= e 0
B — + 4 —e
| | .
§ 10° : 3 =
@ = T
- 4 -
(&) ——t =
I _LT
a o . i
w 1 T
@ | e .
w 5 X
z Py
2 1w et
T "
— R 4’ L }
t |
s e REl
| | !
! | : |
102 N S S ) L ,
1072 2 5 107 2 5 10

FREQUENCY (rad/sec)

(b) Autocorrelation function and power spectrum of the neutron flux,

Periods of data analyzed — U
Type sequence — 127 x 5 PRBES

FIGURE 14. (continued)



55

ORNL~-DWG 69— 12053

030
®
S oe2 |
> 3
s : |
3 : -
g | ;
Z oM - S I
2 :
Q |
4 | B
p - -
'S | X
F : i ‘
% 0.06 : : B - :
¢ |l s
0 N
s N\ | mwww%m. ~
(23 4
o —0.02 ‘
0 i
& ;
S S
|

0 140 280 420 560 700
CORRELATION TIME (sec)

10
5
»
S 2
>
8
z 1°
k] .
2 5
x i
= !
[&) - i
w 1
a i
w 2 {
4
wl
C;) |
a 107! fo e
n IR S
@ -1
x 5 - —ode
(5] _ = __4_77
. P
: | ’ b
102 | l 1 i | 1
1073 2 5 1072 2 5 10~

FREQUENCY (rad/sec)

(¢) Cross-correlation function and cross-power spectrum of the control-
rod position and neutron flux.

Periods of data analyzed — L
Type Sequence — 127 x 5 PRBS

FIGURE 1k, (continued)



56

Figure llbc. Since the reactivity input was a PRBS (flat power Spectrum),
the envelope of the points in the first part of the cross-correlation
function approximately defines the impulse response of the system,®°

The results of primary interest, magnitude ratio and phase, are shown in
Figure 15, Over most of the frequency range there is little scatter in
the data and the experimentally determined points follow the theoretical
curves very well, The scatter in the magnitude ratio at frequencies
greater than 0.6 rad/sec is due to the low power content of the input
signal in this frequency range (Figure 1lhka). The low magnitude of the
power in the input signal causes a low signal to noise ratio and a large
amount of scatter in the results. In addition, the timing method used
with the rod-jog technique did not produce the exact period lengths which
were desired. This made specification of the fundamental frequency tedious,
and for a four-cycle test an average period length was used. This inac-
curacy may decrease the signal to noise ratio even more because the fre-
quencies at which the analyses are performed may not be the exact harmonic
frequencies.

Also shown in Figure 15 are results of a similar test which was per-
formed during the initial testing program of the MSRE. There is very
little difference between the results which leads to the conclusion that
the dynamic characteristics of the MSRE were not changed by about 9000

equivalent-full-power hours of nuclear operation,
2. Flux-Demand Tests

Ten dynamics tests utilizing the flux-demand technique were per-

formed with the U fuel loading. Two of these ten yielded completely
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unusable results due to a faulty magnetic-tape unit which was supposedly
recording the data. In fact, the computer was malfunctioning throughout
this entire phase of the testing program and there were numerous bad data
points dispersed randomly throughout the data. In general, these bad
points were easy to distinguish in that they read either very large or
very small in comparison with the bulk of the data. A computer program
was written which scanned the data and discarded these points which were
obviously in error and replaced the bad points with points derived from
a linear interpolation between the two nearest good points.

Three test patterns were employed during this phase of the testing
program. These were the PRBS, PRTS, and the 'non-symmetric" PRTS. The
difference between the PRTS signals will be discussed in the appropriate
section.

In this section, we will find that the flux-demand tests were un-
suitable for the required measurements., DNevertheless, the experience
with these tests is described to illustrate the problems and to show the
considerations which led to the third (and successful) technigue described

in Section 3 of this chapter.

PRBS Test Patterns

Figures 16 and 17 are plots of a set of results from a 127 x 5 PRBS
test performed with the reactor at 5 Mw., DNote that the flat power spec-
trum is associated with the autocorrelation of the flux signal rather
than the rod-position signal. The cross-correlation (Figure 16¢) is not
indicative of the impulse response of the system since the autocorrelation

of the input (Figure l6a) does not have a flat power spectrum, The
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magnitude-ratio and phase plots are shown in Figure 17. There is more
scatter in the data near the peak in the magnitude ratio than was evident
in the rod-jog test. This is probably a result of the testing technique.
Since the output power spectrum is flat (Figure 16b), there must be a
minimum in the input power spectrum (Figure l6a) in order to achieve a
peak in the magnitude-ratio plot. For a system with a relatively-white
noise input, this implies that the signal-to-noise ratio of the input
signal is worse at the minimum than at any other point; hence, the sta-
tistical confidence one should place in the values at the peak in the
magnitude ratio plots is the lowest of any region on the plot.

