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The energetics of translating tensioned beams and fluid transporting pipes under fixed,
simply supported and free boundary conditions are analyzed in a generalized manner. The
conservative and non-conservative forces acting at the boundaries lead to energy transfer
between the translating continua and the boundary supports. The forces and associated
convective velocities are identified from the one-dimensional transport theorem. The group
velocity and the wavenumbers of propagating and evanescent waves in the dispersive
continua are defined. The time variation of total energy is represented in terms of the
impedances and the reflection coefficients of the propagating waves in the continuum and
the dynamic stability of the translating continua is discussed based on the energy
expressions. The critical fluid speed in a cantilevered pipe, at which the resultant energy
flux into the pipe at the free end vanishes, is determined by the use of travelling wave
solutions.
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1. INTRODUCTION

A translating, Euler—Bernoulli beam is the most common model of translating elastic
systems such as magnetic tapes, band saws, power transmission chains and belts, textile
and composite fibers, flexible manipulators and appendages under deploying motion, and
pipes conveying fluid [1-6]. The translating beams and pipes may lose stability by either
divergence or flutter. The translating continua undergo divergence instability when the
centrifugal forces induced by moving particles exceed the restoring forces on the continua.
The translating continuum with an asymmetric boundary configuration, such as a
cantilevered pipe conveying fluid, can lose stability by flutter at high transport velocity.

The dynamic stability of elastic systems under conservative or non-conservative forces
has received a significant attention [7-9]. Non-conservative systems can exist under static
loads and conservative systems can occur under dynamic forces [10] in some cases.
Contrary to the generally accepted notion that the total energy of free oscillation in
conservative elastic systems is conserved, the total energy of a translating beam with fixed
or simple supports varies periodically. The periodic variation in the total energy of the
conservative gyroscopic system is due to energy flux resulting from boundary forces and
the relative velocity of the moving continua at the stationary boundary. Energy flux into
or out of a translating tensioned beam at a fixed or simple support was studied by Wickert
and Mote [11]. They identified generalized forces leading to non-zero energy flux into the
beam. Barakat [2] also showed that the total energy of a travelling Euler beam without
tension is periodic.

1+ Now at the Department of Mechanical Engineering, Sogang University, Seoul, Korea.

0022-460X/97/300735 + 19 $25.00/0/sv960946 © 1997 Academic Press Limited



736 S.-Y. LEE AND C. D. MOTE, JR

As an extension of Part I [13] investigating the energetics of second order translating
continua, this paper studies the energetics of fourth order continua, such as translating
tensioned beams and fluid conveying pipes, with fixed, simply supported and free
boundaries. The generalized forces and the corresponding velocities resulting in energy flux
at the boundaries are identified. The group velocity and the wavenumbers of travelling and
evanescent waves in the translating dispersive media are defined and used to quantify the
energy transferred at the boundaries. Energy reflection coefficient, determining the energy
transfer, are represented in terms of the impedances and the amplitudes of the propagating
waves reflected from, and incident on, the boundary. The dynamic stability of the
translating continua under both symmetric and asymmetric boundary configurations is
then discussed based on the energy expression.

2. TRANSLATING TENSIONED BEAM

2.1. THE EQUATIONS OF MOTION

The linear equation of transverse motion of a tensioned Euler—Bernoulli beam travelling
at constant speed v between two supports is [14, 15]

57 2V apart Vg | = Poagr + El5gr =0, Xe(0, L), (1)

p<02W W ik W) ;W OW
where W(X, T) is transverse displacement, p is linear density of the beam, P, is tension,
and EI is flexural rigidity of the beam. Introduction of the dimensionless variables

x=X/L, w=WJL,  t=(T/L)JEllp, v=VLJp/EIl, P = Py(LYEI,
into equation (1) gives
Wi 4 20wy + 0Wae — P + Wew = 0, x€(0, 1). (@)

Here the subscript notation indicates differentiation. The critical transport speed for
divergence instability is determined from the time-independent equilibrium balance of
equation (2), giving v. = /P + n* for a simply supported beam, and v, = ./ P + 4=’ for
fixed supports [16]. For sufficiently high tension, these critical speeds reduce to v, ~ \/ P,
and the problem becomes essentially second order (string).

