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Effect of Sweep Angle and Drag on the Flutter
Speed of Hydrofoils

J. Mahig*
University of Florida, Gainesuille, Fla.

A determination is made of the effect on flutter frequency and speed on variations in the drag coef-
ficient and sweep angle. The strip method of analysis is used with wing stiffness being estimated
through strength of material analyses. The drag and lift slope coefficient are estimated to compare
with experimental data obtained by T. T. Huang. These estimates obtain results which are shown
to provide more favorable comparisons with various experiments conducted by him, than could be
obtained heretofore. Although comparisons obtained are considered favorable, trends in the data for
increasing slope angles are not completely satisfactory which indicates that a further refinement in
the theory is still required. Discussion of the possible source for these trends and the limits of appli-
cability of this approach are considered.

Nomenclature

a = nondimensional distance of elastic areas from midchord
a = unwetted length of hydrofoil
b = wing half chord (measured perpendicular to leading edge)
CD = drag coefficient
CL = lift coefficient
El - longitudinal bending stiffness of foil
h = total lateral displacement of elastic axis
hi = component of lateral displacement at midchord point (pure

bending mode)
h - lateral velocity of midchord point (pure bending mode)
JG = torsional stiffness of foil
l_ = total length of foil
/ = wave length of harmonic gusts
M - bending moment
m = mass/unit length along leading edge
v = stream velocity, in./sec
V = shear force
xa = nondimensional distance of e.g. from elastic axis measured in

half chords (positive for position of e.g. behind elastic axis)
a = rotational displacement (radians)
j8 = defined as a/1
ya — radius of gyration relative to elastic axis
7 = sweep angle
£ = see Fig. 1
f" = inverse reduced frequency, u/ub
p = density of test medium, Ib-sec/in.
\L — ratio of structural mass to mass of surrounding cylinder of

water
o> = flutter frequency

Introduction

ALTHOUGH the phenomenon of aircraft wing flutter is
so well understood that the method of prediction is con-
sidered classical, this same method has been shown to be
insufficient for the consistent prediction of the onset of
the hydrofoil flutter phenomenon. As a result, in recent
years much interest has been evident in defining the sig-
nificant parameters and determining the precision with
which they should be measured so as to accurately esti-
mate the flutter speed of hydrofoils.

Among the studies of this problem is the work of Du-
gundjii and Ghareeb,1 who showed that the mode shape of
flutter changes from that of a standing wave type flutter
for high mass ratios to a traveling wave type for low.
Yates2 initiated a modified development of the strip
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method by employing arbitrary spanwise distribution of
the lift curve slope and c.p. location in order to gain a
more satisfactory comparison with test results.

Other investigators have attempted to utilize the full
application of lifting surface theories in solution of the
problem. Such a procedure has been proposed by Rowe.3
His method allows some variation in the satisfaction of
the Kutta condition and inherently generates data on the
lift curve slope and c.p. location.

Abramson and Chu4 obtained encouraging results from
their analysis which is based on strip theory. The analysis
involves modifications to account for the Kutta condition
and variation of the location of the lift curve slope and
c.p. location. The application of these conclusions were
then used to obtain a conservative flutter speed for the
SWRI flutter model as a case in point, and at the same
time showed the profound influence on the flutter speed
caused by changes in the c.p. location and by variations in
the lift curve slope along the wing. Mahig,5 using the strip
theory, showed that not only did the lift curve slope affect
the flutter speed but that the drag forces which have
heretofore been neglected in the literature had an even
more profound effect.

Although the sensitivity of the flutter speed to varia-
tions in the drag coefficient, c.p. location, and lift curve
slope have been studied, the effect of sweep back concur-
rent with the effect of the drag forces has not been consid-
ered analytically by anyone. The analysis presented below
does this, and as a result, makes possible a more detailed
comparison of theoretical calculations with the experi-
mental results obtained by T. T. Huang.6

Methodology

The analysis presented below assumes that strip analy-
sis is sufficient, that structural damping can be neglected,
and that although ju is low for the hydrofoil considered,
the mode of vibration may be assumed to be a coupled
torsional bending standing wave with a superimposed
bending mode. In addition, the c.p. location is assumed at
the quarter chord point and the value of the lift curve
slope is considered constant along the wing.