The autocorrelation functions of the test patterns as implemented
by the different techniques are shown in Figures lha and 16b. While they
are 1n general agreement, there are two noticeable differences. The
small negative spike which occurs at both ends adjacent to the large
positive spike in the autocorrelation function in Figure 16b is caused
by a deadband in the servo system. With the rod-jog technique, the rod
was moved and then held stationary until time for a pulse of different
polarity., With the flux-demand technique, the rod would move the flux
until the flux-demand was satisfied and then stop. The flux would con-
tinue to change and would move on through the "satisfied" state and would
have to be brought back by rod movement in the other direction. A dead-
band in the flux signal may be observed by careful inspection of Figure 9,
page 27. The width of this deadband was found to determine the magnitude

of the negative spike., Some tests were performed in which the deadband

was very narrow and the spikes were all but eliminated.
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The small positive spikes which occur at lag time equal to 278* sec
in the autocorrelation function in Figure 16b are thought to be a result
of the shape of the flux signal when going from a low to high value not
being the inverse of the flux signal when going from a high to low value.
Similar spikes were noted at both 35 sec and 278 sec on most other
127 x 5 PRBS flux-demand tests. Only spikes at lag times of 35 sec were
reported in similar tests with the rod-jog testing technique. One
127 x 5 rod-demand test had a small spike at ~ 33 sec with no other
anomalous spikes. The occurrence of a spike at 35 sec is predictable
(References 13, 30, 31) and is a function of the time between the longest
run of consecutive positive bits and negative bits for the particular
sequence being used. The additional spikes at 278 sec which appeared
with the flux-demand technique are thought to be caused by the same type
of phenomenon that caused spikes at 35 sec, but this has not been proven.
The spike at 33 sec with the rod-demand technique was small and should
not be considered as strong disagreement with the predicted time of 35 sec.
Spikes were also observed in PRBS tests of other length and in PRTS tests.
No theoretical work could be found which related the position of the
spikes to the properties of the PRTS, but it is likely that they are

caused by the same type phenomenon.

*The autocorrelation functions are very nearly symmetric about the
half-period time. There were corresponding spikes in the second half of
the autocorrelation functions at the appropriate times, but only the
spikes during the first half are mentioned in the text, for clarity of
presentation.
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The magnitude-ratio and phase-angle plots for a 127 x 5 PRBS with
the reactor at 2 Mw is shown in Figure 18, The theoretical and experi-

mental data are in adequate agreement at this lower power.

PRTS Test Patterns

The faulty magnetic tape unit malfunctioned on two out of three tests
which employed PRTS test patterns. The results of the successful PRTS
test (242 x 7.25 at 8 Mw) are shown in Figures 19 and 20. The auto-
correlation function of a PRTS waveform is obviocus in Figure 19b and the
associated power spectrum is relatively flat over nearly two decades in
frequency.

The curvature in the autocorrelation of the rod position (Figure 19a)
is unusual compared to those previously shown. The plot indicates that
the rod position was not a true pericdic signal since it was not symmetric
about the half-period time. These tests were performed in February and
March when changes in atmospheric conditions were rapid. Awbient air
temperature and/or wind velocity changes affect the heat-removal rate at
the radiator which ultimately forces a reactivity change in the core.
Since the flux was being controlled during these tests, the outside dis-
turbances were shown by changes in control rod position which were, in
turn, reflected in the correlation function calculations,

While temperature effects account for the non-symmetrical shape of
the autocorrelation function in Figure 19a, the general "bowed" shape
must be explained by other means. The period of this test (242 x T7.25)

was long compared to most other tests performed, hence the fundamental
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frequency was exceptionally low., The reactor was at full power so the
amplitude of the frequency response was expected to be low at the low
frequency. Since the spectral power of the flux was flat, the power in
the rod-position signal at the fundamental frequency must be relatively
high to give the low value in the amplitude of the frequency response,
Note that the power content of the lowest harmonic in Figure 19a is a
factor of about 20 higher than most of the other harmonics. The relative
high power content in the fundamental frequency necessarily yields a

function similar to one period of a sine wave,

""Non-Symmetric" PRTS Test Patterns

One property of a PRTS is that its autocorrelation function has a
negative spike at lag time equal to T/2 which is equal in magnitude to
the positive spikes at lag times equal to zero and T (see Section I of
Chapter II). This is possible only if the second half of the sequence is
the negative of the first half, For example, if the first two bits in a
PRTS are positive, the first two bits of the second half of the sequence
will be negative,

