
of the excitation forces and the structural and hydrodynamic damping

of the bundle.

(3) The vibrational behaviour of the tubes of the IHX will be determined

experimentally vith the prototype heatexchanger.
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A Review of ANL Base Technology Studies in Support of the U.S. LMFBR

Vibration Program by M. W. Wambsganss, S. S. Chen, T. M. Mulcahy and

Y. S. Shin, United States.

ABSTRACT

Argonne National Laboratory (ANL) is the center for base technology

studies of flow induced vibration for the U.S. LMFBR Program. This paper

reviews and summarizes published results, reports on the status of ongoing

programs, and discusses future needs as outlined in the U.S. LMFBR Vibrations

Program Plan.

INTRODUCTION

The U.S. LMFBR Vibration Program Plan includes three major areas of

activities designated as Base Technology, Applied Technology, and Methods

Evaluation. Very briefly, the objectives of each of these areas of work can

be defined as follows:

Base Technology: To develop new and/or improved methods of analysis and

testing, satisfying technological needs identified by reactors designers/

analysts, and to incorporate these methods into design guides.

Applied Technology: To apply state-of-the-art methods of analysis and

testing in the design development and evaluation of specific reactor

components.

Methods Evaluation: To utilize results from pre-operational and opera-

tional tests of LMFBRs to evaluate analysis and test methods, thereby

leading to validation and/or refinement of design guides.

Applied technology activities have been carried out in support of the

Fast Flux Test Facility (FFTF) [1] and Clinch River Breeder Reactor (CRBR) [2]

Projects. These activities have included design reviews, for the purpose of

identifying potential vibration problem areas, followed by state-of-the-art

analyses and tests of specific components. In attempting to evaluate a

given design using analytical methods, it soon becomes apparent that state-

of-the-art methods, despite a continuing improvement in the understanding of

basic phenomena related to flow induced vibration, are generally inadequate.

Consequently, it has been necessary to rely heavily on development testing,

including feature, scale-model, and prototypic tests. However, testing is

both time-consuming and expensive; it is difficult to make extensive parame-

ter studies; and extrapolation from model tests to the prototype is not well

established. These factors (the inadequacy of state-of-the-art methods of

analysis and the high cost and limitations of testing) point up the need for

studies of a base technology nature designed to advance the state-of-the-art.
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In contrast to the applied technology activities, which are related to

a specific reactor component and necessarily are short-term in duration, base

technology activities include relatively long range studies of a fundamental

nature yielding results that generally have broad application. Argonne

National Laboratory (ANL) is the center for base technology studies of flow

induced vibration for the U.S. LMFBR program, having had a formal flow

induced vibration program for over ten years. Based on experience in

attempting to evaluate given designs from the standpoint of flow induced

vibration, areas requiring base technology study have been identified with

consideration first being given to problem areas related to particular design

evaluation technological needs. This paper summarizes published results from

ANL's base technology program, reports on the status of ongoing studies at

ANL, and discusses future work.

SUMMARY OF PUBLISHED PROGRAM RESULTS

At Argonne, base technology studies including analytical, experimental,

and integrated analytical/experimental work, have been carried out in the

following subject areas:

• Parallel-flow-induced vibration

• Vibration and stability of pipes conveying fluid

• Tube/support Interaction

• Vibration of continuous beams on multiple supports

• Vibration of circular cylindrical shells

• Dynamics of coupled shell/fluid systems

• Crossflow-induced vibration of circular cylinders, tube rows, and

tube arrays

• Added mass and fluidelastic coupling in stationary fluids

For each of these subject areas, examples of application, a brief description

of the work scope, and results are summarized in Table 1. Additionally, in

the course of carrying out these studies, literature searches were performed

which have resulted In several review papers [44-47].

ONGOING BASE PROGRAM STUDIES

At ANL, work in several of the subject areas identified above, and

summarized in Table 1, Is continuing along with work in new areas. Subject

areas representing ongoing studies include the following:

• Hydrodynamic Mass of Structures

• Crossflow-induced Vibration of Tube Banks

• Parallel-flow-induced Vibration of Rod Bundles

• Scaling Flow Induced Vibration Phenomena

• Tube/Support Interaction

Status of work in each of these areas is summarized below:

Hydrodynamic Mass of Structures

Many reactor and plant components contain, or are submerged In, a fluid.