The fluctuating lift generated by the coupled torsional
bending mode has been obtained through the use of a
Kemp and Sears model.7 Using nomenclature consistent
with that defined in Fig. 1, the fluctuating lift may be
shown to be given as

AL — (1)
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Fig. 1 Schematic of the hydrofoil showing the location of the
coordinate system and significant parameters.

where the harmonic gust u may be given as

u — UQ exp[iw(t + x/v)]
and (2)

- (2irv/l)/v = 2ir/l
when the semichord is one.

The quasi-steady lift developed by the associated pure
bending mode due to a transverse gust whose velocity
component remains constant along the entire chord may
be given as

AL = QCL/da(u/v)pv2b^ (3)
for a foil with lift coefficient CL. It can be shown that this
lift may be expressed in terms of the foils coordinate sys-
tem as follows:

= dCL/da(a - (4)
where h is the velocity of the midchord point due to the
pure bending mode.

The contribution of the drag forces to the increase in
torque over the differential element may be calculated
from the element shown in Fig. 2. The change in torque is
measured about the elastic axis with the center of pres-
sure located at the quarter chord point.

The additional torque, exerted on the element due to
drag force, is considered to be made of two components:
one due to the total drag forces developed over the section
of the wing outboard of the element, and the other is due
to the component of the drag force over the element itself.
The former torque can be shown to be

AT = CDpv2b(l cosy -%)~-[k + (a + 0.5)a&]A£ (5)

where / is the length of the wing. The latter torque evalu-
ated about the elastic axis may be given as

AT = CDpv2b(a + 0.5) (6)t

P=CDpv2b(l-y)cosY
AQ=Cnv2bA£

h+(a+l/2)ba

h+(a+l/2)ba
+3(h+(a+ l /2 )ba )A£
"51

Fig. 2 Drag force element; the forces shown acting on the el-
ement are only those due to the drag forces.

Element Equilibrium

An exact representation of the torsional and bending
stiffness of a swept wing cannot be accomplished using
only strength of material concepts, since it is necessary to
neglect the corner elements at either end of the wing;
nonetheless; one may expect that excellent results should
be obtainable for modest sweep angles. For convenience,
the equations of motion are developed for two separate
free body elements. One of these elements is cut along the
direction of flow as shown in Fig. 3, and the other is cut
perpendicular to the leading edge of the wing as shown in
Fig. 4.

Let us first consider the element cut along the flow path
(Fig. 3) and determine the torsional equilibrium equations
from that element

Ja = -
a| 83; (a + 0.5) (7)

where Fv is the lateral force developed normal to the ele-
ment due to the fluid flow. When the transverse equilibri-
um equation is applied to this element, the following rela-
tionship is obtained.

+ m)h - a(mxab - p<nb2ab) = & - (8)
9£ 3^

From the bending element shown in Fig. 4, one can obtain

tFor a c.p. location at the arter chord. Fig. 3 Torsional element, that element cut from wing paral-
lel to the velocity of flow.



106 J. MAHIG J. HYDRONAUTICS

Fig. 4 Bending element, that element cut from wing perpen-
dicular to leading edge.

the relation
dT .- 8M— (9)

By substituting Eq. (9) into Eq. (7), it is found that the
torsional equation can be expressed as

motya
2b + hmxj) + p77&3(a6(.125 + a2) - aK) =

0.5) (10)

since M = Elh", it can be shown that

pvb2(h - aba) + m(h - xab) — —:—

F7hmf
sinycosy-^- (11)

COSy

where
32T 8G
3^2 ~~ COS3y

•.108"

-.048"

2.60 •IK.20

E.A.=.69 chord from nose
C.G.=.583 chord

Fig. 5 T. T. Huang's foil used in the experiments at Hydro-
nautics Inc.
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Fig. 6 Coefficient of drag vs flutter velocity and frequency for
various values o f d C i / d a , for a sweep angle of 15°.

