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ABSTRACT

A series of eight multifrequency tests was conducted on the Experimental
Breeder Reactor II. In half of the tests a control rod was oscillated and in
the other half the controller input voltage to the intermediate-loop-sodium
pump was perturbed. In each test the input disturbance consisted of several
superimposed single-frequency sinusoidal harmonics of the same fundamental.
The tests are described along with the theoretical and practical aspects of
their development and design. Samples of measured frequency responses are
also provided for both the reactor and the power plant.

INTRODUCTION

The Experimental Breeder Reactor II (EBR-II) is the only LMR (Liquid
Metal Reactor) nuclear electric power plant operating in the U.S. It is well-
instrumented with temperature, pressure, flow, neutron flux, and other sen-
sors, particularly along its three principal heat transport circuits. The
primary mission of the EBR-II plant is to serve as a testbed and proving
ground for future LMR plant technology.

In large measure the designs of future LMR plants will depend on
analytical simulations of their performance. A number of codes have been
developed to model LMR plants; these include NATDEMO1, DEMO-IV2, SSC3, MINET\
SASSYS5, and DSNP6. The first two are plant specific and were developed for
the EBR-II plant and the Clinch River Breeder Reactor plant, respectively.
The remaining codes are more general and can be used to simulate a variety of
LMR plant configurations.

Every LMR plant simulation code ever developed (if it is to be of value)
must have some means of demonstrating the validity of its predictions. To
meet this objective, a thermal-hydraulics testing and modeling program has
been underway at EBR-II since 1974.7 Various modelers have tested predictions
of all of the above codes, except DEMO-IV, with measured data from transient
tests conducted on the EBR-II. (When NATDEMO was conceived many of its models
for the intermediate and steam systems were developed from DEMO-IV models.
This was a deliberate and successful attempt to help validate some of the
DEMO-IV models with EBR-II data.)

Most of the dynamic whole-plant testing in the EBR-II has focused on
investigating specific phenomena or simulating accident scenarios. Examples
include tests initiated by the loss of the primary flow (both with and without
reactor SCRAM), loss of secondary (i.e., intermediate-loop) flow without
reactor SCRAM, and rapid reduction in steam system pressure. While the data
measured during these and other tests have been very useful in the study of
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specific accidents and in model development, frequency response testing offers
an alternative and more generic approach to model development and validation.

In May 1985 the eight frequency response tests, which are the subject of
this paper, were performed on the EBR-II plant. In four of the tests a con-
trol rod was used to apply a small periodic reactivity disturbance to the
reactor. In the other four tests a small periodic voltage disturbance was
applied to the pump control signal which regulates the flow in the inter-
mediate loop. These data can be used to (1) determine frequency response and
stability characteristics for the plant and (2) validate reactor plant simu-
lation models. The latter goal can be accomplished by simulating the tests
with a model of the EBR-II plant (e.g., the NATDEMO code) and comparing the
frequency response of the model with that measured in the plant. Moreover,
frequency response testing is a minimally intrusive means of monitoring the
dynamic characteristics of an operating LMR plant for potential changes over
time.

PAST FREQUENCY RESPONSE TESTING IN THE EBR-II

Frequency response testing in the EBR-II has been performed in the past
via numerous rod oscillator experiments8"10 and inherent noise analysis
methods11. In addition, an extensive amount of transient rod drop testing has
been conducted on the EBR-II12~16. The feedback data obtained from the latter
have typically been fitted with frequency response functions and compared with
oscillator transfer functions.

While the focus of the prior EBR-II experience has been on reactivity
feedback measurements, all eight of the tests described herein have a whole-
plant perspective and are divided into two groups as mentioned above. Note
that all of the tests caused responses that were measured throughout the
plant.

DESCRIPTION OF THE EBR-II PLANT

The EBR-II plant is located in Idaho and was designed by the Argonne
National Laboratory who operates it for the U.S. Department of Energy. The
EBR-II plant has been in operation since 1964 and produces about 20 MW of
electricity at the reactor design power of 62.5 MWt. The corresponding
reactor, secondary, and steam system flow rates are approximately 485, 315,
and 32 kg/s, respectively.

