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I. Introduction and review

The pipes are universal structural components used in many technologies
as transporting means for gases, liquids and powders, (aircraft, ship structures, off-shore
structures, chemistry, nuclear power technology, etc).

The basic principles governing the design of piping configuration are: (i) space
economy; (if) metal economy; (iii) correspondence between the loadings and design
decision accepted.

In most cases of aforementioned technologies the complicated isometry is main
characteristic of the pipings, (e. g. the multitude of L-bows and one-span sections, dif-
ferent supportings, etc.).

The stream of publications on the piping investigations connected with the modern
technologies is quite dense, viscous and large. Due to these qualities and to appearing
of some unsteady vortices shedding, this stream is exclusively difficult to be kept
under observation. Its history is followed and systematized by some monographs,
e.g.[1,2 8,9 15, 16, etc.], by the special reviews [5, 10, 12, 13, etc.], and (at the end)
by the short reviews of the special publications referred to in the present contribution.

It is important to be mentioned preliminarily the attempts for parallel (theoretical
and experimental) investigation of the dynamical behaviour of pipelines under liquid
flow, reported in Ref. [1, 6, 7, 11, 12, 13, 14, etc.], and the fact that the experimental
results confirm the theoretical ones in a wonderful degree.

Exclusively methodical expositionof the flow-induced vibration philosophy one can
find inBle vin’s monograph (1977) [1]. The equation describing the beam-like vibrations
was deduced in the form:

4] (ENwV+p AU? w"+2p AUW' +(m+p A)w=0,
where (£7) — rigidity factor, p — liquid density, I/ — velocity of liquid flow, A — cross
section, m — tube mass per unit length.

The cases of pinned-pinned and cantilevered tubes under the action of liquid flow
with velocity U are considered in details.

The three reviews of Paidoussis (1982) [12]and Dzhupanov (1985) [4] & (1987) [5]
describe general aspects of the flow-induced vibrations and the classical hydroelasticity.
The reviews of Paidoussis (1974) [10] &(1987) [13] are devoted partially to the spe-
cial questions of the pipe instability under inner liquid flow.
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II. The problem

Five schemes of one-span pipes conveying longitudinally flowing inviscid,
compressible and heavy liquid are shown in Fig 1. The differences between them are
in the supportings. Following the terminology accepted one shall call them: A) hinged-
hinged supportings; B) hinged-clamped sup-
portings; C) clamped-clamped supportings+ N

CASE A

.. - A apparatus; D) clamped-clamped supportings+ Q
777777 apparatus; E) cantilevered pipe. The velocity
of the liquid flow U is one and same in all

eelis U : v points of the cross-section.
(A El v The natural frequencies of the hydroelastic
77 system (HES) “tube + liquid” are under question,
A CASE C U 2 ({); the vibration modes corresponding to the
. 5 4 natural frequences are sought also (if); the
# lowest critical velocities U; have to be deter-
mined, ({if). The components under considera-
4o R, IE tion are beam-like vibrating tubes with given
4 & cross-section A. We shall presuppose that A
is bounded by the circular cylindrical middle
CASE E [/ (— surface of the tube wall. The Bernouili-Navier
’; & assumption for the tube cross-section is taken
L l into account. The tube material is accepted
! as lineary elastic Hookian one. Another as-

sumption affirms that small dynamical deflec-
tions w(x, ¢) generate small perturbations of
the initial potential liquid motion. Here is accept-
ed that the perturbations have plane character and can be described keeping in mind
only the motion along the tube axis.

In case under consideration, independently of the fact that the axis deflections
w(h, £) are small, the Koriolis acceleration is considerable and must be taken into
account, Ref. [1, 5, etc.].

Fig. 1. Supporting types.

III. Solution

The function w(x, ) has to be a solution of Eq. (1) and to satisfy
the boundary conditions corresponding to the supporting types for every one of the
five cases. The difficulties for the solution originate from the existing of dissipative
member [2p AUJED]w!. Due to the dissipation a solution of Eq. (1) is convenient
to be sought in a form of running waves

(2) w(x, H)y=Aexpi(kx—ot), or w(x, t)=Bexpilkx+ot)

and to take the real part of the solution. Substituting these expressions into (1) one

can obtain both dispersion equations _
~ o - - A

A3) B2k 4+2K0k—0 0=0, g= R

p AU? = pAU

LA Py 4__
2El K= El @

where k& is wave number. We choose the Bubnov — Galerkin’s method as most success-
ful for our needs. Expressing the solution in the form

“4) (&, £)=W(E). e, (E=x/L),
and substituting into Eq. (1), we obtain the differential equation
®) W2 WH+ 2IKW'—QtW=0, where
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_pAl?,, - PAU ;4 i mtpA oy
(6) 9=—g L% K=—Ff—L%c, Q=—7p—0l"

The trial functions WA§) are considered by using the modes obtained for the “dry”
statical buckling of one-span pipes (for the five cases of supportings) under Eulerian
longitudinal force P.

