Proceedings of the ASME 2010 3rd Joint US-European Fluids Engineering Summer Meeting and
8th International Conference on Nanochannels, Microchannels, and Minichannels
FEDSM-ICNMM2010

August 1-5, 2010, Montreal, Canada

FEDSM-ICNMM2010-30861

FLUTTER INSTABILITY OF A FLUID-CONVEYING, FLUID-IMMERSED PIPE
AFFIXED TO A RIGID BODY

Aren M. Hellum * Andrew J. Hull
Ranjan Mukherjee Advanced Acoustic Systems Division
Department of Mechanical Engineering Autonomous and Defensive Systems Department
Michigan State University Naval Undersea Warfare Center
East Lansing, MI 48825 Newport, Rl 02841
Email: hellumar@msu.edu email: andrew.hull@navy.mil
Abstract nal velocity than the cantilever case at the same external spee

Studies of fluid-conveying pipes typically consider systems This point is critical; since it is the internal velocity which must
with an anchor at one or more boundaries, such as pinning or be “paid for”, by powering the system’s prime mover, reduction
clamping. These types of conditions are satisfactory in the study of the required velocity to achieve flutter has the potential to im-
of many common engineering applications, such as pipelines or prove the submersible’s efficiency.
heat exhangers. However, a small, fish-like submersible pro-
pelled by a fluttering fluid-conveying pipe requires boundary
conditions which account for the relative freedom at both ends 1 Background
of the pipe. A submersible of this type achieves its propulsion 1.1 Fluid Conveying Pipes
by a combination of jet action and thrust produced by the flut- The dynamics of fluid-conveying pipes have been well-
tering pipe. A simple model of this type of vehicle was devised, studied in the literature, both with [2] [8] and without [7] exter-
consisting of a rigid body affixed to a fluid-conveying pipe. The nal flow. In this section we will review the relevant equations for
applicable linearized boundary conditions were derived, and this these systems, and provide one method of determining the ol
rigid-free case can be shown to be a generalization of both the set of flutter instability. The equations of motion for a cantilever
free-free and cantilever conditions. The equation of motion of pipe conveying fluid with velocity) and immersed in inviscid
this rigid-free system approaches that of the cantilever and free- fluid flowing with velocityUe are as follows:
free systems for appropriately large and small rigid body masses,

respectively. “Intermediate” values of (hon-dimensional) rigid d%y 2 5 0%y

body mass, in the range corresponding to a proposed physical re- El BN +(MU”+ MeUe)W

alization of the system, were investigated. Consistent with prior 02y 92y

work, it was found that, with the addition of external flow gen- +2(MU +MelUe) = or + (M+M+Me) 25 =0 (1)
erated by the forward motion of the submersible through still dy

water, the onset of flutter instability can be achieved for lower y(0,t) =0 d_x(o’t) =0

values of conveyed (internal) velocity than would be required in 22 P

the absence of external flow. Furthermore, the onset of flutter _y(|_,t) =0 —g(L,t) =0

for certain rigid body masses can be achieved at a lower inter- 0x2 ox

Here,y(x,t) is the displacement of the pipe as shown in Figure
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y T _ @ We may define the non-dimensional velocities, u. and the
UL e : /L u (i mass fractiong;, Se as follows

: X — k—dx 'V M 1/2 Me 1/2
dx i — —_ UL = e U L
oo (a) vowe(g) v
FIGURE 1. A fluid-conveying pipe, with a magnified view of a small M Me
length element. hi= <m) Pe= <m>

Equation 1 may now be written in its non-dimensional form,

oY 5, 5 0%
o/ axa H Ut gxa
| | N 9%y 9%
8 QD/ O +2 (Bil/zui + Bel/zue) aXaT T2 0 3)

If a separable form is assumed fgfx,t) such thaty(x,t) =
. f(x)€, the above yields the equivalent nondimensional expres
T sion

— jwT
FIGURE 2. A finned tube arrangement, with internal fluid-conveying Y(X,T) = @(X)e (4)

diameteD and tail sparg. At right, surrounded by a dashed line, is the ) ) _ )
area responsible for the added external mass, equas} to%zL, where where the nondimensional frequenayis defined as:

P is the density of the external fluid. 12
m+M+M
W= (%) QL2

1. E, I, L represent the Young’s modulus, area moment of iner- Separation yields the ordinary differential equation and boundar
tia, and length of the pipe, respectively, M, Me represent the conditions
mass per unit length of the beam, the internal (conveyed) fluid

and the external fluid. The masses per unit length of the beam dto 5 o d% - . do
and internal fluid are straightforward, but the external fluid mass dx4 () dx2 +2(Biui + Bee) deX
requires approximation. The added mass coefficient [10] can be —w?p=0 (5)
used to approximate this mass. As one example, the added mass _ _
: . e ; 90)=0 ¢(0)=0
associated with a cylindrical beam is equal to the mass of wa- , "
ter displaced by the cylinder. For thin cross sections, such as a ¢'(1)=0 ¢"(1)=0

flat plate, the added mass is equal to the mass of water within a

cylinder which circumscribes the plate. A “finned tube” arrange- The solutiong is assumed to be of the forp(X) = Ae”. For
ment well suited to providing both a fluid conduit and a tail of specific values otii, Ue, fi, Be, the characteristic polynomial
adequate span is depicted in Figure 2, with the area responsibleof Equation 5 provides four roo, wherez, = z,(w). The
for added external mass marked. The authors note that Equationsolution of@(X) therefore takes the form

1 is a simplified version of the equations of motion as presented

in [8], ignoring gravitational, viscous, pressurization and tensile P(X) = AP + Age?2X  AgeP® 4 Ay (6)
effects. Pressurization effects are negligible because we are mod-

elling a submersible operating at depth and pumping water at that Substitution of Equation 6 into Equation 5 yields the identity
depth. Equation 1 may be non-dimensionalized via the following

change of variables: 1 1 1 1 Aq 0
N D 3z L A 0
2en B Bk 24| |Ag| ~ |0 ()
X Y L<L>”z o zeh ze? 7t zet] (A 1O
L L L2 \ m+M+ Mg z A 0
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Re(w)

FIGURE 3. Argand diagram of the first three modes of a fluttering
cantilever pipefs = 0.2, B =0.

A non-trivial solution (forw) of Equation 7 is obtained by nu-
merical evaluation of the roots d@et(Z) = 0. This equation
has infinite roots inw. The real and imaginary parts the first
three roots are plotted in Figure 3 f8r= 0.2, B = 0. This fig-

Ue y /

FIGURE 4. The proposed submersible. The linearized form of the
equations of motion means thatL are constants, not relatedyx,t).

1.2 Motivation

Fish-like propulsion has been a topic of interest in the aca
demic community for more than 60 years, and several roboti
platforms have been built (see [11]) to exploit the phenomenor
The combined mechanism proposed here (Figure 4), in which
fluttering fluid-conveying pipe provides thrust by both tail and
jet action, has also been implemented. That system, construct
in the mid-1970’s by Paidoussis [5], was found to produce posi

ure, called an Argand diagram, is composed of three branches,ive thrust only if the phase velocity of the tail displacement was
each one the locus of a vibrational mode. These loci are formed 9reater than the forward speed of the vessel. That work and tF

by first obtaining the real root of each modeuat= 0, which
match those of a regular, non fluid conveying cantilever beam,
then findingw numerically asu is slowly increased. The onset
of flutter instability in mode two is marked in Figure 3 where its
locus crosses the imaginary axis. Substitution of Equation 6 into
Equation 4 yields

4 _
YXT) =Y AeeT
n=1

g (Imzn]X+Re[w]T) g—Im{w]T
—— e — —
(ii) (iii)

4
= An ghelznlX 8
nZl e (8)

V)

Y (X, T) is a product of three exponential terms of which the first

term is bounded (since X is bounded), and the second term is

periodic since the exponent is imaginary. The third term is un-
bounded with time ifimlw] < O; if Re[w] > O, this represents
the onset of flutter instability. The mode and velocity at which

the pipe becomes unstable depends on the fluid mass fractions

Bi, Be- Though not necessary for determining the natural fre-
quency () and wavenumberg{) of the system, the coefficients
An may be determined by computing the nullspace of the matrix
Z in Equation 7, oncev, z, have been determined. These coef-

accompanying patent [6] are primarily experimental in nature
and contain a variety of construction details for their system, a
well as the thrust optimizations performed.

