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Executive Summary

This research topic relates directly to the concentric pipe system designs in silo
or other mixing units. It has been found that concentric pipe mixers are better than
transverse mixers, and are currently used in silo mixing units. We foresee that in the
future approach flow system design or modification, concentric pipe mixers will be
used even more widely. Because of the fact that concentric pipe mixers have a long
suspended inner pipe (often as long as two meters), structure integrity in relation to
flow—induced vibration and pipe joint fatigue failure is one of the important design
considerations. To properly introduce the subject dealt with in this report, we
quickly summarize the research on the vibration of the concentric pipe systems.

The research approaches for this subject are two-fold: firstly, we set out to find
the resonance natural frequencies of the suspended pipe coupled with internal and
external fluid flows; secondly, we search for potential critical design information
when the pipe flows are pulsatile, which is often the case due to pressure pulsations
within the pipe flows.

To come up with critical design criteria concerning the dynamical behavior of
the tubular beam, we need to vary the pipe lengths, inclination angle, free surface
level, flow velocities, and pipe radii. We find that in addition to the introduction of

damping effects, the interaction between the inner tubular beam and the internal



and external fluids significantly reduce the natural frequencies. Furthermore, it
is found that the longer the outer pipe, the smaller are the natural frequencies
of the inner pipe, i.e., the increased confinement of the inner pipe increases its
effective (fluid added) mass. We also observe that varying the inner pipe length has
a similar, however, much stronger effect on the coupled system frequencies. The
physical explanation is that the inner pipe length determines directly the inner pipe
structural stiffness and mass (in fact, for a cantilever beam, the natural frequency is
inversely proportional to the square of the beam length), and the outer pipe length
only contributes to the fluid-structure coupling part. In general, if the structure is
more flexible, it is more susceptible to turbulence buffeting as well as to buckling
or flutter. We also show that the coupled system frequencies for the given design
configuration with different pipe lengths are between the lower and upper bounds
calculated for the two cases in which the inner and outer pipes have the same lengths
of [ and L, respectively. In addition, we find that the lengths of the pipes have a
much greater effect on the second coupled system natural frequency than the first
one. This result also matches the physical understanding based on the dependence of
mode shapes on the pipe length. Interestingly, calculations show that the inclination
angle and the depth of the submerged pipe system do not significantly influence
the characteristic behavior of the tubular Beam. Increasing the inner pipe radius
increases the pipe stiffness but also increases the external flow velocity and added
mass effects. At some point, the velocity and added mass effects overwhelm the
stiffening effect and the inner pipe frequency drops rapidly. In practice we want to
avoid the low frequency consistency and pressure variations introduced by the low
frequency vibration of the inner pipe, which may not be effectively attenuated. It

is also clearly indicated that as the outer pipe diameter increases, for the constant



volume flow rates, the natural frequencies of the inner pipe increase to a plateau.
This occurs because reduced confinement lowers the added mass effects on the inner
pipe and the external flow velocity decreases until these effects no longer change
with increasing outer pipe diameter. To further assist in the design of the pipe
system, we also show that the longer the inner pipe, the lower are the natural
frequencies of the inner pipe, but the larger are the damping ratios. With the same
outer pipe inner diameter, the smaller the inner pipe diameter, the smaller are the
natural frequencies of the inner pipe; however, the change of damping ratio is not
monotonic and there exists a region around such that the damping ratio is at its
lowest level.

In order to obtain the dynamical stability regions, we have to compute the mon-
odromy matrices and their eigenvalues at all parameter spatial grid points within
a parameter space subdivided into parameter spatial divisions. Because we do not
know a priori the structure of the monodromy matrix, and because a poorly con-
structed monodromy matrix can lead to incorrect conclusions of the dynamical in-
stability, we need to know the critical time step before the numerical integration,
and try to avoid the costly trial and error process. With the critical time step
problem solved, based on the mathematical model for a submerged concentric pipe
system with both unconfined and confined external flows, we have studied both
static and dynamic stability issues relating to the pipe system design and obtained
some interesting results (elaborated in the coming Report 8 of project F004).

For the steady flow case, we show that the fourth mode is the mode in which,
for a sufficiently high value of flow velocity, flutter instability can happen. We note
that friction forces have positive effects on avoiding flutter instability, and the longer

the outer pipe length, the less likely that flutter will occur. Similarly, friction forces



also have positive effects on delaying the buckling instability. However, the longer
the outer pipe length, the more susceptible the inner pipe is to buckling. A more
elaborate study on the dependence of the critical buckling velocity on the outer
pipe length, friction, and gravitational forces indicates that there exists a transition
region. In general, the effects of gravitational forces are not as significant as those
of frictional forces.

For the pulsatile flow case, although the numerical Floquet analysis is lengthier
than the Bolotin method, it includes both the parametric and combination insta-
bilities. The dynamic instability regions for different cases suggest that gravity and
friction effects are not as significant as the outer pipe length with respect to the
dynamic stability issues.

We have presented the ranges of both buckling and flutter instability for pipes
conveying steady flows for a case study. For the pipes conveying pulsatile fluids, we
have also presented two methods to determine the regions of dynamic instability.
We find that the outer pipe length is a more important design factor than gravity
(relating to inclination angle and submerge depth) and friction. For the inner pipe
conveying pulsatile flow, the lowest critical perturbation frequency is nearly twice
the second system natural frequency. Although we note that for current pipe sys-
tem designs with reasonable flow rates, the concentric pipe system is stable, the
procedures investigated in this work clearly provide tools in assisting the design or

modification of silo piping systems in general.




1 Introduction

Fluid conveying pipes are widely used in engineering applications. One of the design
challenges is to avoid pipe buckling and flutter under various operation conditions.
Initial work on such flow-induced vibration analysis was reported by Ashley and
Haviland [2], Benjamin [4] [5], and Paidoussis [10] [13]. A recent survey of this
subject is available in Ref. [16].

In the paper industry, one of the key components in approach flow systems is the
so-called silo water mixing unit, a cylindrical water storage tank with a constant
water level, as depicted in Fig. 1. The inner pipe protruding into the fan pump
inlet zone contains a higher consistency fiber stock, and the concentric outer pipe
collects the recirculated stock. In addition to the effects on the smooth operation
of impellers, the uniformity of stock consistency, and the minimization of pressure
variations [22], the turbulent jets coming out of the concentric pipes may introduce
severe oscillations in the suspended pipes, which can cause structural damages such
as fatigue failure of pipe joints. The flow-induced oscillations associated with the
submerged and inclined concentric pipes have been studied in Ref. [21], in which the
effects of various design parameters on the natural frequencies and damping ratios
are discussed.

In this paper, we consider stability issues relating to such pipe systems. In
addition to the divergence (buckling) and oscillatory (flutter) instabilities, we also
consider the possible dynamic instability induced by a pulsating flow [8] [15]. Apart
from the traditional approach of the Galerkin-Ritz method, with one or two terms
for the spatial series expansions, and the Bolotin method [7], we incorporate, in this
work, the spatial finite difference approach presented in Ref. [21] along with a direct

time integration for the computation of the monodromy matrix. The advantage of



