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1.0 INTRODUCTION 

For steady-state power levels up to 2.0 MW, the TRIGA reactor uses the 

standard cy l indr ica l fuel shape (3.73 cm) in a hexagonal array. Natural 

convection of the tank water is used for cooling the reactor. 

Al l Mark I I I reactors have been trouble-free in their operation up to 
1.0 MW in a number of f a c i l i t i e s , including those in Mexico, Berkeley, San 
Diego, and Korea. The Mark I I I reactor at San Diego operated without any 
cooling or vibrat ion problems at a l l power levels up to and including 2.0 MW 
with a hexagonally arrayed core loaded with FLIP f u e l , and up to 1.5 MW (the 
maximum licensed power level at that time) with standard (20% enrichment of 
uranium) TRIGA fue l . The Mark I I I TRIGA in Korea was instal led in 1972 and 
operated with standard fuel for about 18 months without trouble at power 
levels up to and including 2.0 MW. During this period, core changes includ
ing addition of fresh fuel were made. For the f i r s t time, 18 months after 
startup, a coolant flow-induced vibrat ion was observed at a power level of 
1.5 MW. Extensive series of tests were performed during the next several 
months to seek the cause and possible remedy for the vibration phenomenon. 
In the following report, i t w i l l appear that additional coolant flow and im
proved flow conditions through the upper grid plate are needed to control the 
phenomenon. 

2.0 KAERI DIAGNOSTIC PROGRAM 
Under the direction of one of the authors (C. K. Lee), the KAERI staf f 

has performed extensive series of mechanical and operational tests. In order 
to present a better understanding of the tests, a description of the KAERI 
Mark I I I f a c i l i t y is presented below. 

2.1 Basic Core and Reactor Configuration 

The i n i t i a l core contained 96 standard fuel elements, 6 graphite dummies, 
9 water - f i l led holes, 1 transient rod, 4 fuel- fol lower control rods, 1 cen
t ra l thimble, 1 pneumatic transfer terminus, and 3 in-core power-level detec
tors for a tota l of 121 grid plate posit ions. These items were arranged on 
a hexagonal pattern and surrounded by a shroud that has a rectangular side 
opening of 12.7 x 38 cm2 (5 x 15 i n 2 ) and 24 9.1-cm diameter holes, 12 
spaced uniformly around the shroud near the bottom of the fuel elements and 
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12 at the bottom of the shroud below the bottom grid plate. A lazy susan sur
rounding the shroud can be raised (to allow the reactor close approach to a 
graphite thermal column or exposure room located at either end of the reactor 
pool) or lowered (to provide maximum activation flux for samples when the 
reactor is located near the pool center). A diffuser nozzle is mounted about 
1 meter above the core to direct a transverse stream of water across the core 
in order to lengthen the time necessary for the N 1 6 in the coolant stream 
reach the pool surface. 

The reactor is mounted on a movable bridge in an above-ground shielded 
tank. The dimensions are roughly: length, 7.83 m (25.7 ft); width, 3.05 m 
(10 ft); and depth, 7.53 m (24.7 ft). The reactor is shielded by a generally 
standard, above-ground Mark III concrete structure that provides access for 
beam ports, exposure room, and thermal column. 
2.2 Vibration Versus Reactor Power Level and Coolant Temperatures 

The vibration that will be discussed throughout this report means air-
transmitted noise together with vibration detected by contact with the in-core 
components, the core-support structures and bridge, parts of the core that 
extend to the pool surface (eg., pneumatic rabbit, instrumented fuel elements, 
etc.), parts of the pool and surrounding shield, and parts of the surrounding 
building. 

During the first 18 months of operation, the core configuration was 
changed significantly by the addition of new fuel to correct for fuel burnup. 
This addition reduced the number of graphite dummy elements and water-filled 
holes so that, when the vibration first occurred, only four water-filled 
holes were left. With the coolant temperature maintained between 30°C and 
and 35°C, the diffuser on, lazy susan down, and the reactor in the central 
position, the vibration occurred for powers between 1.2 MW and about 1.85 MW. 
The fact that the vibration stopped for power levels above 1.85 MW is an 
important observation that will be discussed later. A correlation of the 
onset of vibration with cooling temperature gave the following results. 

Onset of Vibration 
Coolant Temperature (°C) Power Level (MW) 

3 0 - 3 4 1.25 
35 1.2 
41 1.0 
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The reader should note a further aspect of the coolant temperature. As 
with all TRIGA reactors operated at power levels above 1.0 MW, the maximum core 
inlet temperature should be limited to 35°C to maintain an adequate safety fac
tor below the departure from nucleate boiling (DNB). The cooling temperatures 
listed above were measured at the top of the pool, therefore the core inlet 
temperatures were unknown. Experience with the San Diego Mark III reactor has 
shown that the water above the core establishes a closed convective loop. As a 
result of this loop, the hot water flow emerging from the core rises about 2 to 
3 meters and bends over in a flow back down to the bottom of the core. This 
convective loop was strong enough that the water temperature at the top of the 
tank directly over the reactor was not closely correlated with the coolant 
temperature at the inlet or the outlet of the core. Direct measurements of the 
core inlet temperature were required to assure that the coolant did not exceed 
35°C. In view of this experience, the coolant temperatures tabulated above 
may not have been representative of the core inlet temperatures.. 