Thrust production via a high phase velocity traveling wave
was described first in an early paper by Lighthill [4], which used
slender body analysis to approximate the thrust produced by &
idealized fish. Lighthill found that a traveling waveform, for ex-
ampley(x,t) = f(x) cogkx+ Qt), with phase velocityp = Q /K,
may be used to propel a body at some spdeavhereP > U.

As the reader is no doubt aware, Equation 8 is the sum of fou
traveling waveforms. Per the predictions of Lighthill, a wave-
form with dimensional wavenumber and frequery Q will
only have positive thrust if

P
Ue

Q/Z,

1
Us

>1 or

This dimensional constraint is equivalent to the non-dimensione
requirement that

w Ue
% B2 9)
wherew/z, is the waveform’s non-dimensional phase velocity.
The system described by Paidoussis in [9] is described collo

ficients are needed to estimate the force exerted by the beam onguially in that work to have a (single) phase velocity while oper-

the surrounding fluid, discussed presently.

ating, which was measured by direct observation. While simple
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to determine experimentally, determination of positiveitiiby

the phase velocity is not straightforward in the context of Equa-

tion 8 in that four traveling waveforms of different, spatially vari-

able amplitudes and phase velocities are propagating down the F

pipe. Itis easier to estimate the thrust by the method laid out by TW (e
both Lighthill [4] and Wu [12]. In those papers, a slendiésh is

considered, and has displacement from its neutral position equal

toy(x,t). The time-averaged thrustprovided by this displace-

ment is given as:
9 FIGURE 5. Rigid body boundary conditions.

. . of the hull be accounted for in modeling the dynamics of the
Me([y2 —Uey?l, | — V- Ue)/z]xo) (10) tail-like pipe. A surface vessel does not have a unique relation
ship between the vessel's displacement and weight, only requi

In Equation 10, the overbar refers to a time average over a long mgbthat |f[bf|1ave p95|t|ve bgoyagcy, Whir.ef"‘s ar?eutrally—blljloyzlz
time. Both Lighthill and Wu derive the expression without the submersible requires a reduced mass it it is to have a smaller di

assumption of harmonic motion; if harmonic motion is assumed, placement. A Sma”eT _d|spla9eme_nt leads to Iowe_r d_rag and ir
the time average over a single cycle is sufficient. Note that Equa- creased maneuverability. While this proposed device is perhaps

tion 10 differs slightly from that found in [12] Wu’s assumption !ess "pure” example of fish-like propulsipn tha_n othe_r platformg,
that no mass is affected at= 0 is relaxed, since we are dealing it offers many of the same advantages, mclludlng noise reductic
with a uniform tail, rather than a tapered fish which has zero area anc_i the ab|I|ty_ to_ safely quk near hume_m _d|vers and animals. .W‘
at the tip. believe that similar handling characteristics can also be realize

A similar expression is derived for the average poRee- by controlling the flow rate of the conveyed fluid, though this is

quired to provide the displacementst). This expression in- beyond the scope of this communication.
cludes the power required to generate the vortex wake, into which
energy is shed.

Nl

2 Fluid Conveying Rigid Body-Free Pipe
2.1 Boundary conditions

P= The linearized boundary conditions for a rigid bodyat 0

ueMe([y<y+uev>]xL—[y<y+uev>1xo) ay e

9%y %y  d%
Equations 10 and 11 may be used to form a definition for hydro- El 3+ Mg 2 g—axatz =0 (13a)
dynamic efficiency of the tail’s motions:
£19Y 4 (o M®)-2Y ey —o (13b)
TU ox? xot2 ot2

