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Abstract

Fluid-structure interaction is a cause of failures experienced in fuel rods and is of particular
importance for all reactor components in Generation IV reactors which unanimously adopt a pool
configuration. A Nuclear Energy Research Initiative (NERI) project proposal has been submitted to
United States Department of Energy (USDOE) to develop an advanced design methodology to
model fluid-structure interaction, predict its consequences, and guide the design of reactor
components. The proposed design methodology is an integrated experimental/theoretical/numerical
technique. Preliminary studies have been performed utilizing the CFD code STAR-CD coupled to a
first-order structural mechanics model to explore the issues of coupled dynamic fluidkructure
interactions - flow field, fluid forces, and instability of tubes - in the cross flow regime. The
coupled tool has been used to predict the characteristics of complex dynamic fluidhtructure
interactions. It includes flow field in the wake of a tube or tube array, motion-dependent fluid
forces for a tube, and fluid elastic instability of tube arrays. Specifically, the following calculated
quantities have been compared with published experimental data, (a) Flow Field: flow velocity,
fluid pressure, and fluid forces (steady and fluctuating components) of steady flow across a circular
cylinder at subcritical and critical regions. (b) Fluidelastic Forces: a tube is excited at a given
frequency and amplitude. The resulting flow field and fluid forces acting on the tube are calculated.
(c) Fluidelastic Instability of a Tube Row: coupled vibration of a tube row is analyzed as a function
of flow velocity. Those predicted quantities which have been compared, agree well with
experimental data.

1 Introduction

Recent renewed collaborative international interest in the development of nuclear reactor power
plants, which embody the lessons of the current fleet, have focused on the required features of the
Generation IV plants [Carelli 2000, Greenspan 2000]. One of the major desired features of the
Generation IV plants will be proliferation resistance. The common concept behind the design
solutions proposed to incorporate this feature is long-life fuel which reduces tremendously,
refueling needs and the opportunities for diversion. No leakers during a 15 year fuel cycle implies
very tight specifications on fuel rod cladding fretting and wear caused by flow-induced vibrations
during the in-core burn-up period. Vibrations may be caused by axial flow, assembly-to-assembly
and sub-channel to sub-channel cross flow and vortex-shedding, wakes, etc. from fuel bundle
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internals such as spacer grids, etc. However, just as equally important as fuel bundle long life, in
the design of Generation IV plants are the major reactor components which will be subject to
similar fluid forces while immersed in pool configurations. The supercomputing simulation
technology need is to produce an advanced design methodology accurate enough and sensitive
enough to predict vibrations (amplitude and frequency) in the fuel bundle designs and in major
reactor components immersed in pool configurations for the proposed Generation IV reactor. A
NERI project has been proposed to USDOE to resolve this need. The objective of the NERI project
is to produce a generic design methodology/coupling interface capable of coupling state-of-the-art
Computational Fluid Dynamics (CFD) design tools with Computational Structure Mechanics
(CSM) tools to perform design analyses of fluid-structure interaction and flow-induced vibrations
which lead to structural fretting and wear for Generation IV long-life fuel and component designs.
Two state-of-the-art design tools, the STAR-CD CFD code and the PSTRUC CSM code have been
selected to develop and demonstrate this design methodology. However, the proposed advanced
design methodology also incorporates experimental information together with the CFD results in an
integrated experimental/theoretical/numerical technique for the design evacuation of fluid structure
interaction phenomena.

In the past, flow field, fluid forces, and tube responses were often measured experimentally and the
filtered results were used as input in theoretical-based models to perform design analysis. This
preliminary study paper utilizing STAR-CD shows that alternatively, supercomputing analysis
methods have the potential to provide this input in a cost-effective manner. Preliminary studies
reported in this paper, have been performed utilizing STAR-CD coupled to a first-order structural
mechanics model to explore the issues of coupled dynamic fIuid/structure interactions - flow field,
fluid forces, and instability of tubes -in the cross flow regime. A methodology is also presented to
show how these results would be used in the proposed integrated experimental/theoretical/numeri-
cal technique. The coupled tool has been used to predict the characteristics of complex dynamic
fluid/structure interactions. It includes flow field in the wake of a tube or tube array, motion-
dependent fluid forces for a tube, and fluid elastic instability of tube arrays. Specifically, the
following analyses are performed and compared with published experimental data, (a) Flow Field:
flow velocity, fluid pressure, and fluid forces (steady and fluctuating components) of steady flow
across a circular cylinder are presented at subcritical and critical regions. The predicted Strouhrd
number using two different turbulence models agree well with experimental data. (b) Fluidelastic
Forces: a tube is excited at a given frequency and amplitude. The resulting flow field and fluid
forces acting on the tube are calculated. Based on this method, fluid added mass, fluid damping,
and fluid stiffness can be predicted. Once these are obtained from CFD calculations, the response
of the tubes can be predicted using the unsteady flow theory. (c) Fluidelastic Instability of a Tube
Row: coupled vibration of a tube row is analyzed as a function of flow velocity. Once flow
velocity is increased to a certain value, fluidelastic instability occurs. Different instability
mechanisms are seen depending on system parameters. The predicted critical flow velocity agrees
well with experimental data. These results impart confidence to the proposed advanced vibration
design methodology.

