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This paper presents the results of flow-induced vibration tests conducted

to assess the vibration characteristics of a chimney structure suspended in a

liquid flow. The test article is a full-scale model of a flow chimney used in

a nuclear reactor as a part of reactor upper internals. Tests were performed

by simulating all pertinent prototype conditions achievable in a laboratory

environment. The test results show that there exists a fluidelastic

Instability of the chimney motion which has a distinct lock-in phenomenon with

respect to the flowrate. This unstable vibration is associated with the

leakage-flow-modulated excitation through the small clearances between the

chimney and its supports.

INTRODUCTION

Many nuclear reactor internal components have complex geometries and are

subjected to high-speed coolant flow. On evaluating the flow-induced

vibration characteristics of such components, experimental studies are

generally required as analytical methods may not provide practically useful

information.
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Chimney-type structures are often used as a part of the upper—internal

structures of a nuclear reactor. They are typically designed to conduct the

coolant flow from the core assembly to the upper plenum in order to prevent

the control rods from experiencing cross-flow-inducsd vibrations and to

minimize thermal striping on the upper-internal-structure (UIS) components.

The flow chimney considered in this paper has complex geometry and is

supported in a rather complicated manner.

This paper presents an experimental study of the flow-induced-vibration

characteristics of a chimney structure suspended in a high-Reynolds-number

liquid flow. The study includes an examination of the chimney's potential to

rattle at its supports due to the leakage-flow-modulated excitation through

the small clearances at the chimney supports.

CHIMNEY ASSEMBLY

Figure 1 shows a simplified schematic of the chimney and its support

arrangement considered in this paper. The chimney assembly consists of a

cylindrical chimney shell with its ends plugged with diaphragm rings and a

control-rod shroud tube attached to the inner diameter of the diaphragm

rings: essentially two cylinders concentrically attached together. Each

diaphragm ring has the inner and the outer rings which are connected together

by three tangential spokes.

There are two types of chimneys used In the reactor: the central chimney

with the coolant flow from the core is constricted by the presence of the

control rod drive line (CRDL) and the peripheral chimney without such flow

constriction. To allow expansion and shrinkage during thermal cycles of

reactor operations, both types of chimneys are loosely fitted between the

holes of the lower and the upper support plates of the UIS. The total weight
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of the chimney Is solely supported at the lower support plate. The

diametrical clearances between the chimney ends and the support slots are

typically 300 microns (10 mils) taking into account manufacturing

tolerances. However, these clearances would allow the chimneys rattle within

the constraints of the clearances.

The chimney is mostly made of Inconel 718. The chimney shell is

approximately 218-cm long and has a 27-cm inner diameter with a 0.635-cm

wall. The shroud tube is approximately 325-cm long for the central chimney.

However, the peripheral chimney has a shorter-length (~290-cm) shroud tube.

The cross-sectional dimensions of the shroud tubes are the same foi both

chimneys: approximately 11-cm ID and 0.635-cm wall thickness. The flow

through the chimney is estimated to be 144 kg/s, which corresponds to an

average flow velocity of 3.75 m/s.

FLOW-INDUCED VIBRATIONS

There are three types of flow-induced-vibration mechanisms potentially

involved in exciting the chimney.

(1) Leakage-flow-modulated excitation mechanism resulting from flow

through the support clearances.

(2) Vortex-shedding excitation mechanism resulting from flow across the

three spokes of the diaphragm rings.

(3) Turbulent random-pressure fluctuation on the surface of the chimney.

Since the chimney is subjected to high-Reynolds-number flow, well-defined

vortex-shedding excitation may not occur. Turbulence flow and leakage-flow-

modulated excitations are more important ones to consider. The leakage-flow—

induced vibrations are strongly system-dependent and may not be easily



predicted by analytical methods or by scale-model testing [1-4]. The geometry

of the leakage-flow path, the pressure drop through the path, the fluid-film

damping in the path, and the drag force are all important governing

parameters. Turbulence flow excitation is another complicating factor on the

chimney vibration. Therefore, a full-scale testing is necessary to obtain the

vibration characteristics and to ensure that the chimney response, which, if

significant, could result in excessive wear over the design life, is

acceptable.