2.2. TRAVELLING WAVE CHARACTERISTICS
At subcritical speed, harmonic waves in a translating tensioned beam have the form

w(x, 1) = A @~ 3)
The wavenumber and frequency of the beam satisfy the dispersion relation
k*4+ (P — v)k* + 2vwk — »* = 0. @)

The wavenumber roots of equation (4) for the translating, infinite, tensioned beam include
two real roots and a conjugate pair of roots with a positive (and usually small) real part.
The positive and negative real wavenumbers describe downstream and upstream
propagating waves and the conjugate root pair describes evanescent (non-propagating,
spatially decaying) waves. The evanescent waves arise from a neighboring boundary,
discontinuity or applied force [17, 18]. The four wavenumbers k,, —k,, and kx + ik; are
shown in Figure 1 for P = 0 and 100. k; vanishes at v = 0, and it is asymptotic to zero
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as tension increases and/or transport speed decreases. k; is proportional to the time-rate
of decay of the evanescent waves, and increases with tension. The wavenumber k, for the
downstream propagating wave decreases as v increases, and the upstream wavenumber k,
increases with increasing v. Non-vanishing v renders the downstream wavenumber smaller
than the upstream one. The harmonic solution of equation (2) is

M}(x, l) — A{, e—ik,,,\’ eir/)l + Au eikux eiwt + A:l e(—ikk—kl)" eirut + AILI e(*ikk+k1)—v eiwt. (5)

Aqand A, are the complex amplitudes of the downstream and upstream propagating waves,
and Ay and A4; are the complex amplitudes of the downstream and upstream evanescent
waves. The phase velocities of propagating waves are ¢, = w/k, downstream and ¢, = w/k,
upstream. By the substitution of @ = k¢ into equation (4), the phase velocities are explicitly

obtained:
ca=v+ P+ ki, = —v+./P+k,. (6)

2.3. ENERGY PROPAGATION: GROUP VELOCITY

The phase velocity c¢/k is the speed of propagation of geometrical features of the wave,
while the group velocity ¢, = dw/0k measures the speed of propagation of the energy. The
group velocities of downstream and upstream propagation waves in the translating
tensioned beam become

0w 2k 4+ (P — vk, + vo 2k + (P — vk, — v R
Ced = By~ w — ok, S o + vk, :

The group velocity of a stationary beam ¢, = 2k*/w = 2\/;) is recovered from equation
(7) when P = v = 0. The group and phase velocities in the translating beam are plotted
in Figure 2(a—d) when P =0 and 100. In a zero-tensioned beam, the energy of waves
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Figure 1. Wavenumbers of a translating tensioned beam: (a) P =0 and v =2; (b) P =0 and w = 100; (c)
P =100 and v =2; (d) P =100 and w = 100.
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Figure 2. Group and phase velocities of downstream and upstream waves along a translating tensioned beam:
(a) P=0and w =100; (b) P=0 and w = 100; (¢) P=0 and v =2; (d) P =100 and v = 2.

propagates both downstream and upstream at the same velocity ¢, = ¢, for all v. The
downstream and upstream group velocities in a tensioned beam are not the same for v > 0.
At low frequency, the group velocity essentially equals the phase velocity (Figure 2(d)) as
in a string model. As a group of waves propagates through the beam, ¢, > ¢ indicates that
high frequency waves appear at the front of the wave group, travel to the rear and
disappear [17]. The difference between the group and phase velocities increases with
frequency.

2.4. EXPLICIT WAVENUMBERS

The wavenumbers of the translating continua are explicitly obtained from equation (4)
in special cases. When v = 0, the wavenumbers of a stationary tensioned beam are

ki=ko=(=P2+ /PlA+ )"  ke=0, k=(P2+/PlA+0?)? (8

and when P = 0, the wavenumbers of a translating beam are

2 2
ki=—5+ Jo+%, k=5+ Jo+T, k=

When v > 2,/w and P =0, k; is imaginary. The critical transport speed, v;, leading to
k; = 0 is plotted in Figure 3 when w = 1, 10 and 100. The critical speed v, increases with
tension and frequency. When v satisfies

2
. k= w—%. )

o
((OJES
(TR

v <0<, (10)
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the two evanescent waves in equation (5) become propagating waves, and harmonic waves
in the beam are represented by the following three downstream and one upstream
propagation waves:

W’(X, t) — Ac[l efi/\]”x eiml + 14(12 e*ikzlz-" eiu}z + Ad3 efi/((”x eiwl + Au eik,,x eiul[’ (1 1)
where
v / v _v v’ v / v’
k,ﬂ——z 4 2 - —w, k,ﬂ— - —w, 2—{— w+4.
(12)

When v > v, three downstream propagating waves with different phase velocities are
permissible for a single harmonic wave. Therefore, the wave motion in a translating beam
with a finite length, is characterized by the four propagating waves, when v is larger than
the critical speed for a wave of fundamental frequency (v > vi(w)). In this paper, it is
assumed that v < vi(w;) and the wave motion has the form (5).

3. PIPE CONVEYING FLUID

3.1. THE EQUATIONS OF MOTION
Consider a pipe (fourth order continuum) conveying fluids at a constant velocity U. If
gravitational forces, internal damping, externally imposed tension and pressurization
effects are neglected, the linear equation of transverse motion W(X, T) of the pipe becomes
[20, 22]
W 02 ’12 04

2
(my + my) o + 2m’U0X6T+ mU* 55 Ly ayr =0 xe(0, L), 13)

where m, and m, are mass densities of the fluid and pipe, and EI is the flexural rigidity
of the pipe. For the variables

x=X/L, w=W/L,  (=T/I*/El/im+m,), u=UL/m]EI

B = my/(m; + m,),
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Figure 3. The speed vi leading to k; =0 for @ = 1, 10 and 100; vx = 2\/; when P = 0.
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Figure 4. Wavenumbers of a pipe conveying fluid: (a) f = 0-2 and u = 1; (b) f = 0-2 and @ = 100; (c) f = 0-7
and u=1; (d) =07 and w = 100.

equation (13) is written in the dimensionless form
Wa+ 23/ Buws + 0w + W =0, x€(0, 1), (14)

where 0 < f < 1. When m,>»m,, f—1 and equation (14) becomes identical to equation (2)
for a translating beam with P = 0. The critical speeds for divergence instability are

U. =T, U, =2n (15)

for a pipe with simple and fixed supports, respectively. If tension is applied on the
fluid-flowing pipe (14), the normalized linear equation becomes

W+ 24/ By, + 1w — Py + Wow =0, xe(0, 1), (16)

where P is the pipe’s tension. The translating tensioned beam (equation (2)) and the fluid
conveying pipe (equation (14)) can be considered as special cases of equation (16).

3.2. TRAVELLING WAVE CHARACTERISTICS

For a harmonic travelling wave w(x, t) = 4 ¢ %9, the dispersion relation of equation
(14) is

It — 1k + 2./ puwk — w* = 0. (17)

The wavenumbers, k,, —k,, and kz + ik;, which are roots of equation (17), are plotted in
Figure 4, when f = 0-2 ((a) and (b)) and # = 0-7 ((c) and (d)). Contrary to the case of a
translating tensioned beam, the wavenumber k, of the downstream propagating wave
decreases initially with frequency and increases after a particular frequency. The
wavenumber k, also decreases initially with flow speed and increases (or ¢, decreases) at
high flow speed. However the wavenumber k, increases monotonically with increasing
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frequency and flow speed. The phase velocities of downstream and upstream travelling
waves in the fluid conveying pipes are

co=olki=Jpu+ Sk — (1 =P, co= —/Pu+ Jki— (1 — . (18)

4. ENERGETICS OF FOURTH ORDER CONTINUA

The total energy per unit length of the translating tensioned beam (2) is the sum of the
kinetic and potential energy densities:

E = 3w+ ow)? + 3(Pwi+ wi). (19)

The total mechanical energy E(¢) in the material particles within the fixed region 0 < x < 1
is

E(t) = f E dx. (20)

Because the beam transports mass at speed v, the time-rate of change of the total energy
is expressed in the one-dimensional transport theorem [13]:

E(t) = E, + vE| + 7)., (21)

where () =d/d¢, (), = d/0t. E, describes the local rate of change of energy within the
domain, the second term of equation (21) represents the net rate of outward energy flux
[19], and % denotes energy flux into the beam induced by the Coriolis and centrifugal
forces at a free boundary. The non-conservative energy flux vanishes at fixed and simply
supported boundaries. Substitution of equations (19) and (20) into equation (21) and use
of equation (2) give

E(t) = (Pw, — W)W, 4+ 0w )b 4+ woe(wy 4+ ow)b + F . (22)

The first two terms on the right side of equation (21) are expressed by the rate of work
by shear forces and bending moments at the boundaries. At an unconstrained boundary,
the instantaneous transverse velocity is w; + vw,, and the material derivative of the slope
is Wy + vw,,. Thus the energy fluxes, due to the boundary force and moment multiplied
by the convective velocities are observed.

