VOL. 14, NO. 4
ARTICLE NO. 79-2002R

J. HYDRONAUTICS

OCTOBER 1980

Potential Hydroelastic Instability of Profiled
Underwater Structures

L.E. Ericsson* and J.P. Redingt
Lockheed Missiles & Space Company, Inc., Sunnyvale, Calif.

Appendages on underwater vehicles are often given a cross-sectional profile that will produce low drag. The
potential danger is that if the profile shape is not selected carefully, the structural integrity of the appendage may
be endangered by hydroelastic instability. While static divergence is usually investigated, the potential for
divergent oscillations leading to destructive amplitudes is not recognized as readily. Structural damping, which
often is a saving feature for wind-induced loads, plays a completely insignificant role in a high-density fluid such
as water. The unsteady hydrodynamic characteristics leading to self-excited oscillations are derived analytically
and the means by which the dynamic instability can be minimized or eliminated are described.

Nomenclature

b =spanwise extent of appendage

c =]ocal chordwise extent

c, =root chord, ¢, = Cpax

D =damping in plunging oscillations

D’ = hydrodynamic drag coefficient,
c;=(0D'/8y)/ (pV?/2)c

d = maximum cross-sectional thickness

E =dissipated energy per cycle, Eq. (13)

F =hydrodynamic force, Egs. (2,4, and 5)

k =reduced frequency parameter, k= &/2

k4 =parameter in Eq. (20)

L = hydrodynamic lift coefficient,
¢;=(8L/3y)/(pV?/2)c

m =generalized mass, Eq. (1)

M = hydrodynamic torque coefficient,
C = (8M/3y)/ (pV?/2)c?

=hydrodynamic normal force coefficient,

c, = (8N/3y)/ (pV?/2)c

P(1) =generalized force, Eq. (2)

q =normalized bending coordinate

Re =Reynolds number based upon d and freestream
conditions

U, =vehicle speed or freestream velocity

|14 =local relative velocity

w =work

t =time

Xr =tail length, Fig. 15

¥y =spanwise coordinate, Fig. 1

z =lateral deflection, Fig. 1

a =angle of attack

o, =local trim angle of attack

1+9%: =maximum local trim angle of attack,
oty = {0y ) max» Fig. 9.

A =increment or amplitude

¢ =damping parameter, fraction of critical damping

$o =structural damping

[ =hydrodynamic damping

0 =angle-of-attack perturbation

7 =dimensionless y coordinate, n=y/b
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=location of elastic axis in fraction of local chord,
t,=(1+a)2

=parameter in Eq. (20)

=fluid density

=trailing-edge angle, Fig. 13

=normalized bending mode

=phase angle, Y =wt

<9 <D b e
s R
= Q

W, @ =natural frequency, e =wc/V

Subscripts

a =attached flow

f =buffeting force

lim =limit

M =tip value

s =separated flow

TH =theoretical value for attached flow

0 =initial value

1,2,3 =numbering subscripts in Eq. (16)
=undisturbed flow

Superscript

i =induced (e.g., Ac,, separation-induced

sectional normal force derivative)

Derivatives

Conz =dc,, /0(Z/V)

Cro =dc,/d0

Chs =effective damping derivative defined by Eq. (15)

q =0d?q/9t?

0 =90/0¢t

Introduction

HE underwater appendage considered is a long, can-
tilevered structure typical of telemetry receiving antennae
used to collect flight performance data from submarine-
launched missiles. Such temporary masts are neither
retractable nor are they designed to the same rigorous
specifications as the rest of the submarine. They must,
therefore, be designed to cope with the hydrodynamic forces
induced by sea currents and the motion of the submarine.
When the conventional circular cross section cannot be used
because of drag considerations, a profiled shape is a natural
choice. The present paper discusses how the partial flow
separation occurring on such nonslender cross sections leads
to dynamic stability problems similar to those of ‘‘galloping
cables.”” Although the cross section determines the dynamic
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Fig. 1 Geometry and deflection mode shape of underwater ap-
pendage.

instability, which therefore is not restricted per se to long,
cantilevered structures, the hydroelastic problem analyzed
here is for such a configuration.

Discussion

The structural integrity of the mast will depend almost
entirely upon the hydroelastic characteristics. Because the
structural damping is usually negligible for typical underwater
velocities, positive hydrodynamic damping is required to limit
elastic oscillations to amplitudes of acceptable magnitude.

