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1, Summary
This report deals with the various types of vibration of the complete hull

structure which may be set up by periodic forces which synchronize with one of the
natural frequencies. It includes a review of the investigations made in the field
of hull vibration from the original studies of O. Schlick in 1824 up to date. It
also gives an account of model experiments and full scale measurements conducted
recently at the U, S. Experimental Model Basin, Particular attention is givén to
the methods of J. L. Taylor, E. Schadlofsky, and F. M. Lewis which are considered
the most practical of the theoretical methods. The limitations of these methods
are pointed out and the relation between the vibration problem and the strength
problem is emphasized., An appraisal is given of the methcd of F. M., Lewis for
estimating the effect of the surrounding water on the natural frequency. The con-
clusion is drawn that for naval vessels the most practical orocedure is to estimate
the natural frequencies from measurements previously made on ships of the same
class by selecting the appropriate value of the Schlick constant. The graphical
methods are recommended only for cases of radically new design where empirical
constants are not available.

2. Introduction

Ship vibration has been receiving increasing attention since the pioneer
waork of 0. Schlick (1 in 1884, and at present many data are available both on the
practical and theoretical sides of this problem. The calculation of the two-noded
vertical flexural frequency of a ship is an interesting problem and has been given
by far the most attention by theoretical investigators. As for other possible
types of vibration such as horizontal, torsional, and longitudinal, while theo-
retical solutions have been proposed the data required for the use of these methods
are usually not available and can be obtained only by laborious camputations. As
will be shown, even in the case of the vertical, two—noded vibration there are
still several doubtful correction factors of considerable magnitude which must be
applied after making the theoretical computation, and it would seem that much of the
effort spent on the academic problem of the natural frequencies of non-uniform bars
might more profitably have been spent in collecting data on actual frequencies
from which practical engineers could forecast the critical frequencies of proposed
designs. |

One justification for the consideration given the vertical two-noded fre-
quency is its close relation to the bending strength of the vessel. Both the
strength of the ship under static or dynamic load and its two-noded vertical fre-
quency depend upon the moment of inertia of its section about a horizontal axis.
While for the same type of section and same displacement the natural frequency will
vary with the distribution of the load, the general principle holds that the higher
the natural frequency the greater the bending strength of the ship.

# Numbers in parentheses correspond to references in the bibliography at the end
of the report.




The measurement of natural frequencies has proved to be of practical im—
portance in the design of bridges and should also be of value in ship design. The
action of the surrounding water, however, renders the ship problem more complicated.
Purely from the strength point of view a ship should be designed so as to have the
highest attainable vertical two-noded frequency under a fixed condition of loading,

in accordance with the general principle of mechanics that the natural frequency

: Tigidily
varlies as mass .

ation

In the calculation of the flexural natural frequencies the ship is considered
as a bar of non-uniform cross-section with free ends. The problem of the free—free
bar of uniform cross-section was solved by Lord Rayleigh (2) and the natural fre-
quency of the two-noded flexural vibration can be expressed by the simple formula:

n-= wI * o e o e ¢ + e & & e & ¢ ° e s e s @ ( )

E = modulus of elasticity in 1b/in?®
n = frequency in vibrations per second
I = moment of inertia of section in ft* in® units
L = length of bar in feet
W = mass of bar in slugs (weight in 1b/32.2)
For ships, frequencies are usually expressed in vibrations per minute and the dis-

placement is given in tons. Also the modulus of structural steel can be given the
common value 30 x 106 1b. per sq. in. without serious error. Using these quanti-
ties the free-free bar formula becomes

N=6ox 2L [OxIPXT e Sl (@
8 Dx %%35 x L? , DL

where N is expressed in vibrations per minute and D is the displacement or weight
in tons.

In 1894 0. Schlick (1) proposed an empirical formula for the two noded
flexural frequency of a ship similar to the above formula:

n=c/m§,....................(3)

where ¢ is an experimental constant called "Schlick's constant® and varies from
1.28 x 10° to 1.57 x 105 according to the type of vessel. In this formula N is
vibrations per minute, I is the moment of inertia of the midship section in ft.*
in.?, D is the displacement in tons, and L is the length in feet.

This formula failed to check measured values in numerous cases and it was
recognized that a more accurate calculation was required to take into account the




pon-uniformity of weight distribution and the variation in the ship section.
A theoretical solution for the flexural natural frequencies of a free-free
non-uniform bar may be obtained by solving the differentisl equation

%-;-,(mg-?:;)+mg—;¥,=o.............(4)

Here x represents a distance along the length of the bar, y represents the vertical
displacement of any point from its normal position, E is the modulus of elasticity,
I is the moment of inertia of the cross section, t represents time, and m is the mass
per unit length. This equation is base on the flexure of slender beams and gives
the relation between the second derivative of the bending moment with respect to
length and the dynamic load (mass times acceleration) at any instant durimg vibre-
tion. If the amplitudes are small in proportion to the length the assumption may
be made that every point of the bar describes a linear simple harmonic motion in’
the y direction.. If w = 2)F times the natural frequency, and y is the amplitude at
any point, the acceleration at the instant of maximum flexure is wy. Considering
the bar at this instant equation (4) becomes

@D -my=0 ... .. L)

It is possible to deduce the frequency from equation (5) in certain cases
where m and I are known functions of x. In the case of the ship, however, these
functions cannot be expressed in simple analytical form.

Lord Rayleigh: (2) showed that if in the case of a non-uniform bar the varia-
tion of amplitude along the length were assumed to be the same as in the case of a
uniform bar the error in the calculated frequency would be slight. On this basis
an approximate solution for the frequency of a ship can be developed by assuming
that at the instant of maximum flexure during vibration the relative deflections at
points along the length are proportional to the amplitudes in a uniform bar. Thus
the case is analogous to that of a static beam except that the deflections are due
to dynamic loads which at any point are equal to the product of the mass and the
acceleration at that point. If the amplitudes are small any point can be con—
sidered to be executing a linear simple harmonic motion and at maximum deflection
the acceleration is 4* ny, where n is the natural frequency and y is the ampli-
tude.

The assumption of an amplitude profile makes it possible to compute the
dynamic load (4 7* n® my) as a function of length in relative terms which are pro-
portional to the unknown frequency. The actual value of the deflections may then
be deduced from the elastic properties of the hull just as is done in the strength
calculations of ships. From the absolute value of deflections due to an assumed
dynamic load the frequency may then be determined.