The results of the first attempts at using a PRTS are shown in
Figures 21 and 22. These were surprising in that the autocorrelation
function of the flux signal (Figure 21b) did not assume the expected
shape of a PRTS. The reason for the unexpected correlation function was
found to be the manner in which we assigned voltage to the PRTS signal
which was generated by the on-line computer (BR-3L0). Instead of using
a signal which had the same number (n) of plus and minus pulses with (n-1)

intervals at zero level, as is the case for a true PRTS, we were actually
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using a signal with the same number (n) of plus and zero pulses with (n-1)
minus pulses, which resulted in the autocorrelation function not being sym-
metric about the half-period time. Calculation of the power spectra for
this type of signal showed that 3/h of the signal power was concentrated
in the even harmonics with the remainder in the odd harmonics. This is
still a valid signal for frequency-response determination, but it defeats
one of the purposes of using the PRTS — the concentration of all the
signal power in the odd harmonics. The magnitude-ratio and phase-angle
plots for two tests which utilized this type signal are shown in Figure 22.
Most of the scatter in the data is due to including the values obtained by
analyzing the data at all harmonic frequencies instead of just on the even

harmonics which contain most of the signal power.
II. 22 FUEL LOADING

While the results of tests which utilized the flux-demand technique
during the #7°U testing were less than ideal, they were adequate and
certainly better than no results. Hence, the plans for the Z>7J testing
Drogram were to perform the dynamics tests using the flux-demand tech-
nique. Both the PRBS and PRTS test signals were to be utilized with a
general shift to shorter bit times so that the signals would have more
signal power at higher frequencies. This was desired due to the shift in
the frequency response of the reactor with the fuel change (see Figures L
and 5 for a comparison of frequency responses).

While compensation for the changes in the frequency response of the
reactor was not difficult, there were other changes in the "personality"

of the reactor which did present problems. First, the control rods were
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worth more® (about 30%) which meant that it would require less movement to
obtain the same change in reactivity. Since the control rod was suspected
of having caused problems in the 2>y testing program, it was anticipated
that the effect of moving the rod less (0.3 in. instead of 0.5 in.) would
tend to magnify any inherent discrepancies which existed between indicated
and actual control-rod position. Second, with the 235U fuel the reactor
had been an exceptionally noise-free system, but shortly after operation
began with the #77J fuel, the void fraction increased from about 0.05%
to about 0.6%. This caused a large change in the background neutron noise.
An example of the unconﬁrolled neutron level for both the U fuel
loading and the £33 fuel loading is shown in Pigure 23,

Typical correlation functions for the various types of signals em-
ployed in the testing were shown in Section I of Chapter IV and these

will not be repeated for each test.
1. Flux-Demand Tests

PRBS Test Patterns

The first tests on the £27U fuel loading were performed while the
reactor was at zero* power. The results of this test are shown in
Figure 2ha. While these results do not disprove the theoretical pre-
diction, the scatter is such that they do not verify it either. Not only

is there considerable scatter in these results, but at low frequencies

x .
Zero power implies a neutron level which is low enough so that no

significant temperature changes occur but which is high enough not to be
significantly affected by the neutron sources other than fission.
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the different analysis schemes often yielded results which were radically
different. Analysis at higher frequencies tended to decrease the scatter
in the data as well as in the differences between analysis method.
Typically, after about eight harmonics for a 127 x 5 test the differences
between the analysis methods were negligible,

An example of the strong disagreement between analysis schemes is
evident in the magnitude ratio results shown in Figure 2L4a. At the first
harmonic (.00989 rad/sec) the CABS analysis resulted in a value of 230,
FOURCO using a fine filter gave 2850, and the ensemble average of results
from the four periods of data analyzed separately (broad filter) by FOURCO
was 5200, The CPSD analysis (not shown) was 894, The coherence function
was 0.17 as calculated by CABS and was 0.65 according to the CPSD analysis.
The CABS result is obviously a low-confidence number and the CPSD coherence
of .65 does not indicate strong relationship between the measured input
and output signals.

