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SUMMARY

A variety of components belonging to a nuclear reactor are by virtue of their design
exposed to a mass of fluid which is either in motion or can be set into motion under cer-
tain conditions. While the reactor is in its operational mode, the excitations of the struc-
ture by the fluid are generally of moderate intensities. In the case of a well designed com-
ponent, these pressure fluctuations should not cause the failure of the structure. Problems
of this type, generally known as vibrations of structures immersed into fluid (under either
periodic or random excitations) has been studied in the past rather extensively. '

In an upset or emergency condition, a pressure pulse is usually generated and propa-
gated through the fluid. While this hypothetical event is an occurrence of low probability,
the associated pressures are, as a rule, of intensities sufficiently large to cause extensive
damage or even the failure of the component. This type of transient interaction problem
is much less studied and the aim of this review is to offer a brief discussion of some of
the more interesting results.

The entire spectrum of transient structure-fluid interaction problems can be conveni-
ently classified into two broad, distinctly different groups:

a) problems for which the wetted surface (i.e., contact between the structure and the
fluid) remains constant, and
b) events during which the wetted surface varies (i.e., recedes or propagates) with time.

In addition, the classification can be further extended with regard to the type of struc-
tural response (elastic, plastic, etc.), fluid model, etc.

Among the variety of problems that can be classified as belonging to the first of the
two groups, two were studied very thoroughly. These two problems involve a completely
submerged, infinitely long, thin elastic cylindrical shell subjected either to an axisymmetric
pressure wave travelling in the direction of longitudinal axis or to a plane transverse wave.
Certain solutions for a spherical shell and a rigid-ideally plastic cylindrical shell are also
of practical importance.

The second class of transient problems, customarily referred to as hydrodynamic im-
pact problems, is mathematically even more involved. Certain results involving determin-
ation of pressures on rigid and elastic bodies of simple shapes are nevertheless known and
are worth discussing.

In both cases it is necessary to examine experimental results based on similitude
analyses. They appear to be especially significant for a rational determination of a suffi-
ciently accurate but still tractable analytical model.
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1. Introduction

The problem of fluid-structure interaction is of acute interest in numerous branches of
engineering. As a result the volume of literature devoted to various aspects of this problem
is staggering. A series of books, monographs and state of the art reviews readily available
in the literature serves as a useful summary of the published literature. It is not the
intent of this paper to duplicate this effort. Instead, this paper is aimed merely at
identifying certain class of transient problems of interest in reactor engineering.

Even if we set aside the voluminous body of work dealing with steady-state vibrations
and concentrate on transient response the number of papers and the variety of problems
merits further classification. Roughly, a transient problem involves interaction of a
structure with an impinging pressure wave. In effect, two types of problems can arise:

(a) Those where the entire structure is at all times enveloped by fluid, and those

(b) where the structure is surrounded by gas prior to its penetration into the body of

fluid.
In other words, the two classes of transient problems are distinguished by either constant
or expanding wetted surface.

In both cases our ability to predict the response of the structure (and its chance to
survive)} in this transient regime reflects ultimately the reliability of the design and its

safety margin.

2. Transient Interaction Problems with Constant Wetted Surface

Let us first examine several most important types of problems belonging to the first
group. In general case the pressure wave associated with a sudden energy release somewhere
in the fluid medium surrounding the shell consists of the original spherical (or cylindrical
wave) and a number of waves reflected by other components of the system. Naturally, in such
a general case there is little hope for an "exact" characterization of the incident pressure
wave and almost no hope for solution of the interaction problem. Only a model characterized
by a

- simple geometry (spherical shell or infinitely long cylindrical shell), and a

- simple loading function

is analytically tractable.
Since a typical reactor design seldom emphasizes spherical shells (in contact with fluid)

we can focus our attention on cylindrical geometries subjected to three types of loading.

2.1

Firstly, let us examine the problem of an infinitely long elastic circular cylindrical
shell, totally submerged into acoustic fluid, interacting with a transverse plane wave
(propagating along a direction perpendicular to the axis of the shell). Mathematically, this
problem reduces to a system of two partial differential equations for the shell (displace-
ments and stress resultants not depending on axial coordinate) and the wave equation for the
acoustic fluid. Two systems of equations are coupled through boundary conditions on the
interface.