Figure 1 provides a schematic representation of the plant. The reactor
vessel is submerged in the primary tank which contains some 340 m3 of liquid
sodium. The two main primary pumps drive sodium from this pool, which
normally is at 371°C, into the reactor inlet. The flow passes through the
reactor and a Z-shaped outlet pipe, then through the intermediate heat
exchanger (IHX), and finally emerges in the sodium pool.

Some 60 m of piping carries the intermediate sodium from the secondary
side of the IHX to the steam generator which is located in the sodium boiler
building. A similar length of pipe carries the return flow back to the IHX.
A linear induction alternating current electromagnetic (E.M.) pump in the
return leg drives the secondary-loop sodium flow.
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Figure 1. EBR-II Plant

The steam generator has seven parallel evaporators and two parallel
superheaters. Each of the seven evaporators is independently connected to the
steam drum; there are no pumps or valves in the seven gravity-driven recircu-
lation loops. Pipes at the top of the steam drum independently join each
superheater to the steam drum. The steam exiting from the two superheaters
merges into a common steam header which transports the superheated steam to
the turbine.

Normally the turbine-bypass valve is fully closed and the steam pressure
is controlled by the turbine admission valve. However, during all eight of
the multifrequency tests the turbine was off-line and all of the steam by-
passed the turbine and went directly to the condenser.

In addition to the full complement of permanent instrumentation that
exists throughout the plant, two instrumented subassemblies (INSATs) were
resident in the reactor core (in control rod positions) during the eight
tests. One of these INSATs, XXO917'18, was of particular interest during the
reactivity disturbance tests because it was fueled and closely resembled and
behaved like a driver subassembly. The XX09 subassembly had 28 thermocouples
and two tandem E.M. flowmeters. Thirteen of the thermocouples were located
near the top of the core in the helically-wound fuel element spacer wires.

DESCRIPTION OF THE EIGHT MULTIFREQUENCY TESTS

In each test the initial power (%) was always less than the initial flow
(%), as given in Table I, so that all of the tests could be conducted without
causing the mixed-mean coolant temperatures in the reactor core to exceed
their normal, full-power values. In the same spirit the initial steam header
pressure (8460 kPa) was set to 3^5 kPa below its normal value and the initial
feedwater temperature (282°C) was 6°C lower than normal.



Test
Number

B101
B102
B103
B104

B201
B202
B203
B204

Periodic
Type

reactivity
reactivity
reactivity
reactivity

secondary flow
secondary flow
secondary flow
secondary flow

Table I

Test Matrix

Disturbance
Period (T), s

46.5
512.
46.5

512.

46.5
512.
46.5
512.

Initial Initial Primary
Power, %* Flow, %*

55. 65.
55. 65.
85. 100.
85. 100.

61.7 65.
61.7 65.
95. 100.
95. 100.

100? reference power is 60 MW and 100? reference flow is 464 kg/s.

The periodic input disturbance function for each test can be represented
as:

N
F(t) = y A sin(27rn t/T + *.) (1)

*-^ i l l
i=1

where A^ and T are the amplitudes of the components and period of the funda-
mental, respectively. As indicated in Table II, which provides the values of
ni and <ti for the eight tests, the B201 and the B203 test each has four har-
monic components (i.e., N=4) and each of the other six tests has five. In all
four reactivity disturbance tests all of the A^ were 1.260. In the secondary
flow disturbance tests it was not possible to directly perturb the secondary
flow since a motor-generator set supplies the power which drives the E.M.
pump in the intermediate loop. The voltage which controls the pump output was
applied ahead of the motor-generator set. It was this demanded voltage which
was perturbed in the B200 series tests. In each test all (four or five) com-
ponent amplitudes were to be equal with a value of 4.20/t prescribed for the
B201 and B203 tests and 3.18% for the other two tests.
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Harmonic

H,

50.681°
240.000°
330.000°
50.000°
350.000°

Table II

Components for

167.872°
208.000°
166.000°
179.000°

All Tests

Frequency (i
T=512s

1.95E-3
5.86E-3
9.77E-3
2.15E-2
4.88E-2

W T ) , Hz
T=46.5s

2.15E-2
6.45E-2
1.07E-1
2.36E-1
5.37E-1

*For all tests except B201 and B203.
**For B201 and B203 tests only (first four harmonics only).