The fluid moving with a vibrating structure has an important effect on the

dynamics of the structure, particularly on its natural frequencies. The

effect of the fluid on natural frequencies can be accounted for using the

hydrodynamic mass associated with the structure. Part I of a design guide

has been published to provide formulae, graphs, and computer programs for

calculating the hydrodynamic mass for circular cylindrical structures [33].

The hydrodynamic mass of structures with geometries other than circular

cylinder is currently being studied.

Published experimental data and analytical results are being compiled

for various geometries applicable to reactor system components. Analytical

study is being made In the following two areas:

1. Finite Element Method - Finite element method based on the two-

dimensional potential flow theory will be applied to structures with irregu-

lar geometries.

2. Effect of Fluid Viscosity - The role of fluid viscosity on added

mass matrix and system damping is being investigated.

The results based on the study and published information will be

Incorporated in Part II of the design guide to be published in the future.

Crossflow-induced Vibrations of Tube Banks

Fluid flowing across a tube bank can cause excessive mechanical vibra-

tions either by vortex shedding, fluidelastic instability, acoustoelastic

mechanism, turbulence buffeting, and other excitation mechanisms. Such

vibrations have resulted in failure due to fretting wear, surface fatigue

wear, corrosive wear, and fatigue cracking. The detrimental effects of

crossflow-induced vibration, such as costly plant outages, have been the

motivation for numerous investigations. Although the state-of-the-art of

vibration analysis and testing has advanced significantly in the last decade,

current design procedures for assessment of potential flow-induced vibrations

still are not satisfactory. The objective of the study is to identify the

basic fluid excitation and fluidelastic coupling mechanisms, develop experi-

mentally-validated method of characterizing these mechanisms and the

vibrational characteristics of the tubes as a function of various fluid and

structural parameters.

ANL's studies on these problems are primarily focused on liquid flow.

A series of analytical and experimental studies are being made for tube

banks. One of the major difficulties in characterizing tube-bank response
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is in identifying and quantifying the fluid forces. An analysis based on

two-dimensional potential flow theory has been made to identify the motion-

dependent fluid forces; the results are applicable to closely spaced,

staggered tube banks where flow separation plays an insignificant role. For

the cases in which flow separation is significant, efforts are also being

made to calculate the fluid force for a given vortex pattern.

Experimental investigations are being conducted for a single tube and

two tubes subjected to cross flow. Detailed tube responses are measured and

analyzed. A mechanical excitation is also provided to study the interaction

of mechanical excitation with flow excitation and flow-velocity-dependent

damping.

Based on the potential flow solution, the motion dependent force {F}

can be written as follows:

{F} = [a]{U} + [BHU} + [y]{U} + {G} (1)

where {U} = tube displacement vector, [a] = added mass matrix, [g] = hydro-

dynamic damping matrix, [y] = fluidelastic force matrix, and {G} = steady

fluid force vector. A computer program is available for calculating these

matrices. A mathematical model based on these results is developed for tube

banks. The model can be used to calculate (1) natural frequencies and

natural modes of coupled tube/fluid system, (2) critical flow velocity at

which large oscillations occur, and (3) responses of tube banks to various

types of excitations.

Typical results from single-tube tests are given in Figs. 1 and 2.

Figure 1 shows the response of a single tube subject to crossflow. Tube dis-

placement in the drag direction is significant for 1.5 < V < 5, where V is

reduced flow velocity. The displacement in the lift direction consists of

three parts: vortex-excited, turbulence-excited, and excitation at one-half

of tube frequency in the drag direction. Figure 2 shows the modal damping

ratio as a function of reduced flow velocity. It is clear that modal damping

ratio is an increasing function of flow velocity.

ANL shall continue to conduct a systematic, experimental/analytical

study of the problem. It includes four items:

1. Fluid Forces: Both analytical and experimental studies of fluid

forces acting on tube banks will be continued. A method for measuring the

steady and fluctuating components of fluid force is being developed. The

analytical study will be based on more refined flow theory,

2. Mathematical Model: New theoretical and experimental results of

motion-dependent forces and other flow noises will be incorporated in the

model as soon as it becomes available. The model will also be modified for

application to curved tubes.