The first formulations of the problem are due to Carrier (1951) and Payton (1960) who
obtained solutions in the form of integrals not entirely convenient for numerical computa-

tions. To facilitate the analysis it is convenient to present the fluid velocity potential
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¢(r,8,t) as a sum of the potential ¢rf(r,6,t) of the wave reflected by the rigid and fixed
shell and the potential ¢,4(r,0,t) of the wave radiated by the deforming shell

(r,0,t) = ¢ (r,0,8) + ¢ 4(x,8,1) W

The associated pressures on the shell are according to the linear theory

P e(8,8) = p, (0,8) - 9 on S )

and

prd(e,t) = - ¢rd on S (3)

where S is the surface of the shell. The boundary condition on the velocity of the
reflected wave is

a¢rf

P Vin on S 4

where pin(e,t) is the pressure exerted by the incident wave while vio is the velocity of
the incident wave in the direction of the normal to the shell middle surface. While,
a¢rd ow

5T 5 on S (5)

reflects the impermeability of the shell, and assumes that no separation will occur. Finally,
both potentials and their derivatives should attenuate to zero when t - ®,

Expanding the velocity of the incident wave into a Fourier series, employing the
Laplace transform (see Mnev and Pertsev, 1971) the reflected pressure can be derived in the
form of a series of terms in the form of indefinite integrals with rather complex integrands
containing cylindrical functions of imaginary order.

The pressure radiated by the deforming shell is determined in an essentially similar
manner. In order to retain the physical insight into the phenomenon it is convenient to
regard the radiated pressure as a sum of unit pressures q(t) associated with a particular
deformation mode (at a unit velocity). The major problem lies in the determination of the
unit pressures qn(t) for every (or at least several dominant) mode. Eventually, the
radiated pressure pn(e,t) is determined in the form of a sum of indefinite integrals in-
tractable in a closed form.

Once the pressures are determined it still remains necessary to solve the system of
two simultaneous partial differential equations of the shell motion. This, of course, is a
fairly difficult problem in itself involving an appropriate integral transform and an essen-
tially numerical inversion.

In short "exact" solution of the problem is associated with an arduous and equally
sensitive computation process. The development of a series of approximate methods was a
logical consequence of such a situation.

The first group of approximate methods is based on purely mathematical approximation
of image functions in order to be able to perform the integration associated with transform
inversion analytically. The main problem with an approach of this type is the lack of
correlation between the degree of approximation of the image with that of the function it-

self. Instead we can attempt to invoke a particular assumption based on the physics of the
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phenomenon in order to approximate the hydrodynamic pressures Pre and Pog directly. In
essence, to simplify the problem we may assume the fluid to be incompressible, or that the
reflected wave is either plane or cylindrical neglecting in fact the axial component of the
fluid flow. It is also possible to say that the first hypothesis will be close to reality
in case of short wave lengths, while the compressibility becomes relatively more important
for large wave lengths.

The simplest systematic way in which unit pressures can be approximated is based on

three conditions (Fedorovich, Fedorovich, 1968)

q,(0) = q7(0)

4, = i) =
[ agcree - [ azcoar
0 0

where asterisk is used to identify the approximate function. Having in mind the definition
of unit pressure the first two conditions imply q;(o) =1 and q;(w) = 0. It can further
be shown (Mnev, Pertsev, 1971) that the integral in the third condition (6) is the apparent
(virtual)} mass of the shell moving in incompressible fluid. The main problem with this
approach is the rapid increase in complexity for every successive mode considered. Using
simple functions for q;(t) Mnev and Pertsev (1971) were able to derive a rather simple
expression for the pressure in radiated wave (in n-th mode)

prd(t) =AW + bnwn MG (7)

which in fact contains (an=cn =0, bn =1) the solution based on plane wave reflection
(Haywood, 1958). The problem can subsequently be reduced to a series of pairs of ordinary
differential equations of the shell motion. They are integrated by means of routine numeri-
cal methods.