A solution can also be obtained for the frequency with the same assumption
of an amplitude profile by equating the potential energy at the position of maximum



deflection to the kinetic energy in passing through the position of maximum veloc-
ity.

In the bibliography will be found numerous articles of interest in the his-
torical development of these methods. This report is confined to what seem to be
the most practical methods at the present time, namely the graphical methods of J.
L. Taylor (5) and E. Schadlofsky (6) and the tabular method of F. M. Lewis (7).

It should be noted that these calculations give only the theoretical frequency
(Nth) namely the frequency which the ship would have if there were fio water effect
and if the deflections were due only to simple flexure as in the case of slender
beans.

Taylor's method may be summarized briefly as follows:— If the amplitude at
the forward perpendicular is assumed to be such as to make the acceleration at
maximum deflection equal to the acceleration of gravity, the dynamic load at this
point will be equal to the weight and at any other point will be obtained by multi-
plying the weight by the corresponding amplitude, the assumption also being made
that the amplitudes vary as in a uniform bar whose end amplitude is unity. Having
the dynamic load curve the next step is to find the resulting deflection by the us—
ual graphical method applicable to beams which involves four integrations. If the
initially assumed relative amplitudes were correct the deflection curve thus ob-
tained would correspond to the initial curve except for the scale factor of inte-
gration. By reading the absolute value of the amplitude at the forward perpen—
dicular which would make the acceleration equal to "g" the theoretical frequency is
found by solving for n in the equation

A" 0%, [ =& e (6)

where yv.p. is the computed amplitude at the forward perpendicular.

The actual procedure is as follows: the curve of relative amplitudes for the
free-free uniform bar is plotted (the end value being made equal to unity). These
values quoted from Taylor's paper, are as follows:

Station 0 ] 1 1% ] 2 2% 3 3| 4 43 5
10] 9 9 83 | 8 73 7 61 6 5%
Rel.Amp. | 1.0} .768] .537] .313] .097] —.099| -.272] —.414]-.521] —. 58§ —. 608

The weight curve is then multiplied by the corresponding amplitude thus giving the
dynamic load curve which will be of negative sign between the nodes if the ampli-
tudes are assumed positive at the ends. Fig. (1) shows the graphical computation
for the U.S.S. HAMILTON by Taylor's method which may be used as an illustration.
Upon integrating the dynamic load curve by means of the integraph it will in gen-
eral be found that the shear curve does not close as required by dynamics. Taylor
recomnends joining the two ends of the shear curve and reading off the values with




respect to this inclined bagse line when the residual shear is small. The replotted
shear cutrve is then integrated giving the moment curve which probably will not
close. As dynamics requires the moment to be zero at the forward perpendicular
Taylor joins the ends of the moment curve, reading off the moment values from the
inclined base. Taylor points out, however, that the strietly correct method of
fulfilling the end conditions is to revise the assumed amplitude curve by a paral-
lel shift and a rotation of its base and thus obtain a new set of amplitude factors
which when multiplied by the weight curve will give a new dynamic load curve.

The precise method of making these base corrections has been clearly shown
by E. Schadlofsky (6). The first dynamic lead curve is integrated twice giving &
shear and a moment curve neither of which closes. The residual values of shear and
moment at the forward perpendicular are designated as RS1v P and Rll1v P respec—
tively. In order to make the base corrections by Schadlofsky's method the follow—
ing procedure must be followed. First must be determined the quantity
JG = ¥ x*AVW where x is the distance of an element of weight W from a plane passing
through the ship's center of gravity and perpendicular to the x axis. This
quantity JG is numerically equal to the moment of inertia of the area under the
weight curve about a vertical line through the center of area., The distance from
the center of gravity to the forward perpendicular is designated as 1l,. The cor-
rection of the base of the assumed amplitude curve is made first by a parallel
shift designated by Yg and second by a rotation of the shifted base about the point
where it intersects the vertical line through the center of gravity. The amount by
which the rotation raises or lowers the base at the forward perpendicular is des-
ignated by Yoy.p.* The values of these terms are

_ RS4
ys = 'eight 0 ship ¢ e 4 & o e & 4 & & o o s o o o (7)
and
_ 7l [RMW.p. ~ BSy.p. X 12] 8
yO'v.p. = "IG *® o e o & s o .0 ( )

both Y, and Yoy, being dimensionless.

[Note' Formula (8) differs from the formula for Yoy given in Eq. (7) of
Schadlofsky's paper. A recheck of the derivation ahowed that the terms
(¥1y.p. ~ ¥g) should be omitted.)

The amplitude values measured from the shifted and rotated base are then
divided by the ordinate at the forward perpendicular. Thus is obtained a new am-
plitude curve which will satisfy both end conditions and at the same time has unity
value at the forward perpendicular. The previously outlined method of obtaining
the dynamic load, shear, and moment curves is then repeated using the new set of
amplitude factors. Schadlofsky points out that the assumption of any set of ampli-
tude factors that fails to satisfy the end conditions will give too low a value for
the theoretical frequency.



Haviug obbained the moment curve by eith.r Taylor's or Schadlofsky's method
the remaining steps are the same for both methods. First the moment values are
read off for twenty sections and divided by the corresponding values of moment of
inertia of the section and the curve of M/I is plotted. A double integration of this
M/I curve gives the curve Ey from which the deflections produced by the assumed
dynamic load may be deduced.

In carrying out these steps several points should be noted. After each inte-
gral is drawn by the integraph its base must be located which is equivalent to de-
termining the constant of integration. In the case of the shear curve the base is
determined by the condition that the vertical shear must be zero at the ends since
there are no external forces. For the same reason the moment must be zero at the
ends, and the M/I curve which is a plotted curve is therefore zero at both ends.

The curve obtained by integration of the M/I curve is usually referred to as the
slope curve since its ordinates represent the slope of the final deflection or Fy
curve. The base for the slope curve is usually selected so as to intersect it about
amidships. After integrating the slope curve with respect to this base the ends of
the final Ey curve are jointed and the connecting line is used as a basis of meas-—
urement. This eliminates any error due to the incorrect selection of the base of
the slope curve as the effect of integrating a curve with respect to a wrong base
is to tilt the integral curve but not to change values measured vertically from a
line joining the two ends. The proper value of Ey at the forward perpendicular is
then obtained as follows: Denote by (Ey)max the maximum value of the Ey curve meas-—
ured vertically from the line joining the ends, and let yv_p. be the assumed smpli-
tude at the forward perpendicular after making the base corrections. Let Ypax be
the maximum amplitude measured from the line joining the ends of this corrected
amplitude curve. Then:

Eyv.p. = (Ey)max X ;i:iL

The velue of Ey at the forward perpendicular is then divided by E which gives
yv.p. (the amplitude required to make the acceleration at the forward perpendicular
equal to the acceleration of gravity). The frequency is found by formula (6) pre-
viously given, The value of E to be used should be the average test piece value of
the steel used in the bull., The practice of using a reduced value of E has been su—
perseded by the corrections made to the theoretical frequency for the effect of
elastic behavior.