3. Experiments on Tube Banks: Experiments on responses of tube banks 214

subjected to liquid flow will be continued. Future tests will include tube

rows, 7-tube banks, and other tube arrays. Helical curved tube banks will

also be tested.

4. Design Guide: Design guides based on the analytical/experimental

study for estimating tube responses will be prepared. Methods of suppressing

detrimental vibration will be recommended.

Parallel-flow-induced Vibrations of Rod Bundles

Parallel-flow-induced vibration of cylindrical rods continues to receive

attention because of the concern of nuclear fuel rod wear due to vibration

in the design of advanced reactors. The main thrust of the work has been

toward the development of prediction methods for fuel rod response under

operating conditions. For a single rod, several semi-empirical correlations

are available to predict rod response. While these expressions are useful in

design to predict rod response within an order of magnitude, current state

of the art Is such that an accurate prediction of vibration amplitude is

difficult without experimental information.

Two types of vibrations are possible for rod bundles: first, the indi-

vidual vibration of each rod, and second, the composite movement of the whole

bundle. The objective of this study is to develop experimentally-validated

mathematical models for predicting rod responses associated with these two

types of motion.

Individual Rod Vibration. The dynamics of rod bundle with single span

has been studied. The effect of fluid is accounted for using the added mass

matrix. It has been shown that the rod motion pattern associated with the

natural modes is the same as the eigenfunctions of added mass matrix. Efforts

are being made to extend the method to multiple-span rods. The concept of

frequency band is utilized in the analysis. Based on this approach, the

natural frequencies of a periodically supported rod bundle consisting of

identical rods can be calculated as follows:

(1) Natural Frequencies of a Periodically Supported Rod in Vacuo -

Various methods are available for calculating the natural frequencies of

continuous rods. Let those frequencies be denoted by n±., where i = 1, 2, 3,

...» and j = 1, 2, 3, ... N (N = number of spans).

(2) Eigenvalues of Added Mass Matrix - Since the added mass matrix is

symmetric, for a group of M rods, there are 2M eigenvalues, which are denoted

by yk, k = 1, 2, 3, ... 2M.

(3) Natural Frequencies of Periodically Supported Rod Bundles - The

natural frequencies of continuous rod bundles are given by
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(2)
1 - 1, 2, 3, ...

j = 1, 2, 3, ... N ,

k = 1, 2, 3, ... 2M .

Corresponding to a single frequency for an isolated rod of single span, there

are 2MN natural frequencies of coupled modes for a group of M rods with N

spans vibrating in a liquid. This information will be used to develop

method of predicting individual rod responses.

Composite Movement of Rod Bundles. The "gross" vibration of the whole

array is important. Since the bundle is submerged in liquid, the effect of

the fluid must be considered. Consider the rigid body motion of the rod

array. Let the displacement components be denoted by Ui and U2 in the x and

y directions respectively (Fig. 3). The hydrodynamic force acting on the

bundle can be divided into two components: F^ and F2;

F '
-pwR C 33 (3)

where R = rod radius, p = fluid density, and m can be obtained from the

added mass matrix for individual rod vibration.

Once the hydrodynamic force is known, the natural frequencies of a rod

bundle vibrating in a liquid can readily be calculated. For example,

consider a group of four rods as shown in Fig. 3 in which the rods are

arranged in a square pattern. Let rod mass = 1.432 kg/m, R = 0.635 cm,

natural frequencies of the rod array in vacuo = 10 Hz and 15 Hz in the x and

y directions respectively. The added mass coefficients are found as follows:

"11 "22 4.04

and

m12 = m 2 1 = 0

The natural frequencies of the rod array vibrating in water become 7.027 Hz

and 10.541 Hz.

The development of mathematical models for parallel-flow-induced vibra-

tion is continued. Future study will include experiments on rod arrays

subjected to liquid flow.

Scaling Flow Induced Vibration Phenomena

Scale modeling procedures employed in U.S. LMFBR testing place most

importance on simulation of the fluidelastic parameter (i.e., reduced

velocity, structural Strouhal number), the relative mass of the structure

and fluid, structural mode shape, and structural damping. As a result, for

testing at a reduced scale, Reynolds number is distorted typically by an t**e

order of magnitude [48].