The complete form of the equations of motion which ex-
plicitly includes the fluid forces, may be expressed as

moty^b + p7i64Q!(.125 + a2) + h(mxj) -

6(1/2
fy

dCL/da(a -~h/v)v2pb(a + 1/2)6 +

d/ty[(a + l/2)6a + h]CD • pi;26(/ cosy -|) +
C^pi;262(l/2 + a)a (12)

where all terms such as m, b, a etc., are defined for the
torsional element as shown in Fig. 1. The equations of
motion of the bending elements may be expressed as

h(m + p7762) - OL(mxJ) - pvb^a) = -EI/cosyh""

-JG siny/cos2y33Q!/a3;3 + pvtfotv -^pvS(^)

h£w + 2CL/da(a -~h/v)v2pb (13)

where m, b, a are as defined for the bending element; that
is, all measurements are taken perpendicular to the lead-
ing edge.

The displacements a, hi, h are assumed to be given as
follows:

(14)

where Y is the assumed static deflection of a uniformly
loaded cantilever beam and AI and A2 are the unknown
amplitude of motion. This deflection curve may be shown
to be given as

Y(y) = A(/V/4 -ty ;y4/24) (15)

Upon substitution of the assumed displacements, a, hi,
h into Eqs. (12 and 13) and applying the usual strip anal-
ysis procedure, the following set of nondimensionalized
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Fig. 7 Coefficient of drag vs flutter velocity and frequency for
various values ofdCL/da, for a sweep angle of 10°.

equations may be obtained after some algebraic manipu-
lations

a2) -i

(0.5 + a)(-0.2 + ai/£) - (0.5 + a)CDv*(<p

+ [-iw2/b(x0i -a/n) + 3C

+ CD<pv2i/>nb^}A2 = 0
and

[w2(xa - f l / jL t ) ~iw

-8G tany^/cosy +

+ [dCL/dail)vw/iJ.irb* -iEltf/mb cosy)

(16)

(17)

where a, 6, J, m etc., are associated with the torsional ele-
ment and

ft = a/I
$ = 1. + /32250(-0.0125 + 0/72. - /32/144. + /33/576.

-/34/5184)

# = 12. 5//4

<p = (7.98 - 4.S/34 - 2.4/35 - 2.5/36)0.1734 cosy

|= -416/Z3

The values of M; and i? which make the determinant of the
system equal to zero are defined to be the flutter velocity
and frequency.

Results

T. T. Huang published the results of a series of experi-
ments on a hydrofoil which were conducted at Hydronau-
tics Inc.6 This paper provides a carefully detailed break-
down of the physical parameters as well as the results ob-
tained from a typical foil under widely varying conditions.
The model tested had similar elastic properties and foil
centers as the one used by Baird8'9 in his model tests of
the E-Foil configuration which was then under consider-
ation for the PGH by Code 6363, NAVSEC (formerly

2.25

A-Theory
O-Experimental

(10W wetted foil)

6. 10.

Sweep Angle,Deg.

20. 30.

Fig. 8 Comparison of theoretical calculation with experimen-
tal results for various sweep angles of a hydrofoil with an un-
wetted length of 2 in.

Code 420, Bureau of Ships). Huang was able to conclude,
as a result of preliminary tests, that his model had only
negligible creep and internal damping as compared to
Baird's. The quarter scale model used in his tests is
shown in Fig. 5. However in this series of experiments nei-
ther the drag coefficient CD nor the lift curve slope dCL/
da were determined. Therefore, the values used in this
study are only estimates. However, it is useful to obtain a
measure of the consistency of the results obtained theoret-
ically with some of those obtained from experiments actu-
ally carried out on a hydrofoil.

Plots of CD vs divergence speed for differing sweep
angles and lift curve slopes are shown in Figs. 6 and 7.
There they show the marked variation in the divergence
speed and frequency which occur with respect to varia-
tions in CD and <9Cz,/da, the test results at a sweep angle
of 10° for a depth of submergence of 10 in. were used.
A careful analysis of Fig. 7 indicates that a foil with a CD
of 0.004 and a dCi/da of approximately 3.3 could be theo-
retically expected to have this same flutter speed and fre-
quency.