n== (12)
In Equation 13Mg refers to the mass of the rigid bodly, is the
Note that this efficiency does not account for power lost to inter- moment of inertia of the rigid body about the point 0, and?
nal fluid shearing in the jet, or external drag. The submersible’s is the distance between the origin and the center of mass of tf
total efficiency will therefore be somewhat lower after these ef- rigid body. The boundary conditions above are similar to those
fects are accounted for. found by Rama Bhat and Wagner in [1], with the exception tha
Analysis of the submersible device proposed here requires they have been derivedsat= 0 rather thax= L. Some simplifi-
the use of the rigid body boundary condition developed in Sec- cations have been made to obtain Equation 13. First, the expre
tion 2.1. This device, depicted conceptually in Figure 4 has a hull sions have been linearized, such thatésia dy(0)/dx, where
much smaller than that of the surface vessel used by Paidous-8 is the angle between the rigid body and the x-axis. Note tha
sis [9]. This reduced size and mass requires that the dynamicsthis linearization does not impose additional restriction beyonc
that required of the Euler-Bernoulli beam model. A more subtle
simplification lies in ignoring the effect of the external fluid ve-
LA good description of the meaning of “slender” as used here may be found locity on the dynamlc_s of the rigid body. While th? added mass
in §2 of Wu [12]. of the surrounding fluid may be accounted for by increasilag
2Equation (47) in that work) and Jy, terms analogous to thgy, yx terms from Equation 1
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are not present, and may be appropriate. A much more detailedfor the new boundary conditions, shown below:

version of the equations of motion for a submersible is derived
in [3], which accounts for acceleration in x afd as well as a
detailed accounting of external fluid and many other effects. The
equations presented in that work, however, are not analytically
tractable. Equation 2 may be applied to Equation 13 to obtain
the following non-dimensional expressions:

Y +ulY-AY)=0 (14a)
Y7 4 (@ + A2V —AY] =0 (14b)
In Equation 14,
B Mg ¢ D
H= (M+M+ Me)L A=p W= MgL2 (13)

Physically,u is the mass ratio between the body and the rest of
the systemA non-dimensionalizes the length, agg accounts
for the shape of the rigid body. Note that gsapproaches 0,

N N2 N3 Na| |A 0
G & & 4| |A| |0 17)
zZeh 222 BeB 72e4 | |As| |0
Zeh B2 BB et | (A 0
y IS

In Equation 171, ¢, are the moment and shear boundary con-
ditions found in Equation 14 such that

M =2Z— U ((W+A%)z0—A)
b= — Hw*(1—Az)

The proposed application, that of a fish-like submersible swim
ming with reasonably constant forward speed, requires that th
oscillations of the fluttering tail do not grow in time. The points
of neutral stability (m[w] = 0) are therefore sought in the, ue

parameter space. While it would be possible to determine thes

Equation 14 approaches the expressions for a free end, while ascurves by repeated examination of Argand diagrams like Figur

U approacheso, the equations approach the expressions for a
clamped end. The former point is trivial; to clarify the latter,
Equation 14 is rewritten below in the limit as goes tow, and
quantities shared by all terms are removed:

(¥ - AY)
[(4n+A%)Y = AY]

=0
0

Therefore

(P +A2)Y =A%
This requires that

Y =0 or

Y3=0

The conditiony; = 0 is impossible for a body of finite size, so
the former condition must hold. The zero acceleration condition
for a clamped end now follows trivially.

2.2 Method of Analysis
The equations of motion for the rigid body-free boundary

3, the number of points required to obtain a curve with high reso
lution renders this method prohibitively time-expensive. An au-
tomated method, similar in character to that used to build the
Argand diagram, is therefore proposed.

First, they; required for neutral stability ate = 0 is com-
puted by interpolating values of with the property m{w] = 0.
This is repeated foue = A, whereA is a small number. Sub-
sequent points may be found by extrapolating at a distance ¢
A from the last point to obtain a guess for the neutrally stable
Ui, Ue, then iterating near that guess. The “direction” of iteration
is important in this procedure; simply iterating un or ue will
fail in some regions of the parameter space. Iterating perpendi
ular to the guessed direction of the curve was found to give goo
results. A curve with sharper turns will require a lower value of
A to achieve good results; the lowest value required to comput
the curves in the current work was 0.02, with a velocity itera-
tion stepsize of 0.002. This velocity iteration stepsize was kep
constant, even whefy was increased, to minimize interpolation
error. Figure 6 is provided to illustrate the algorithm.