Normally distortion of Reynolds number can be ignored if high enough

flows are attained so that the viscous effects can be neglected in compari-

sons to the inertia effects. However, each model test has unique require-

ments which should be individually reviewed for potentially important Reynolds

number distortions. During the course of scale model testing of Clinch River

Breeder Reactor components, several potential distortions were identified for

which further investigation was deemed advisable in order to be assured that

they were negligible or can be accounted for by analysis or other data.

The first potential distortion concerns the forces associated with flow

across circular cylinders which are known to depend upon Reynolds number.

However, large ranges of Reynolds numbers have similar flow characteristics

and current practice is to choose flow rates such that the Reynolds number

range from 10^ to 10^ is attained. Although most prototype LMFBR reactors

are in the range from 10-* to 10 , testing In the former range has been

considered [46] to be conservative since the troublesome flow mechanism,

vortex shedding, is stronger in the lower Reynolds number range. However,

this argument is based on data obtained in wind tunnels with almost zero flow

turbulence. More recent data in air [49] shows that in the presence of

turbulence, testing may be effectively in the 105 to 106 range while the

prototype effective range may be 10" to 10 . Such testing may be noncon-

servative, since the vortex shedding is thought to be strong again in the

10 to 10 range whereas it is known, as stated previously, to be weak in

the 105 to 106 range. ANL has designed and is constructing presently a test

section for the Flow Induced Vibration Test Facility (water) which will

enable production of controlled amounts of turbulence (2 - 15% turbulence

intensity). The effects of different scale and turbulence intensity on the

vortex shedding phenomenon and lift and drag forces will be measured in the

Reynolds number range 10^ to 10 .

A second area requiring further understanding is the scaling require-

ments for the narrow fluid filled annular gaps between cylindrical components

which occur in reactor design to allow for thermal expansion. Often the gaps

are quite small to limit the beam motion and usually only occur over a

relatively short length compared to the length of the component. Compared to

the gap size, the length of the annular gap usually is relatively large.

Classical lubrication theory is not valid for analysis because of the

vibratory nature of the body; however, some linearized (infinitesimal fluid

motion) analyses have been made which include both viscosity and inertia



effects [32]. They indicate for infinitely long annular regions and line-

arized fluid motion that if present scale modeling practices are followed,

then fluid damping is distorted such that more damping occurs in the model

than in the prototype - a distortion in the wrong direction.

In order to test the validity of current scaling practices a bench test

is being performed at different scales for a simple beam geometry and fluid

gap, see Fig. 4, which has many of the characteristics of reactor components:

beam motion at relatively low frequencies, 0 - 50 Hz; relatively small

annular fluid gaps, 0.25 - 1.5 mm, compared to cylinder diameter, 25 mm; and

a finite length annular gap, 12 - 24 mm. Damping is expected to be distorted,

but not as much as per theory, because of the finite length of the annular

gap and the finite fluid velocities. A structure/fluid interaction computer

code is planned for development based on the theory and experiments which

will enable prediction of natural frequency and fluid damping of beam type

reactor components having finite length annular gaps.

The last area of potential distortion under consideration concerns the

Reynolds number sensitivity of the separation and reattachment of boundary

layers. A perfect example is afforded by the CRBR Instrument Post, Fig. 5.

The flow obviously is going to separate at the discontinuity in the slope of

the fin. The question remains as to whether the reattachment point changes

with Reynolds number. In particular, does the separation point ever approach

the trailing edge where the possibility for a flow instability exists. This

question is being investigated for a single CRBR nozzle for which Reynolds

number distortions of only 2 occur, instead of 10 as in model testing. Both

flow visualization (hydrogen bubbles) and laser doppler anemometry are being

investigated as possible tools for use in analyzing the flow behavior.

Tube/Support Interaction

Flow-induced tube vibrations in heat exchangers have resulted in tube

failures in operating heat exchangers which, in turn, have resulted in

extended and costly plant outages. To avoid detrimental tube vibration in

heat exchangers, resonant conditions and instabilities must be avoided and/or

peak dynamic response amplitudes must not exceed allowable limits. The

determination of tube vibrational characteristics and response is an

important "first step" in any vibration analysis. However, in attempting a

theoretical analysis, questions arise as to the effects of tube-support

conditions on dynamic response.