Although additional development is needed, the preliminary results are very encouraging. Once the
proposed NERI work is completed, it can be applied to the design assessment of nuclear reactor
system components such as steam generators as well as core fuel bundle designs. In addition, the
method can also be applied in the evaluation of existing plants to identify the root cause of flow-
induced vibration problems, and the prediction of the remaining life of current nuclear power plants
from the standpoint of flow-induced vibration.
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2 State-of-the-Art Review

Since the advent of commercial nuclear energy, nuclear power engineers have been faced with
flow-induced vib~ation (FIV) problems [Chen 1987, Paidoussis 1980]. Although FIV problems are
not overwhelming and generally not considered as a major aspect of the design, there is no doubt
that flow-induced vibration problems in nuclear power stations will continue to receive considerable
attention because of economic loss, safety, and past costly incidents [Blevins 1976, Yamaguchi
1997]. The core of nuclear reactors consists of slender cylindrical rods subjected to external axial
flow of the primary coolant and its vibration due to axial flow is normal~ not a concern. However,
for a fuel assembly designed for 15 year operation, long-term fretting wear problems cannot be
ignored. Incidental situations associated with various excitation mechanisms such as baffle jetting
and leakage flow induced instability of fuel assemblies which can be very detrimental have led”to
failure of the fuel rods.

The use of numerical simulations in understanding the complex interactions of a coupled fluid-rod
system can be divided into two groups; those specifically focusing on new numerical techniques,
and those specifically focusing on the fluid/rod physics for specific applications. Various methods
can be used to solve the Navier-Stokes equations: finite element approach; time-integration
approach based on a time-dependent coordinate; ALE (Arbitrary Lagrangian-Euleri an) finite
difference method; finite volume model; vortex-in-ceil method, parallel spectral element/Fourier
method, etc. These involve the solution of Navier- Stokes equations with moving boundary
conditions and their interactions with fuel rods. In formulations such as these, where the unsteady
flow induces changes in the rod, a second independent set of equations governing the rod motion is
used. An economical and reliable computer program for dynamic interactions of fuel rods and flow
is needed. This problem should be addressed by coupling the fluid-rod systems by reducing
iteration between the two codes.

At this time, for practical applications, the flow field is calculated based on rigid structures; i. e., the
coupling effect of structural motions and flow is not considered in calculating the flow field. There
are CFD codes, which can be applied to study the ffow field and are then applied to fluid-structure
interaction problems. Coupled fluid/structure codes have also been developed for different
applications. However, at this time, it appears that there is no single code available for predicting
completely and accurately the dynamic interactions of fuel rods with flow.

At present, an assessment of flow-induced vibrations is considered early in the design process and is
incorporated with other design procedures [Au-Yang 1984]. In many cases, model testing is used to
supplement the design process to assure that detrimental behavior, from a flow-induced vibration
point of view, will not occur after the component is fabricated. While these procedures attempt to
minimize the chance of adverse performance of components, the ability to extrapolate
analytical/numerical design techniques and/or model testing, to actual operation of the plant
remains a concern. Therefore, test of components and/or vibration measurements of components in
the reactor system are used to provide additional assurance. There are no definite licensing
requirements for vibration response, as long as a design can be provided to meet the safety
operational limits, except that preoperational and component testing is required for first-of-a-kind
reactor system [NRC 197 1].

