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wtcrest of the shup Dynamics Div of the Structural Mechans
s Laboratory at the David Taybsx Model Baun Excluding
the niad body tetzon of a dup (fii pitch heave), wo note
the nflucnces of randem sea and smapcuvenayg which pro-
duces a transent roponse of the Luli s stoscture, the nila-
eice of siamipnnyg Jue to advorse [ E
sea moton, the impulse, random and penodie otation
due to the hydicdynamics of

i

~

of R (Iotion an

= Loz appendages, prese
sure fiucuations due o the propeiierns, thrudt fluctuation,
machincry rabalance and other machinery forces, noise jene
eration and resulting sound f3deatm The stdy of these
forces and the response charactenssracs of ships to them s
encempassed 1 the following pregrams of the Division:

I structural Seavorthiness == The deselopment of dy-
namic design procedures {or shups hulls

2. Slamming == The study of e mechanism and Jevel-
opment of rattenal procedures o mmmeze the effects of
slamiming.

3 Hydroelasticity == Flutter prediction.

il vibratien -+ Response o sicady state forces.
- Machinery vibration.
. Radiation studies.

Fullescale sibration tesiing snd shap evaluation.

8. Develop ent of vibration smtrumentation and come
puter facihities.

The broad ohjectives of these programs include the fol-
lowing basic considerationss

1. Mechanmical suitabily (The concem for structural ade-
quacy).

2. Habitability and vperability {the concern for adverse
effects on persennel and equipment)

3. Detection and detectabiinty {the concorn for cftwicncy
in undersca warfare).

Since river tuwhoeats are pot gencrally concetied with
undersed watfare, we have himited thus paper 1o the fust two
considerations.  ln hike manner, towboat operativns are not
generally concermed with structuzal waworthiness, slamming.,
or hydroelasticity probiems to the same degree as seasgoing
vessels, Our prebuninary iterest, therefore, will center
around hull vibration simulated »y steady state forces, cither
propeller or mackinery excited  In addition, we have utie
hized some expestence pained 3o the Navy's nowse reduction
program which. :f applied, should be heipful i amproving
the general habitability and eperability of aiver towboats.
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HULL RESPONSE

A ship 15, in reality, a beam detighed to cany a load une
det varyiny conditions of support. When we consider the
problem of shp vibratien we nrest fitst consider the respomse
of the beam or ptimary hull gindetr and then consider the
response of individual items of egmipment with teference
to the basic girde! motion st the pont of attachment. As
an optunum comdition  any prece of stpboard equipment
which is directly attached to the *ull can be expected to
move, as a nummum, with the samic amplitude as the pne
mary hull girder. it s nmportant therefore, 10 understand

and control, insofaras pussible, the response of the primary
hutl girder.

In any mechanically vibrating system we are concemed
with the natural behavior of the mass-clastic system and its
fesponse to exciunyg forces. A ship s such a system and stude
ies have shown that the hull guder will appronimate a free=
free Peam, supported at its nedat pownts. The particular ge-
oetry of 3 Ziven ship will of course wfluence s tesponse
charactenstics. Nemnlly we are concemed with the flexe
ural modes 1 the vertical and athwastship dizections. In
certain cases, such as a destroyer with long slender lines, we
may eacounter a tersional of twisting made of the hull which
tves troub'e and an stili other ships the leagitadinal or ac-
owdian mede has been 3 cause for concerm By s geometry,
Edwever, we van prehably init our considzration in towe
voats 1o the flexural nodes.

For a fisst approximation we ¢an assurse 2 ship tobe a
beam of umiform sectien and carrying a un:formly distnbuted
lead  The matural frequency is obtained from the following
capression (1)%:

F atgg. A‘/_..... cpm
2x ut4

where;

N
=
I
L
i

E = Modulus of elasucity, lb/in2
1 = Moment of inertia of the cross=sectsen about the
neutral axis normal to the plane of vibrauon, in.

Mass per unit longth of beam, lbqtciﬁnz
Length of beam, in.