Table 1
Trial functions

Case Trial functions series ’ Formula

W (€)=Z A,.sin mnat

m
CASE A m=1,2.3, ... )
sin RL=0; k,,=mn

W (€)=Z Ap [(sin &y E[cos ky)—Fky &)

CASE B tg kL=FkL ;k1=4,493, ky=7.7252 (8)
R3=10,904; ky=14.066 . k5=17.221

W €)= A4, (cos 2mn& — 1)

CASEC m=1,2,3,... ©)
cos kL=1; ky=2mn

W (&)=% A,, (cos mnt — 1)

CASED m=1,2.3,... (10)
sin RL=0; k,=mn
W €)=% Ay [cos (mn&j2) — 1]

CASE E  m=1,3,5,... (11
cos kL=0; k,=mn|2

In Table 1 for every supporting case the trial series, the equation corresponding

to Eq. A(RL)=0, (RL=FRy, Ry, k3, ..., k) and the first five eigenvalues are given,
The system of equations for unknown constants determination is

(12) [an] - {A;}=0, and taking

(13) Det [ax =0

the equations of eigen values are obtained. In the enlarged variant of the present work
the terms ay (k=1,2, 3,4, 5& =1, 2, 3, 4, 5) are described in details. If we rewrite
the matrix [ax] in developed form, the considered approximations are shown in
Table 2.

Table 2

Approximation orders
an ay a3 aia a1
as Ay a3 g sy
as1 ass dszs azy a3s

ay Ay VE] gy 71

asy ) a5z - Q54 35




VI. Numerical investigations and analysis.

The characteristics of the testing pipe are: outer diameter: 200 mm;
inner diameter: 190 mm; inertia momentum of cross-section: /=1,48395.10"%*m;
Youngs modulum of the steel material: £=206.10% kN/m?; cross-section rigidity .
EI=3056,937 kNm?; cross-section area: A=3,0615. 10—8 m?; empty pipe mass per unit
length: m==0,024498 kN2s/m?; liquid mass per unit length; M=0,028902 kN2s/m?;
Lmin=3 m and LmaX: 12 m.,

The second group of parameters having qualitative character includes: (i) the cit-
cular frequency (c); (i) the liquid velocity (U); (ii{) the span length (L). Eq. (14)
can be repvesented as
(14) Det [a,/(U, L, 6, ——)]=0,
where by a line the massive of all parameters of the first group are designated.

We shall consider them as known. Then in the space of the parameters (o, U, L),
Eq. (14) determines the complicated surface

(15) o=o(U, L),

which is used for an investigation of the dynamical behaviour of the HES, Fig. 2.
We would like to mention that to every pair of values of U&L, Eq. (15) puts into
correspondence fully determined value (values) of o.

This value can be expressed by real,
imaginary of complex number. The multi-
tude of all real o obtained by Eq. (15),
if U& L are given, forms a “spectrum of
HES natural frequences”. Real importance
have only the real ¢, where m=1,23,...,c0.

Eq. (14) produces real o only if the
velocity U is small. Then one shall obtain
that the pipe vibration will have statio-
nary character. We shall use the desi-

- gnation c=oc]*io, which clearly shows,
the critical character of the case U>U
where U] is the first critical velocity.

The appearance of Imo=0c; leads
to infinitely increasing vibration ampli-
tudes of whole HES {1, 2]. Really, putting
c=0,%io, into (4) one shall obtain

)5.

o]
200/ 300/ 400 bOO | 600
Afe e — Y S S

(20) w (x, &)= W(x).exp(io;t).exp (+o, 1)

which has two branches: exp(—ojf) &
exp (+0,¢). The {first of them provides the
steady pipe motion, as with the time 2,
the amplitudes decrease to zero. The second
Fig. 2. Stability relief o=o(L, U) for supporting branch provides unsteady motion of the
case C HES, as with the time its amplitudes
increase infinitely.

For all supporting schemes Eq. (15) was solved. The surface, which was obtained,
divides the space (o, L, U) into two domains: (/) the internal one (U< U;& L<LY)),
considered as stability domain, and (i) the external one, i. e. U>U;& L>L] — insta-

bility domain.
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o(L, U) for supporting

Fig. 3. Stability relief o

case A
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Fig. 4. Stability relief ¢

supporting case B
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Fig. 5. Stability relief c=o(L, U) for supporting case D

Fig. 6. Stability relief o=0o(L, U) for supporting case E

400 U
= -




However all reliefs of the first loop are shown in the above figures following

the order accepted in Table 1, see Figs 3, 4, 5, 6.

It is important to mention the assymmetry appearing in the last two cases

(Fig. 5 & Fig.6). We have waited to have any peculiarities in both cases, but the confluence

of

o, &0, in the 5-th octant of the space (o, L, U) has been surprising. Trying to explain

this as well as the fact that any indeterminacy in o,, computing has appeared we
have decided that this is due to the fact that we have used statitical trial function for
both typical cases.

Obviously, the reliefs considered are the bearers of all important information con-

nected with the determination of the lowest critical velocity of one-span pipings.
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