As Table I indicates, each series of four tests can be subdivided into a
pair of tests conducted near full power and a pair conducted at 65% of the
power and flow used for the first pair. In each pair there is a lower-
frequency range member (T = 512 s) and a higher frequency range member (T =
512s/11 = 46.5 s).

An important influence on the tests was the then (May 1985) current state
of microprocessor technology which had advanced to the point where it was
practical to use computer-driven controllers to apply the periodic input-
function disturbances. This enabled the prescribed input disturbance for each
test to be precisely programmed and tested before the in-plant tests were
performed. For example, the reactivity disturbances in each of the B100
series tests were generated by an automatic control rod drive system (ACRDS)
which was attached to the Number 4 control rod.

In each of the eight tests an attempt was made to minimize the action of
plant controllers which would interfere with the test. Hence, the steam
pressure controller (located in the turbine-bypass line) was in its manual
mode during each test in order to hold the valve position fixed. (The turbine
was off-line.) Ideally, the three-element steam drum level controller should
also have been placed in manual. However, there was a concern that this could
allow the steam drum level to drift too far from its initial desired value and
require a major correction during a test. Therefore, a compromise position
was taken in which single-element control was used. This control thus based
its corrections on level but did not anticipate errors in level by measuring
the difference in fluid flow rates to and from the steam drum.

SELECTION OF DISTURBANCES AND FREQUENCIES

The reactivity disturbance tests were conceived first and were a logical
extension of the previous EBR-II frequency response testing where the rela-
tionships between reactivity, reactor power, and core temperatures were of
primary interest. Although a control rod perturbation is transmitted through-
out the plant, the extensive intermediate loop piping and large steam genera-
tor tend to attenuate the signal considerably in the balance of plant, par-
ticularly at the higher frequencies. In addition, the large mass of primary
system sodium highly attenuates th(e coolant inlet temperature signal fed back
to the core. V

Since the secondary sodium couples the primary system to the steam
system, a perturbation in secondary flow is readily transmitted into both
neighboring systems. Hence, the secondary pump is a good place to introduce a
test signal, particularly for balance-of-plant testing. Another important
consideration in designing a frequency response test is the feasibility of
introducing the desired disturbance in a highly reliable manner which will not
impair operation or damage any of the plant components. Here again the
secondary-loop proved to be an ideal choice.

In the early phases of test planning it was initially decided that the
waveform of the period disturbances would be that of a multifrequency-binary-
sequence (MFBS). Frequency-response tests employing the MFBS waveform have
been successfully performed on other nuclear reactor plants.19 The
use of this type of waveform in EBR-II frequency response testing was first
suggested in 1975.20 As its name implies, the MFBS waveform has only two



states (or values) and resembles a series of equal amplitude square-wave
pulses of varying time duration. It is a periodic signal because the compli-
cated sequence of pulses is repeated. One of the major attractions of this
waveform is that it is feasible to approximate it via manual control. In the
case of a reactivity disturbance, for example, at prescribed times a control
rod could be moved (by a human operator pressing a control switch) at its
maximum rate from one position to the other where it would be held until the
next prescribed movement is to occur.

Spectral analysis shows that an ideal MFBS sequence is an infinite series
of sine waves comprising a fundamental with a period equal to the length of
the repeating MFBS waveform and an infinite number of harmonics. Software was
provided which enabled MFBSs to be generated in which most of the signal
strength was concentrated in the fundamental and a few prescribed harmonics.

In experimenting with the MFBS generating software we found that about
70? of the signal power could be concentrated in a few (typically 4 or 5)
selected harmonics and the remaining 30% would be scattered among an infinity
of harmonics. This agreed with other studies19 which indicated that 70-80% of
the signal power could be concentrated in the desired harmonics. After having
developed MFBSs suitable for reactivity disturbance tests, we realized that
the state of computer technology had advanced to the point where it was both
feasible and practical to drive a control rod with a composite wave shape
which results from superimposing a single-frequency sinusoid and several of
its harmonics. This made it possible to concentrate 100% of the signal
strength in the fundamental and selected harmonics of the MFBS waveforms by
simply discarding all of the unwanted harmonics. The phase angle of the
fundamental, <t»i» had to be adjusted slightly after the unwanted harmonics were
discarded in order to force the initial value of the disturbance back to zero.
The advantage of generating the waveform from an optimum MFBS waveform is that
the latter tends to select the phase angles so as to keep the waveform within
a prescribed envelope while maximizing signal strength.