For the pipe transporting fluid (equation (14)), the energy density becomes

E=1B0w + (u/y/Byw.) + 1 = Bywi + 1w, (23)
and the total energy rate

E(l) = —wxxx<w, + ﬁ wx>

1

u
+ M}xx<w7xt +—F— ijx)
' JB

1

+ 7

0

— Jl(l — ﬁ)uz,,(\;ﬁ w,\.> dx (24)

is obtained by substitution of equation (23) into equation (21) and use of equation (14).
The non-conservative energy flux # occurs when flowing fluid exits into or out of
unconstrained boundaries. The last term on the right represents energy flux from the
inertial force under transverse motions within the domain. It always vanishes over a cycle
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of travelling waves because of the 90° phase difference between the local inertia force wy,
and the convective velocity (u/\/B)w_\, [13].

4.1. SIMPLE SUPPORT

For a tensioned travelling beam with simple supports (w = w,, = 0 at x = 0 and 1), the
temporal energy variation (22) wtih % = 0 becomes [11]

E(t) = (Pwy — Wy )ow,ls. (25)

The shear force Pw, — w,,, at the fixed end does work on the material with instantancous
transverse velocity vw,. The sign of (Pw, — w,..)ow, in equation (25) is calculated using
travelling waves. For a downstream wave w(x, 1) = A ¢ % incident on x = 1, the force
and the convective velocity at the end are

Pw, — weo = —i(Pk + k})A e~k oW, = —1ivkA @ ko, (26)

Therefore, the force and convective velocity are in phase and the total energy increases
at the downstream support. For an upstream wave, the force and transverse velocity vw,
are always 180° out of phase and energy flux is out of the continuum (negative) at the
upstream end.

For the pipe conveying fluid between two simple supports, the energy variation becomes

E(1) = —(u//Bywemils. (27)

In this case, the shear force of the pipe does work with the relative transverse velocity
between the flowing fluid and the stationary boundary.

4.2. FIXED SUPPORT
In a translating fixed-fixed beam, the total energy flux with % = 0 becomes

E(t) = —ow? (0, 1) + ow (1, 1). (28)

The work is done by the bending moment w,, with the material derivative of the slope vw,,
on the translating beam. Energy flux into the beam is always positive at the downstream
end and negative at the upstream end. Under a symmetric boundary configuration, the
two energy fluxes with different signs at the downstream and upstream boundaries result
in a periodic variation of the total energy of free motion. For a pipe conveying fluid with
fixed boundaries, the total energy variation E(¢) is obtained by replacing v by u/\/B in
(28).

4.3. FREE BOUNDARY OF A PIPE CONVEYING FLUID

When the exit end of a pipe conveying fluid is unconstrained, the non-conservative force
convected by discharging flow is the only source of energy input, because the shear force
and bending moment at the end are zero. The non-conservative force acting on the
downstream free end is determined by Hamilton’s principle [24]:

6J‘$dz+ﬁ5Wdz=o, (29)

1 1

where ¥ = T — V is the Lagrangian function made up of the kinetic energy (7) and
potential energy (V) of the fluid-transporting pipe and d W is the virtual work convected
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by the non-conservative force Fi(z) which is not included in the Lagrangian. The
substitution of the Langrangian,

1 (' < u
L == w4+ 2 —= wow, + uw? — wﬁY) dx,
2 £ JB

and the virtual work by the unknown non-conservative force,
oW = Fi(t)ow(l, 1),
into equation (29) gives the boundary term at x = 1:
Wawr — Wi + (u/\//;)w, + u'w, + Fi}ow = 0. (30)

With the boundary conditions w,, = 0 and w,,, = 0 at the free end, equation (30) gives the
non-conservative force