There is no way of checking the theoretical frequency of a ship by actual
measurement because of the water effect, but Schadlofsky has checked it for several
dynamic models of ships, vibrating them out of the water.

For comparison graphical computations are shown for the U.S.S. HAMILTON by
both Taylor's simplified method and the method of Schadlofsky (see Figs. 1 and 2).

In the Taylor computation Nth was deduced as follows: The midship value of

the Ey curve measured vertically from the line joining the ends is 14.03". The



TWO-NODED VIBRATION CALCULATION Uuss
BY TAYLOR'S SIMPLIFIED METHOD
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equivalent end value (according to Taylor) is -&“93 = 8,73 in. (.608 being the ratio

of center to end deflection of a free-free uniform bar). Applying the scale factor
this gives for the end value: Ey = 8.73 x 228.7 = 1997 ton ft./in.* Taking E as
13,300 tons/in.* (equivalent to 2.1 x 106 kg/cn® used by Schadlofsky) we get for
the deflection at the forward perpendicular

Yy.p. = 19955 = 0-1502 ft.

, 1 [32.2
57,'- yvp ’Y 61Lﬁ5 2.33 per sec.

= 140 per minute.

In the computation by Schadlofsky's method (Fig. 2) the maximum value of the
Ey curve 1s 13.15 in. The ratio of end to maximum value of the corrected amplitude

hence, by Eq. (6)

curve is T——T hence Eyv p. = -%—gg 8.70 in.

The scale factor is 1 in. = 200.2 ton ft./in.®

Hence

- 8N X 20.2.. 0431 11,

yv.p 133

= & - L 2.2
Y 2 To.o. ¥ & ‘ 2.50 per sec.

Nth = 150 per minute.

The difference between the values computed by the two methods is due to the
non—fulfillment of the end conditions by Taylor's method. The residual shear ob-
tained by integration of the first dynamic load curve is 15 per cent of the weight
of the ship. With a residual of such a magnitude, joining the ends of the shear
curve causes considerable error. In general it may be said that Taylor's simplified
method will give too low a value for the natural frequency if the residual shear
exceeds about 4 per cent of the weight.

The tabular method of F. M. Lewis (7) offers a convenient substitute for the
graphical methods. In this method the integrations are carried out by computation
using the trapezoidal rule, dividing the ship into twenty parts. The method in-
volves the initial assumption that the amplitudes vary as in a free—free uniform
bar and these amplitudes are later corrected to satisfy the end conditions. After
the corrected amplitude function is obtained the frequency is computed by the
energy method. The kinetic energy and potential energy are summed up for the
twenty sections and equated. Where the weight and moment of inertia curves are not
too irregular this method should give as accurate results as Schadlofsky's. For
very irregular cases the same method could be vworked out with a greater number of
stations. The method involves considerably less labor than the graphical methods
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and has the advantage that an integraph is not required. A computation for the
U.S.S. BAMILTON by this method is given in Table I. For the definition of terms
used in this table reference should be made to ref. (7).

b.__Correction for Effect of the Surrounding Water

The largest single correction to the theoretical frequency is that due to
the effect of the surrounding water. J. B. Henderson (9) and other early investi-
gators, in the light of the theory of damped oscillations, considered that the
water had a negligible effect upon the natural frequency.

Apparently the first experimental investigation of this question was under-—
taken by H. W. Nicholls (10) in 1924 by model experiments. Nicholls vibrated steel
strips 30 in. x 2 in. to which were fastened wooden blocks, the exciting impulses
being produced by electro-magnets. The natural frequencies were measured in air
and in water, the models being supported at the computed free-free nodes. Nicholls
found that the effect of the water was to lower the natural frequency considerably
and that this effect could conveniently be expressed in terms of the increase in
mass which would produce the same change in the natural frequency, the so—called
*virtual mass". Hence the virtual mass was defined by the equation

frequency in water _ D
frequency in air "VD + VM vttt (9)
where D is the displacement, and V.M. is the virtual mass.

Nicholls found that for a rectangular model of breadth b and depth d the re-
lation between virtual mass and displacement could be expressed as

%’4=o.3772—+o.20 R € o)

the ratio being in this case 0.78. For a triangular model he found,
Y = 0.0

In 1928 E. B. Moullin and A. D. Browne (11) conducted similar experiments
with solid steel bars, a method which seems scarcely applicable to the ship problem
because of the density. They did, however, make a full-scale test of a racing
eight, 60 feet long and weighing 280 1b., supporting it out of water at the nodes.
They found the natural frequency in water to be 54 per cent of its value in air
which represents a virtual mass of 243 per cent of the displacement.

The first theoretical treatment of the water effect for actual ships is due
to F. M. Lewis (12). In his theory the water vibrating with the hull at any
section is considered to be one half the quantity of water which would move with
the section and its image if submerged in a liquid of infinite volume, this problem
being capable of a theoretical solution for certain forms approximating ship forms.
The ship is divided into a convenient number of sectione for each of which the
appropriate form is to be used. A correction factor is introduced to allow for the
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fact that the motion of the water is not confined to transverse planes. Lewis gave
the values for a number of forms similar to ship forms. The virtual mass having
been computed for as many sections as desired from Lewis' curves, these increments
are to be added to the weight curve of the ship after which Taylor's or other
methods are to be applied in the usual manner. It is to be noted that the correc-
tions will not be the same as would be obtained by adding up the virtual mass of
all sections and applying the water correction in one lump by formula (9). The
distribution of the water effect must be taken into account.

The logic of extending the hydrodynamic problem of the water moving with a
continuously moving submerged body to the case of vibratory motion may be open to
question. Schadlofsky (6) has criticised Lewis in that his method shows the virtual
mass to be independent of frequency and amplitude, However neither of these con—
siderations is likely to be of importance in the frequencies encountered in ship
vibration. Lewis' method is not confirmed by high frequency model experiments made
at the U. S. Experimental Model Basin to be discussed later. On the other hand
F. H. Todd (8) has applied Lewis' virtual inertia values to a number of ships for
which the actual frequencies were measured. Of 13 examples the average error is
3.9 per cent, rejecting the maximum error of 44 per cent.