A host of other approximate models were discussed by Baron (1954), Baron and Parmes
(1962), Garnet, Crouzet-Pascal and Isakson (1967), Voronenok (1968) and Slepian (1965) among
others. Every one of these models necessitates a fair amount of numerical work that can be
usually accomplished only by means of a computer. Models based on plane reflection are
applicable only if the short-time response is of interest. For long wave lengths the hypo-
thesis of cylindrical wave reflection yields good results, while for short wave lengths the

effect of compressibility is not as important as the effect of fluid flow in axial direction

2.2

The second type of problem is that of a cylindrical shell interacting with an axi-
symmetric pressure wave travelling with sonic speed in the direction of the longitudinal
axis of the cylindrical shell.

The deformation of the shell is governed by two partial differential equations in
terms of the axial and radial component of the displacement of a point belonging to the
middle surface of the shell. The fluid veloéity potential ¢(r,x,t) satisfies the axi-

symmetric wave equation.
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Three partial differential equations together with boundary and initial conditions de-
fine the boundary value problem completely. The coupling between two systems of equations

is introduced through the impermeability condition

e r=R 9 _ (8)

stating that the velocities of the fluid and the shell particle in contact are identical,
and that no separation will occur. Like before R is the radius of the shell.

The system of governing partial differential equations is customarily reduced by means
of two successive integral transforms (a Fourier with respect to x, and a Laplace trans-
form with respect to t) to an ordinary differential equation. The main problem, however,
lies in the inversion of the transform. Even for a simple Dirac-delta type of pressure
(pressure ring travelling along the shell), the inversion process is all but straightforward,
In this case the solution for radial displacement is obtained in the form (Mnev and Pertsev,

1971) of an infinite sum of infinite integrals

51N WX

cos ux ¥ &

o
w(x,t) ) J fw(nj,m,c) stJt
11
where the function fd depends on the frequencies of natural vibrations ., (i.e., simple
poles used for the inversion of Laplace transform). The integrand in eq. (9) is rather com-
plicated and, moreover, has a strongly pronounced oscillatory character. As a result
numerical evaluation of (9) presents a rather difficult task.

The process becomes even more complex for an arbitrary loading function p(t) involving
evaluation of a double integral (with an oscillatory integrand). The analysis can, however,
be greatly simplified without a significant loss of accuracy. For example, (see Mnev and
Pertsev, 1971) it is possible to neglect the inertial force moﬁ in the direction of x-axis
and the compressibility of the fluid. The second of these two assumptions is not always
justified especially in case of long wavelengths and in case of symmetry with respect to
x =0,

In addition, several other approximate schemes were suggested in the past. The initial
formulation of the problem belongs to Carrier (1951) who based his analyses on the plane wave
approximation and the steady-state wave pattern for large times. Forrestal and Herrmann
(1965) modified his solution using the cylindrical wave hypothesis. The subsequent papers
by Jones and Bhuta (1964), Tang (1965), Herrmann and Russell (1967, 1971), Fang and Klosner
(1969) and Klosner (1970) offer new insight into the problem. It should be pointed out,
finally, that in spite of all simplifications application of approximate methods involves
considerable numerical effort (in most cases associated with quadratures of integrals to

obtain the original of a function from its transform).

2.3
Of somewhat limited interest for reactor application is a sequence of papers studying
the case of an infinitely long cylindrical shell subjected to a standing step pressure pulse

with harmonic variation with respect to axial coordinate
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p(x,t) = p, cos T H(L) (10)
where 2L is the distance between adjacent nodal points of the pressure function, while
H(t) is the Heaviside step function. The exact solution was derived by Herman and Klosner
(1965) who also compared obtained results with cylindrical and plane wave approximations.
The steady-state formulation was derived by Klosner and Berglund (1967) while a modified
wave cylindrical approximation was suggested by Russell and Herrmann (1968). The latter
approximation proved to be substantially superior compared to either plane wave or cylindri-

cal wave approximation.