SIMILITUDE REQUIREMENTS

In order to accurately assess the vibration characteristics of the

chimney, the testing has to be performed with careful consideration of

similitude parameters between the test and the prototype conditions. The

pertinent similitude parameters are geometric parameters, material and fluid

properties, flow velocities, and fluid-structure interaction parameters [5—

6]. The fluid -structure interaction parameters include the Reynolds number,

the Strouhal number, the Euler number, and the fluid damping factor.

Geometric similarity is achieved by designing the test model in full

scale and retaining the geometrical features pertinent to flow-induced

vibrations. Flow restrictions in the central chimney due to CRDL was modeled

by blocking the top of the shroud tube. This modification is considered to be

acceptable as it can lead to more conservative test results. The test model

is made of Type 304 stainless steel. The material similarity is slightly

distorted due to the small differences in their material properties.

The ratio of the material and the fluid density is an important parameter

on simulating the susceptibility of structure tc flow-induced vibrations.

This density ratio is approximately 20% larger for the prototype than the



model, as the water density is approximately 20% larger than the sodium

density.

The tests were performed with room-temperature water at flow rates up to

176% of the prototype design flow rate. At full scale, design flow, with

water near room temperature, the Reynolds number is about 1/4 the prototypic

Reynolds number, as the kinematic viscosity of water is about four times

larger than that of liquid sodium. However, Reynolds numbers with respect to

the inner diameter o^ the chimney shell at the design flow rate are in the

range of 10 for the prototype and the test model. In the high-Reynolds-

number region (>10 ), flow-induced-vibration is usually independent of

Reynolds number, thus the chimney vibrations will be well simulated in the

model test with respect to vortex shedding and turbulence excitations.

The Reynolds numbers with respect to the support clearances are much

smaller (~10 ) than that for the chimrey-shell inner diameter. The leakage-

flow-modulated excication mechanism has two important similitude parameters,

among others, of Reynolds number and fluid damping factor. The Reynolds-

number similarity invokes Che larger clearance for the test model. However,,

the fluid damping drastically decreases as the gap size increases [7—8].

Consequently, variation in the clearance size and flow rates was selected

as 381- and 635-microns (15 and 25 mils) in order to closely simulate the

Reynolds number with respect to the width of the support clearances.

The strouhal number is an essential parameter to achieve similarity of

well-defined vortex-shedding excitation,, Other flow-induced-vibration

phenomena such as turbulent buffeting and fluidelastic instability may also

require the similarity of Strouhal-number [5-6]. Therefore the potentially

important Strouhal number was simulated by testing the model up to 176% of

design flow.



The Euler number similarity requires

PfV* P PfV* m

For the prototype flow rate in the model (Vm) and in the prototype (V ) , the

pressure drop for the model with the prototypic support clearances is

determined by

( p f ) m

(Ap) m = ( . (Ap) = 1.21(Ap) = 15.2 kPa

and this similarity is achieved in the test.

The vibration response is largely governed by the system damping,

including the structural and fluid-dynamic damping. Because of the

uncertainty and difficulty in characterizing damping in the prototype, a

generally used approach is to minimize structural damping in the model to

thereby achieve a conservative test.

For the chimney configuration, the fluid-dynamic damping Is expected to

be much larger than the structural damping, due to narrow fluid gaps between

the chimney ends and its supports. With the same support clearance sizes, the

fluid damping will be larger for the model than for the prototype as water has

higher viscosity than liquid sodium. However, the selection of larger support

clearances for the test model will offset this increase in fluid damping as

fluid damping decreases with larger clearances. Consequently, the fluid-

damping similarity is approximately achieved. However, because of

uncertainities on quantifying the fluid damping, conservative modeling of the

overall system damping is not fully ensured.



CHIMNEY TEST MODEL

The arrangement of the test assembly is shown in Fig. 2. A photograph of

the test article is shown in Fig. 3. The test assembly consists of a chimney

assembly, an upper and a lower support rings, and necessary vessel and

pipings. The chimney 'shell was fabricated by rolling a Type 304 stainless

steel plate and seam-welding it to form a cylindrical shell. The shroud tube

was also made of Type 304 stainless steel seamless tube. The upper and lower

diaphragm rings were sand-casted with Type 304 stainless steel, and their

outer and inner surfaces were machined to a close tolerance. The support

rings were welded into the shroud tube at the urccream side and were fitted

into the chimney shell with interference up to 76 microns. Tne main bodies of

the support rings were made of Muntz metal with Type 304 stainless steel

sleeve inserts. Thus the interface conditions between the chinmey and the

support rings were simulated to those of the prototype. Two pairs of support

rings were fabricated; incurring 381- and 635-microns ('5- and 25-mils)

diametrical clearances to the chimney. The pressure vess3ls accommodating the

chimney assembly and its support clearance rings were fabricated from two

segment of 24 ASA Schedule 10 S welded pipe, three 24 ASA 150# forged flanges-,

and an elliptic head.