Quite significant progress has already been achieved in several aspects of predictive methods for
assessing FIV problems in the past quarter of a century. Indeed, numerical tools for computing the



> .

linear and nonlinear vibrations of complex components have been developed and then used by the
designers. Ithmdemonstrated theinterest ofadapting themodem sophisticated numerical
techniques of turbulent flow calculation to FIV problems. Furthermore, a large class of the FIV
problems that are of practical importance in nuclear reactors can be modeled reasonably well using
the sophisticated tools, such as direct or large eddy simulations. However, the prediction method is
not sufficiently accurate and cost effective and can not be used to predict all possible excitation
mechanisms. At present, there is no coupled CFD/CSM code available to be used for the design
and assessment of fuel assembly for the operational requirement of 15 years.

The development of a coupled fluid/structure code based on new numerical techniques for the
assessment of such nuclear fuel designs will provide the needed answers: a design tool for the fuel
assembly and optimization of the fuel assembly with respect to flow-induced vibration, and an
operational tool for plant operation monitoring. STAR-CD is powerful commercial CFD tool
[Computational Dynamics 1998] for fluids and thermal analysis and has been designed for use in a
CAE environment. It has many advantageous attributes and contains provisions for all necessary
modeling aspects of the proposed application especially: allowance for compressible viscous flow,
a wide selection of turbulence models including Large Eddy Simulation (LES), ability to deal with
moving boundary problems, an open architecture for interface with other codes, and efficient
parallel processing capability. STAR-CD was, therefore, selected as the CFD code of choice for
this preliminary study of coupled CFD/CSM design methodology development for analyzing
Generation IV reactor fluid-structure interaction issues.

3 Integrated Experimental’I’heoretical/Numerical Design Methodology

The proposed integrated experimental/theoretical/numerical technique for the advanced design
methodology relies significantly on, the proper interpretation and extraction of parameters from
CFD results. For this preliminary study, experimental data were therefore chosen for the evaluation
of CFD results based on the consideration of mathematical models, motion-dependent fluid forces,
available test results, and future needs dictated by the proposed design methodology which is
presented below.

Mathematical Models

Although different terms have been used in different disciplines for dynamic fluid/structure
interactions, mathematically, different types of fluid/structure response can be described by a
standard equation [Chen 1987]:

[M,+ Mf] {Q}+[c,+Cf]b}+ [K,+ K,]{Q}={G}
(1)

where {Q}, ~), and ~} are generalized structural displacement, velocity, and acceleration,

respectively; mass matrices include structural mass [M,] and added mass [M~];damping matrices

include structural damping [C,] and fluid damping [C~];stiffness matrices include structural

stiffness [KS]and fluid stiffness [K~];and {G } is fluid excitation forces. The dynamic
characteristics of structural components in different flow conditions can be analyzed on the basis of
the unified model given in Eq, 1. Structural responses include lock-in resonance, turbulence-
induced vibration, fluid-damping-controlled instability, fluid-stiffness-controlled instability, and



parametric and combination resonance. Their motions may be periodic oscillations, random
vibrations, or chaotic motions.

There are several approaches to these types of problems. In one approach, system components are
tested to determine whether they are acceptable. In another approach, the detailed interaction of
two fields, fluid flow and structure component, is ignored and only the resultant effect is
considered. In these two approaches, the effect of fluid forces is not completely accounted for. The
third approach is to consider the dynamic interaction of fluid and structure based on the Navier-
Stokes equation and theory of elasticity. The third method will provide the most complete solution
to the problem. Some simplified models based on these approaches have been used.

Quasistatic-Flow Theory: At any instant in time, the fluid-dynamic characteristics of a structure
oscillating in a flow are equal to the characteristics of the same stationary structure, whose
configuration is identical to the actual instantaneous configuration. The fluid forces depend on the
deviation from a reference state of steady flow [Connors 1970, Blevins 1976].

Quasisteady-Flow Theory: At any instant in time, the fluid-dynamic characteristics of a structure
moving in flow are equal to the characteristics of the same structure moving with constant velocities
equal to the actual instantaneous values. The fluid forces depend on structure configuration and are
proportional to its motion [Price and Paidoussis 1984, Granger and Paidoussis 1996].

Unsteady-Flow Theory: The unsteady fluid forces acting on a structure are the same as those acting
on a structure that is performing periodic oscillations. In general, the fluid-force components are
functions of structure displacements, velocities, and accelerations [Tanaka and Takahara 1981;
Lever and Weaver 1984; Chen 1987].