Why the analysis techniques yielded different results when analyzing
the same data is not completely resolved; however, there are clues which
indicate that it is related to system noise., First, this problem was not
pronounced except when testing with the flux-demand technigue, and, as
will be discussed later, the flux-demand technique caused an amplification
of errors in the control-rod position indication., ©Second, in each case
where there was a large discrepancy between analysis techniques, the CABS
calculation of the power spectrum of the input signal was found to have
a large phase angle (-89°'for the point being discussed), Since only the
cross-power spectra can contain phase information, the input power spec-

tra calculations are obviously in error. The input power spectrum is
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actually calculated by Fourier transforming the autocorrelation function
of the input signal, and noise will make the autocorrelation function
slightly non-symmetric about the half-period time since it prevents the
signal from being exactly periodic. It is thought that this non-
periodicity of the autocorrelation function was the cause of the erroneocus
CABS results. At least, when the result was in error, the coherence
function signaled a warning to beware of placing confidence in the calcu-
lation. |

Results of another zero-power test (3 cycles of a 127 x 5) are shown
in Figure 24b. The differences between the results of different analysis
schemes are not as pronounced; however, the general scatter in the re-
sults is greater. This is probably due to using only 3 periods of data
in the analysis.

One curious feature of these results is the consistent roll-off of
the experimentally determined phase angle at frequencies above about 0.k
rad/sec, even though the theoretical calculations predict an increase.
This feature was apparent in all of the results and was not dependent on
the type signal nor the testing technique. The implication is that
either the theoretical predictions were inadequate in this aspect, or
that there was an inherent phase lag between the actual and indicated rod
position at the higher frequencies. Since the indicator was nearer the
drive motor than the lower end of the rod and was separated from the
lower end of the rod by several feet of flexible hose, it seems reasonable
to expect a phase lag in the actual position at the higher frequencies,

The results from 4 cycles of a 127 x 5 PRBS which was performed with

the reactor at 1 Mw are shown in Figure 2L4c. The typical scatter at all
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frequencies and the discrepancies between analysis techniques at the low
frequencies is apparent. The low phase-angle values at the higher fre-
quencies are also present.

With the fuel not circulating, the dynamic characteristics of the
MSRE approach those of solid-fuel reactors. The results of. a frequency-
response test which was performed with the fuel not circulating are shown
in Figure 2hd, page 82. The scatter in these results is much less than the
scatter in the results for the circulating-fuel tests. The magnitude-ratio
results are in general agreement with the theoretical prediction, but the

phase angle is below the theoretical at the higher frequencies.

PRTS Test Patterns

If some type of system noise were the cause of the excessive scatter
in the results of tests which utilized a PRBS test signal, it does not
seem logical that going to a three-level signal would improve the results,
This logical deduction was verified by the results of tests at zero power
and at 5 Mw,

The results of three different tests at zero power are shown in
Figures 25a, 25b, and 25c. Two of the tests are 80 x 3 sequences and the
third is a 242 x 5 sequence. There are not any significant differences
between the results of these tests, and each is characterized by the same
type scatter which was apparent in the PRBS flux-demand tests. While
there is some variation between results obtained from the different
analysis methods, the differences are not as pronounced as they were in

the results obtained in some of the PRBS tests. However, since all of

the PRBS tests did not exhibit large differences in results for the
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different analysis methods, it is not certain that the PRTS signal dis-
criminates against this anomalous behavior, but there does appear to be
a tendency in that direction.

The significant features of the overall results of the zero-power
tests shown in Figures 25a, 25b, and 25¢ are almost identical to those of
the PRBS tests. The results are in general agreement with the theoretical
predictions, but the magnitude-ratio results tend to drop below the theo-
retical results at the higher frequencies. The phase angle also drops
below the theoretical predictions above 0.k rad/sec.

In an effort to improve on the statistical precision of the results,
an 80 x 3 sequence was used in a test at 5 Mw and was continually re-
peated until 12 periods of usable data were collected. The results of
this test (Figure 25d) were almost identical for each of the analysis
schemes, and the scatter in the results is lowered but is not eliminated.
The experimental magnitude-ratio results obtained for frequencies higher
than about 0.4 rad/sec are lower than the theory and the phase angle con-
tinues to be low at the higher frequencies (about 35° at 1 rad/sec). The
possible 5° error introduced by the digitization lag in the data recording
would obviously be insufficient to correct for this deviation.