Vertical orientation of the test section and space limitation of the test

facility precluded the direct connection of long runs of straight pipe to the

immediate inlet of the test section. Consequently, it was necessary to use

pipe bends and an area enlarged prior to the chimney inlet pipe. Two steps of

flow straightners were placed at the upstream of the test section to remove

major distortions of the axial velocity profile and to simulate the fully

developed flow expected in the prototype.
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Fig. 3 Cross-Sectional View of Chimney Model Assembly
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The test section was connected to the 71ow-Induced-Vibration Test

Facility (FIVTF) at Argonne National Laboratory. The FIVTF is capable of

providing up to 8000 gpm of room-temperature water and equipped with extensive

flow control and measurement instruments.

INSTRUMENTATION

Two types of vibratory motion were anticipated: (1) chimney vibration

due to flow-induced internal excitations and (2) external vibratory motion

transmitted to the chimney from Che test loop.

Requirements for the internal vibration-measuring transducers are that

the transducers avoid disturbing the flow regime and are protected from the

water-contamination. For interr. .'1 vibration transducers, two pairs of none

contacting displacement transducers (Kaman Science Model KIH2300-1S) and three

pairs of miniature acr.elerometers (four Endevco Model 2220C and two Endevco

PICOMIN Model 22) were selected and encased in small water-proofed containers

and mounted inside the test section. Figures 4 and 5 show general layout of

the test instrumentation and data-acquisition system. A pair of displacement

transducers was mounted on each diaphragm rings, positioned 90° apart (Dl and

D2 on the lower, and D3 and D4 on the upper ring). Two pairs of

acceleroraeters were also installed on the lower (Al and A2) and the upper (A3

and A4) end of the chimney with the same sensing orientation as the

displacement transducers. Acceleroraeters A5 and A6 were located on the

chimney-shell surface about 96.5 cm above its lower end. To measure the

global vibratory motion of the test section, triaxial accelerometers (Endevco

Model 2228C) were mounted to the upper and lower flanges of the pressure

vessel. The signals from all sensors were recorded on an FM tapa recorder and

analyzed by a sophiscated Fourier analyzer (HP 545IB).
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Fig. 4 Chimney Model Test Instrumentation
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The pressure drop across the chimney assembly were measured via two

differential pressure transducers (Viatran Model 209). The absolute pressure

at the top of the test section was also measured by a Bourdon gauge. The flow

rates were measured by turbine flowmeters installed in the test loop

(FIVTF). The loop water temperature was kept near 20° C throughout the test

performance. To verify the uniformity of the inlet flow velocity profile, a

turbine flowraeter (Flow Technology Model FTP-GJS (S)) was placed immediately

upstream of the inlet flow nozzles.

FREE VIBRATION TESTS

Prior to the flow tests, three phases of free vibration tests were

performed to determine the free vibration characteristics of the chimney in

air and in water, and thus to aid the interpretation of the flow-induced-

vibration test results. Initially, the modal analysis testing with a Fourier

analyzer system was performed to investigate the natural frequencies and the

mode shapes of the chimney shell in air. Second, the chimney assembly was

installed into the test rig and an impact test was performed. The transient-

response signal was captured and processed by the Fourier analyzer to provide

frequency spectra. In the third phase of testing, the test rig was filled

with water and the same procedure as the second phase was repeated to identify

the peak frequencies of the chimney assembly in water.

Natural frequencies of the chimney shell are high, greater than 180 Hz in

air and 122 Hz in water. Analytical solutions [9] based on the classical-

shell theory were also used to substantiate the test results.

During the impact tests, the shell natural frequencies were well

monitored from accelerometers A5 and A6. In-water impact test shows that the
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shell natural frequencies are substantially reduced due to the Inertia effect

of added water mass.

Acceleroraeters A1-A4, Installed Into the upper and lower supports of the

chimney, revealed some additional resonance peaks other than the shell

frequencies. These resonance peaks may be associated with the frca vibration

of the chimney-containing vessel, the test-assembly support frame, or the

piping connected to the test section. However, these frequencies were

considered not important for the present test program as we are primarily

concerned with the chimney movement with respect to its support rings.