Schadlofsky (6) regards the water effect as a damping action which may be
expressed as an equivalent increase in weight by the formula

n’
'=G(ﬁ—1“-1>..-.......-o-.....(9&)
w

which is identical with the virtual mass formula (9) given above. In Schadlofsky's
formula W is the damping resistance, G is the weight of the model or ship, oy is
the frequency in air, and'n' the frequency in water.

Schadlofsky takes the view that the water effect cannot be determined by
mathematical analysis but must be determined by model measurements and that in
going from model to full scale ship the laws of dynamic similarity must be taken
into account., He shows that dynamic similarity between model and ship cannot be
attained with respect to both skin friction and resistance due to flow, but that
for the sage Froude's number the resistance due to flow for the ship can be de-
termined from the model and that the neglect of the resistance due to skin friction
will cause but a small error.

Schadlofsky attempts to show that the damping resistance can be estimated
with sufficient accuracy for most practical cases from data he has collected on a
number of rectangular models and models of ship form. For this purpose he intro-
duces the non-dimensional damping index K' = W/l‘d%a where:

W is the actual damping resistance

1 is any linear dimension of the model




"

n is the frequency
e is the mass density

Schadlofsky's experimental method was similar to Nicholl's,the models con—
sisting of steel strips to which were fastened wooden blocks with a covering of rub-
ber between the blocks. The models were vibrated by means of electromagnets and
were supported at the computed nodes in air and in water.

The experiments showed that the damping resistance was & function of fre-
quency contrary to Lewis' theory. For ship forms the draft was found to:be of con-
siderable influence on the damping resistance as was also the position of the nodes.
The damping resistance was found to be minimum when the nodal position corresponded
to that of the free—free bar.

A recent study of this problem by J. J. Koch (13) who used an electrical
analogy is of academic interest and has not found practical application., A, Dimpker
(14), who set various forms in forced vibration in water, found the virtual mass to
be a function of draft and frequency.

Exact experimental verification of the various methods of computing the water
effect on full size ships is lacking because it is impossible to isolate the water
effect from other effects. Pallograph records of free vibrations on the U.S.S.
HAMILTON, induced by dropping the anchor, indicated that the logarithmic decrement
was 0.023. This low value is in agreement with measurements made by J. L. Taylor
(24), and indicates that the damping must be small and the inertia effect predom-
inant.

For a rough estimate it may be assumed that the effect of the water is to
lower the frequency by 25 per cent. For greater accuracy the theoretical method of
F. M. Lewis (12) or the empirical data of E. Schadlofsky (6) may be used.

From Schadlofsky's data it is estimated that the frequency of the U.S.S.
BAMILTON is lowered by 17 per cent due to water effect. From the data in Taylor's
first paper (5) this estimate would have been 16 per cent. In Lewis' method for
water correction the effect cannot be isolated since the virtual mass is added
directly to the weight of the ship. To find the water effect separately the compu-
tation must be repeated with the virtual mass omitted.

¢. Correction for Effect of Elastic Behaviop.

The correction that must be applied to Nth for the variation in elastic be—
havior of a ship from that of a slender beam is as controversial a matter as that
of the water effect although the magnitude of the correction is less.

The first of the elastic effects to be taken account of in vibration theory
is the deflection due to shear, which for the slender beam is negligible in propor-
tion to the bending deflection. As the shear deflection indicates a decrease in
rigidity this effect tends to lower the natural frequency.

A further effect is the increase in deflections of boxlike structures as




sowpared with simple beaws. There is also the eficet of rotary inertia of the su.
perstructure which causes the frequency to be lower than it would be if all points
executed merely a vertical simple harmonic motion.

In previous methods it was the practice to use a reduced value of the elastic
modulus called the effective modulus of structure to allow for the combined effects,
but as they came to be better understood it seemed preferable to treat them sepa-
rately.

To allow for elastic behavior Taylor corrected the theoretical frequency by
the formula

N“
ooy
N-—V (1+r)(1+-r')(1+rﬁ ..ooo-oo.o(11)

where r is the ratio of shear deflection to bending deflection, r' is the ratio of
rotational kinetic energy to total kinetic energy, and r* is the ratio of virtual
inertia of the surrounding water to the inertia of the ship.
Schadlofsky likewise amended the theoretical frequency obtained from the
graphical computation by a number of correction factors using the formula:
N

- th
NVTH N P (D N IS M (I LI

here = ratio of total moment of inertia to effective moment of inertia
ratio of actual deflection to deflection calculated from flexure theory

= ratio of shear deflection to bending deflection multiplied by an

Nl
]

empirical constant dependent upon the number of decks
k4 = ratio of rotaticnal kinetic energy to total kinetic energy

k5 ratio of damping resistance to weight of ship

With this formula the value of E to be used is 2.1 x 106 kg/cm* = 30 x 106 1b/in?,
Sufficient data are supplied in Schadlofsky's paper for estimating the various k's.
In the case of the U.S.S. HAMILTON these values are as follows:

k, = 1.015; k2 = 1.050; k, = .075; k4 =.,032; k

1 3 5

Applying the above correction factors to the theoretical frequencies of fiv-

= .436

ships Schadlofsky was able to clieck measured values with a maximum error of 1.5 ;v
cent.,

The corrections of Schadlefsky should be applicable to the theoretical com-
putation made by any of the methods discussed as they are all based on the same
initial assumptions.

Comparative figures for the U.S.S. HAMILTON computed by the three methods
discussed are shown in the following table. Lewis' virtual mass was omitted from
the computations and hence the theoretical frequencies are comparable.
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Table II
U.S.S. HAMILTON - COMPUTATION OF TWO-NODED VERTICAL FREQUENCY
Taylor's Schadlofsky's Lewis!
Simplified Method Tabular
Method Method |
Theoretical frequency (N, ) 140 150 148
Correction factor 1 1
for water effect ’1.40 1.43%
Correction factor for 1 1
shear deflection q1.115 1,075
Correction factor for 1 1
rotary inertia 1.032 1.032
Correction factor for effec- 1
tive moment of inertia 1.015
Correction for variation of
actual from theoretical de- 1
flection with loading 1.050
Value of E used (1lb.per sq.in.} 30 x 106 30 x 106 30 x 106
P_nggut.ed {frequency 110 115
Experimental frequency 107 107 107
Error +3% +7A%

[Note: In reference 28 the value of Nin obtained by Taylor's method was reported
as 147 per minute and the computed frequency as 116 per minute.