An example of a low-drag underwater appendage of nearly
optimized structural design is shown in Fig. 1. Figure 2 shows
the experimental lift characteristics for a closely similar
teardrop-shaped cross section.? It will be demonstrated that
the negative lift slope for <20 deg can produce bending
oscillations (mode shape shown in Fig. 1) of unacceptable
magnitude. Various changes that can be made to the profile
shape in order to eliminate the negative lift slope will be
discussed. Of the possible fixes, the one usually preferred by
the design engineer will be discussed at length

Hydroelastic Analysis

The underwater structure illustrated in Fig. 1 will be
analyzed for bending oscillations. The equations of motion
can be written in the following form using standard notations

Mg (1) +25,04 (1) +w’q(1) ] =P(1) 0]

The generalized force P(¢) is given by the virtual work
done by the hydrodynamic forces and moments. (If W is the
work done, P=3dW/dq.)

For the bending degrees of freedom P(¢) is

dF
P<t>=§ & PO @
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Fig. 2 Normal force characteristics of 0070 section.

where

dF .
o - normal force per unit span
Ly

¢ () =normalized bending mode

There are three different types of generalized force

P(t) =P (1) +P, (1) +P,(1) 3)
where
P, (¢) =generalized force in separated flow
P, (t) =generalized force in attached flow

P, () =generalized force independent of body motion
(e.g., due to buffeting or vortex wakes).

In Fig. 1 the local cross-flow velocity is V. For small
perturbations z the section hydrodynamic force induced by
separated flow can be expressed in derivative form as follows
(the hydrodynamic acceleration derivatives are assumed
negligible compared to the structural counterparts)

z

= e, = 4
dy = 2 "y @
The corresponding expression for the attached-flow
derivatives is

dFa_pVZCC Z
dy 2 "y

®)

For pure bending oscillations Egs. (1-5) give the following

results}

Py (1)
m

G +20 (5, +8,+8)4(1) +o’q(t) = (6)

1All hydrodynamic interference-type terms, ¢, (z), associated with
the depth z of the cross section below the water surface, have been
assumed negligible.
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¢, and ¢, are defined as follows3:

b oV
pVc .
ot o= | 2 (et A7) 87 )y ™
o 4dwm
where y =nb.
Hydrodynamic Damping

It can be seen from Eq. (6) that a necessary condition for
bounded oscillations is the following

o8t >0 ®)

Equation (7) shows that in absence of forcing functions,
P(t) =0, aeroelastic instability will only occur if the total
normal force slope, ¢, +Afc,,, is negative.

Figure 2 shows that the gradually increasing separation on
the leeward side causes a negative lift curve slope up to a =20
deg. At higher angles of attack the leeside of the section no
longer dominates, because the separation point moves little
with further « increase. Consequently, a positive lift slope is
realized for a>20 deg. The results in Fig. 2 will be ap-
proximated as follows for the unsteady hydrodynamic
analysis

_ {—3.0.' fal <20 deg ©)

2.0: 20deg =a<90deg

Using Fig. 1 the lateral deflection z at y=%b is given as
follows for harmonic oscillations

7 =Azsinwt
Az=Az,¢(n) (10)

The lateral rate of deflection induces the following effective
angle of attack

w =wc/V (11)

Nonlinear Damping Analysis

The nonlinear damping analysis of Ref. 4, which in turn is
an extension of the methods presented in Ref. 5, will be
modified to apply to the present case of plunging or bending
oscillations. In the linear case the damping derivative c,; is
simply

Cni=0n0+Aicn0=(Cna)s (12)

In the nonlinear case one can define a linear measure c,; of
the energy dissipation per oscillation cycle, which becomes c,,;
when the nonlinearity disappears. For oscillations z = Azsin wt
one obtains the following expressions for the energy
dissipation per cycle

z
E=—S c,,dz=—c,;,;S I—/dz (13)
That is
to+27r/<.u d to+2m/w z
_ = t — >
=, el (3 )
Vo +27
= Sw c,cosydy /7rc5A§' (14)
(]
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Fig. 3 Damping distribution for first bending mode at ¢, =0 and
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Fig. 4 Net damping for first bending mode at o, =0.

or

2 Yo+m
Cpz = Y: S% c,cosydy (15)

Rather than using a high-degree odd power polynomial to
describe ¢, from data of the type shown in Fig. 2 one can use a
set of linear branches, which often will fit the data better than
a polynomial.

z z
et |5 l< o
Z z
Cp= Cna1a1+cmx2(-l_/—a1> Do = ,I_/'<a2
7 b4
c,,aloz,+c"a2(a2—a,)+cna3(—l—/—a2 v ' = a,

(16)
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Combining Eqgs. (15) and (16) gives
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For large amplitudes, when (o, /A{d) 2 < (a,/A¢{w)? < 1, Eq.
(17) simplifies to