In order to obtain a clearer insight into the degree of
similarity of the results obtained theoretically and experi-
mentally, Figs. 8 and 9 were plotted. These plots compare
experimental results directly against theoretical calcula-
tions. Using the values of drag coefficient and lift curve
slope developed above flutter speed vs sweep angle is
plotted for two depths of submergence for comparison. In
each figure the flutter speed for both experimental and
theoretical results compare well to 20° sweep angles; how-
ever the flutter frequency appears to have an opposite
trend.

Variation in system parameters and program checks did
not discover how a significant change in the trend of the

10. 20. 30.

Fig. 9 Comparison of theoretical calculation with experimen-
tal results for various sweep angles for a hydrofoil with an
unwetted length of 4 in.



108 J. MAHIG J. HYDRONAUTICS

frequency could be effected. At this writing it is felt that
the significant fault may be in the strength of material
approximation to wing stiffness. This type analysis im-
plicitly assumes, as is usual in swept wing analysis, that a
lateral force to the elastic axis produces no twisting. Since
frequency appears to be the variable which has an unde-
sirable trend, it is felt that the effect of fluid and inertial
forces on wing twist should be considered for nonrectangu-
lar plan forms.

Conclusions

The theory presented appears to provide a reasonably
consistent divergence speed up to sweep angles of 20°.
However flutter frequency appears to have a trend which
indicates further refinement is still necessary to complete-
ly describe the behavior of the foil. It is suggested in the
text that it is felt that the strength of material approxi-
mation may be the cause of the flutter frequency variation
determined, and the incorporation of wing twist due to
lateral loads at the elastic axis of a foil, with a large sweep
angle, may improve this frequency characteristic of this
solution.
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Impressed-Current Cathodic Protection
of Aluminum-Hulled Craft

Boyce E. Miller* and Harvey P. Hack*
Naval Ship Research and Development Center, Annapolis, Md.

Overprotection is a major problem accompanying cathodic protection of aluminum-hulled craft.
Investigations were conducted concerning the protection and overprotection of aluminum under
various conditions of galvanic coupling, seawater velocities and dilutions, dielectric shield materi-
als, lengths of exposure and influence of seawater location. Overprotection was found to occur
above -1500 mv, the exact value depending on seawater velocity and other conditions. The corrosion
resulting from overprotection was severe, making imperative a protection system design which
eliminates the possibility of accidental overprotection. Data is presented which can aid in the de-
sign of a reliable protection system.

ALUMINUM alloys of the 5000-series are used for the
hulls of hydrofoils, surface effect ships, and other weight-
critical craft. While these alloys have good inherent resis-
tance to corrosion in seawater, they are subject to acceler-
ated attack if electrically connected to other structural al-
loys. The galvanic effect of coupling dissimilar metals in
this electrolyte results in accelerated attack of the anodic
member of the couple. Aluminum alloys are anodic to
copper, nickel, and titanium alloys, steels, and any other
common structural materials used for propellers, hydrofoil
struts and foils, and seawater systems. In addition, metal
barges or docks which might be accidentally coupled to an
aluminum-hulled craft through a gangway or wire rope
may also be constructed of these materials.
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Use of a "protective" coating on the anodic alloy is like-
ly to be more harmful than beneficial. Since some flaws or
breaks in the coating are probable, the coating only serves
to reduce the effective anodic area of the imperfections,
leading to rapid attack in localized areas. Although coat-
ing of the cathodic materials is the recommended ap-
proach to reduce the galvanic current acting on the anodic
material, this is not practical on aluminum craft where
many of the other alloys encountered are in parts not suit-
able for coatings. Also, the aluminum hull should be coat-
ed for fouling resistance. For these reasons a cathodic pro-
tection system is required.

Several types of cathodic protection systems have been
used on aluminum ships including zinc anodes, magne-
sium anodes, sprayed zinc coatings, and impressed-cur-
rent systems. This note concerns the use of impressed-
current systems such as illustrated in Fig. 1. A varying
potential is applied between the hull and hull-mounted
anodes in order to keep the hull at a constant potential
relative to a Ag-AgCl reference cell. Two cells, several
inches across, are usually located in the hull, well away


