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INTRODUCTION

Fluid conveying pipes provide an interesting example in the theory of elastic
stability of structural systems. In general, the system is characterised by
the presence of forces due to Coriolis acceleration and nonconservative forces
in addition to internal and external damping. If the pipe line is curved and
not straight, additional centripetal forces due to the flowing fluid are brought
into play in the plane of curvature. The problem specifically and also in a
general mathematical form has received considerable attention by researchers in
the past (Gregory and Paidoussis, 1966; Unney et al. 1970; Chen, 1972; Ander-
son, 1975). 1In this paper, the problem of a pipe segment curved in the form

of a circular arc and made of a viscoelastic material is set up and its stabi-
lity characteristics studied.

GOVERNING EQUATIONS

In the pipe segment shown in fig. 1, R is the radius of the circular arc,® the
segment angle. The pipe material is viscoelastic of Voigt-Kelvin type so that
the effective Young's modulus is E* 3

E (1 + T ° 3F ), t being the time, m is the
mass per unit length of the pipe, V = uniform velocity of the fluid through the
pipe,; M = mass of the fluid in a unit length of pipe, © is the angular coordi-
nate along the pipe axis measured from one end of the pipe in the fluid flow

direction.

The state of deformation of the pipe axis is determined by the tangential dis-
placement u and the radially inward displacement w. If the circular axis is
considered inextensible
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The fluid in the pipe may be considered incompressible. An external damping of
viscous type with a coefficient C is also assumed.

Employing Hamilton's principle, the equation of motion with forces due to inter-
nal and external damping, Coriolis acceleration and the centripetal force due
to fluid flow is derived as
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In the above the following nondimensional quantities are employed:
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In addition the solution of egn. (1) must satisfy the boundary conditions at
the ends 6 = 0 and © =0 .

STABILITY ANALYSIS
The governing equation in general islthe form

u + S[§] + N[§] + G[§] = O
' (2)

with the boundary condition U[§]b =0

In the above, S, N, G, U are linear differential operators with respect to the
independent variable 6, (.) indicates differentiation with respect to time and
subscript b refers to the boundary. The operator S is supposed to be self
adjoint and positive definite with respect to the boundary conditions and the
operator N is nonself adjoint. Equations (2) correspond to a nonconservative
system.

The influence of internal and external damping on the stability characteristics
of such a system have been extensively studied. It is established (Leipholz,
1980) that in elastic systems subjected to nonconservative forces, small amounts
of damping have a destabilizing effect only when the ends are allowed to move.
That means, in pipes with clamped or hinged ends, the critical flow velocity

as calculated from the static criterion will be a lower bound on the stability
as influenced by internal or external damping. However, in pipes with free or
elastic end conditions the critical flow velocity is to be determined from the
dynamic stability criterion.

CLAMPED-FREE CASE

The boundary conditions for the clamped-free case are:
2
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in the egns. (1) and (3), one gets
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and six boundary conditions following from egn. (3).

In the above w the frequency of vibration of the pipe will in general be
complex. w- = O corresponds to the static buckling by divergence, imaginary
part being zero, corresponds to stable steady state oscillations, positive
imaginary part means stable damped oscillations. Dynamic instability by flutter
is indicated when the imaginary part of the frequency becomes negative. There-
fore, the critical flow velocity corresponds to the point when the imaginary
part of the frequency changes sign from positive to negative.

A direct method of investigation would be to write the solution of the differen-
tial egn. (5) in the form
_ 6 XHP where )\ are the roots of the characteristic
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equation associated with (5). The coefficients Am are to be determined from the

6 boundary conditions. Setting the determinant of the coefficient matrix of the
six equations set up to solve Am to zero an equation of the form
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can be obtained. The complexity associated with the solution of (6) arises from
the fact that ).m(m =1,...6) being the roots of the equation
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are themselves functions of unknown . An iterative method of solution is to
assume a trial value for w for any given v for solving for A from (7) to verify
if (6) is satisfied. The frequencies solved for different values of the flow
velocity are examined in a plot like in fig. (2) to determine the flow velocity
at which the imaginary part of )\ changes sign from +ve to -ve. In fig. (2) the
real and imaginary parts of @ are plotted and the numbers marked against points
on the curve correspond to the velocity.

A less tedious procedure is to solve egn. (1) and the corresponding boundary
conditions by Galerkin method in which the solution is assumed in the form
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where ¢n(e) are the normal modes of the freely vibrating elastic pipe without
velocity dependent forces.

INFLUENCE OF VELOCITY DEPENDENT FORCES

Since it is known that small amounts of velocity dependent forces have a de-
stabilizing effect, numerical studies have been performed to determine the
dynamic characteristics of circular segmental pipes for different values of
internal damping p, external damping Y and the Coriolis acceleration force
parameter B. The study is conducted for different segmental angles ¢ also.
Sample results are presented in figs. 2, 3 and 4.

CONCLUDING REMARKS

For pipes with clamped or hinged ends a static analysis, disregarding all the
velocity dependent forces would provide a conservative estimate of the critical
flow velocity. However, when the velocity of flow is subcritical, the dynamic
response under the influence of velocity dependent forces may be determined
from the foregoing equation. In clamped-free pipes the external damping does
not destabilize but small values of internal damping significantly affects the
critical velocity. However, larger magnitudes of internal damping improve the
stability characteristics of the pipe.
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