Fi(1) = —/Buw,(1, 1) — uPw.(1, 1). 31

In this case, the Coriolis and centrifugal forces are applied due to fluid particles passing
through the end, unlike the case of the second order continuum where only Coriolis force
acts on a free boundary [13]. The dimensional value of the normalized force (31),

Fi(t)= —mUW(L, T) + mU'Wy(L, T), (32)

is equal to the result shown in references [20, 24]. The energy flux associated with the force
is

F = F(tw (1, 1) = —/Bu{wi(1, 1) + (u//B)we(1, w,(1, 1)} (33)

Accordingly, the time-rate of change of total energy in the pipe with a fixed—free boundary
configuration becomes

E(t) = —(u//BIWa(0, 1) — /Bul{w?(1, 1) + (u//B)w.(1, Hw (1, 1)} (34)

For small fluid speed, w.(1, /)w,(1,¢) >0 and energy decreases at both boundaries
(E(t) < 0). As uincreases, w.(1, 1) and w,(1, r) have opposite signs and energy is transferred
into the pipe at the downstream free end. The expression for a critical fluid velocity, where
the energy flux at x = 1 vanishes, is now examined by considering travelling waves. When

a travelling wave w(x, t) = A, € ~*¥ is incident on the free end, the force
Fi(1) = i/ Buda(w — (u//B)ks) e =+ (35)
vanishes when
ul/B = ofki= ca. (36)
By the substitution of (18) into (36), the energy critical speed is given by
u, = </ Bea=ka/BI(1 = B). 37

If u>u, the force Fi(z) is in phase with the transverse velocity at the free end,
w(l, 1) =iwAd, e ~*) and energy is transferred into the pipe over a complete cycle of
oscillation (% > 0). The energy critical speed for incident waves of frequency w» = 10 and
100 are plotted in Figures 5(a) and (b). There exist three regions f describing three different
mechanisms of energy transfer at the free end. At small f8, two critical speeds exist and
the magnitude of the wave energy increases only when the flow speed is between the two
critical speeds. At the second region of f with one critical speed u,, the wave energy
increases when u > u,. As f§ increases above a critical value, which is § ~ 0-952 in Figure
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Figure 5. Energy critical speed u.: (a) @ = 10 and (b) @ = 1000.

5(a) or f ~ 0-935 in Figure 5(b), no critical speed exists and then energy flux induced from
the free end is always negative at any flow speed.

Over one cycle T'=2n/w of free oscillation, the total energy, transferred from the
flowing fluid into the cantilevered pipe at both downstream and upstream boundaries,
becomes

AW = fTE(t) 4= JT<_\;B w2.(0, 1) — \/Bu{w,z(l, ) +ﬁwx(1, Hwi(l, z)}) dr. (38)

The speed producing AW = 0 is the critical speed for flutter instability of the cantilevered
pipe and can be determined from equation (38). Because energy is always transferred out
of the pipe at the upstream fixed end of the cantilevered pipe, the energy critical speed
u. in equation (37) gives the lower bound to the flutter speed u,. When u > u,, the total
energy flux is positive and self-excited oscillation occurs [21, 23].

If the pipe has free inlet and fixed outlet boundaries, as would be obtained when sucking
fluid through a cantilever, the non-conservative force

Fot) = </ Buw,(0, 1) + udw,( 0, 1) (39)

acts on the upstream free end. For an upstream incident wave w(x, ) = A4, €@ %, the
force

Fiy(t) = i/ Budu(e + (u//B)k.) e (40)

is in phase with the boundary motion w, = iwA4, ¢, and the resultant energy flux is positive
(F = Fo(t)w(0, t) > 0). Because energy flux at the downstream fixed end is also positive
((u/\/ PIwi(1, 1) > 0), the total energy over a cycle of free oscillation increases and the pipe
loses stability at any flow speed. At different boundary conditions, energy fluxes are
summarized in Table 1. It is noted that the sign of energy flux changes from negative to
positive when the downstream boundary condition changes from free to fixed or simple
support. This explains an interesting phenomenon, so called, instability by adding support
[21, 25]. For a cantilevered pipe conveying fluid at high speed (u. < u < u,) which is above
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TABLE 1
Energy flux in a pipe conveying fluid

Boundary fixed simple free
Generalized Force — Waax Wi —/ Puw, — wPw,
Convective velocity (u/\/ﬁ)w,\ (u/\/ﬁ)w“ w,
Energy flux at downstream end + + — (fu<uw), + (f u>u)

Energy flux at upstream end - — +

the speed for divergence instability, if the free end was slightly touched with a finger, the
pipe promptly buckled.