2.4

Quite recently a series of three papers by Krajcinovic, Srinivasan and Valentin (1976)
and Srinivasan, Krajcinovic and Valentin (1977, to be published) was devoted to the study of
load carrying capacity of a cylindrical pipe totally enveloped by the infinitely extended
fluid and subjected to an internal, axisymmetric pressure pulse. Since the energy released
in a typical design basis accident can be much larger than the total elastic energy which
can be stored within a stretch of pipe, and since the duration of the pressure pulse is
typically much shorter than the period of natural vibrations the pipe was approximated by a
rigid-ideally plastic model. In addition, the infinitely extending fluid was modeled as
incompressible.

Nevertheless, the ensuing Neumann problem for the potential equation in the exterior of
a right circular cylinder does not admit an elegant closed-form solution. Making use of
Fourier transform the problem was reduced to an integral which is subsequently integrated by
means of asymptotic expansions near two limits (0 and =) and the Filon's quadrature in the
rest of the domain.

The radiated fluid pressures are determined for a simple deformation mode characterized
by two moving and one stationary plastic hinge. The pressure is then approximated by a cubic
polynomial through a series of regression analyses. Finally, the plastic deformation of the
shell was computed by means of a rather straightforward numerical solution of two nonlinear
ordinary differential equations. The obtained results demonstrate strong influence of fluid
on diminution of the maximum plastic deformation. Typically the maximum plastic deformation
of a typical pipe is decreased through the presence of water by a factor of 2 to 3 in com-

parison to the deformation in vacuum.

3. Transient Interaction Problems with Variable Wetted Surface

The second large class of transient problems consists of so-called hydrodynamic impact
problems (associated with structures falling onto the water). The interest in this type of
problems motivated initially by landing of seaplanes and ship slamming has been rekindled in
the last two decades in connection with retrieval of spaceships. Needless to say, the
problems of this type are not typical only of seaplanes, spaceships and torpedoes. Problems
encountered in the design of offshore drilling platforms or a nuclear power plant containment
suppression system also belong to this class.

The exact formulation of the hydrodynamic impact problem would involve a

(a) structure responding in an elasto-plastic mode with possible influence of strain

rates on the magnitude of yield stress, and a
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(b) viscous and compressible fluid

Possible development of turbulence and probable occurrence of cavitation (especially in
case of blunt bodies, or in later stages of penetration) would further complicate the problem.
The mathematical model (even if these last two effects are ignored) consisting of two
systems of partial differential equations (governing the motion and deformation of the
structure and flow of the fluid) coupled through a condition on a moving boundary (expanding
wetted surface) is enormously complex and quite definitely beyond any hope for an analytical
solution at the present time.

First papers on this topic, dating prior to the advent of present day computer, were
concerned with the impact and subsequent penetration of a rigid body through the incompress-
ible fluid (von Karman, 1929; Wagner, 1932; Sedov, 1934; etc.). Almost as a rule all of
these solutions were concerned with a two-dimensional problem of a wedge (for which the fluid
flow is self-similar). The first solution belonging to von Karman (1929) is based on the

principle of momentum conservation
movo - (ma+m0)V (11)

where my is the total mass of the rigid body, VO and V its velocity at the incipient
impact and at an arbitrary time thereafter, correspondingly. Finally, ma(t) is the added
(apparent, virtual) mass reflecting the resistance of the fluid particles being displaced by
the penetrating fluid. Quite obviously this fluid resistance depends on the extent and shape
of the wetted contour which keeps changing until the penetration is finally fully completed.

Equation (11) can be rewritten in the form

d _
I (M +m )V =0 (12)
such that
dv dma
myem) g rag V-0 (13)

The solution of the equation of motion (13) requires determination of the added mass ma(t),
representing one of the classical problems of the Fluid Mechanics (i.e., potential theory).

Neglecting the energy of surface waves (or considering the load to be impulsive), the
problem of added mass determination can be (as shown by Sedov, 1934) reduced to the solution
of the potential flow about an obstacle bounded by the wetted surface and its reflection in
plane of zero velocity potential. The ensuing mixed boundary value problem of Neumann type
can be recast into a Dirichlet problem by means of a complex velocity potential.