The critical elements of these theories, which the proposed integrated experimental/theoreti-
calhumerical technique is based on, are fluid-excitation forces and motion-dependent fluid forces.
Two methods have been used to measure those fluid forces: (1) Indirect Method: ffuid forces are
calculated from structure responses, such as tube displacements and accelerations [Granger 1990].
(2) Direct Method: fluid forces are measured directly [Tanaka and Takahara 1981, ScanIan and
Sirniu 1978, Chen et al 1987].

Motion-DeDendent Fluid Forces

Motion-dependent fluid forces are the key components in determining structural stability in fluid
flow. Consider a group of tubes vibrating in a flow, as shown in Fig. 1. The axes of the tubes are
parallel to one another and perpendicular to the x-y plane. The radius R of each tube is the same,
and the fluid is flowing with a gap flow velocity U. The displacement components of Tube j in the
x and y directions are Uj and Vj, respectively. The motion-dependent fluid-force components acting

on Tube j in the x and y directions are, respectively, gj and hj, and are give by Chen (1987) as
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Figure 1. Tube arrays in crossflow (two views) and schematic representation of displacement
components of Tube j and motion-dependent fluid-force components acting on Tube j.

and

(3)

n
+pU2 ~ @kUk + ~j’kvk

)
j=l

where p is fluid density; t is time; @is circukw frequency of tube oscillations; ctjk, ~jk, ~jk, and Zjk

are added-mass coefficients; ct~k, ~~k, ~~k, and ~~k are fluid-damping coefficients; and a~k >~~k>

a~k, and T~k are fluid-stiffness coefficients. Motion-dependent fluid forces depend on deviation

from a reference state of steady flow, which have been grouped into three theories: quasi-static flow
theory, quasi-steady flow theory, and unsteady flow theory. Each theory has been studied in the last
three decades.

Motion-dependent fluid forces can be measured or calculated for tube arrays. Fluid-force
coefficients can be determined by measuring or calculating the fluid forces acting on the tubes that
are due to oscillations of a particular tube. The particular tube can be excited in the x and y
directions. For example, if Tube k is excited in the x direction, its displacement in the x direction is
given by

Uk = u Cos Qt. (4)

The fluid-force components acting on Tube j in the x and y directions are



gj=+ p U2 CJ~ COS (@t + @jJ”

and

(5)

hj = ~ P U2dj~ cos(~t + ~j~)u > (6)

where Cjkand djk are the fluid-force amplitudes and @jk and ~jk are the phase angIes by which the

fluid forces acting on Tube j lead to the displacement of Tube k.

With Eqs. 2 to 6, the fluid force coefficients are

1 7C3
~~k ‘-C” cos~jk ‘—~jk,~ Jk ~r 2

and

where Uris the reduced flow velocity (Ur = nU / oR).

(7)

(8)

The added-mass coefficients ~j~ and ~j~ in Eqs. 7 can be calculated by applying the potential-flow

theory [Chen and Chung 1976]. Then ct~~,u~~, z~~, and z~~ can be calculated from Eqs. 7 and 8.

If Tube k is excited in the y direction, using the same technique, we can obtain force coefficients

~~k>~~k, a~k, and c~k in the same manner. This above method is used to obtain motion-

dependent fluid force coefficients both experimentally and numerically from the CFD flow field
results. These coefficients can then be used together with the model of Eq. (1) in the proposed
design methodology. To the authors’ knowledge, this method has not been combined with CFD
calculations.

Tests

Many experiments have been performed at ANL including basic research, development of design
guidelines, assessment of new designs, diagnosis of flow-induced vibration mechanism and
identification of root causes of damage, and development of a cost effective quick fix of flow-
induced vibration problems. Three series of experiments were selected which would best test the



three important phenomena essential to the application of the proposed design methodology.
Specifically, the following phenomena in the related tests were compared with STAR-CD resu)ts.

a. Flow Field: Flow velocity, fluid pressure, and fluid forces (steady and fluctuating
components) of steady flow across a circular cylinder. Extensive data are available in the
literature.

b. Fluidelastic Forces: A tube in crossflow is excited at a given frequency and amplitude. The
resulting fluid forces acting on the tube are measured.

c. Fluidelastic Instability of a Tube Row: Coupled fluid/structure vibration analysis was
performed in order to predict the critical onset velocity and tube response for a row of five
flexible tubes. A parametric study of tube oscillation amplitudes and frequencies was
measured based on gap flow velocity.