2

c ey
TA{w

[(me2 _Cruxl )a1 + (cna3 +Crux2 )aZ] (18)

Az =cna3 -

For the approximation of the data in Fig. 2, expressed in
Eq. (9), one obtains

Cho, = —3.0,c,,.=2.0,c

noj nay —

0

noy =
a; =20deg=0.35and a,=90deg =1.57

Using this in Eq. (17) or (18) gives the effective local damping
derivative. For uniform flow, V=U_ =16 knots and the tip
amplitude Az,,/c, =15, the spanwise damping distribution
shown in Fig. 3 is obtained. The figure shows how the
negative damping of the inner sections, where the effective
angle of attack is less than 20 deg, is balanced by the positive
damping of the outer sections. The integrated net damping as
a function of amplitude is shown in Fig. 4 for U_ =8 and 16
knots. The figure gives the limit cycles (Az,,/¢,) jm =6.5 and
13 for the two velocities. As the structural damping has a
negligible effect, oscillations will diverge (or converge) to the
amplitude giving zero net hydrodynamic damping. Even for
U, =8 knots the limit cycle amplitude is Az,,/c,=6.5,
meaning that the tip amplitude is 6.5 root chords. For the
particular design considered this was 20% beyond the
structural capability. Thus, the design had to be changed.

Possible Fixes

The only realistic way to improve the situation is to change
the hydrodynamic characteristics of the cross section.
Structural means are inefficient. If the stiffness were doubled,
doubling @ in Eq. (14), the effect would be the same as
decreasing U, from 16 to 8 knots, provided that ¢(n) remains
the same. The root of the problem is the leeside separated
flow region (Fig. 2).? Changing the boattail angle (e.g., by
increasing the trailing-edge thickness, Fig. 5a) would delay
separation to an angle of attack «,>0. Other means of ob-
taining this result through so called “‘preseparation effects’’4
are shown in Figs. 5b and 5c. ‘‘Fixes’’ illustrated in Figs. 5b
and 5c would cause a drag increase, whereas the shape shown
in Fig. 5a is likely to cause a drag decrease.

If the above fixes are successful, the cross-sectional
characteristics will approach those of a regular airfoil, such as
NACA 0012 (Fig. 6), although the lift slope ¢,, may not be as
high. In this case one has to be concerned with the effect of
sudden, total separation of the leeside flow at a certain angle
of attack, a=ay. This is the dynamic stall problem, which
already has been investigated extensively (see Ref. 6 for a
recent review of the state-of-the-art). When normalizing the
damping relative to the attached flow or theoretical value, the
results of an analysis for an airfoil, such as the NACA 0012
(Fig. 6), become applicable to the present cross section.

An analytical technique has been developed that can, after
the latest extensions, fully describe the unsteady aerodynamic
characteristics of an airfoil describing torsional oscillations in
the stall region.”® But for an airfoil describing translatory or
plunging oscillations in the stall region, further development
is needed before quantitative prediction is possible.
Qualitative prediction was, however, demonstrated in Ref. 6,

amn

Fig. 5 Modifications causing attached flow at o <10 deg.

and the present analytic capability provides the tool necessary
for “‘analytic extrapolation’ from experimental data in the
present analysis. Liva et al.® have measured the ‘‘damping in
plunge’’ of airfoils describing translatory oscillations at trim
angles of attack near stall, o, =« (Fig. 7). As can be seen, the
oscillations may be undamped for «,=co,. Whether or not
negative aerodynamic damping is encountered depends upon
the magnitude of &, see Eq. (4). Thus, | & |=&Az/c, =wAz/U,,
is the relevant parameter. The decrease of damping due to
stall is inversely proportional to this parameter.® Figure 8
shows that the experimental results of Ref. 9 are bounded by

=—o.08/‘—°Uﬁz (19)