Displacement transducers D1-D4, mounted in pairs at the upper and lower

support rings, measured the displacement of the chimney relative to the

rings. Transducers D3 and D4, mounted at the upper ring, showed low-level

frequency peaks at 19 and 14 Hz in air and in water, respectively. However,

Dl and D2, mounted at t>"2 lower support ring, showed no predominent peak; the

impact force exerted on the chimney was not large enough to shake the

chimney. Based on these impact-test results, one can conclude that the

chimney may rattle within the upper support ring at a frequency of 14 Hz

during the flow-Induced-vibration test. The impact tests also indicated that

the damping of the chimney is small: <0.3% in air and <2% in water.

FLOW-INDUCED-VIBRATION TESTS

After the free-vibration teFts, the test, section was subjected up to 176%

of the prototype design flow rate (2759 gpm). The flow-induced-vibration

tests were performed to characterize the dynamic behavior of the chimney as a

function of flow rates for various support clearances configurations and to

identify a fluidelastic instability phenomena associated with leakage—flow

modulation of the flow paths.
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A total of eight test configurations were tested: four different

combinations of the upper end lower support clearances for the central and

peripheral chimneys. For each test configuration, the flow rate was varied to

Identify critical flow rate, ranging from 12.5% to 176% of the prototype

design flow rate.

During the tests at least two of the displacement transducers signals

were displayed on an oscilloscope screen in order to monitor, in real time,

the chimney vibration at the upper and lower supports, and thus to identify

the critical flow rate associated with fluidelastic instability. Data tapes

containing transducer signals were processed to provide displacement and

acceleration PSD.

The RMS displacement of the chimney at its upper and lower supports were

calculated by integrating the displacement PSD. The RMS amplitudes based on

accelerometer data were calculated by doubly integrating the acceleration PSD

over the frequency bandwidth containing the vibration frequency of interest.

DISCUSSION OF RESULTS

The flow-induced vibration test results show that a fluidelastic

instability exists only for the central chimney where the flow through the

shroud tube is constricted. The vibration response at the lower support

became unstable at about 126% of the prototype design flow rate (3486 gpm)

with low frequencies (less than 15 Hz), and persisted at higher flow rates

without much changing its spectral contents. As the flow rate was decreased,

the response became restabilized at a lower flow rate (about 114% of the

design flow rate) than the flow rate associated with the onset of

Instability. While the chimney is undergoing an unstable vibration, its

motion is limited by the support clearances and their associated squeeze-film
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fluid damping, with the result that amplitudes are smaller than the size of

the clearances; the chimney is not impacting the support clearance rings.

However, the vibration amplitude at the upper support increased steadily with

the flow rate; no apparent jump phenomenon was observed. This fluidelastic

instability can be characterized as a typical hysteresis-loop phenomenon with

respect to the flow rate.

The observed fluidelastic instability is associated with the leakage-

flow-modulated excitation mechanism comprising such governing parameters as

the chimney weight, the flow lift force, and the asymmetry of the leakage-flow

path. As the flow rate increases, the lift force exerting on the chimney

rises. When the lift force becomes large enough to overcome the chimney

weight, the chimney starts to levitate, incurring the change of leakage-flow

paths and lateral fluid forces to the chimney (see Fig. 6 ) . Lateral movements

of the chimney and resulting changes in the leakage-flow paths are modulated

to sustain the vibratory motions.

The observed fluidelastic instability phenomenon can be clearly seen from

the time-history plots of the displacement transducer signals and the RMS

values plotted with respect to the flow rates. Figure 7 shows the

displacement time histories at the lower support for a central chimney test

configuration; the threshold flow rate for the onset of instability is 3320

gpm, with total instability achieved at 3440 gpm. This unstable vibration

persisted through the highest test flow rate (4900 gpm) without much changes

of vibration amplitudes and frequencies. The height of levitation also became

stable and did not increase with the flow rate. However, the lateral movement

of the chimney at the upper support increased steadily with flow rate.

Figure 8 presents RMS vibration amplitudes for a central chimney

configuration. The RMS displacements at the lower support jump to higher
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(o) BEFORE LIFTED

(b) AFTER LIFTED
Fig. 6 Leakage Flow Paths
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values by an order of magnitude at about 126% of the design flow rate.