Since the vibration phenomenon ceased for power levels above 1.85 MW, 
it was useful to test whether a square wave mode 6f operation at 1.9 to 2.0 
MW would present a means to avoid the vibration that takes place in the 
power range 1.2 to 1.85 MW. The result was that the vibration occurred as 
before but was of much shorter duration. As in the manual mode of operation, 
the vibration stopped for power above 1.85 MW. 
2.3 Forced Removal and Injection of Coolant 

A 3.73 cm (1.5 in) pipe was inserted in the central core position and 
connected to a pump inlet during a reactor test. The enhanced removal from 
the core of hot water during high-power runs produced no beneficial results 
on the vibration phenomenon. 

The same pipe was used to inject a stream of cooling water into the core. 
When the injection was through one of the 9.1 cm holes in the side of the shroud 
the vibration worsened. On the other hand, a related test repeated at a later 
time (after a modified upper grid plate was installed) produced a reduction in 
vibration. In this latter test, the pipe was perforated with small holes 
for a length of 30 cm. When the perforated region extended 15 cm below and 
above the upper grid plate at the A-ring position and coolant was injected 
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at the rate of 284 Uters/min (75 gpm), a substantial reduction in vibration 
was observed. 

2.4 Core Rearrangement 
One important and time-consuming series of tests was performed in an 

attempt to establish the original core configuration and observe whether the 
vibration disappeared. If eight fuel positions in the G-ring were water filled 
or four positions in the G-ring plus the A-ring position were water filled 
when the coolant temperature was low (~18°C), no vibration was observed at 
any power level up to 2.0 MW. Higher coolant temperatures produced vibration. 
Because of the extensive core burnup, it was not possible to re-establish the 
original core conditions with the original distribution of peak-to-average 
power generation. It would appear that for this reason reactor operation 
with higher coolant temperature, even with the original number of water-
filled grid plate holes, leads to vibration. 
2.5 Position of Lazy Susan and Location of Reactor in Tank 

In its down position, the lazy susan covers the 12.7 x 38.1 cm 2 (5 x 15 
in 2) slot in the side of the shroud and might in this lowered position be 
expected to affect the vibration. No substantial correlation exists between 
the vibration phenomenon and the position of the lazy susan. 

. The position of the reactor within the tank (i.e., exposure room end, 
center of tank, thermal column end) might be expected to affect the vibra
tion phenomenon. Also, the cooled water is returned to the tank at the 
thermal column end of the tank and should promote lower core inlet tempera
tures when the reactor is located at this end of the tank. Observations 
have shown that the vibration phenomenon is somewhat less when the reactor 
is located at the thermal column end of the reactor tank. 
2.6 Piffuser Pump 

The diffuser pump operation can exert a noticeable effect on the vibra
tion phenomenon under some circumstances. Operation of the diffuser weakens 
the vibration effect when the reactor power lies in the range 1.2 to 1.8 MW. 
If the diffuser is turned off while operatingthe reactor in this power 
range, the vibration becomes noticeably worse, and the character of the 
sound may change as well. For power levels above 1.8 MW when vibration is 
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not expected, shutting off the diffuser reinstates the vibration in most cases. 
A model that may explain the action of the diffuser will be presented later. 

Since operation of the diffuser affects the vibration phenomenon so di
rectly, addition of a second diffuser might be expected to produce further 
improvement. In one direct test of this hypothesis, a second diffuser with a 
capacity of about 227 liters/min (60 gpm) produced no further improvement. 
On the other hand, the test (described in Section 2.3) with the perforated 
pipe inserted part way into the A-ring position introducing an additional 
flow of 284 liters/min (75 gpm) did substantially reduce the vibration pheno
menon. 
2.7 Blocking of Shroud Holes in Fuel Region 

Because of the possibility that cross flow of coolant into the core region 
through the side of the shroud (12.7 x 38 cm 2, and 12 9.1-cm holes) might be 
inducing vibration due to cross flow in certain in-core items such as fuel 
elements, a test was devised to block these openings. When the slot was 
blocked with an aluminum cover, the level of vibration was only slightly de
creased. A collateral effect was a reduction in reactor power by about 1.5% 
due presumably to a slight rise in the average fuel temperature with the 
resulting loss of reactivity. A similar effect was observed when the 12 
9.1 cm holes were covered with a belt attachment. 
2.8 Inspecting Screws and Bolts in Core Assembly 

All mounting bolts(attaching the core shroud and support channels to the 
bridge) that could be reached or viewed and the 40 flat-head screws (fastening 
together the two halves of the core shroud) were inspected carefully. All the 
flat-head screws appeared to be tight. There was no visible evidence that any 
core structure had become loosened. 
2.9 Wedging Lazy Susan to Shroud and Shroud to Thermal Column 