For a tensioned pipe conveying fluid (equation (16)) with free outlet and fixed inlet
boundaries, the energy critical speed is obtained in a similar manner:

u=/BI(1 — B)(P + k). (41)

As the special case (f = 1) of the tensioned pipe conveying fluid, the non-conservative force
acting on a downstream free end of the translating tensioned beam (equation (2)) becomes

Fi(t) = —ow/(1, 1) — v*w.(1, 1). (42)

In this special case, the energy critical speed (41) becomes infinite and energy flux into the
system at the free end is always negative at any speed. The applied forces and energy fluxes
at the different boundaries are summarized in Table 2.

5. GENERALIZED EXPRESSION FOR ENERGY TRANSFER

The energy contained in one wavelength 1 = 2n/k of a single harmonic wave 4 '@ ~*9
propagating along a translating tensioned beam becomes

E = J Edx = k(P 4 K)AA* = o Z AA*, (43)

where £ is the energy density of the translating beam and
Z =k(P+ K)o = (P+ k)/c (44)

is the mechanical impedance. The asterisk denotes the complex conjugate. By equation (6),
the impedances of downstream and upstream waves are

Zi=P+E) o+ VP+E), Z.=CP+ED)(—v+JP+E) (45)

TABLE 2

Energy flux in a translating tensioned beam

Boundary fixed simple free
Generalized Force Pw, — Wiy Wiy —ow, — VW,
Convective velocity UW, UWiy W,
Energy flux at downstream end + + -

Energy flux at upstream end — — +
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For a pipe conveying fluid, the impedances of downstream and upstream waves are

Z= k(N Bu+ Sl — (A= pd),  Z.=k)—/Bu+ Sk — (1 — p). (46)

Consider a harmonic wave, propagating along the translating continuum, incident on a
boundary of the medium. The energy AW, transferred into the continuum at the boundary
by the wave reflection over a period equals the difference between the energies of the
reflected and incident waves [13]:

AW = E,- — E,' = nw(ﬁf,A,A,* — g,‘A[A,'*). (47)

Here %, and % are the impedances of reflected and incident propagating waves and A4,
and A; are the complex amplitudes of the waves. The energy reflection coefficient,

R=E|E =2%,Zrr*, (43)

gives the exact expression for energy transfer between the translating continuum and the
boundary support, in terms of impedances and the reflection coefficient r = 4,/A;. The
reflection coefficient is evaluated using the boundary conditions of the support.

6. WAVE AND ENERGY REFLECTIONS

The energy transfer between a translating media and a boundary support, given by
equation (48), is determined by considering two waves propagating in opposite directions.
Wave motions with imaginary and complex wavenumbers never cause energy flow [26].
Only propagating waves with real wavenumbers propagate energy. Exceptionally,
evanescent waves are associated with energy flow only through the interaction between two
opposite evanescent waves [27, 28]. We will consider only a propagating wave incident on
the support to determine energy variation at a boundary. Attention to the propagating
wave is reasonable because evanescent waves arising at a boundary decay rapidly and are
negligible in most cases [29].

6.1. WAVE REFLECTION AT A DOWNSTREAM BOUNDARY

Consider a wave propagating downstream and impinging on the downstream boundary.
An upstream propagating wave and an evanescent wave are generated. From equation (5),
the harmonic wave motion at the downstream boundary is

W’(.X, l) — Ad efik‘,x eiw[ + Au eik,,.\' eiun + A; e(*i/\'R+k,) eiwl. (49)

Substitutions of equation (49) into the following boundary conditions give reflection
coefficients r = 4,/A, and r* = A;/ A4

simple support: w(l, 1) =0, w.(1,¢) =0,

_é_ _ ¢2l_ki+k§_i2k1?k1 rc_ﬂ_ kj_kl’_: . (50)
T Ay k- ki + kF— 12kek,’ T A, kK —ki+ ki — 12kek,’
fixed support: w(l, ) =0, w,(1,¢) =0,
_ ki + (ks — k&) o= ik, + ko) (s1)

ki —i(k, + kr)’ Tk — ik, + kr)’
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Figure 6. The reflection coefficients of a translating tensioned beam at downstream fixed, simple and free
supports for a wave of w = 100: (a) r when P = 0; (b) r when P = 100; (c) r* when P = 0; (d) r* when P = 100.