o

AD

TH

Using this upper limit gives the results shown in Fig. 9. The
figure shows how the stalling outer sections decrease the
damping from the attached flow or theoretical level. The top
part of the figure, representing a continuously changing cross
section, shows results that are idealized to the extent that it is
assumed that stall starts at a spanwise location (n) when
a(n)=a,. Helicopter stall flutter tests!® indicate that the
spanwise correlation effect of the blade oscillations in bending
causes the flow separation to spread inboard. Thus, the stall
did not start at the tip and spread gradually inboard with
increasing «; instead, stall started simultaneously on the outer
40% of the blade. But from the observed effect of flow fences
and chord discontinuities on wing stall, one would expect that
for a geometry representing a telescoping structure, such as
that shown in the bottom part of Fig. 9, the stall would jump
from section to section. Consequently, the damping
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distribution for the telescoping design is more realistic, and its
integrated net damping is used, giving the results shown in
Fig. 10 for different angles of attack at U, =16 knots. The
limit cycle amplitude, the Az value giving D/D,4 =0, is of
rather modest magnitude compared with the results of Fig. 4.
Whereas the limit cycle amplitude for the original cross-
section in Fig. 4 is largest for a, =0, the limit cycle amplitude
for the modified cross-section in Fig. 10 is maximum for a
certain trim angle o, >0. The local trim angle along the span
will vary because of waves and vehicle motion. Figure 11
shows this distribution for a critical design condition and the
resulting limit cycle amplitude at U_ = 16 knots as a function
of the trim angle of attack «,, at the tip. It can be seen that
(Az/c,)im <1.5 (i.e., it is one order of magnitude less than
what was obtained earlier using the 0070 section aerodynamic
characteristics). It is true that the stresses due to this am-
plitude have to be added to the static and random loads. Even

-0.3 -0.2 -0.1 0 0.1 0.2 0,3
D
d{=—="—}/dn FOR Az=c
(DTH)/ °

Fig. 9 Damping distributions for first bending mode of appendage
with NACA 0012 cross sections.

so, the results are very promising. It should be possible to
assure hydroelastic stability by changing the cross section
along the lines illustrated in Fig. 5. But in order to assure such
results, a limited amount of testing is needed. It may suffice to
obtain flow visualization, which could easily be accomplished
by using a hydrodynamic facility, in which case three-
component measurements could also be made. A quick
solution to the problem may be to use a cylindrical section,
provided that the drag is acceptable. A good compromise
would be to use an airfoil-like profile for the inner sections
and a circular cross-section for the outer sections.
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Fig. 11 Effect of maximum angle of attack «,, on damping of
appendage with NACA 0012 cross section,

Design Solution
A design solution that eliminates the problem is as follows.
The profile on the inner sections is changed so that attached
flow is maintained up to the angles of attack of interest, and a
circular cross-section is used for the outer sections where the
attached flow lift would cause too large, static, lateral loads.

Static Characteristics

The extent of the trailing edge stall at « =0 can be inferred
from the sectional drag curve!! (Fig. 12). The negative lift
occurs as the leeside separation moves upstream and the
windward separation downstream for «>0, as is shown in
Fig. 2 for a similar section.?
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Fig. 13 Effect of trailing-edge angle on lift curve slope (Ref. 11).

To positively assure hydroelastic stability, it is necessary to
avoid trailing-edge stall. This can be accomplished in three
ways: 1) eliminating lift effects by using cylindrical mast
sections, 2) eliminating stall via preseparation, or 3) designing
a section that has attached flow throughout the o range of
interest. Preseparation, whether induced by a blunt leading
edge or by spoilers (Fig. 5), adds complication by providing a
source of fluctuating pressure, adding another random
forcing function. Furthermore, experimental verification and
possibly some cut-and-try testing may be necessary to assure
that preseparation eliminates stall. Consequently, it is best
that the mast sections be either cylindrical or designed to
maintain attached flow.

The slope of the airfoil trailing edge determines whether or
not trailing-edge stall occurs. Hoerner’s correlation? (Fig. 13)
shows that for trailing-edge angles greater than 11.3 deg
(v=tan ~10.2) the lift curve slope (c,,) begins to decrease due
to trailing-edge stall effects, until at v =20 deg a negative lift
slope results.