However, they show a gradual increase at the upper support. For the central

chimney configuration, Dl and D2 showed consistent patterns of -,umps for all

clearance configurations. On the contrary, D3 and D4 were somewhat

inconsistent for different clearances.

The observed leakage-flow induced vibrations are also clearly

demonstrated by the horizontal trajectory plots of the chimney movements as

shown in Fig. 9. It shows a random pattern at the lower support and a

directional pattern at the upper support. Starting with the onset of

instability, the lower end showed a random pattern without a directional

preference. However, the upper end initially showed a random pattern and, as

the flow rate reached 138% of the design flow rate, it vibrated in a

distinctly preferred direction which is perpendicular to the axis of the

bottom support eccentricity. These vibration patterns are consistent for the

other three clearance configurations of the central chimney.

Spectral analyses of the displacement transducer measurements show that

the observed fluidelastic instability is a band-limited random vibration in

the frequency range of 5-15 Hz at the lower support and 2-10 Hz at the upper

support. As discussed earlier for the time-history signals, the predominant

frequencies of the vibration signals slightly increase with flow rate. PSD

curves of the transducer signals (see Figs. 10-11) clearly show these trends

for the upper and lower end movements. PSD curves of accelerometers A5 and

A6, showed a predominance of energy peaks near the natural frequencies of the

chimney shell, 122, 364 Hz, etc. The PSD curves for external accelerometers

showed quite different spectra from the internal accelerometer spectra. Thus,

the possibility of the loop piping motion coupled with the chimney vibration

ie highly unlikely. On some PSD curves, electrical noises of 60 Hz are
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shown. In the calculation of the RMS displacement, the influence of these

noises was neglected.

The maximum peak-to-peak displacements were also obtained from the time-

history analysis of the displacement transducer signals. For all test

configurations, the peak-to-peak amplitudes were smaller than the clearances

at the upper and lower supports. Thus one can conclude that the chimney is

not impacting the support clearance rings. On the basis of idealized model-

test criteria, the vibration amplitudes of the prototype chimney at the

supports can be somewhat larger than the present test model due to the

following reason. The kinematic viscosity of the prototype fluid, liquid

sodium, is four times lower than that of room-temperature water. Therefore, a

smaller fluid damping in the prototype may increase the vibration

amplitudes. However, the conservatism is already built into the test results,

as the test model was less restrictively designed for its vibrational

movements at the supports and the test parameters were conservatively

selected. This conservatism would more than offset the likely increase of

vibration amplitudes due to the decrease of fluid damping in the prototype;

the present test results are considered to be conservative with respect to the

prototype case.

The pressure drop across thi leakage path was also carefully measured for

each test configuration. The results showed that there is no significant

variation in pressure drops between different clearance sizes.

The dynamic response of the peripheral chimney was distinctly different

from that of the central chimney. The fluidelastic instability observed in

the central chimney was not present. Instead, the vibration characteristic is

of low-amplitude random nature. The vibration amplitudes are an order-of-
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magnitude smaller compared to the central chimney for identical support

clearances and flow rates.

For the peripheral chimney model, the shroud tube was open for flow. The

lift force exerted by the flow was therefore much reduced compared to the

central chimney. As the lift force was not large enough to leviate the

chimney, the leakage-flow-modulated vibration could not occur in the

peripheral chimney. The flow turbulence is only attributed to its low-

amplitude random vibrations.

CONCLUSIONS

The vibration characteristics of a chimney structure were investigated by

testing a full-scale model subjected to simulated prototype conditions. Test

results show that a fluidelastic instability exists for the central chimney,

however, not for the peripheral-chimney. This unstable vibration started at

about 126% of the prototype design flow and persisted at higher flow rates.

This leakage-flow-modulated fluidelastic vibration has controlling parameters

of the chimney weight, the flow lift force, and the eccentricity of the

leakage-flow path. While the chimney is undergoing an unstable vibration, its

motion is being limited by narrow support clearances and their associated

squeeze-film damping, with the result that amplitudes are smaller than the

sizes jf he clearances. Consequently, these results lead to a conclusion

that the chimney is not impacting the support clearance rings.

The observed fluidelastic instability would not exist for the prototype

chimney operating in the design flow condition. However, the design flow rate

is approximately 79% below the critical flow rate associated with the

instability. If higher margin of safety is desired, either the weight of

chimney should be increased or the flow path through the chimney should be

redesigned to incur lower pressure drop.
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