An experimental study to evaluate the effects of tube orientation

(horizontal/vertical), tube/support misalignment, fluid medium (air/water),

tube/support-hole clearance, support thickness, exciting force amplitude and

support spacing on the tube vibrational characteristics (resonant frequen-

cies, mode shapes, and damping) and response amplitudes has been performed

and reported [22]. The experiments were performed using a Croloy (2-1/4% Cr -

1% Mo) tube multiply supported by seven stainless steel plates and a

simulated tubesheet. The tube and supports were prototypic, the tube spans

nearly prototypic, and the overall length approximately one-third that of a

straight tube segment of the Clinch River Breeder Reactor Plant (CRBRP) steam

generator. (See Figs, 6 and 7 for schematics of the test set-up.) Thirteen

different tests were performed as indicated in Table 2. Among other things,

the results showed that the effects of tube/support conditions on natural

frequency are minimal. Consequently, analytically computed frequencies,

assuming a continuous beam on "knife-edge" supports, are a satisfactory

representation.

This task activity is continuing with an effort to predict impact forces

and damping for a tube vibrating with tube/support impacting. A finite

element method is employed with a non-linear elastic contact spring-dashpot

to model the effect of the relative approach between the tube and the baffle

plate. It is assumed that the tube strikes the annulus uniformly over the

contact area. This assumption is reasonable as long as the baffle spacing is

much larger than the baffle thickness. The coupled equations of motion are

directly integrated using a central difference method with proportional

system damping represented by a linear combination of mass and stiffness.

The experiments were performed using a 39-inch long Croloy (2-1/4% Cr -

1% Mo) tube with a baffle plate at the center. The numerical results are

in reasonably good agreement with those of the experiments.

CONCLUDING REMARKS

The U.S. LMFBR Vibration Program Plan identifies the following task

areas:

• Analytical Methods Development

• Scaling, Similitude and Extrapolation

• Non-nuclear Development Testing (Water and Sodium)

• Failure Modes

• Reactor Acceptance Testing and Monitoring

• Design Guidelines and Acceptability Criteria

Each of these task areas is briefly discussed below.

Analytical Methods Development

The goal of this task is to develop analytical prediction methods for

flow induced vibration. This task involves both structural and fluid



modeling, fluid/structure interaction, and characterization of fluid forcing

functions. Knowledge of vibrational characteristics such as natural fre-

quencies, mode shapes, and damping is basic to any vibration analysis. As

such, there is a need for continued emphasis on the development of under-

standings of fluid/structure coupling as it relates to added mass, damping,

coupled modes, and fluidelastic response. The development of methods for

quantifying fluid forcing functions remains a problem of utmost importance.

However, because of the complexities associated with many flow fields,

consideration should also be given to the development of bounding methods,

for example, as related to the response to turbulence excitation. Methods

for predicting flow distribution (velocities) and turbulence parameters

(scale, intensity) are also required.

Scaling, Similitude, and Extrapolation

The goal of this task is to develop the technology for extrapolating

reactor behavior from scale model and ex-reactor tests. Primarily because

of the prohibitively high cost of prototypic reactor tests, it is often

necessary to resort to scale model testing. Damping and the simulation of

boundary conditions present their usual problem with regard to scaling.

Additionally, in scaling flow-induced vibration phenomena, one is faced with

the problem of not being able to simultaneously simulate both Reynolds and

Strouhal numbers. Consequently, Reynolds number is distorted. The effect

of this distortion is of primary concern as discussed above; continued study

in this area is required.

Non-nuclear Development Testing

The goal of this task is to develop methods to improve the ability to

represent reactor and plant component vibration response through non-nuclear

testing. Such testing includes prototypic, scaled, and feature testing,

conducted in both water and sodium. There exists the need to develop guide-

lines for (1) water quality or sodium purity requirements for test loops;

(2) instrumentation, including the selection of transducers and their

locations; (3) data acquisition and processing; and (4) cleaning and re-

qualifying plant test articles that will see subsequent sodium and/or reactor

service. There is also a need for the development of correlations between

observed damage in water or isothermal sodium loop testing and that expected

in reactor service.