free support: W.\‘X(la 0) =0, W.\‘x.\‘(la Z) =0,

(kK i — k)
= \k) k= ikt ki)

B ik3(k, + k)
ki(ki — 3kx — 2kukr) — i{ki (k. + 3kr) — kz(k, + kz)} -

r¢= (52)

The reflection coefficients r and r for a stationary beam are recovered by setting v = 0
and P =0 (k, =k, = k; and kg = 0). This leads to r = — 1, r* = 0 for a simply supported
stationary beam, r = —i, = —(1 — i) for a fixed support, and r = —1i, r* = (1 — 1) for
a free boundary. The magnitudes of the coefficients r and r® are plotted in Figure 6 for
the boundary supports (50)—(52) when P = 0 and 100. The magnitude of r decreases with
transport speed for all the cases. Unlike the case of a translating string with » = 1 for any
transport speed [13], the reflection coefficient r at a fixed or simple support of the
translating beam varies with v. The magnitude of r at the fixed end is identical to that
at the simple support, although the phases of the reflection coefficients are different.
However, the magnitudes and phases of r¢ at the fixed and simple supports are different.
|| increases with the speed v at the simple support, while it decreases with v at the fixed
end. As transport speed increases, |r| and || at a free boundary become smaller. Finally,
the energy reflection coefficient using the reflection coefficient r of propagating waves is
given by

_E_(Z)\ « _k@P+k) .
R, = £ <5Z,,>'r = TP + kfz)rr . (53)

Similarly, the energy reflection coefficient for a fluid-transporting pipe satisfies

R, = (k}JKk))rr*. (54)
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6.2. WAVE REFLECTION AT AN UPSTREAM BOUNDARY

When a wave is incident upon the upstream boundary, it is reflected into a downstream
propagating wave and a downstream decaying wave. The wave motion at x = 0 following
the impinging upstream wave is

W(x, t) — Ad e—i/ct,,\' eiwt + Au eikux eiwt + A:] e(*”‘R*kI)X eiwt' (55)

Substitutions of equation (55) into simple, fixed, and free boundary conditions give the
reflection coefficients at each support:

simple support: w(0, 1) =0, w,(0, ) =0,

r_id__kf—k§+kf+iZkRk1 rc_if}_ ki —k; ) (56)
A ki— ki + ki + 2kek,’ T A ki —ky+ k4 i2kek,”
fixed support: w(0, ) = 0, w,(0, ) =0,
ki + ik, + kr) ' ik, + ka)
=000 = 57
—itki—kn) " = ike— ke)’ 57)
free support: w..(0, 1) = 0, w..(0, ) =0,
pe ku * ki + ik, — kz)
N ki) ki —i(ks — kgr)’
e ik (k. + k) (58)

T k(k} — 3k + 2kakr) — 1{k; (kq + 3kr) + ki(ka — kr))

The magnitudes of the reflection coefficients for the simple, fixed, and free upstream ends
are plotted in Figure 7. Both |r| and || increase with transport speed v. From equation

(@ / (b) /
/ //
/
8 — // — //
7 /
/ /
/! ,/
L ,/ L 7
— Free ,/ S
> Ve Free -
4+ - L
_-~" Fixed or simple 7

Ir|

Fixed

Simple Free -

| |
0 4 8 0 4 8
Transport speed (v)

Figure 7. The reflection coefficients of a translating tensioned beam at upstream fixed, simple and free supports
for a wave of w = 100: (a) r when P = 0; (b) r when P = 100; (c) r* when P = 0; (d) r when P = 100.
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Figure 8. Energy reflection R, and R, of a pipe conveying fluid at u = 1: (a) simple or fixed support; (b) free
boundary; ----, f=02; —- —-—, f =07, —, f=10.