An 80 x 3 PRTS was performed with the fuel stationary and yielded
the frequency-response determination shown in Figure 25e. The magnitude-
ratio results are not conéistent with the theory in magnitude but the
general shape is the same, The phase angle results are exceptionally
poor in that they do not conform to the shape of the theoretical curve at
any frequency. The poor results of this test were surprising since the

results of the PRBS test on the non-circulating fuel were so good.
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Discussion

In summary, the results of flux-demand tests applied to the ©33-
fueled MSRE were disappointing. The results contained such excessive
scatter that they were of little value in describing the frequency re-
sponse of the MSRE, Neither type test signal appeared to give better
results than the other and there were anomalous discrepancies between
analysis techniques when applied to the same data.

The failure of the flux-demand technique to provide adequate results
with the £337 fuel is attributed to a combination of poor coupling be-
tween the indicated and actual rod position and system rioise. As de-
scribed in Chapter II, the rod-drive assembly actually drives a chain
onto which the upper end of a flexible hose is attached. This hose
maneuvers around two 30° bends in the tube in which it is enclosed and
then drops vertically into a region near the center of the core. As the
control rod moves, it encounters considerable friction as is evidenced
by the normal average control-rod acceleration of only 8 to 15 ft/sec2
during a scram (Reference 6, pages 26, 27). This may be enough friction
to allow the rod to actually move in short jerks rather than a continuous
smooth fashion, Other possible sources of difference between the actual
rod movement and the indicated movement include stiff linkage in the
drive chain which would not allow the chain to conform to the curvature
of the sprocket, and the possibility that the rod was stiff, bowed, or
twisted in a region which was traversing the bends. This would cause the
lower region of the rod not to move in an exactly vertical direction.

In addition, there are several gears between the actual rod drive linkage

and the position indicators (the "fine" and "coarse" synchros). There is
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likely some amount of freedom between these gears which results in errors
in the indicated rod position, Since the rod is typically moved a maxi-
mum of about 0.5 in, during a flux-demand test, a discrepancy between the
indicated position and the actual end of the control rod of only 0.05 in.
on both ends of the travel could produce an error of 20% in the indicated
reactivity change. Hence, any of the above mentioned possible error
sources are capable of significantly contributing to the total error.

The "coarse'" synchro was used to indicate rod position in all of the
tests performed on the 27U fuel loading. After the results of the first
flux-demand tests with 227U fuel were received, the testing procedure was
changed so that a completely different rod assembly (including synchro)
was used., This did not help to reduce the scatter in the results so a
system was devised whereby the "fine" synchro could be used. This did
not appear to improve the results, but in the remainder of the testing
program the fine synchro was used,

The additional neutron noise which accompanied the 23 fuel loading
contributed to the scatter in the results in two ways. First, additional
noise on a signal tends to lower the statistical precision of compu-
tations performed with that signal. Second, the flux was required to
remain within the deadband as prescribed by the servo circuits. With the
additional noise, the control rod needed to move almost continuously in
order to keep the flux within the deadband limits. Since it is known
that there are errors in the indicated rod position, these additional rod

movements certainly introduced errors in the measured frequency response.
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2. Rod-Demand Tests

PRBS Test Patterns

The failure of the flux-demand testing required that a change be
made in the testing technique. The results from the good red-jog test
as described in Section I of this chapter, were very encouraging so a
change back to rod-controlled testing was desired. TInstead of attempting
to force the rod-jog method to work, it was decided to try a new approach,
the rod-demand technique. As Previously described for the rod-demand
technique, the control-rod servo was changed so that it forced the indi-
cated control-rod position to match an input demand.

With the reactor at zero power, a 127 x 5 PRBS was implemented in
the reactor using this method. The results of this test are shown in
Figure 26a and, except for the phase angle results at higher frequencies,
are in excellent agreement with the theoretical predictions. The magni-
tude ratio results were normalized by multiplying by 1.75. Normalization
was usually necessary when a PRBS was used with the rod-demand technique,
The reason for this normalization will be discussed more fully later in
this section.

With the reactor at 5 Mw, a 127 x 5 PRBS was repeated until two hours
of data were collected. Eleven consecutive periods of the sequence were
obtained from this test and analysis of this data gave the excellent re-
sults shown in Figure 26b which have not been normalized. There is little
scatter in the results and they are in good agreement with the theoretical
predictions. The experimental results dip at about oL rad/sec as theoreti-

cally predicted although the dip in the experimental results is not as
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FIGURE 26. Frequency-response results from rod-demand tests using
PRRBS test patterns performed on the 233j-fueled reactor.
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pronounced as in the predictions. The magnitude ratio and phase angle
fall below the theory at higher frequencies.