In order to ascertain whether significant portions of the core structure 
were participating in structural vibration, a test was performed in which 
major portions of the core structure were immobilized during high-power 
operation. When two triangular-shaped wedges were placed between the shroud 
and the lazy susan to immobilize it, no change in the pattern of vibration 
was observed during high-power operation. 
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In order to immobilize the whole core structure (except for in-core 
items), the rail stops were removed to allow extended travel for the bridge. 
This permitted the reactor core to be moved gently against the thermal column 
and beam port assembly. The lazy susan was simultaneously nestled into its 
cutout in the thermal column. The effect was to combine into one assembly 
(for purposes of vibration) the thermal column, shroud, grid plates, and lazy 
susan. As before, no significant change in the pattern of vibration was 
observed for high-power operation. This would seem to indicate that structural 
vibration of major components of the reactor is not causing the vibration 
phenomenon. 

2.10 Removal of Extra Lead Casks from Bridge 
Although the tests in Section 2.9 indicated that flow-induced structural 

resonance was not the vibration source, a further test was conducted. Since 
the startup of the reactor, two additional lead shielding casks weighing 454 Kg 
(0.5 T) and 227 Kg (0.25 T) were mounted on one side of the bridge. These were 
in addition to the 817 Kg (0.9 T) cask present at the startup. The first, the 
second, and finally all three casks were removed from the bridge. High-power 
operations after each removal revealed no change in the vibration phenomenon. 
The removal of one and then another cask would so alter the mode of vibration 
for the bridge and support structure that a change in the vibration phenome
non would surely have occurred if the bridge structure were the major resonat
ing assembly. The results here indicate that the vibration phenomenon must 
involve primarily the in-core region rather than the support structure. 

2.11 Suspension of Reactor from Crane 
When the vibration phenomenon is observed, one finds that the massive 

concrete shield and parts of the reactor building are participating in the 
vibration. To identify the method of transporting the vibration energy from 
the core region to these massive structures, a test was performed in which 
the operating reactor was suspended from the crane about 10 cm above the 
rails. Under this circumstance, the vibration energy cannot be transported 
through the shroud support and bridge members to the shield. If the massive 
shield (91,000 Kg [100 T]) still participates in the vibration phenomenon 
about as before, then the tank water must be the active transmitting agent. 
During the high-power reactor run, the vibration still occurred although the 
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participation of the concrete shield structure was somewhat lessened. How
ever, the magnitude of its vibration firmly indicates the need to assign a 
role to the tank water in the transmission of vibration; i.e., the apparent 
vibration is associated with acoustic vibration of the water. 
2.12 Further Diagnostic Efforts 

In view of the results from the above and still other tests, it became 
increasingly clear that the source of the vibration was associated with either 
in-core items or the coolant flow itself. At this stage, the KAERI staff was 
convinced that a redesigned upper grid plate with increased coolant flow would 
significantly reduce the vibration phenomenon. The results obtained with this 
interim solution will be discussed in a later section (4.1). 
3.0 GAC DIAGNOSTIC PROGRAM 

The TRIGA personnel at GAC have been in reasonably close contact with the 
Koreans during the course of the investigations of the vibration phenomenon 
reported in Section 2.0 above. An independent analysis of the observations 
has been performed at GAC One of the authors (W. L. Whittemore) made a visit 
to the reactor center and participated in a series of tests. During this 
visit, tape recordings of the vibration were made for different modes of oper
ation. As will be seen later, an analysis of these recordings throws reveal
ing light on the acoustic vibration. 
3.1 Pertinent Characteristics of the Vibration 

The following aspects of the vibration phenomenon were tabulated by ref
erence to the data supplied by the KAERI personnel and to the data from other 
TRIGA installations. 

1. The TRIGA in Korea is the only one which has a vibration problem. 
This TRIGA is the only one which has both a 2 MW power level and a 
large unobstructed pool. 

2. The vibrations can be detected both by ear and by touch. 
3. The vibrations can be detected in all parts of the core, core support, 

and parts of the concrete shield and concrete reactor building. 
4. There are two power ranges, namely 1.2 to 1.4 MW and 1.6 to 1.85 MW, 

where vibration occurs predominantly with a distinct resonance in 
each range. 

5. Audible vibration seems to lie in the range 80 to 110 Hz regardless 
of power level. 
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6. The vibration was not observed at startup. Vibration first arose 
about 18 months later after several changes in core configurations 
were made. 