Failure Modes

The goal of this task area is to develop relationships between

vibration behavior and either material damage or functional limits. One area

requiring investigation relates to high-cycle fatigue under random loadings

typical of many flow induced excitations. Impacting damage and the relation-

ships between impact velocity and wear is another area. A third area

involves the use of results from vibration analyses and tests to define the

input motion to fatigue and wear tests.

Reactor Acceptance Testing and Monitoring

The goal of this task is to develop reliable methods of measuring

vibration response in operating reactors. This requires the development of

high temperature vibration transducers. A further requirement is development

of remote sensing methods including transfer function concepts, noise

analyses, and loose parts monitoring.

Design Guidelines and Acceptability Criteria

The goal of this task is to develop analytical guidelines and accepta-

bility criteria to be used for designing LMFBRs. The development of design

guides is the ultimate objective of the LMFBR Vibration Program. Such guides

would take the form of design and testing handbooks and cover the following

topical areas: (1) Analytical methods, (2) Modeling requirements for non-

nuclear tests, (3) Functional limits, (4) Material damage, and (4) Design

criteria.

In summary, the majority of the base technology studies performed at

ANL to date have been in support of the development of analytical methods;

several have led to the publication of design guides. More recent studies

are in the area of scale model testing and will contribute to the design of

and application of results from non-nuclear development testing.
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TABLE 1. SUMMARY OF PUBLISHED RESULTS FROM U.S. LMFBR VIBRATIONS BASE TECHNOLOGY PROGRAM AT ANL (1967-1977)

SUBJECT

Parallel-Flow-
Induced Vibration

Vibration and
Stability of
Pipes Conveying
Fluid

Tube/Support
Interaction

APPLICATION

• Fuel pins, control
rods, heat exchanger
tubes, and similar
components subjected
to axial flows

• Heat exchanger tubes,
piping systems, and
other cylindrical
structures conveying
fluid

• Heat exchanger tubes,
fuel pins, control
rods, and similar
components subjected
to component/support
interaction

WORK SCOPE

• Experimental study of a
single rod to develop
understanding of fluid/
structure dynamics and
excitation mechanisms

• Mathematical modeling
of response, guided and
verified by experimen-
tal results

* Analytical evaluation
of fluid/structure
coupling in rod bundles

• Analytical study to
understand the effects
of fluid flows on pipe
response: straight pipes
containing steady and
pulsating flows; curved
pipes containing steady
flow

* Analytical/experimental
studies of a force-
excited single span
beam with motion-
limiting stops

RESULTS

• Measurements of vibrational charac-
teristics (natural frequencies and
damping) and response as a function
of mean axial flow velocity [3,4,6,7]

• Measurement and characterization of
turbulent pressure fluctuations on rod
surface [5,6,7]

• Mathematical model for response to
convecting random pressure field [4,7]

• Design guide for estimating rms response
of rod to axial flow [6]

• Analysis method for evaluating fluid/
structure coupling in rod bundles [8]

• Natural frequencies of pipes decrease
with flow velocity [9,10,12,14,16]

• Pipes conveying fluid may lose stability
by buckling, flutter, and parametric
resonance [9-11,13,14,16]

* Natural frequencies and critical flow
velocities of out-of-plane motion for
curved pipes are lower than those for
in-plane motion [12-14]

• In most system components, the effect
of fluid flows is small in practical
flow velocity range

• Mathematical model of a force-excited
simply-supported beam with motion-
limiting stops and design guidance
based on analytical results [17-19]
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TABLE 1. SUMMARY OF PUBLISHED RESULTS FROM U.S. LMFBR VIBRATIONS BASE TECHNOLOGY PROGRAM AT ANL (1967-1977)
(Contd.)