The frequency range was selected to be as large as practical. The high
end was limited by the data acquisition system, which recorded a complete set
of measurements every 0.5 s. The low end was limited by the amount of time
available to perform a test. It was also decided that it would be better to
cover the desired frequency range with two overlapping multifrequency tests
rather than one.

The period of the fundamental for the lower frequency signal, 512 s, was
selected because then each period of the fundamental would have 1024 data
samples which is 2 raised to an integer (i.e., 10) power. This is highly
desirable for using fast Fourier transform techniques to do spectral
analysis. The fundamental of the higher frequency signal is an eleventh of
the that of the lower frequency fundamental because 1) every eleven periods
would contain 1024 points and 2) some redundancy is provided in that the
fundamental of the higher frequency signal matches the fourth component (i.e.,
n4 = 11) of the lower frequency signal.

An important constraint in designing the input signals was the physical
limit of plant equipment used in transmitting the disturbances. Hence, the
maximum feasible control rod velocity was an important limit in the B100
series, as was the maximum feasible rate of change of E.M. pump voltage in the



B200 series. The product of maximum frequency and disturbance amplitude must
be consistent with these limits. Once the amplitude has been selected, this
type of constraint has a direct influence on the highest allowable frequency
component in each test. Hence, in the B100 series we had to limit the ampli-
tude of the higher frequency signal so that the required maximum control rod
velocity would not exceed the capability of the ACRDS. Similarly, we did not
include the fifth component (i.e., n5 = 25) in the higher frequency B200
series signal because of the excessive rate of pump voltage required.

It is not a coincidence that there are no even-numbered harmonics in any
of the signals. It was suggested19 that an antisymmetric signal would tend to
reduce the influence of nonlinear effects which are inherently present in the
reactor plant. This is highly desirable since linearity is a basic assumption
in this type of testing. (This concern could also place limits on the ampli-
tudes of the input signals.) Moreover, the software discussed above for
designing optimum MFBS signals permitted only odd-numbered harmonics.

SAMPLE FREQUENCY RESPONSE DATA

The SAS/ETS code21 was used to do spectral analyses of a small portion of
the data obtained from each of the eight tests. From these spectral attri-
butes, the code could readily calculate transfer functions between any desired
pair of variables. This enabled us to be reasonably certain that all of the
tests ran properly and produced meaningful data. Figures 2 through 5 provide
samples of the available data taken at the higher reactor power of each
series. In each figure, data from two related tests were combined to obtain
one Bode plot; i.e., the gain and phase shift over the entire frequency range
under consideration. As indicated in Table II, 0.0215 Hz is a common point in
both frequency ranges and 0.0488 Hz is a point in the lower frequency range
which overlaps with the higher range. Note that there is excellent repeat-
ability in the overlap between the two ranges, as shown in the four Bode
plots.

During the tests a complete set of data was recorded every 0.5 s. Since
this sampling rate of 2 Hz corresponds to a Nyquist frequency of 1 Hz, one
would expect no difficulties with a maximum input component frequency of 0.537
Hz for the tests (0.235 Hz in the B200 series). However, there is one addi-
tional consideration; while data is recorded every 0.5 s, it is actually
measured every 0.1 s and a set of five successive measurements averaged
together produces one set of recorded data. In the time domain, this ensemble
averaging process tends to flatten out extremes and bring them closer to the
average. This filtering effect may distort the results at the higher-
frequency end of the Bode plots.