These experimental data are summarized by the following information:

●

●

●

4 Numerical

Vortex shedding frequencies as a function of Reynolds number and tube geometry,
such as different tube arrays [Chen 1987]. The data used in this paper is for a single
cylinder only.

Motion-dependent fluid forces are available for tube row, square and triangular
arrays. In this study, only the data for a single tube is used [Chen, Cai, and Zhu, and
Cai.1995].

Fluidelastic instability of tube arrays have been tested for different tube arrays. A
classical case is a tube row in cross flow. Depending on mass-damping parameter,
different stability mechanisms, fluid-damping-controlled and fluid-stiffness-
controlled instabilities, are observed and there are hystersis and multiple stability
regions. This case is chosen as the benchmark case for evaluation.
map is given in Fig. 2 [Chen and Jendrzejczyk 1982 and 1983].

CFD Model and Comparison Results

The instability

Numerical Model

The governing partial differential equations for momentum, pressure and turbulent quantities were
solved in order to describe the fluid flow motion. The simulations were carried by adopting
STAR-CD, which is a general-purpose commercial CFD computer code suitabIe for predicting a
large variety of industrial fluid flow problems. The flows studied in this paper were assumed to be
statistically two-dimensional flows, although the unsteady behavior of the flow is taken into account
in the calculations. Two different non-linear turbulence models, based on the turbulent (or eddy)
viscosity concept, were tested in this study; a quadratic and a cubic approach. These models were
used in combination with a two-layer near-wall treatment.

The analysis of the tube row motions was modeled as a linear spring and dashpot system, where the
tubes were assumed to have no deformation. (liven the tube material, dimensions and natural
frequency in air, the stiffness coefficient and the effective mass were obtained from a finite element
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Figure 2. Stability map for a tube row in crossflow (U= flow velocity, fv= natural frequency,
D = tube diameter, p = fluid density, m,= tube mass per limit length, < = tube damping ratio).

model. At the end of each time step, the pressure distribution on the tube surfaces was integrated in
order to obtain the magnitude and direction of the forces acting on the tubes. Once the forces and
their direction were known, a linear equation describing the tube motion in the drag- and lift
direction was solved, It should be mentioned that an explicit coupling was assumed between the
flow field and the tube motions. Due to the calculated tube motions, the mesh needs to be modified
at the end of each time step, where the cell vertices are moved according to the new positions of the
tubes. This moving mesh capability was performed by PROSTAR, which is the pre- and post
processor included-in the ST-M-CD software package.

Results and Discussion

As discussed in Section 3, three sets of experiments were analyzed with the numerical model
described above; (1) Rigid single tube in a cross flow, (2) Cross flow pasta single tube with forced
motion, (3) Fluid/structural analysis of a tube row in a cross flow.

For experiment set (l), numerical simulations were performed of the flow field around a fixed rigid
single tube according to the experimental setup given by Chen (1995). Predicted Strouhal numbers,
drag- and lift coefficients were compared to corresponding experimental observations. The pre-
dicted instantaneous velocity field at Re = 3.5 x 103is shown in Fig. 3, clearly revealing the
unsteady behavior of the wake flow. According to the experimental results given by Chen (1987),
the Strouhal (Sr) number should be around 0.20-0.23 for this Reynolds number. The quadratic
model results in a slightly higher value of the Strouhal number (0.23) than the cubic model (0.21)
but a conclusion is that both models are capable of predicting the Strouhal number fairly accurate.
Additional simulations show good agreement between predictions and experiments for
Re = 103-106. In Fig. 4, the lift and drag coefficients for Re = 3.5 x 10Jare shown.
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According to experiments by Norberg et al. (1987), the time mean value of the drag coefficient at
this Reynolds number should be around 1 (0,98 * 0.05). Hence, both the quadratic (= 0.67) and the
cubic (= 0.61) model seem to underpredict the drag, which indicates an underestimation of the
recirculation zone downstream of the tube. However, the predicted frequency of the drag
coefficient variation is approximately twice that of the lift coefficient, which is in good agreement
with experimental observations.