The results of two tesfs performed with the reactor at full power
are shown in Figures 26c and 26d. The results in Figure 26c are from
analysis of five periods of a 127 x 5 PRBS, and those in Figure 264 are
from analysis of eight cycles of a 127 x 3 PRBS. The magnitude ratio re-
sults were normalized to agree with the theoretical curve at 0.4 rad/sec.
Normalization factors were 1.30 and 1.36 respectively., There is little
scatter in the results and they tend to be in good agreement with the
shape of the theoretical curve except for the regular depression at the
higher frequencies. The dip in the experimental results at 0.24 rad/sec
is evident but, as before, is not as pronounced as the theory predicted.

In general the coherence functions calculated for the rod-demand
tests were above 0.98 and below 1.0 with occasional values slightly higher
than 1.0. The value of the coherence function was usually relatively low
(about .95) for the lowest harmonic frequency but came within the quoted
range after a few harmonics and remained in the band until the power in the
input signal began the characteristic rapid decrease at the higher fre-

guencies.

PRTS Test Patterns

Results of a test in which a PRTS test pattern was implemented using
the rod-demand technique is shown in Fig. 27. The scatter in the results
resembles the scatter which was evident in the results of the flux-demand

tests, and these results do little to aid in the specification of the
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frequency response of the MSRE, The results do tend to be scattered around
the theoretical curve and normalization of the results was not necessary.

The coherence functions calculated from these data generally scat-
tered in a band between about .94 and 1.08 over the frequency range at which
the signal power was relatively constant. The coherence functions at the
fundamental frequency were considerably below this scatter band (0.65 for
the results shown in Figure 27), but after a few harmonics, the values

were within the normal scatter.

Discussion

When a PRBS test pattern was used, the results from the rod-demand
technique were very encouraging. Normalization factors were often neces-
sary to get the experimental results to agree with the theoretical pre-
dictions, but the shapes of the two were in accord. When a PRTS test
pattern was employed with the rod-demand technique, there was excessive
scatter in the results. Since there is considerable interest in the PRIS
test pattern, it is unfortunate that these results were of poor quality;
however, the failure of these tests did provide another clue toward bet-
ter understanding of the MSRE.

The postulated reasons for failure of the flux-demand technique to
provide adequate results was the behavior of the control-rod assembly,
and the results of the rod-demand tests tend to verify the postulate.
When the rod was moved in a manner which simulated a PRBS waveform, it
would be inserted, held stationary for a few seconds, withdrawn, held
stationary, and then inserted again. This pattern was repeated with the

only variation being in the length of time it remained stationary. An
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insertion was always followed by a withdrawal and vice versa, If the
bottom end of the rod did not actually move the distance the gear train
indicated, as might be the case if any of the several possible high-
friction conditions mentioned on pages 92 and 93 actually existed, then the
waveform would still be well represented, but the indicated magnitude of
the perturbations would be in error., This certainly fits with the results
of the PRBS tests when used with the rod-demand technique and explains the
necessity of use of a normalization factor. With the PRTS wave form, each
movement of the control rod is not necessarily the opposite of the previous
movement., An insertion may follow an insertion, and a withdrawal may
follow a withdrawal. If, after a single insertion, the rod had moved to

a high-friction position which was slightly hindering its motion, another
insertion would force it on through this spotvand it might or might not
end near a similar spot after the second insertion. The effect of sub-
sequent withdrawals and insertions is unclear since the insertions may
originate from two different positions and those from the middle position
may be following an insertion or withdrawal. If the rod-position indi-
cator was not able to provide accurate information during at least part of
these movements, then the test results would be expected to contain
scatter. This fits the results of the PRTS tests when the rod-demand
technique was used. It is important to note that these explanations for
the results of the different type tests have not been proven but are

offered as reasonable explanations which fit the experimental observations.
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CHAPTER V
CONCLUSIONS AND RECOMMENDATIONS

The purpose of this work was to experimentally measure the frequency
response of the MSRE and to determine the effects of varying the testing
technique and test signal specification. The experimental results veri-
fied the predictions and were adequate to provide a recommendation for
improving the theoretical model. The dip in the magnitude ratio which was
predicted at about 0.24 rad/sec is present in the experimental results,
but it is not as pronounced as expected, Since the magnitude of the dip
has been shown> to be a strong function of the salt mixing as it circulates
around the primary system, I conclude that the theoretical models need to
allow for more mixing of the fuel salt.