It was shown earlier that dynamic stall would not pose a
problem if the hydrodynamic characteristics of the cross
section were similar to those for the NACA 0012 foil shape.
Thick airfoil data'?>!* indicate that the analysis performed
using the thinner NACA 0012 foil shape is conservative.
Thus, the extent to which the attached-flow-type inner foil
section can be used will not be determined by dynamic stall
reasons, but rather by static lift considerations for the angles
of attack corresponding to the critical sea state (see Fig. 14).
Thus, outside of a certain spanwise station, a nonlifting
cylindrical section should be used.
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—v estimate of the unsteady hydrodynamic characteristics using
thin airfoil theory. The following ‘‘motion-dependent”’
normal (lateral) force and pitching (torsional) moment per
unit span are obtained %> (the wake induced forcing function
B has to be added):
d c
\ — BD(t)/6y=meid[0.19—0.054<— —1)] (20a)
- - d
| ° 3N(t)/8y=7rmeic{kA (g +)
0.4 —
(k AL 1) ch I(E I>c2(§
AT, 4\ 2 U3
0.3
bk (k At 1) i } (20b)
cy 0.2 o AU, ATH T 4] Uz
FOR 5 1.0
cd=0.38-0.108xT/d ]
0.1t oM (1) 0y =m0 Us? [k (8= 3 ) (et +0)
0 | 1 I | [kAE(E 1) 1(5 1>] 1
0 0.5 1.0 1.5 2.0 AR\ \7 2 U T
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Fig. 15 Effect of fairing length on drag coefficient at & = 0 (Ref. 2). IN2 11028 1 z
O
[(5" 2) 32] vz o4 U.,
The proposed cross-sectional (foil) shape (Fig. 14) is a ] ] ] s
modification of the original section: the trailing-edge angle (v) - [kA Af, <go - —) i (go i )] —2—] (20c)
is reduced to avoid trailing-edge stall. Tests in a water tunnel 4 4 2/1U%
have confirmed that the selected boattail angle v=11 deg
assures attached-flow behavior up to the stall angle. The blunt
trailing edge is the result of constraining the airfoil section to 1.5 @<0.16
the same cross-sectional envelope as the original section. The At, =
sectional drag force is extremely sensitive to the boattail 0.245 - @016 (20d)
length (Fig. 15), whereas data indicate that clipping the @ T
trailing edge does not significantly alter c¢,, based upon the
actual chord length ¢ (see Fig. 16).2
1 . w<0.16
Unsteady Characteristics ky=
With attached flow assured on the inner mast sections by 0.475 ( I+ 1 ) . =016 20¢)
the means previously discussed, one can obtain a satisfactory V10w



104 L.E. ERICSSON AND J.P. REDING

NOTE: LIFT COEFFICIENT BASED ON ¢

0.10 e — M-—O—-.%
¢, /DEGREES
la

0.05 |

!
Ld/c =0.6
.

T

C/CMAX
0 1.0

Fig. 16 Effect of trailing-edge bluntness (Ref. 11).

d=0.205¢

)

The above can be translated into the vernacular of the
structural dynamicist with the following identities

wc
For the cylindrical outer sections the motion-dependent
hydrodynamic force and moment are as follows, based upon
Hoerner’s supercritical drag value,'! i.e., ¢;=0.4 for
Re>0.5x10°.

aD(t) /3y =p, UZd[0.200+0.014] (22a)
AN(1) /oy = UZd{oz( 10+ i‘)+7—r3{} (22b)
V=P oo " ao Um 4 Ui

, .
AM (1) /3y =p, U%d? {0.2(50— 5) (cxa +0+ Ui)

+§(£0—§)%}§ (22¢)

A classical binary flutter analysis using the hydrodynamic
characteristics in Egs. (20) and (22) and the structural
characteristics for the telescoping design gave a flutter
velocity that was several orders of magnitude larger than the
design velocity, U,, =16 knots.

For the final evaluation one needs to add the wake-induced
forcing function, Ps(¢) in Eq. (3), to the hydrodynamic
characteristics of Egs. (20) and (22). A review of the wake-in-
duced forcing function for both cylinders and airfoils is given
in Ref. 16. Note that assuming unit correlation over complete
spanwise sections would be grossly overconservative, as the
experimental results '® indicate correlation lengths of, at most,
4.5 calibers can again be expected at Re>3.5x10¢. Even
more important is the lock-in phenomenon discussed in Ref.
17, which shows that strong coupling between the body
motion and the cylinder vortex shedding can occur even when
the structural frequency is far from the Strouhal frequency
for the von Karman vortex shedding. It is also shown that a
blunt trailing edge should not have any shoulder roundness,
because it greatly increases the vibration induced by the (von
Karméan-type) vortex wake leaving the trailing edge. Even

§For the usual elastic axis location, &, = /4, the moment is zero.
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when correlated over complete spanwise sections the wake-
induced forces were modest and caused no concern for the
actual mast design considered.

Conclusions

A hydroelastic stability analysis of appendages on under-
water vehicles has shown that teardrop cross sections,
chosen to minimize drag, can cause limit cycle oscillations of
such magnitude as to result in structural failure. The cause of
the problem is flow separation, which causes the cross-
sectional lift to be negative over a significant angle-of-attack
range. Because the structural damping is of negligible
magnitude relative to the hydrodynamic undamping, the only
solution is to eliminate the flow separation generating the
negative lift. This can be done by reducing the boattail angle
or using preseparation devices. If drag is of no concern and
the wake-induced vibrations are of tolerable magnitude, a
circular cross section can eliminate lift completely, which is
sometimes needed to limit the static loads. A practical design
using a combination of these solutions is demonstrated.
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