This exact formulation is easily applied in case of simple body shapes such as wedges.
The solution essentially involves conformal mapping in two-dimensional problems and construc-
tion of fundamental potential functions on the multi-sheeted Riemann space (Shiffman and
Spencer, 1947) for three-dimensional cases.

The problems are compounded if the effect of piled-up water is accounted for. In other
words, the line of zero potential is defined either

- as the initial water surface (von Karman, 1929), or more appropriately

- as the maximum level of the piled-up free surface of the water (Wagner, 1932)
In case of a wedge the difference is reflected through a factor of m/2. The contour of the

free-water surface is computed by integrating over time the upwash velocity. This integration
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leads to an Abel's integral equation which in many cases (especially when the wetted contour
is given in terms of a finite power series) leads to a closed-form solution. While it was,
quite surprisingly, not recognized that the governing equation was in fact an Abel's
integral equation admitting a closed-form solution in many cases several authors (Povitskii,
1939; Milwitzky, 1952; etc.) approximated the actual contour of the body with an appropriate
power series in order to solve the problem.

From a structural standpoint, the main contradiction of the rigid body model was the
fact that the pressure at the initial moment is predicted as infinite while the structure
(subjected to this infinite pressure) was considered as undeformable. The problem was some-
what alleviated by considering the fluid to be compressible. Instead of infinite values the
initial pressure at the stagnation point was found to be pcV (where p is the initial
density of the fluid, ¢ the speed of sound in unperturbed fluid and V the impact
velocity). However, the compressibility was found to be of some significance in case of
moderate impact speeds VO <<c only in case of blunt bodies during a period immediately
following the impact (characterized by supersonic speed of flow along the body contour} with
duration measured in fractions of milliseconds (see Skalak and Feit, 1966).

The rudiments of the actual interaction problem involving determination of mutual de-
pendence of contact pressure and deformation are due to Pabst (1930) who approximated a
hydroplane by a model consisting of lumped masses intercomnected with springs. Povitskii
(1939) solved the problem by assuming that the deformation of the structure is related to
the associated increment in upwash velocity in the same way as penetration is related to the
original upwash velocity (i.e., through an Abel's integral equation). His model leads to
rather simple solutions which were, unfortunately, not tested against more ''exact" solutions,

For reactor applications of most interest are the papers dealing with hydrodynamic
impact on cylindrical bodies. The solutions of this problem based on various models (expand-
ing circular lens with no upwash, growing circular arc with upwash and ellipse fitting of the
submerged part) has been summarized by Fabula (1957). The strictly analytical solution for
the deformable shell problem has not been derived as yet.

In fact even the numerical solution of the problem is not a trivial task. One of the
first attempts is due to Chu (1960) who used the finite difference method in order to solve
the two-dimensional problem of a rigid circular cylinder falling on the surface of incom-
pressible fluid. The computation proved to be very sensitive with respect to the mesh size
and time increment. Since only the results for the very early time are present, there is at
least a suspicion that the severe distortion of the mesh has a detrimental effect on accuracy
during the later stages of penetration. A decidedly more successful effort is that of
Wilkinson, Cappelli and Salzman (1968) who presented a numerical solution of the hydrodynamic
impact on an elastic shell of revolution (landing of a re-entry vehicle on the surface of
water). Their procedure, however, consists of numerical integration of the governing dynamic
equations of shell motion. The hydrodynamic pressure is expressed in the form of a double
infinite series of integrals,

The mere complexity of the transient structure-fluid interaction problem is a strong
motivation for application of experimental techniques. The first step in that direction
consists of formulation of a similitude analysis. While the number of papers dealing with

experimental aspects of this problem is too large to allow compilation of a complete list in
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this review some of them still merit our attention. In particular a paper by Nevill,
Morales and Horowitz (1968) investigating the hydrodynamic impact of a shallow, thin shell
identifies on the basis of a series of test parameters of little or marginal significance
for the structural response. The already mentioned paper by Srinivasan, Krajcinovic and
Valentin (1976) establishes a list of non-dimensional w parameters for the problem in

question.
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