Due to an error

in reading the scale of the integraph these values were incorrect and the values

given in the above table should be substituted]

While the error in the computed frequency is less in this case by Taylor's
simplified method than bty Schadlofsky's, it is believed that the value for the
theoretical frequency computed by the latter method is more accurate and that the

errors are due to the correction factors.
While thus the theoretical computations of the vertical two noded frequency

gives results in fair agreement with experimental values, the data required for the

computation are usually not readily available and the simple Schlick formula is

preferable where the degree of accuracy required will permit.

Where the theoretical computation seems desirable the tabular method of
Lewis is sufficiently accurate and fulfills both end conditions.
method the water effect is best allowed for by adding the virtual mass of each sec—

tion to the weight using Lewis data (12).

In using this

This, however, will not give the
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theoretical frequency separately. The effect of elastic behavior may be allowed for
by using either Taylor's or Schadlofsky's data, omitting the water correction factor
in this case. An alternative to the above procedure is to use Lewis' tabular method
without including the virtual mass and to apply to the results, which in this case
is the theoretical frequency, formula (11) or (12). In lieu of the correction for-
mula here the actual frequency can be closely approximated by reducing the theo—
retical frequency by 30 per cent,

A further discussion of the relative merits of Schlick's formula and the the-
oretical computations is given in sections 6 and 7.

4. O eg of Vibratio

In general two-noded horizontal vibration can be treated in the same mamnner
as two-noded vertical vibration, and was provided for in the Schlick formulas. H.
W. Nicholls (10) applied his energy balance method to horizontal vibration in the
same way as to vertical vibration. J. L. Taylor (5) points out that interaction
between horizontal and torsional vibration may occur when the center of mass of the
section does not coincide with the center of area. The computation of horizontal
frequencies requires a knowledge of the moment of inertia about a vertical axis.

The first study of torsional vibration of ships apparently was made by L.
Gumbel (16) who applied to the ship the theory of torsional vibration of shafts. A
graphical method was worked out by H. W. Nicholls (10) based on Lewis' method for
irregular shafts (17). In this method the equivalent shaft is considered to have a
continuously varying mass moment of inertia whereas Gumbel assumed a number of con-
centrated masses attached to the shaft each representing a section of the ship. F.
Horn (18) found as did Nicholls that the effective polar moment of inertia of the
gection was considerably lower than the calculated. Recognizing that an accurate
calculation of the torsional frequencies is seldom practical because of the amount
of labor involved Horn offered the simple formula:

gGJ
N=60c E—i—Tt—%..o.o.---ooo-co(13)

o

where N = frequency

g = acceleration of gravity

G = shear modulus of elasticity

Jio = polar moment of inertia of midship section

D = displacement
i = radius of gyration of total weight with respect to the centroidal axis

I. = overall length of ship

¢ = empirical coefficient.
¢ can be obtained only from data on similar ships and will vary for the same ship
with change in loading.
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Taylor's method for torsional vibration (5) as for flexural vibration is to
assume an amplitude profile. In this case the graphical method requires only two
integrations. The calculated rigidity of the section is reduced by an empirical
factor derived from Vedeler's investigation of the torsion of ships (19). Taylor
as well as Nicholls excludes internal fluids in computing mass moment of inertia.
Taylor points out also that the axis of torsion is not the centroid and that the
stresses due to torsion are not proportional to the distance from any one point.

With regard to the higher harmonics it may be said that theory has not been
developed up to the present time to the point where harmonics higher than the three
noded type can be computed with any degree of accuracy. As the number of nodes in-—
creases the ratio of the span between nodes to the depth and beam becomes so small
that the flexure theory of beams does not hold even approximately. The only guide
to the estimate of frequencies above the three noded type is a comparison with
measured values for similar ships. Moreover at the higher frequencies it is dif-
ficult to tell whether a vibration of the complete hull structure is taking place
or whether the effect is due to a local resonance of various parts of the structure.

5. Vibration Investigations at the U.S. Experimental Model Basin

a, Model Experiments;

An attempt was made at the U,S. Experimental Model Basin to study the effect
of the water on the natural frequency by model experiments. In these model experi-
ments ship conditions were simulated as far as possible both as to the construction
of the models and as to the method of inducing vibration.

Two models were made of sheet steel one rectangular and the other triangular
in cross section. The details of construction are shown in the drawings, Figs. 3
and 4. For both models the length is 18 ft., beam 27 in,, and depth 17% in.,
giving the ratios: L/B = 8.0; L/D = 12.3; B/D = 1.54. The section is uniform over
a length of 15 ft. with pointed ends extending 1% ft. The material used is a sheet
steel of nominal thickness 0.050 in. except for the outer deck plates which are
0.079 in. The elastic modulus of the material averaged 29 x 10~ 1b/in®. Spot
welding was used throughout except that the upper flanges of the transverse bulk-
heads were bolted to the deck. The triangular model has two transverse stiffeners
between bulkheads which were not included in the rectangular model. It was found
necessary to reinforce the deck of the triangular model between bulkheads with
wooden braces to eliminate local vibrations.

For setting up vibration a small vibration generator manufactured by
Losenhausenwerk was used. This machine, shown in the photograph Fig. 5, consists
of two parallel shafts permanently geared so as to rotate in opposite directions,
each shaft carrying the armature of a d.c. shunt motor. On the ends of the shafts

are ad justable weights hy means of which various degrees of unbalance can be
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produced setting up sinusoidal forces or force moments. According to the manner of
setting the weights vertical, torsional, or tilting oscillations can be produced.

A precision tachometer gives the speed of the shafts and hence the impressed fre-
quency. In using this machine the convenient unit of angular velocity is the Hertz,
or one revolution per second.

The models were loaded with steel weights each 2 in, x 4 in. x 12 in. weigh-
ing approximately 28 1b. In a preliminary test the rectangular model was uniformly
loaded to a total load of about 3000 1b. and set upon two rollers resting on a con-
crete floor, the rollers being placed under the theoretical nodes. The vibration
generator was set in a frame which was clamped to the deck as shown in the photo-
graph, Fig. 6. Upon running the machine it was found that the weights would not
stay fixed in position due to the high acceleration and this made it impossible to
produce a condition of resonance. It was considered unsatisfactory to bolt the
weights to the model because the increase in stiffness would have raised the fre-
quency beyond the capacity of the machine. This would also have made theoretical
computations difficult because of the unknown change in stiffness. It was therefore
decided to pour in a layer of marine glue so as to immerse the weights to a depth
of abuut one inch. After deing this resonance could be produced but it was found
impossible to produce a symmetrical vibration. The slightest adjustment intended
to level up the model would shift the vibration from one end to the other.