7. The vibration persists when the operating core is hung from a crane 
instead of the top edge of the shield structure. 

8. The vibration is worse when the diffuser is shut off. 
9. Blocking all the upper coolant entrance holes and the shroud window 

slightly decreases the vibration. 
10. Position (up or down) of the lazy susan or blocking it against the 

shroud does not affect the vibration. 
11. The vibration is somewhat stronger when the core is located at the 

center of the tank rather than at the thermal column location. 
Observations (7) and (10) above suggest that the vibration is not pri

marily transmitted through structural components. Observations (1), (2), 
(3), and (11) suggest that the cooling water pool has a large influence on 
the vibration. It can be shown that all observations are consistent with 
an acoustic resonance of the cooling water pool. 
3.2 Acoustic Resonance in the Reactor Pool 

If a pressure wave traveling at the speed of sound, c, through a fluid 
of density, p, encounters a stiff boundary, part of the wave will be reflected 
and part will be transmitted. If 

[£} f?"?dary » i • 
then the vast majority of the wave is reflected and the boundary condition is 

9n u ' 
where p is the dynamic component of the fluid pressure, and n is a location 
vector perpendicular to the surface. In the case of a water-concrete boundary, 
this ratio is 5.5 and the wave is reflected by the concrete. However, if the 
boundary is a free surface, as at the surface of the pool, then the boundary 
condition is p = 0 since the pressure at the surface must equal the steady 
atmospheric pressure. 

Let i, j, and k be the number of half-wavelengths standing in the pool 
along the x, y, and z axes. Then, for a pool with dimensions L = 3.05 m 
(10 ft), L y = 7.53 m (24.7 ft), and L z = 7.83 m (25.7 ft), the natural 
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acoustic vibrations are described by 

p = p sin 2irft cos T ^ cos p%- cos j ^ 
0 L x Ly L z 

with the natural frequencies 
1/2 

<•* / -i Z -JZ lx Z \ 

f = 
, 4 L . y 

- c / l i _ + ii_ + k l _ \ 
2 V L x 2 Lv 2 L z 2 / 

If we apply the rigid wall boundary condition at x = 0, L and y = 0, the free 
A 

surface boundary condition at y = L , and either the rigid wall or the free 
surface condition at the exposure room wall at z = L , then 

i = 0, 1, 2, 3, ... , 
j = 1/2, 3/2, 5/2, ... , 

,0, 1, 2, 3 rigid wall at z = L 
=il/2, z 

3/2, 5/2 free surface at z = L z 
Since the thin flexible exposure room wall covers about one-half of the pool 
wall at z = L = 7.83 m (25.7 ft), this creates a mixed boundary 
condition. For the tank dimensions given above, the fundamental natural 
frequencies are given in Table 1. The audible frequency of about 80 to 100 Hz 
is consistent with a longitudinal acoustic wave. Smaller TRIGA pools have 
substantially higher longitudinal acoustic frequencies. 

TABLE 1. POOL ACOUSTIC NATURAL FREQUENCIES* 

Mode 1 j k f (Hz) 

Vertical 0 h 0 49.4 
0 h h 68.5 

Longitudinal 0 h h 68.5 
0 h I 107.0 

Lateral 1 h 0 248.0 
1 h h 252.0 

if 

Dimensions given in text. The sound speed c is 1481 m/sec (4860 ft/sec) 
3.3 Driver Mechanism 

If the core emits a tone at the natural frequency of the water pool, 
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f 

then the water pool will amplify the tone and transmit the tone to the pool 
walls. The problem is to find the driving mechanism for the tone. 

Two driving mechanisms have been postulated. These are (1) synchronized 
formation and collapse of bubbles within the core, and (2) vortex-induced 
sound at the top grid plate. Boiling bubbles are formed in the upper region 
of the core as the hot fuel elements transmit their heat to the cooling water 
which is convected upward through the core. Some of these bubbles collapse 
as they travel upward into the cooler water above the core. The formation 
and collapse of these bubbles are a source of acoustic pressure waves which 
are radiated in all directions throughout the cooling water pool. If a 
resonance could be established between the natural acoustic modes of the 
reactor cooling water pool and the bubble formation and collapse, then it 
is possible that the energy associated with bubble formation and collapse 
could feed energy into a standing acoustic wave. Such a mechanism would 
require a bubble resonator within the core to synchronize the bubble forma
tion and collapse with the standing acoustic wave. While such a bubble reso
nator apparently has never been observed to drive an acoustic resonance, it 
can be shown that bubble formation and collapse could provide more than 
sufficient energy to support an acoustic standing wave in the cooling water 
pool. 

A second possible driving mechanism is vortex-induced acoustic vibration. 
When fluid flows over a bluff structure, such as the triflute at the top of 
each fuel element, then organized turbulence associated with the regular 
shedding of fluid vortices can impose an oscillating force on the structure 
at Reynolds numbers above 200. (The Reynolds number for the coolant flow 
around the fuel elements near the top of the core is approximately 4 x 10".) 
This vortex induced force arises at a distinct frequency which is proportional 
to the fluid velocity. As the fluid applies a force on the structure, the 
structure applies a reaction force on the fluid that results in directional 
pressure waves being radiated through the fluid generally in a direction per
pendicular to the direction of the fluid flow. These pressure waves are 
called vortex-induced sound. They can be heard in the singing of wind through 
the branches of trees. When the natural frequency of vortex shedding coin
cides with the natural acoustic frequency of an acoustic cavity, very high 
acoustic pressures can be developed. Sound pressure levels as high as 150 db 