Another phenomena adversely affecting the higher frequency range is the
expected attenuation of amplitude with increasing frequency. This decreases
the signal-to-noise ratio and makes the interpretation of the data more
difficult or impossible. This effect also tends to be more pronounced with
increasing distance from the input signal. Therefore, we included a Bode plot
for validation purposes from each test series in which both signals were
physically close to the input disturbance. Thus, in Fig. 2 reactor power is
correlated with external reactivity, and in Fig. 3 secondary flow is corre-
lated with the voltage applied directly to the E.M. pump. In each case the
new results ::ould be validated against other data.
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Since many reactivity disturbance tests have been conducted on the EBR-II
in the past and were extensively studied, Figs. 4 and 5 focus on results of
the secondary flow disturbance tests. Figure 4 represents the steam system
end of the plant and correlates steam drum temperature with secondary flow,
while Fig. 5 correlates reactor power generation with secondary flow.

The overall efficacy of the testing methodology and the Fourier transform
algorithm was first checked out for the reactor power/reactivity transfer
function. We compared these results at 51 MWt with previous EBR-II rod
oscillator measurements at a similar power level.9 Although loading changes
can cause small changes in the reactivity feedbacks, the gain comparison was
judged to be acceptable. The Fig. 2 phase shift data, however, is somewhat
suspect. The values at the two or three highest frequencies shown are
physically unrealistic and the deviation from the earlier rod oscillator data
tends to increase directly with frequency, indicating about a 1° deviation at
0.0215 Hz and about 20° at 0.537 Hz.

The dynamics of the secondary loop flow (w) can be approximated by the
following equation:

Iw = APp - APf (2)

where I is the inertance of the secondary loop flow, AP is the E.M. pump
pressure rise, and AP^ is the pressure drop around the secondary loop (exclud-
ing the pump). There are no dynamics in the pump pressure rise term which,
depends on applied voltage and flow rate. A perturbation analysis was per-i
formed in which eq. 2 was linearized about its full power operating point.
This enabled a closed-form solution which yielded an estimate to the measured
data of Fig. 3. The measured gain shown at the lowest frequency is 0.64 which
compares reasonably well with the 0.70 value predicted by the model. The
attenuation in measured gain with increasing frequency also agrees reasonably
well with the model, the latter indicating about 12$ less attenuation at the
two highest frequencies. The phase shift comparison indicates about 1° larger
magnitude for the calculation at 0.0215 Hz and the deviation tends to increase
linearly so that at 0.107 Hz the deviation is about 6°.

It was helpful in the process of designing the eight tests to have pre-
dicted the frequency responses of the plant for each of the two types of input
disturbance (i.e., rod reactivity and intermediate-loop pump voltage). For
this purpose we used the NATDEMO code1 to simulate the response of the EBR-II
plant to single-frequency input sinusoids. For each of the two input dis-
turbances, the entire frequency range of interest was spanned by a series of
such simulations. The periodic responses of many of the state variables were
plotted as functions of time. The gains estimated from these plots were in
approximate accord with Figs. 2 and 3, and confirmed the rapid attenuation
with increasing frequency shown in Figs. 4 and 5.

The measured phase shifts in Figs 4 and 5 are meaningless above about
0.01 Hz because at this point it becomes impossible to distinguish the
response signal from the noise. The deviation between calculated and measured
phase shift in Fig. 3 could be attributed to deficiencies in the analytical
model. However, a similar deviation is seen in Fig. 2 between earlier
measurements and the current ones, where the two highest frequency phase
shifts are positive. In both comparisons, some of the deviation may be caused



by ensemble averaging, as described above. Since this explanation is not
totally satisfactory, more analysis is needed before we can rule out
deficiencies in our spectral analysis methods.

CONCLUDING REMARKS

Obviously, many considerations of both a theoretical and a practical
nature had to be addressed in order to develop and successfully conduct the
tests. In describing these tests, we have focused on the rationale for their
design rather than on the large body of data which they produced. While
frequency response testing of nuclear reactors has been practiced for decades,
our experience should be of value to other investigators, especially those in
the LMR community. Some of the data have been analyzed elsewhere22 and all
have been made available on magnetic tape to others within the U.S.D.O.E.
purview. Much more could be done in using these data to study the behavior of
the EBR-II plant and to develop and test analytical simulations of it. The
experience gained in conducting these tests could lead to routine use of
multifrequency testing in the EBR-II to track key reactor parameters whose
values govern reactor safety. These are all fertile areas for future study.
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