To overcome this condition a steel framework was made from which the model
was syspended by 72 springs as shown in the photograph, Fig., 7. The springs were
calculated to make the natural frequency of the model as a whole on this suspension
about 100 per minute which was far below the flexural frequencies to be investiga--
ted. This method of supporting the model out of water eliminated the uncertainty
as to the proper location of the nodal points and closely simulated a free-free bar.
Since over 100 free vibrations could be counted after giving the model a deflection
it was apparent that the springs introduced very little damping.

The practical working range of the vibration generator was found to be from
900 to 2700 vibrations per minute or from 15 to 45 Hertz. The lower limit was de—
termined by the unsteadiness of running of the machine at high eccentricities. The
upper limit was determined by overheating of the controls. In order to obtain
resonance curves it was necessary not only that both the resonance in air and water
lie within this range but that they lie near the center of this range. Thc most
favorable loading for both models was found to correspond to a draft of about 16
inches which was about the limit of their capacity. The only two favorable dis-
tributions of load were the uniform distribution and the condition where the load
was concentrated at the center and the two ends. Resonance could not be produced
with all the load concentrated at the ends or in the center.

The investigation was confined accordingly to the four following cases:



1 = Tachometer

2 — Adjustable weights

Fig. 5. Small Vibration Generator.
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Dniform load and load concentrated at three points for both the rectangular and
triangular models. For each case measurements and computations were made of the
natural frequency in and out of water.

Amplitudes were read by means of a vibrograph consisting of an inertia ele-
ment suspended by springs against which the stem of a dial gage pressed. This is
shown in Fig. 6. The natural frequency of the element was about 2 Hertz. It was
found that amplitudes less than 0.015" could be read satisfactorily within the
range 15 to 45 Rerte.

The experimental procedure was as follows: The model having been properly
loaded was suspended from the steel frame by the springs. The eccentricity of the
vibration generator was set at the smallest value that would produce a distinct
resonance. Amplitudes were read at the center of the model which in this case re-
quired placing the amplitude meter on top of the vibration generator itself., The
machine was then run with grasdually increasing speed while the amplitudes were re-
corded up to the highest speed at which readings could be cbtained. Readings were
continued as the speed was gradually decreased. If the data revealed a definite
resonance the generator was then run at this speed and a series of amplitude read-
ings was taken along the length of the model. Fig. 8 shows a typical resonance
curve and Fig. 9 ean amplitude profile. In attempting to locate the nodes it was
found simplest to hold one of the dial gages in the hand, the inertia of the gage
itgself being sufficient at these high frequencies to give an indication of the point
of minimum amplitude. The exact position of the nodal points, however, could not be
determined within less than * 3 inches. These data having been recorded with the
model on the spring suspension, the springs were removed and the model lowered into
the water whereupon the whole process was repeated with the model floating freely.
The basin at this point was 10 ft. wide and 4 ft. 2 in. deep.

For each of the cases mentioned graphical computations were made using the
methods of J. L. Taylor (5) and E. Schadlofsky (6). Computations were also made by
the uniform bar formula for those cases closely simulating uniform loading. Shear
deflections were computed for both models by the theoretical formula

y8=l/c/[ vI? /m‘/t ds / ax

where G shear modulus

Q total vertical shear

I = moment of inertia of entire section about neutral axis

m = moment about the neutral axis of the area between the point under
consideration and the center line of top deck
element along the shell measured from top deck center

1}

ds
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snd the erfect of shear was included is the computation of the natural frequencies,

For discuseion of shear deflection see reference 29.

Ia applying Schadlofsky's

method to the wodels, corrections for effective width and elastic behavior were

omitted and the shear correction factor was derived from the above formula. How-
ever, for completeness, the correction factor including all the effects studied by
Schadlofsky is given in next to the last line of Table IV below, and here the shear

factor as well as the other factors are the same for both models.

The theoretical

water correction method of F. M. Lewis was applied to the graphical computation in
both of the non-uniformly loaded cases, and also directly in the uniformly loaded
cases by the uniform bar formula with the virtual mass added as a lump sum. The
results of the measurements and computations as well as other items of interest are

given in the following tables.

Table 11t
Model Dimensions

Rectangular Model

Triangular Model

Length (ft.)

Beam (in.)

Depth (in.)

Displacement (1ib.)

Draft (in.)

Moment of Inertia of Section (ft* in?®)
Weight of hull (1b.)
Weight of ballast (1b.)
Number of bulkheads
Thickness of plating (in.)
L/B (Lengih/Beam)

L/D (Length/Depth)

B/D (Beam/Depth)
Bean/Draft

18
27
173
3034
16
2.56
458
2576
6
0.05
8.0
i2.3
1.54
1.69

18
27
17
1490
16
1.19
358
1132
6
0.05
8.0
12.3
1.54
1.69
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Table IV
Measured and Computed Quantities (all frequencies expressed in Hertz)
r— -
Rectaq?ular Model Triangular Nodel
uniform |concentrated| uniform |concentrated
| loading loading loading loading
Measured frequency in air 34.0 32.8 39,0 33.0
Measured frequency in water 26.0 31,8 35,2 32,5
Distange of nodes from center - air| 5,0 ft, 5.0 ft, 4.2 ft, 4.7 1%,
" % »  « w .water| 5.0 ft. 5.0 1, 5.0 ¢, 5.0 ft.
;ro ue?cy i:hgér gz:puted by
aylor's me with correc-— 39.0 32.2 o2 .
tion for shear deflection % 31.9
Frequency in air computed by
Schadlofsky's method with cor- 39.0 33.0 39.2 32,5
rection for shear deflection
Frequency in air computed by
Schadlofsky's method without 1.2 34.5 40.4 33.5
correction for shear deflection
Natural frequency in air by
uniform bar formula with cor— 40.4 39,8
rection for shear deflection
Ratio of shear to bending 0.084 0.094 0.059 0,063
_deflectjon computed
Virtual mass by Lewis' method 89 89 84 84
(per cent of displacement)
Frequency in water computed by
Taylor's method with Lewis' 28.8 25.9 28.8 26.1
virtual mass added
Frequency in water computed by
Schadlofsky's method with Lewis' 29.1 27.3 29.1 26.5
| virtual masc added
Per cent virtual mass by formula:
- n 6 23 3
TN = 100 x (—“1 —)
n
w
cky o (1T + k(1 + k)
L 3 4 1.12 1.12 1.12 1.12
gccording to Schadlofsky
nth/1.12 36.8 30.8 36.1 29.9
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It is seen from Table IV that the measured frequencies in air check those
couwputed by either Taylor's or Schadlofsky's method in three out of four cases, The
probable explanation of the discrepancy in the case of uniform loading for the rec—
tangular model is that the glue which in this case alone covered the whole bottom
caused a damping effect due to internal friction. Fig. (10) illustrates the graph-
ical computation for the triangular model by Schadlofsky's method.