For experiment set (2), predictions of the flow field around a rigid single tube with a prescribed
motion in the lift (y) direction were performed. Parametric studies with different tube motion
frequencies and amplitudes were performed and compared to the experimental results reported by
Chen ( 1995). The tube was excited in the lift (y) direction, where the tube motion was described by
y = dO”cos (O” t), where dOis the amplitude, cois the circular frequency and t is time. In each case,
the inlet velocity, Uti was set to 0.127 m/s and the tube was excited at three different values of the
reduced veIocity, Ur = 5, 6 and 7, respectively (the corresponding oscillation frequencies, fvl = 0Y2Z
being 1.0,0.83 and 0.71 Hz). For each value of Ur, three different oscillation amplitudes were
applied, dO= 1.2, 2.4 and 3.6 mm. The time evolution of the excitation amplitude, lift coeftlcient
and the cross-stream mean velocity component for Ur = 5 and do= 1.2 mm is shown in Fig. 5.
Various frequencies of interest can be extracted from these data. The prescribed oscillation
amplitude is scaled by the tube diameter, D and the vortex shedding frequency, fntix is calculated
from the variation of the cross stream mean velocity component, V in the wake, scaled by the inlet
velocity Uin. Further details of the predicted frequencies for each case are given in Table 1 below,
where @l, is the phase angle. These are based on detailed tabulated data similar to those shown in
Fig. 5. In future work, equations (2) to (8) of the theoretical model proposed for the integrated
experimental/theoretical/numerical design methodology, will be used to determine the added-mass
coefficient, fluid-damping coefficients and fluid stiffness coefficients for the motion dependent
forces. These values will then be compared to the experimental values measured and presented for
this series of experiments, experiment set (2), in [Chen, Zhu and Cai 1995].

For experiment set (3), a coupled fluid/structure vibration analysis was performed in order to
predict the critical onset velocity and tube excitation for a row of five flexible tubes. The setup is
that given in the experimental study by Chen (1982). A parametric study of tube oscillation
amplitudes and frequencies was performed based on gap flow velocity. The transient behavior of
the wake flow downstream of the tube row can be seen in Fig. 6, clearly indicating the complex
irregularity of the flow downstream of the tubes. The tubes are referred to as no. 1–5, starting from
the bottom one.

As already mentioned, one objective was to predict the critical velocity, UC,at which the tubes start
to oscillate. The gap velocity, U~is defined as:

u,= ‘“In

1–;
(9)
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Table 1. Frequencies of Vortex Shedding and Lift Force Versus Tube Motion

Ur d,, fCyl f,,,, fVormx

[mm] [Hz] [Hz] [Hz] ?i
1.2 1.0 1.0 1.0 0

5.0 2.4 1.0 1.0b 1.0 101

I 3.6 I 1.0 1.0 1.0 0 I
I 1.2 0.83 I 0.97 I 0.97 I N/A I

6.0 2.4 0.83 1.1 1.1 N/A
3.6 0.83 0.83 0.83 57
1.2 0.71 0.97 0.97 N/A

7.0 2.4 0.71 1.1 1.1 N/A

t 3.6 1 0.71 0.97 0.98 I NIA I

where T/D is the pitch-to-diameter ratio (in this case T/D =1.35). The gap velocity was varied
between 1.08–1 .20 rrds in the calculations. The simulations indicate that the value of the critical
velocity, Umis around 1.19 rds. A small increase of the velocity from this value results in
dramatically increased oscillation amplitudes and finally in tube impact, as is shown in Fig. 7,
where U~ = 1.20 m/s. Tube No.’s 1,3 and 5 oscillate in phase, while there is a phase difference, @
of 170 degrees compared to Tube No. 2 and Tube No. 4. Tabulated values of tube oscillation
amplitudes and frequencies as a function of gap velocity are given in Table 2 below. The instability
onset and oscillating frequency is very well captured by the numerical method, in spite of the
simplifications made in the computations. The predicted critical gap velocity and tube oscillation
frequency was 1.19 mls and 23 Hz, respectively. The corresponding experimental values obtained
in the study by Chen et al. (1982) were 1.19 tis and 24.3 Hz. The lift coefficient CLfor each tube
at U = 1.16 mls. is shown in Fig. 8 and it shows that there is a strong coupling between lift
coefkcient and tube oscillation, as expected.