2-89 



have been observed in tubular heat exchangers when the frequency of vortex 
induced sound generated from the tubes coincided with the natural acoustic 
frequency of the heat exchanger cavity. In the present case* it is possible 
that vortex-induced sound which is generated within the turbulent flow near 
the top grid plate resonates with the TRIGA cooling water pool at certain 
power levels. While preliminary calculations have shown that the vortex-
induced sound energy available at the top grid plate is insufficient to sup
port a standing wave in the cooling water pool, it is possible that the 
vortex shedding is only a pace maker for vibration of in-core items or 
bubble formation/collapse that supplies the major portion of the energy to 
the standing acoustic wave. 
3.4 Resonance Mechanism 

One must now face observation (4) above: vibration occurs predominantly 
in two relatively narrow power ranges. Most significant is the fact that 
the vibration is absent at the very highest power, 2 MW, at which there is 
higher water velocity and more boiling than at other power levels. This 
crucial feature is easy to explain in terms of vortex shedding. It is well-
known that vortices are shed near a frequency which is proportional to flow 
speed. Vibration would occur only when this frequency matches a pool acous
tic resonance frequency. A given flow speed can generate two or more vortex-
shedding frequencies if the flow passes over obstacles of different sizes. 
Flow speed and shedding frequencies vary with reactor power levels. There
fore vibration would be observed only at certain reactor power levels and 
possibly might be absent for 2 MW operation. 

On the other hand, one expects bubbles to form and collapse at random. 
Their combined effect should not have a preferred frequency and would not 
drive an acoustic resonance only at selected reactor power levels. We be
lieve an additional ingredient is present in the vibration process. A bub
ble or group of bubbles surrounded by a liquid forms a mass-spring oscil
lator, whose natural frequency varies inversely with aggregate bubble volume, 
and hence with reactor power and coolant temperature. The oscillations will 
be fed by bubble formation and collapse. In our opinion, such a resonator can 
couple with one or more of the acoustic modes in the reactor tank. Coupling 
then forces the acoustic mode to audible levels. It is well to point out that 
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the presence of several deciliters of gas can significantly alter the acoustic 
resonant frequencies, changing them from those listed in Table 1. It is pos
sible that bubble oscillation partially organizes the formation and collapse, 
thereby releasing more vibrational power. 

The fact that the gas volume is made of smaller bubbles interspersed 
with liquid is immaterial. However, it is important that the acoustic 
wavelength be much larger than a typical dimension of the bubble resonator. 
Such is the case for the TRIGA vibration phenomenon since the collected 
bubble volume that resonates at about 100 Hz can be shown to be only a few 
deciliters. The natural frequency f of a bubble volume V for the conditions 
in effect within a Mark III core is given as: 

f = 679/V 1/ 3; V in cc. 
For f = 100 Hz, V = 313 cc. 

A gas volume of 313 cc within the core operating at high power is con
ceivable. This volume would be composed of steam bubbles and air that was 
formerly dissolved in the coolant. (The gas species does not affect the 
frequency formula.) If the cold coolant is returned to the reactor saturated 
with dissolved air, this extra volume of released gas will contribute to the 
volume and reduce the resonant frequency. For this reason it is desirable to 
reduce to a minimum the dissolved air in the coolant return. 

In the above we have postulated a gas resonator that can be considered 
approximately spherically symmetric, at least as far as conditions a meter 
or so outside the shroud are concerned. Under some circumstances, a column 
of bubbles may rise from the core all the way to the pool surface, creating 
a cylindrically symmetric resonator. This situation is less likely than the 
bubble resonator described above. 
3.5 Analysis of Vibration Frequencies 

As noted early in this Section, tape recordings were made of the sound 
produced during several different modes of operation. Lee Chang Kun made 
recordings on an open-reel portable recorder (Panasonic); W. Whittemore made 
recordings on a miniature cassette recorder (Sony-TC55). Both recordings were , 
analyzed for frequency content. Comparison of the two recordings indicated 
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that the results from the 1/4-in open reel agree 1n all essential details 
with those from the tape cassette. This demonstrates the reliability of 
both recorders within the limits tested. 

The frequency decomposition was accomplished through the use of a con
stant bandwidth Real Time Analyzer Model SD335, manufactured by Spectral 
Dynamics of San Diego, California. This is an analog-digital hybrid with 500 
lines and a frequency resolution of 0.2% of full scale. The plots have fre
quency plotted along the abscissa and spectral amplitude along the ordinate. 
The abscissa scale runs from 0 Hz at the left-hand margin to either 100, 200, 
500, or 2000 Hz. In addition to the graphical output plotted with a Hewlett-
Packard x-y plotter, the analyzer also provided the ratio, in percent, of 
the rms voltage passing through a single window (selected by the user) to 
the total rms voltage. This ratio is useful in evaluating the importance of 
narrow spectral peaks. In the following analysis this ratio is called the 
peaking ratio. 