3 Dynamics and Applications
3.1 Stability in p-space

The stability of the fluid conveying pipe with rigid body-free
boundary conditions was assessed inuhe. space for various
values ofp, using mass ratio§; = 0.01, B = 0.9. The extreme
values forf3 are the product of a proposed implementation of

condition are approached in the same way as those for the can-the submersible discussed in Section 1.2. In particular, the larg
tilever, though Equation 7 is replaced by an equivalent statement value of 3¢ is due to the use of a high-aspect ratio finned tube

5 Copyright © 2010 by ASME
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FIGURE 6. Finding the curve of neutral stability. The two known 4 42 a4 46 48 5 52 54 56 58 6
points are marked with, the guess point with &, and the point found
with a[d. The iteration points include the guess point, and four others,
marked bye. The dotted line depicts the curve, which is not knaavn
priori.

FIGURE 8. Curves of neutral stability for various values pf at
low values ofu.. Note the proximity of all curves near the point
U = 5.3, Uue = 25. Forue < 2.5, the curves depict, from left to right,
u=o 52 1 0.7 0.66, 0.5 0.37.

S the search space, and to make sure that the algorithm used to fi

w has a starting guess sufficiently close to the desired root.
The difference between the low-and highu curves in Fig-

1 ure 7 is quite striking, considering the relatively small difference

in critical u; atue = 0. At low Ug, theu; required to create flut-

ter instability decreases with increasgd until approximately

U = 5.3, ue = 2.5. The proximity of all curves to this point is

037 " interesting, but the authors see no theoretical reason for this col

5 r\ ) fluence. A closeup view of this region is given as Figure 8. For

6

0.7
0.66

= 0.5

= values ofue > 2.5, the curves diverge. In general, lower values

of u require a lowew; at a givenue to achieve flutter instabil-

ity. This trend is most apparent fpr < 0.66. The “kink” in the

curves foru > 0.5 may be explained by reference to Figure 9.

7 8 Higher mass ratios undergo one or more sharp jumps in natur
frequency asle increases.

FIGURE 7. Curves of neutral stability for various values pf The
dashed line indicates the cantilever boundary conditjpr; «. The 3.2 Thrust characteristics

curves depicu =, 5, 2, 1, 0.7, 0.66, 0.5, 0.37. Equation 10 may be non-dimensionalized, and the averag

over one cycle computed, to give the average non-dimension

(Figure 2) as the pipe. Rigid body parametgis=1/3, A =1/3 thrustr*.

were used. These values correspond to a uniform cylinder with
length two-thirds that of the pipe. L T2 wy (B e o
Curves of neutral stability are depicted in Figure 7. For each “El a4 ./o <[Y Pe— UeY ]xfl
curve, the area inside the curve (toward the origin) is stable, and _
the area outside is unstable. Each curve was determined by first - [Yzﬁe— u%Y’Z]XO) dT (18)
finding theu; required to create flutter instability at = 0. ue
and y; are then perturbed along the predicted direction of the
curve, and the nearby point of neutral stability can be found. This The functionY (X, T) is found by the method laid out in Section
method of using nearby points on the curve is employed to reduce 1.1, and takes the form of Equation 8. Equation 8 has both re:

6 Copyright © 2010 by ASME



FIGURE 9. Critical frequencysxr, as a function otle. FIGURE 10. Curves of neutral stability fou = 0.37, 0.5, 0.66, 1, .
The thickened portion of each curve depicts the region of negative thrus

3.3 Hydrodynamic Efficiency

Similar to the expression for thrust, Equation 11 may be non
dimensionalized, and the average over one cycle computed, -
give the average non-dimensional powét.

and imaginary parts; only the real part is physically manifest, and
contributes to the thrust. Assuming neutral stability[] = 0),
the real part of Equation 8 is