Tn the course of the testing program, three different testing tech-
niques were used. The rod-jog technique, an open-loop method of rod con-
trol, worked well when the rods were free-moving. OSince there was no
feedback, any imbalance between the withdrawal and insertion times re-
sulted in drift of the average position. The flux-demand technique im-
posed the test pattern on the flux rather than rod position. The results
from this type test contained more scatter than rod-controlled testing
but for the U fuel loading gave adequate results. The faster response
of the 233J-fueled reactor, coupled with the increased noise level and
more aging of the control rod assemblies, gave results which contained

such scatter that they were of little value in determining the frequency
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response of the MSRE, For a system in which the rod position is well de-
fined, this technique should work well and has advantages which might make
it preferred over rod-controlled testing for certain applications,

The rod-demand technique, a closed-loop method of rod control, when
used with a PRBS, meshed with the physical limitations of the MSRE to
give the best results of the testing program, Normalization of the re-
sults was sometimes necessary but the shapes were in good agreement with
the theory,

Various PRBS and PRTS sequences were used, The PRBS was found to
give better results with the rod-controlled testing and neither type sig-
nal was adequate when the flux-demand technique was used with the 23733
fuel loading. The failure of the PRTS signal when used with the rod-
demand technique is thought to be an extension of the problems associated
with the control-rod position indication. Sequence lengths varied between
80 and 242 bits and the basic bit duration varied between 3 and 10 seconds,
The expected distributions of signal power as a function of frequency were
found and there were no anomalous effects noted for the different sequence
specifiications. As one would expect, it was found that better statistical
precision was obtained for sequences which were repeated several times.

Analysis technigues gave consistent results when applied to data
which contained a relatively low noise level but differed radically at the
low frequencies, typically the first five to ten harmonics, when the data
contained high noise content, such as during the flux-demand tests. No
systematic. study was made to determine the reasons for these differences

which leaves this as an area in need of additional work.
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The experience gained in this work emphasizes the need to plan the

testing of a system to match the test procedure to the characteristics

of that system. In particular, the difficulty in obtaining accurate

indications of rod position changes dictated that all unnecessary rod

movement be eliminated. In the £3FJ-fueled system with a high noise level

in the flux signal, the rod-demand method proved to be the best testing

procedure.

Some areas in which more work is needed are:

1.

Determination of the cause of the difference between
analysis schemes at the low frequencies when a large amount
of noise is present.

Investigation into the meaning of the coherence function
when applied to periodic sequences and explanation for the
experimentally determined ccherence functions which were
greater than 1.0.

Complete verification of the hypothesis that proper analysis
at frequencies midway between adjacent harmonic frequencies
of the minimum period length will provide a measure of the

system noise level that was present during the testing.
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TABLE VIIT

PERTINENT INFORMATION RELATED TO EACH TEST PERFORMED FOR THIS STUDY

Power Number Results
Tape Level Test Test of in “Analysis
Number™ Fuel  (Mw) Method Signal Periods Text Methods
27333  U-235 8 Mw rod-jog 127 x 5 PRBES L Fig. 1L,15 CABS
(a) Regular analysis at har-
monic frequencies
(b) Analysis at harmonic and
mid-harmonic frequencies
FOURCO
27328 U-235 8 Mw  flux-demand 242 x T.25 PRTS o Fig. 19,20 CABS
FOURCO
27324k U-235 8 Mw  flux-demand 127 x 5 PRBS 3 No CABS
FOURCO
b
27327 U-235 8 Mw  flux-demand 80 x 10 PRTS No None
27337° U-235 5 Mw  flux-demand 80 x 10 non- L No CABS
sym.9 PRTS
27336° U-235 5 Mw  flux-demand 2L2 x 5 PRTS 3 No CABS

(a) All data

(v) Two periods of data

(c) Two periods after at-
tempting to correct bad
data

FOURCO
(a) All data
(b) Two periods of data

TTT



TABLE VIIT (continued)

Power Number Results
Tape Level Test Test of in Analysis
Number Fuel (Mw) Method Signal Periods Text Methods
27338 U-235 5 Mw flux-demand 127 x 5 PRBS 5 Fig. 16,17 CABS
FOURCO
27325b U-235 2 Mw flux-demand 242 x 7.25 PRTS 2 No CABS
FOURCO
27332 U-235 2 Mw flux-demand 242 x 7.25 non- 2 Fig. 22 CABS
sym. PRTS FOURCO
27340 U-235 2 Mw flux-demand 80 x 10 non-sym i Fig. 21,22 CABS
PRTS FOURCO
o734k3  U-235 2 Mw flux-demand 127 x 5 PRBS 5 Fig. 18 CABS
FOURCO
27324 U-233 8 Mw flux-demand 127 x 5 PREBS i No CABS
+27330 CPSD
FOURCO
(a) Using 5 periods of data
(b) Using 7 periods of data
07325  U-233 5 Mw flux-demand 80 x 3 PRIS 12 Fig. 25(d) CABS