Next it is to be observed that the effect of the water was much less in the
cagse of concentrated loading than in the case of uniform loading for both models.
This is consistent with the fact that the concentration of the ballast at' the anti-
nodes increases the flexural inertia of the ship while the water inertia is not
greatly changed. Hence the damping action is relatively less for the case of con--
centrated loading. However, the fact that damping action for the case of concen~
trated loading causes less than a 3 per cent lowering of thé frequency is surprising

The application of Lewis' virtual mass factors to the graphical computations
did not predict the frequencies in water within 10 per cent for uniform loading and
within 20 per cent for concentrated loading. However as previously mentioned the
full scale measurements of F. H. Todd indicate that Lewis' method is more reliable
at low frequencies.

Unfortunately the range of 1?"'1 values (reciprocal of Froude's number) in-
vestigated by Schadlofsky, namely, from 0.39 x 1072 to 3.85 x 107, does not include
our models which had an F-1 value of about 0.15 x 102, Schadlofsky's experiments
ghowed definitely that the water effect increases with frequency, a fact ignored in
Lewis' theory. On the other hand, the high frequencies used in the model experi-
ments are not encountered in practice. The magnitude of Schadlofsky's corrections
for elastic behavior is shown in the last two items of Table IV. Comparison of
measured values in air with those computed with these corrections indicates that
Schadlofsky's factors, at least for these models, are too high. Schadlofsky's
curves give a ratio of shear to bending deflections of 0.17, whereas, the computed
values range from 0.06 to 0.09.

The results at the Experimental Model Basin seem to indicate that the cor-
rection for shear deflection and the correction for water effect are all that need
be taken into account in deducing the actual frequency from the theoretical frequency.

As the water effect necessitates the largest single correction to the theo-
retical frequency it would seem that without model measurements which in general
are not feasible, the frequency cannot be forecast with an accuracy better than
t5 per cent by methods now in use.

b, Full Scale Experiments

In full scale testing the U. S. Experimental Model Basin conducted measure-
ments on four fleet oilers in 1929 (20) by the method of dropping the anchor.
Recording was done with a Sperry pallograph. Also, at this time the natural
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frequency of the battleship OKLAHOMA was determined by running the engines in the
region of resonance and recording the vibration with the pallograph. The anchor
method was used in this case as a check. For the tanker CUYAMA and the battleship
OKLAHOMA, computations were made by Taylor's method, by a variation of Lewis' tabu—
lar method, and by Taylor's method with Lewis!' correction for virtual mass. For the
CUYAMA, the frequency computed by Taylor's method with Lewis' correction for virtual
mass was 5 per cent higher than the measured value. For the OKLAHOMA it was 19 per
cent lower.

In 1932 the 25 ton vibration generator built by Losenhausenwerk of Disseldorf,
Germany, was scquired by the Model Basin. This machine is shown in the photograph,
Fig. 11. A discussion of the use of this type of machine in bridge testing is given
in ref. (21). Opportunity did not present itself to make a test with this machine
until May, 1933, when it was installed on the destroyer HAMILTON. This test is de-
scribed in ref. (28). The test showed considerable change in the water effect with
depth of channel. The natural frequency increased from 92 to 107 per minute in
going from a depth of 17 feet to a depth of 27 feet. The upper value was later
checked by pallograph measurements at a considerably greater depth. The computation
by the graphical method of J. L. Taylor with correction for shear and rotary inertia

would have required the introduction of the water correction factor 1 _ to

check the measured frequency if the correction were applied as a lump facior. The
Schlick constant required to check the measured value would have been 1.16 x 105,
The three noded resonance in "deep" water occurred at 206 vpm or 1.93 times the
fundamental as against 2.76 for the uniform bar or 2.26 for bars with pointed ends,
sccording to Schadlofsky. These figures might serve as a basis for estimating the
two and three noded frequencies of other destroyers either by the Schlick formula
or the graphical computation.

¢, Vibration Recording

Because of the low frequencies encountered in the study of hull vibration
the recording instruments must be of different design from the usual instruments
for stationary work. As this particular field of vibration has only recently re-
ceived much attention, few instruments suitable for such measurements are as yet
available. At the time of the test on the U.S.S. HAMILTON just mentioned, & suit-
able pallograph was not available at the Experimental Model Basin with the result
that the only amplitude measurements made were those taken from shore by sighting
with a surveyor's transit. Subsequently the Tyve "A" pallograph shown in the
photograph, Fig. 12, was made. The inertia element which is suspended by a set of
fulcrum springs has a natural frequency of 20 per minute so that it accurately re-
cords frequencies of the order of 100 per minute. This instrument was used to re-
cord vibration during one of the trials of the U.S.S. HAMILTON, March 267, 1934.
Analysis of these records showed that vibration occurred both in the bow and in the
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stern in the neighborhood of the two and three noded resonances previously determined
with the vibration generator. In every case the frequency recorded was either the
same as the shaft RPM or three times as much, indicating that impulses were being set
up both by the propeller blades as well as by unbalance in the propellers themselves.
The anchor was dropped in shallow water after which 34 vibrations were recorded by
the pallograph at a frequency of 99 per minute as compared with 92 per minute meas—
ured previously in shallow water. From this record it was possible to estimate the
logarithmic decrement of damping due to skin friction and internal friction dis-
cussed in section 3 (b).

These measurements indicated that the problem can be studied during ordinary
runs without the necessity of installing the vibration generator and with this in
view a more portable pallograph, the type "B" shown in the photograph, Fig. 13, has
recently been designed.

6, Tabulation of Available Data on Ship Frequencies
For reference there are tabulated below the results of measurements already
reported in technical publications. In cases where no information is available for

making computations these figures may serve as an indication of the ranges in which
resonance is likely to occur. The computed values were obtained by various methods
and in many cases the good agreement with measured values is due to the arbitrary
use of correction factors.