The 10 spectra analyzed fall naturally into five categories: 
1. Figs. 1, 2, and 3 are analyses of a tape recording made when the 

reactor was making noise at 1.95 MW with the diffuser off. The 
plots differ only in analysis frequency range. 

2. Fig. 4 corresponds to the first of two resonances which are audible 
as the reactor is suddenly shut down after running for a time at 
2 MW. Thus, Fig. 4 is likely related to Figs. 1, 2, and 3, because 
the first resonance is probably that which occurs at -1.8 MW steady 
state. 

3. Fig. 5 corresponds to the second of two resonances heard when sud
denly shutting down the reactor after running at 2 MW. Fig. 5 
probably is associated with the steady-state noise around 1.2 to 
1.4 MW. 

4. Figs. 6, 7, and 8 were made from data recorded while the reactor was 
making objectionable noise at 1.5 MW immediately after shutting the 
defuser off. Fig. 6 is a fairly long time average. Figs 7 and 8 were 
made as quickly as possible. Fig. 7 was made at the time of the first 
audible tone following diffuser shutoff. Fig. 8 was made -2 sec later. 

5. Figs. 9 and 10 were made at a reactor power of 1.95 MW with the 
diffuser on. There was no audible vibration problem. Figs. 9 and 
TO differ only in frequency analysis bandwidth. 
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3.5.1 The 86-Hz Resonance. The only resonance which appears in most plots 
at the same frequency is the one at 86 Hz. The plots where i t appears, and 
i t s peaking rat ios, are l isted below in Table 2. 

TABLE 2. THE 86-Hz PEAK 

Figure Peaking Ratio (%) 
1, 2, 3 7.4 
6 9.1 
7 3.1 
8 8.2 
9, 10 13.1 

It is noteworthy that the peaking ratio never exceeds 13.1%, indicating that 
the 86 Hz peak never accounts for a large part of the total noise in objec
tive terms. Further, note that its share is the largest in Fig. 9 and 10, 
where no audible noise problem occurred. 

The resonance is very sharp. If Fig. 8, it can be seen to be no wider 
than 0.4 Hz, corresponding to a very high resonance amplification factor of 
at least 86/0.4 = 215. This very sharp resonance needs a minimum of (0.4)" 1 

=2.5 sec to build up from zero to near its steady value. This explains why 
it does not show in Figs. 4 and 5, which were made during times when the 
reactor was passing quickly through resonant conditions. This resonance is 
probably structural and is definitely not the cause of audible noise, since 
it is apparently more prominent when audible noise is absent. As shown below, 
the audible noise seems to be contingent on a peaking ratio of at least 20% 
or so. 

3.5.2 Important Spectral Peaks. Peaks substantially larger than the 86 Hz 
peak discussed above occurred in the range 77 to 122 Hz in all plots corres
ponding to periods of audible noise. No significant peaks ever occurred 
above about 400 Hz. Note especially Figs. 1 and 10, which run to 2 KHz. 
The important peaks are shown in Table 3. 

TABLE 3. IMPORTANT FUNDAMENTAL FREQUENCIES 
Fig. Reactor Power (MW) Frequency (Hz) Peaking 
1,2,3 1.95 111 30 
4 -1.8 122 33 
5 1.2 to 1.4 94 41 
6 1.5 

78 20.3 
8 1.5 77.6 20 
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The fact that no two frequencies are the same suggests that a variable-
frequency oscillator is involved in the noise production process. The simi
larity in frequency between Figs. 6 and 8 is not an exception, because these 
figures were made for essentially the same conditions. For steady-state opera
tion, the higher-power (1.95 MW) resonance is stronger than that at lower power 
(1.5 MW); but the two resonances that occur during rapid shutdown in power from 
1.95 MW are stronger than those that occur in steady-state operation. 

3.5.3 Overtones. The important peaks discussed in the previous section often 
have significant harmonic content. The 86 Hz peak never has any. Table 4 
quantifies all discernible overtones in terms of distortion ratios. A dis
tortion ratio is the ratio of the amplitude of a harmonic to its fundamental. 
There are two ways to obtain this ratio. One can either take the ratio of 
peak amplitudes directly from the plots, producing the numbers in the left 
part of the table; or one can simply ratio the peaking ratios provided by the 
analyzer. The results of both methods are shown below, when available, to 
demonstrate that the two methods agree well. 