SUBJECT

Vibration of
Continuous Beams
on Multiple
Supports

Vibrations of
Circular Cylin-
drical Shells

APPLICATION

" Heat exchanger tubes,
piping systems, fuel
pins, and other
cylindrical structures
on multiple supports

• Thermal liner, heat
exchanger shell, and
other thin circular
cylinder components

WORK SCOPE

• Numerical/experimental
studies of a single
tube with multiple
motion-limiting sup-
ports to evaluate the
effects of tube orien-
tation, tube/support
misalignment, fluid
medium, tube/support
hole clearance, sup-
port thickness, exciting
force amplitude, and
support spacing on the
tube vibrational
characteristics (reso-
nant frequencies, modes,
damping) and response
amplitude

* Analytical study of
free vibration of
straight and curved
beams on multiple
supports

• Analytical formulation
of exact frequency
equation for any shell
boundary condition

• Comparison of numerical
results with other
analytical methods and
experimental results

RESULTS

• Numerical/experimental investigation of
basic dynamic behavior of a cantilevered
beam with motion-limiting stops at the
free end [20,21]

« Experimental investigation of a force-
excited multi-span tube to determine
the effect of tube/support interaction
on tube dynamic behavior [22]

• There exist propagation and stopping
bands in a periodically supported beam;
all natural frequencies are in propa-
gation bands [23,24]

' Design guide for calculating natural
frequencies of continuous beams on
equally-spaced supports, [25]

' Development of an exact analytical
method for the free vibration problem
of thin circular cylindrical shells
in vacuo [26]

• Comparison of analytical results with
those from experimental study of the
in-air modal characteristics of the
thermal liner of FTR [26-28]
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TABLE 1. SUMMARY OF PUBLISHED RESULTS FROM U.S. LMFBR VIBRATIONS BASE TECHNOLOGY PROGRAM AT ANL (1967-1977)

(Contd.)

SUBJECT

Dynamics of
Coupled Shell/
Fluid Systems

Crossflow Induced
Vibrations of
Circular Cylin-
ders, Tube Rows,
and Tube Arrays

Added mass and
Fluidelastic
Coupling in
Stationary Fluids

APPLICATION

* Thermal liners, heat
exchanger shells, and
other thin cylindrical
shell structures

* Heat exchanger tubes,
control rod shroud
tubes, instrumentation
guide tubes, and simi-
lar cylindrical compo-
nents subject to
crossflow

* Fuel pins, heat ex-
changer tubes, control
rods, and other simi-
lar components
submerged in a liquid

WORK SCOPE

* Analytical study of
circular cylindrical
shells conveying fluid

* Analytical evaluation
of mass effect and vis-
cous damping of coupled
shell systems

" One-sixteenth scale
model test of thermal
liner to determine
natural frequencies
and damping

* Comparison of analyti-
cal, numerical, and
experimental results,
including finiter-
element modeling of
shells and fluid

• Experimental investiga-
tion of fluid/structure
interaction of elasti-
cally mounted single
cylinders and a single
row of five cylinders
exposed to crossflow of
water

• Analytical study of
coupled tube/fluid
vibrations

• Experimental study to
measure natural fre-
quencies, mode shapes,
damping, and tube
responses

' Mathematical modeling
of crossflow-induced
vibration of tube
banks

RESULTS

' Analytical and experimental study of
the modal characteristics of the thermal
liner of FTR [26-28]

• Effects of fluid flows on shell
responses [29,30]

• Analytical method for evaluating added
mass and damping in shell systems
[31,32], including viscous effects [32]

* Design guide for calculating added mass
of cylindrical structures [33]

• Measurements of vibration response as
a function of mean flow velocity for
different natural frequencies and
spacing of cylinders in a row

• Observed large lift direction excita-
tion of single cylinders at expected
flow velocities [34]

• Measurements of critical flow velocity
above which lift direction impacting
of cylinders in a row becomes incipient

• Mathematical models for the response of
single cylinders [35] and tube rows
[36] to crossflow

• A computer program for calculating the
hydrodynamic force coefficients [8,41]

• Measurements of natural frequencies,
damping, and responses of tube banks
[42,43]

• Analysis method for coupled vibration
of tube bundles [37-41]



Fig. 1. Tube displacements Fig. 3. A group of four rods vibrating in a liquid



Fig. 4. Cantilevered end mass with surrounding
fluid filled annular gap

Fig. 5.

CRBR Instrument Post
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Fig. 6. Tube/support interaction
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Fig. 7. Test model configuration