The conclusion from this study is that accurate information regarding fluidh-ucture interaction may
be obtained by adopting rather robust numerical methods, such as finite-difference technique,
simple turbulence models and a single degree of freedoms ystem for the description of tube
motions. This is encouraging for the use of the proposed integrated experimental/theoreti-
cal/numerical design methodology to solve practical flow problems, relevant for industrial
applications. This study presents the results for structures in cross flow. The approach is applicable
to other flow conditions such as axial flow and skewed flow. In a fuel bundle, the dominant flow is
axial flow in which the dominant structural axis is parallel to flow direction. The method presented
here can be applied to fuel bundles similar to the cross flow cases. It should be pointed out that the
method presented has several advantages: (1) Two or three dimensional simulations can be
performed for coupled fluid/structural interactions in flow; this is similar to those by other
researchers, e.g. Yamaguchi et al (1997) and Kassera and Strohmeier (1996). (2) Motion-dependent
fluid forces can be calculated using a CFD code similar to experiments to obtain fluidelastic force
coefficients which can then be applied to a mathematical model of practical coupled fluid-structure
systems. (3) By using the integrated analytical/experimental/numerical technique, flow-induced
vibration and instability of complicated practical systems can be predicted to satisfy the need in
design assessment while only using CFD may not resolve practical issues such as how many rods in
fuel bundles and tubes in steam generators should be modeled. At this time, in some
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practical problems, it appears only the integrated approach will provide the most effective way in
the resolution of the difficulties associated with flow-induced vibration and instability. -

Table 2. Tube Oscillation Amplitudes and Frequencies as a Function of Gap Velocity

U,=l .08 IdS U,=l.16 Ids U~=l.18 m.iS
I

rim [%] I f[Hz] id/D [%] I f [Hz] /d/D [%]l f [Hz]
I

Tube 1 I 0.025 I 20 1.5 I 22.7 2.0 [ 23 I
Tube 2 I 0.05-0.07 I 10 I 1.5 I 22.7 [ 2.0 I 23 I
Tube 3 I 0.1 I1OIL2I22.7IL5I23I

5 Conclusion

The 20th Century has seen important developments in the field of fluid-structure interactions.
Various design guides are available from professional societies, research and development
institutions, “regulatory agencies, and private companies. Even though there are significant gaps in
codified knowledge, designers have been able to develop many system designs that have provided
useful service without significant problems. From the practical point of view, questions of
immediate concern are; what is the critical flow velocity and how much vibration is too much? A
complete answer to these questions is not always available for general cases. Furthermore,
interactions of fluidelastic instability with vortex shedding, flow separation, or turbulence have not
been seriously studied in the past. More extensive measurements and development of CFD
methods for motion-dependent fluid forces should be performed for various geometries. Based on
the characteristics of experimental data and CFD results on fluid-force coefficients, some questions
and unresolved issues about fluidelastic instability can be resolved.

This paper presents an integrated experimental/theoretical/numerical technique for the evaluation of
fluid-structure interaction phenomena. In the past, ffow field, fluid forces, and tube responses were
often measured experimentally. Using CFD methods, these can be analyzed in a cost-effective
manner. Preliminary studies have been performed utilizing STAR-CD coupled to a first-order
structural mechanics model to explore the issues of coupled dynamic fluidkructure interactions -
flow field, fluid excitation forces, motion-dependent fluid forces, and instability of tubes -in the
cross flow regime. The tool has been used to predict the characteristics of complex dynamic
fluid/structure interactions. It inciudes flow field in the wake of a tube or tube array, motion-
dependent fluid forces on a tube, and fluid elastic instability of tube arrays. Although additional
development is needed, the preliminary results are very encouraging. This is the first study using
the method for the calculation of motion-dependent fluid forces. Once this work is completed, it
can be applied to design assessment of various system such as nuclear power plants, process plants,
aerospace, offshore and undersea technology. In addition, the method can also be applied in the
evaluation of existing plants to identify the root cause of flow-induced vibration problems, and the
prediction of the remaining life of current plants from the standpoint of flow-induced vibration.

STAR-CD is a powerful CFD tool for fluids and thermal analysis and has been designed for use in a
CAE environment, because it contains provisions for all necessary modeling aspects of various
applications, Future research is required to continue the development of CFD codes capable of
predicting motion-dependent fluid forces, structural response to high Reynolds number, separated
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flows with moving boundaries addeveloping these intopractical engineering tools. Given the
complexity of the problems and the limitations of current computer technology, it seems that such
codes will be difficult to predict all cases for some time. In the meantime, careful experimentation
and CFD development is required to improve our understanding of excitation mechanisms, establish
more precise design guidelines and provide benchmark data for evaluating CFD codes.
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