(48), the energy reflection coefficient R, at the upstream boundary of a translating beam
is

R, = £~ 7](“(}) T ki)rr . (59)

Similarly, R, for a fluid-transporting pipe in terms of wavenumbers and r becomes
R, = (K}/k))rr*. (60)

7. DISCUSSION

The energy reflection coefficients R, and R, of a pipe conveying fluid at u = 1 are plotted
in Figures 8(a) and (b) for f =0-2, 0-7, and 1. As predicted in equations (25) and (28),
energy flux induced by the flowing fluid is positive (R, > 1) at a downstream fixed or simple
support and negative (R, < 1) at an upstream one. As f increases or frequency decreases,
the magnitude of energy transferred at the downstream fixed (simple) support increases.
At a free end of the fluid conveying pipe, the opposite energy transfer mechanism is shown
in Figure 8(b). Energy is always transferred out of the pipe at the downstream free end.
In this case, Coriolis and centrifugal forces are induced by mass transport through the free
end and do negative work. When f§ = 1, the energy coefficients actually become those of
a zero-tensioned beam translating at v = 1.

When a highly tensioned beam (P = 100) is axially moving, the dependence of R, and
R, on wave frequency is illustrated in Figure 9. At low frequency, the high tension produces
the dominant energy and the coefficients are essentially identical to those of a translating
string in Part I [13]:

Ri=(/P+0)/(/P—v)=12222, R,=(/P—0v)/(/P+0v)=08182. (61)



750

Rqand R,

S.-Y. LEE AND C. D. MOTE, JR

102 10*

Frequency ()

Figure 9. Energy reflection R, and R, of translating beams and strings with transport speed v = 1 and tension
P =100: (a) ——, translating beams (simple or fixed support); - - - -, fluid-flowing beam (free support), f=1;
————— , translating string (fixed support).

As the limiting case (f = 1) of a tensioned pipe conveying fluid (equation (16)) with a free
end, the translating tensioned beam gains energy at an upstream free boundary and loses
energy at a downstream one. The energy change at each boundary is asymptotic to zero
with increasing frequency because of the increasing contribution of bending to the total

energy.

The energy reflection coefficients of a translating tensioned beam as a function v are
plotted in Figure 10(a) when w = 100 and P = 100. Over one cycle of oscillation, the

Flow speed (u)

5 /
@ g

| Ry ./
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| - //////// Rd
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Figure 10. Energy reflection coefficient R, and R, when w = 100 and tension P = 100: (a) translating beam

(—) and string (- - - -) with fixed or simply supported boundary; (b) forth order (

tensioned pipes with free boundary.

) and second order (- - - -)
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magnitude of energy transferred into or out of the fixed or simply supported beam is
always smaller than that of a translating string with fixed supports, and the discrepancy
increases with transport speed. In this case, the critical speed for buckling instability is
v, = 10 for the translating string, v. = 10-482 for the simply supported beam and v, = 11-81
for the fixed supported beam. When f = 1, the energy reflection coefficients of both the
fourth and second order tensioned pipes at free boundaries are shown in Figure 10(b).
Energy flux into or out of the fourth order pipe is larger than that at the second order
one.

The wavenumbers, group velocities and reflection coefficients in the translating
tensioned beam are calculated for two cases of low and high frequency in Table 3, when
tension P = 100 and transport speed v = 1. For w = 1, the group velocities ¢, = 11-0012
downstream and ¢, = 9-0019 upstream are close to the phase velocities ¢, = ﬁ +1=11
downstream and ¢, = /P — 1 =9 upstream. The group velocity downstream is always
larger than that upstream because of translation of the elastic medium. The discrepancy
is small at high frequency w = 10°.

8. CONCLUSIONS

(1) At a fixed or simple support of the fourth order translating continua, the relative
velocity between entering or exiting material particles and the stationary boundary leads
to energy flux into the system. The energy flux is positive at a downstream boundary and
negative at an upstream one.

(2) At a free boundary of a cantilevered pipe conveying fluid, the Coriolis and
centrifugal forces which are induced by discharging fluids, do work on the boundary. The
sign of the energy transfer depends on flow velocity. A flow speed leading to zero energy
flux at the free end is determined by the incident wavenumber and the mass parameter
B. It gives the lower bound for the flow speed at flutter of the cantilevered pipe.

(3) Energy transfer from the boundary support into the translating beam is quantified
by the energy reflection coefficient without identifying explicitly the applied forces at the
boundary. The coefficient depends on the mechanical impedance and the ratio of the
reflected to incident wave amplitudes.
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