TABLE 4. MEASURED DISTORTION RATIOS 

Computed from Peaking 
Ratios (%) 

2nd 3rd 4th 5th Figure 
Frequen 

(Hz) 

111 

cy 
Computed Directly from 

the Plots (%) 
2nd 3rd 4th 5th 

3 

Frequen 
(Hz) 

111 

cy 

21 9 7 
3 176 33 
4 122 32 
5 94 45 17 16 9 
6 78 75 30 19 25 

32 
44 18 
69 27 

17 

The overtones of the important peaks cannot be explained as harmonics 
of a fundamental pool resonance, because multiple pool resonance frequencies 
are not harmonically related, as shown in Section 3.2. It is also unlikely 
that the harmonics are structural because they vary in frequency. In par
ticular, the important 78 Hz resonance, which has larger harmonics than any 
other tone, was moving in time. See Figs. 7 and 8 discussed in Section 
3.5.7 below. Such behavior from structural resonances is incredible. Note 
that, in Fig. 3, two resonances both have harmonics. It is not likely that 
both these overtone sets were caused by a single mechanism in the reactor. 
Nonlinearities in the recording or analysis instrumentation could have caused 
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both sets. But recorders and analyzers generally clip the signal symmetri
cally, that is, at the same magnitudes of positive and negative voltage. 
Such clipping generates mostly odd harmonics, whereas Table 4 shows that the 
2nd harmonics are the largest. Also, the huge second harmonic in Fig. 6 
seems too high to be caused by instrumentation nonlinearities, even by an 
inexpensive portable tape recorder. (The recorder in question was equipped 
with automatic gain control which should have prevented catastrophic over
loading.) It is likely then, that the observed harmonics are due to a com
bination of two causes: instrument nonlinearity, and some nonlinearity in 
the reactor noise mechanism which is at times quite severe. 

3.5.4 The Shutdown Transient. A unique feature of the shutdown transient 
(Figs. 4 and 5) deserves special mention. The spectra, show that the first 
resonance, at higher reactor power, occurs at a higher frequency than the 
second, at lower reactor power. What the plots do not show is that, during 
each audible resonance, the frequency was increasing. This was apparent to 
the ear, and confirmed by visual observation of an oscilloscope showing the 
instantaneous spectrum. It was impossible to document this behavior be
cause the analyzer took too long to store the data. Figures 4 and 5 are 
necessarily time averages, during which the frequencies of the peaks moved 
up. This means that the 122 Hz peak in Fig. 4 cannot be the same as the 
94 Hz peak in Fig. 5, but at some earlier time, since the peaks both move 
upward with increasing time (decreasing reactor power). There must be two 
peaks, only one of which is important at a given time. 
3.5.5 The Diffuser-Off Transient. Figures 7 and 8 were both made from data 
recorded while the reactor was operating at 1.5 MW. They both correspond to 
a time during which audible noise was building up, after the diffuser was 
turned off. Chronologically, Fig. 7 precedes Fig. 8. Note that, with in
creasing time, the important frequency moves higher and also increases in 
size. 
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3.5.6 Discussion. The important frequencies fall roughly into two groups: 
The first, near 94 Hz, occurs at lower reactor power; the second, near 111 Hz, 
occurs at higher reactor power. One possible mechanism is bubble formation 
and collapse selectively amplified by bubble oscillation. The natural fre
quencies of bubble oscillation are approximately as predicted in Section 3.4. 
The two observed resonant frequencies could correspond to acoustic pool fre
quencies perhaps altered by the presence of bubble volume. 

Two predictions can be made based upon the bubble resonance model: 
1. Increasing coolant temperature will always increase bubble volume 

at a given power level and therefore decrease the power levels at 
which noise occurs. 

2. Relieving flow restrictions at the upper grid plate will have the 
opposite effect to that in (1) above, delaying the noise problem 
to higher power levels. The high-power reinforcement at 1.95 MW 
will be eliminated (assuming reactor power is limited to 2 MW), 
and the 1.5 MW resonance will shift up. The problem will disap
pear when the bubble volume is kept below about 200 cc at all 
power levels. 

We do not yet understand why only the lowest longitudinal mode of only 
one pool dimension should be affected by the vibration mechanism. 

The other possible driving mechansim is vortex shedding with acoustic 
resonance. Vortex-induced acoustic waves may also trigger bubble collapse. 
Although the two postulated mechanisms are different, both should be inhibi
ted by streamlining the boundaries near the upper grid plate. 

4.0 ELIMINATION OF MARK III VIBRATION PHENOMENON 
Information from the extensive series of tests discussed in Sections 

2.0 and 3.0 indicates the strong likelihood that restriction to the coolant 
flow through the upper grid plate is responsible for the vibration phenomenon 
observed in Korea. That the phenomenon occurred in Korea 18 months after 
startup can be explained as due partly to the decrease in number of water-
filled holes at the number of in-core fuel elements increased and partly to 
the increase in localized peak-to-average power generation associated with 
the addition of fresh fuel to the core. It should also be pointed out that 
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the original, standard grid plate is designed to have slightly more flow 
area than exists through the core region itself. Thus the restricted coolant 
flow results from the effects of bubble formation. 

Both the KAERI and GAC personnel have become convinced that the basic 
problem is coolant-flow restriction through the upper grid plate. As noted 
earlier in Section 2.12, KAERI has constructed, installed, and tested an 
interim grid plate that was calculated to provide a 25% increase in flow 
area. GAC has designed and is constructing an upper grid plate that has both 
increased flow area (>50%) and significantly improved streamlining of cool
ant flow. Both KAERI and GAC designs effectively raise the grid plate to 
promote increased flow around the upper fuel fitting. In addition, GAC is 
introducing a streamlined upper fuel fitting for future fuel elements. 