4 . WMmY?Ls
Y(X,T) = ZeRe[Z”]Xx w :W*
n=1 2n
Wer [ wer 2 2n1/2ynN
(Re[An] cog(Im[z,]X 4+ Re[w]T) o /0 ( [Y BeUe — UgBe’ Y Y} 1
— Im[Aq] sin(Im[z]X + Re[w]T)) (19) - [Yzﬁeue —u2g’ ZY/Y} . 0) dT (20)
The expression for efficiency is therefore
The coefficientd\, in Equations 8 and 19 are found by comput-
ing the nullspace of the matrixin Equations 7, 17, respectively. "
. - . . U.T UeT_El U
Figure 10 shows curves of neutral stability with thickened re- n= Zet _ Lz _ e (21)
gions of each curve showing where the thrust is negative. Notice W o E2 W

that nou allows thrust-producing instability at = 0. This is Me/L3

physically intuitive — after all, a flapping flag does not generate

thrust! It is also interesting to note that systems with lower values Efficiencies computed via Equation 21 at various valueg: of
of u can produce thrust at lower than highu systems, though are given in Figure 11. Each curve considers the equation c
the higher mass systems have higher forward sp&gdi(is im- motion whenu;, Ue are such that the system is neutrally stable.
portant to remember, however, that merely having positive thrust Per the discussion in Wu [12], Equation 21 has meaning onl)
from the tail does not guarantee that a giwgnue point can be when the thrust is positive. Figure 11 therefore only contains dat
reached. The system’s drag and the thrust of the fluid jet will atu;, uelocations with positive thrust, the non-thickened portions
also govern the submersible’s top speed. Since the drag of theof Figure 10. The flatness of the curves depicted in Figure 11 fit:
system will, for a neutrally-buoyant vessel, be strongly related well with expectations about fish-like motion. That is, that the
to the displacement and mass, we will reserve these concerns fortype of motions employed by fish are efficient over a broad rang
a later work more closely tied to the physical realization of the of swimming speeds. This broad peaki® characteristic of a
submersible. typical marine propeller, which tends to be most efficient over &
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0.8

0.7r

FIGURE 11. Curves of efficiencyn, for u = 0.37, 0.5, 0.66, 1, co.
The waveforms used to compute efficiency are all taken from neutrally-
stable, thrust-producing regions of Figure 10.

narrow range of velocities. It is interesting to note the collapse
of the curves at lowg; for ue < 4, the efficiency is essentially
the same for all values @f. The curves’ flathess and collapse is
somewhat liberating from the standpoint of submersible design,

since it means that the hull's mass can be chosen based on other
needs, such as power source, drag, and buoyancy, rather than

hydrodynamic efficiency.

4 Conclusion

The equations of motion for an immersed fluid-conveying
pipe affixed to a rigid body have been derived, and the re-
sult compared to the classical [2] case of an immersed fluid-
conveying cantilever. It was shown that both the cantilever and

free pipe can be expressed as special cases of the rigid body

boundary condition, as might be expected. It was found that as
the mass of the rigid bodyu) decreases, tha required for in-
stability at a giveny; decreases, though this is not a strong func-
tion of u aboveu = 1. Estimates the sign of the thrust produced
by the fluttering pipe and the efficiency of that thrust have also
been computed. Regrettably, it is not possible to estimate the
magnitude of the thrust without an estimate of the magnitude of
the tail displacement such as might be gained through limit cy-
cle analysis. We are therefore not able to compare the “fish-like”
thrust of the fluttering tail to the “octopus-like” thrust of the jet
on the basis of this work in its current form. In [3], also sub-
mitted to this Symposium, we present a more detailed (though
analytically intractable) form of this work, and subject it to finite-
difference simulation. It was found in that work that the speed
of the submersible does increase as the magnitude of flutter in-

creases, indicating a netincrease in thrust. This is consistent with

8

the findings of Paidoussis [5] in his original communication on
the hydroelastic icthyoid propulsor. We also note that the effi-
ciency of the produced thrust is relatively insensitikeover a
large range ofle. This is consistent with observations of live
fish, which move with a waveformeminiscent of the travelling
waveform generated by a fluid-conveying pipe, though not one
we are able to reproduce in detail. It is therefore heartening the
one of the great advantages of fish-like propulsion is preserved
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