(a) At harmonic and mid-
harmonic frequencies
FOURCO
(a) Regular
(b) Ensemble
CPSD

clT



TABLE VIII (continued)

Power Number Results
Tape Level Test Test of in Analysis
Number Fuel  (Mw) Method Signal Periods Text Methods
27339 U-233 1 Mw flux-demand 127 x 5 PRBS L Fig. 2k(c) CcABS
FOURCO
27340  U-233 1 Mw flux-demand 242 x L PRTS 3 No CABS
273h3f U-233 1 Mw flux-demand 80 x 3 PRTS --- No --=-
27326  U-233 Zero flux-demand 127 x 5 PRBS I Fig. 2k(a) CABS
(1o0w) (a) Regular
(b) Analyzed first two and
last two periods of data
and averaged results
FOURCO
(a) Regular
(b) Ensemble
CPSD
27334k U-233 Zero flux-demand 80 x 3 PRTS N Fig. 25(a) CABS
(50w) FOURCO
(a) Ensemble
27334 . U-233 Zero flux-demand 127 x 5 PRBES 3 Fig. 2k(b) CABS
(50w) FOURCO
(a) Ensemble
27335g U-233 Zero flux-demand 127 x 5 PRBS L Fig. 2k(d) CABS
(50w) CPSD
FOURCO

(a) Ensemble

ETT



TABLE VIIT (continued)

Power Number Results
Tape a Level Test Test of in Analysis
Number Fuel (Mw) Method Signal Periods Text Methods
g _ .
27342° U-233 Zero  flux-demand 80 x 3 PRTS b Fig. 25(e) CABS
(50w) FOURCO
(a) Ensemble
27336 U-233 Zero flux-demand 242 x 5 PRTS 2 Fig. 25(c) CABS
(50w) FOURCO
(a) Ensemble
27336  U-233 Zero flux-demand 80 x 3 PRTS 3 Fig. 25(b) CABS
(50w) FOURCO
(a) Regular
(b) Ensemble
27329 U-233 8 Mw  rod-demand 127 x 5 PRBS 5 Fig. 26(d) CABS
FOURCO
CPSD
27330 U-233 8 Mw rod-demand 242 x 5 PRTS o) Fig. 27 CABS
FOURCO
27343 U-233 8 Mw  rod-demand 242 x L PRTS 3 No FOURCO
27337 U-233 8 Mw rod-demand 127 x 3 PRBS 3 No CABS
27341  U-233 8 Mw rod-demand 127 x 3 PRBS 8 Fig. 13 CABS

and 26(c) (a) Two periods analyzed
then averaged results

71T




TABLE VIII (continued)

Power Number Results
Tape a Level Test Test of in Analysis
Number Fuel (Mw) Method Signal Periods Text Methods
27341
(contimued) Tables III, (b) Four periods analyzed,
v,v,vI, then averaged results
VIT (c) Regular
CPSD
(a) ¢ = 0.001
(b) & = 0.05
(c) £ =0.5
FOURCO
(a) Regular
(b) Two periods analyzed
then averaged results
(c) Four periods analyzed
then averaged results
(d) Same as a,b,c except
analysis at non-harmonic
frequencies
27327 U-233 5 Mw rod-demand 127 x 5 PRBS 11 Fig. 26(b) FOURCO
+27331 (a) Using only 5 periods of
data
(b) All data
CABS
(a) Analysis at harmonic
frequencies

(b) At harmonic and mid-
harmonic frequencies

GTT



TABLE VIII (continued)

Power Number Results
Tape a Level Test Test of in Analysis
Number  Fuel (Mw) Method Signal Periods Text Methods
X-8205 U-233 Zero rod-demand 127 x 5 PRBS 3 Fig 26(a) CABS
(lOkw) FOURCO
CPSD
a. Recorded here to aid in future reference to the data.
b. Computer malfunctioned during data-recording making results meaningless.
c. The raw data for this test was destroyed and was not available for further analysis.
d. Non-symmetric.
e. The results from this test were very peculiar and did not resemble the expected frequency

response at all, The reason for this bad test has not been explained, but it was noted that there
was excessive drift in the fuel-salt temperature during the test. Attempts to correct for this drift
were unsuccessful.

f.

g.

Amplifiers saturated during test.

Fuel not circulating for this test.

9TT
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