4.1 Performance of KAERI Interim Grid Plate ; 

KAERI designed an interim grid plate with 240 6-mm holes located between 
the fuel holes. This is to be compared with the 42 5-mm experiment holes in 
the original upper grid plate. The grid plate diameter was reduced 4 mm to 
permit more upward flow around the circumference. The plate was raised 7 
to 8 mm compared to the original plate thus allowing more flow around the 
top of each fuel element. 

All core positions were filled, including irradiation samples such as cobalt 
(G-4), gold colloid (G-22), and the pneumatic tube (G-6). Ten FLIP fuel elements 
were located symmetrically in the core, six in the E-ring and four in the C-ring. 
Operational tests were conducted at power levels up to 2.0 MW with the reactor 
in the center location and the lazy susan down. The results from the vibration 
tests are as follows: 

1. For tank temperatures of £20°C, no vibration was observed at any 
power up to and including 2.0 MW. 

2. At higher tank temperatures (27° to 31°C), a slight vibration occurs 
at 1.8 MW, but this vibration disappears if the power level is sub
sequently lowered and then raised again to 1.8 or 2.0 MW. In other 
words, the slight vibration occurs only on the first approach to 
1.8 MW in any run. 

3. If the tank temperature is >40°C, the vibration observed at 1.8 MW 
is accompanied by a measurable fluctuation in power {~S%). Since 
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the core inlet temperature was not measured to assure that this temperature 
was less than 35°C, a possibility exists that this operation approaches a 
safety limit. 

The interim upper grid plate produced definite improvement. For the 
lower tank temperatures at which the vibration previously occurred both at 
1.2 to 1.35 MW and 1.65 to 1.8 MW, no vibration was observed. The vibration 
that occurs at 1.8 MW with the interim plate is slight and somewhat random 
in nature. The fact that slight power fluctuations now occur at 1.8 to 2.0 
MW for the ^ery high tank temperatures,and did not before, may be related to 
the higher core inlet coolant temperatures. 

4.2 Conclusion 
The interim grid plate tested by KAERI has produced results that corre

late well with the predictions based on the analyses, including those of 
the vibration spectra. We are encouraged to continue in the same direction. 
By opening up the flow areas still further (a total increase of more than 
50%) and by incorporating numerous features to promote streamlined flow, we 
are confident that the vibration phenomenon will be eliminated. Although 
it is not clear whether vortex shedding from certain features of the upper grid 
region or the operation of a bubble resonator is the major source of the prob
lem, the attention to streamlining including a redesigned upper fuel fitting 
will control the contributions to the vibration phenomenon. 
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Fig. 1. Frequency Spectrum for 1.95 MW operation with the diffuser off. 
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Fig. 2. Frequency Spectrum for 1.95 MW operation with diffuser off. Frequencies analyzed from 0 - 200 Hz. Resolution 

of 0.4 Hz. Prominent frequencies identified along with the percentage of the total RMS voltage that occurs 
in a peak. 
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Fig. 3. Frequency Spectrum for 1.95 MW operation with diffuser off. Frequencies analyzed from 0 

averaged for 5 seconds. Prominent frequencies and overtones are identified. 
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Frequency Spectrum immediately after the reactor is scrammed from 1.95 MW operation (first of two resonances) 
No averaging for spectrum. Prominent frequencies are identified along with the percentage of the total RMS 
voltage that occurs in a peak. 
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Fig. 5. Frequency Spectrum during the second of two resonances that occur after scramming the reactor from 1.95 Ml* 
operation. No averaging for spectrum. Prominent frequencies and overtones are identified along with the 
percentage of the total RMS voltage that appears in a peak. 
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Fig. 6. Frequency Spectrum during 1.5 MW operation after the diffuser was turned off. Spectrum averaged for a few 

seconds. A-ring is water filled. Prominent frequencies and overtones are identified along with the percentage 
of the total RMS voltage that appears in a peak. 
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Fig 7 Frequency Spectrum during 1.5 MW operation made after the diffuser was turned off at the instant of the first 

audible tone. No spectrum averaging. Note the moving peak within the broad range of frequencies from 65 to 
80 Hz. Compare spectrum with that in Fig. 8. 
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Spectrum during 1.5 MW operation made after the diffuser was turned off about 2 seconds after the 
n Fig. 7. No spectrum averaging. Note the moving peak within the range 70 to 83 Hz. 
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Frequency Spectrum during operation at 1.95 MW when no vibration was evident. The diffuser was on. Frequencies 
analyzed from 0 - 500 Hz. Spectrum averaged over several seconds. Compare with Fig. 10. The prominent peaks 
are identified along with the percentage of the total RMS voltage that appears in a peak. 
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Fig. 10. Frequency Spectrum during operation at 1.95 MW when no vibration was evident. The diffuser was on. Frequencies 

analyzed from 0 - 2000 Hz. Spectrum averaged over several seconds. Compare with Fig. 9. Prominent peaks are 
identified. 