Table V
Author Type of Displacement Type of Frequency
and Vessel (tons) Vibration

reference Meas. Comp,
Todd (8) Cargo 7,940 2 node vert. 100 109.5
Tanker 15,190 n 78.9 74.2
" 4,377 . 105-6 | 107.5
Cargo 6,590 " 81-2| 117.8
" 3,835 " 109 2.2
Tanker 4,180 " 104~5 102. 5

" 1,877 " 115 121

Cargo 10,070 " 100 195
Tanker 5,180 " 90-1 91.3
Cargo 13,000 " 78.5 7.5
Tanker 1,475 ‘ " 98.5 95.8
" 12,832 " g8o.0 &5
" 14,635 " 80.0 81.5
Tobin (22) Tanker 2 node vert. 76 75.4
Liner 3 "o 150 148.7

L] 4 L L} - 269

Tanker 8,300 2 LA 112 -

Nicholls (10)| Destroyer 1,378 2 node vert. 120 135
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Author Type of Displacement Type of Frequency
and Vessel Vibration
reference Meas. Comp.
Nicholls (10)| Destroyer 1,378 2 node hor. 150)
to) 164
180)
" 1,378 3 node vert. 170 284
" 1,378 3 " hor. 260)
to ) 326
390)
" 1,378 1 node tors. 630)
to) -
700)
Horn (18) Liner 12,750 2 node hor. 125)
to) 127.3
130)
' Schadlof'sky Tanker 16,600 2 node vert. 81 81.5
(6) Cable 205)
layer 834 2 " " to) 210
210)
Destroyer 1,378 2 " " 120 118.2
Tanker 8,160 2 " . 112 112
Freighter 8,360 2 " " 105 104.1
Lovett (23) Passenger 2 node vert 65
" 2 " " 84
" 2 n " 67
" 2 " " 59
Tanker 2 " 76
" 2 "o 112
Schmidt (15) Motorship 7,010 2 " " 105)
to) 106.3
108)
Taylor (24) 9,300 2 v 120.2 118
4,100 2 " 0 148 151
6,550 2 " 100 98.5
9,050 2 " 89 92
12,700 2 " 0" 79 80.5
6,850 2 " 92 93
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Author Type of | Displacement Type of Frequency
and Vessel Vibration
reference Meas. Comp.
Taylor (24) 9,300 3 node vert. 250.5 | 23
8,000 3¢ " 214 206
12,700 2 "  hor. 106 104.5
6,850 2" " 147 142
8,000 2" " 137 135
Todd (25) Cargo 7,940 2 node vert. 100(?) -
Tanker 15,190 2 " " 789 | 121
" 4,377 2 " " 105-6 -
Cargo 6,590 2 " " 81-2 142
" 3,835 2 " " 109 121
Tanker 4,180 2" " 104-5 124
" 4,377 2 " " 105-6 144
" 1,877 2 " " 115 198
Cargo 10,070 2 " " 100 125
Tanker 5,180 2 " " 90-1 130
Cargo 13,000 2" " 78.5 -
Tanker 11,475 2 " " 98.5 121
" 12,832 2 " 80 107
" 14,635 2 " " 80 93
" 6,400 2 v w 112 138
" 8,200 2" " 112 124
" 15,700 2 " " 72-76 -
Roop (<0) Oiler 15,430 2 node vert. 60.3 63.3
" 7,600 2" " 88.5 -
" 12,600 2" " 81.1 -
" 10, 000 2" " 73.5 -
Battleslaip 32,000 2. " " 82 -
Cole (4) Tanker 5,800 2 " " 112 112

In the case of those vessels for which sufficient data were available the
equivalent values of the Schlick constant required to check the measured frequen—

cies were calculated.

These values are tabulated in Table VI.
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Table VI - Experimental Values of Schlick Constants

Author Type of |Displacement|OUverall Moment of Measured Equiv.
and Vessel (tons) Length | Inertia ﬁ Frequency | Schlick
Reference (feet) | amidships (per min.) Constgnt
(ft2in® x_‘IO4 x 107
Todd ¢8) | Tanker 15190 | 440 | 476,000 6.08|  78.9 1.30
Tobin (22) " 8,300 350 233,8901 8.1 112 1,38
N%:gglls Destroyer 1,378 310 33,000 8.9 120 1.34
Sf?g%dt‘ Motorship 7,010 484 718,000 9.50 106 1.12
Schadlofsky | Tanker 16, 600 462 604,000 6.08 81 1.33
(6) Cable layeq 83 | 181 15,600| 17.8 |  207.5 1.17
Tanker 8,160 366 234,000| 17.65 112 1.47
Freighter 8, 360 mn 264,000 7.88 105 1.33
Cole (4) Tanker 8,151 350 233,890 8.19 112 1.37
g;géfi #372 | Destroyer | 1,382 310 35,000 9.22 | 107 1.16
Roop (20) Tanker 15,430 475 447,000 5.20 60.3 1.16
Battleship | 32,000 583 1,325,000 | 4.57 77.1 1.69

The average of the Schlick constants tabulated in Table VI is 1.32 x 105.
and the average deviation from this value is *8.6 per cent.

Z._Conclusjons

The average deviation in the experimentally determined value of Schlick's
constant for the ships tabulated in the previous section compares very favorably
with the estimated probable error of *5 per cent for the theoretical computations.
Hence because of its simplicity the Schlick formula is to be preferred in the major-
ity of cases. Sufficient data are not now available for selecting a value of
Schlick's constant according to the class of vessel, and hence the average value
1.32 x 105 is at present the best for all types. With the accumulation of data in
the near future it should be possivle to select a better value according to the type
of ship.

The graphical methods of Taylor and Schadlofsky and the tabular method of
Lewis are accurate for computing the theoretical frequency but the subsequent cor-
rections to the theoretical frequency remain in some doubt. Of these corrections
only those for shear deflection and water effect are of sufficient magnitude to be
‘taken into account. The shear deflection lowers the frequency by about 5 per cent
and the water effect lowers it by about 25 per cent.
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The flexure theory is not applicable to the computation of higher harmonics
and the only guide here is the collection of data on other ships.

From the measurements tabulated in section 6 it appears that the two noded
vertical frequencies fall within a relatively narrow range on either side of 100
vibrations per minute, and hence in many cases the frequency could be estimated di-~
rectly from this table. The close relation between the two noded vertical frequen-
cy and the strength problem, however, lends importance to the theoretical calcula-
tion. If the water effect were definitely known the effective EI, which is the
measure of bending strength, could readily be deduced from the natural frequency.
This is shown by the close agreement between measured and computed frequencies for
the models when vibrated out of water.
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