A = A constant for the mode considered, 1 =224, 2=
61.7,3 = 121, 4 =200, 5 = 298

L
Hou

In appiying this formulation to the actual ease of a tow-
buat, the mass per umt length p will include e mass per
urit length of the hull girder, the average mass per unit
length of the machinery and equipment, 254 1 value of mass
rer umt length for virtual mass of entrained water. In gene
eral, as a furst approxamation, we may assetae the mass per
umit tength of the hull girder and supported +qupment to
cqual the total mass of the ship divided by 25 length. The
virtual mass per untt length for the flexursl axoades may be
computed as follows:

For athwartship vibration = § }CH i% ll2

. N
Fot vertical vibranon = § )Cv ,ﬁ -

whetes
] = Taylor's longstudinal inertial coetfcient. (To ace
count for the three~dimensional fiow cifect of the
vittual mass)
C., = Landwebet's vittual mass coefficrest for honizontal
mution

=umbets in parentheses designate References at end of
papet.
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CV = Landweber’s virtual mass coetlicient 1o vertical
etion

p/g = Mass of water percu ft

H = Deaft, ft

b = Meau haif-breadth of section at water hine, fi

Appreprate values for the lengitndinal wnertia coefficient
may be tazen {mm Fig 2. The value J 1s plotied against the
ratio of LB {lznegt over beam)  The values for CH and C

v
are obtaized frem Figs 3 and # respectively  For more de-
tailed anaiysis of the virtual mass problem. see Rel. 2.
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Fig. 2 - Cmrve for obtaining coefficient J used in virtuale
mass estimate
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Fig. 3 ~ Virtual=-mass coefficients for vertical motions
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Fig. 4 = Vartual-mass coefficients for horizontal motions
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The mcde shapes and location of nodal foins for the uni=
form beam and uniformiy distributed ioad ate shown in Fig.
5 These frequencies caiculate in the ratzo of 1 0, 2.75,
5.4, 8.9, 13.35 While the foregoiny procedure may satis-
factorly establush the frequencies and mode shapes of a ves-
sel having the general gecmetry of a wowboat, s procedure
has pot proved adequate forocean going ships having fineriines
at both bow and stern. Fig. 6 shows a typical weight curve
developed tor an ocean going vesse! and Fig. 7 shows a typt-
cal area - moment of mentia curve. In each case the ship
is divided 1o 20 stations between the ferward and aft per-
pendiculars. An empirical form of the uniform beam form-
ula was developed by Schlick to cbtain the fundamental
vertical frequency of a ship:

F=o /——i
ad

F = Frequency, cpm 2
= Moment of inertia, in.” ft” units
A = Displacement, long tons

where:
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Fig. 5 = Mode shapes and location of nodal peinis for uni=
fonn beam with uniformly distributed load
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Fig. 6 = Typical weight curve for calculations of mode
shapes
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unuous development progiam. In 1949 the Model Basin, in
collaboration with the University of Michigan, published
methods for calculating natural {requencies and norma!l .
modes of vertical vibration of a ship's hull considered as a
free-free beam with bending and shearing flexibility (5).
Through continuous development these methods ha- = been
extended to include flexural, torsional, torsional-beading,
and longitudinal modes. By refinements in calculations of
virtual masses and consideration of the effect of masses flex~
bly artached to the hull, better agreement of theoretical
and experimental resulis are obtained. Calculations of the
mode shape with a unit deflection on the stem of a ship, or
due 10 a unit force applied to the prepeller or stem, allow a
comparison of the response of different hull desigms.
Receruy a comprehensive study, reviewing and extending
previous work, was made on the application of equations fos
digital and electric~analog solution of the natural frequen~
cies and mode shapes of a ship's hull 1dealized as an elastic
beam (2). Effects of bending, shear, rotary inertia, couvpled
torsion and bending, initial curvature of the elastic ares,
applied forces and torques, sprung masses, and other inertias

“are included. Methods for manually calculating the physical

parameters of the hull from ship‘s plans and other sources
have also been treated on the computer. The accuracy of
the results obtained by these methods for uniform and non-
uniform beams has been encouragiag.

The validity of these theories has been verified by vibra=
tion measurements on many different types of surface ships
and submarines. The most complete vibraticn survey ever
conducted was made on SS Gopher Mariner n cooperation
with the Society of Maval Architects and Marine Engineers
(6). Hence, these analyses can now be used with confidence
to caiculate the frequencies and modes of hull vibrauon at
the design stage so that resonance conditions can be avoided.
In view of the higher frequencies of vibration, which are of
intetest today, and the increasing importance of the inter=
action of the hull with elastically attached masscs and the
water, the more general three-dimensional approach to ship
vibration is being studied.

On certain classes of ships, flexibly mounted masses such
as machinery, rudders, cargo, and superstructures affect huil
vibrations (2). Therefore, to explore the possibility of a
more adequate representation of a ship’s hull as a mass-
elastic system subject to vibration, studies have been made
to investigate the characteristics of a beam with attached
inertias having mioticn in translation, rotation or coupled
wanslation, and rotation. Analyucal, electnc-analog, and
digital computer methods have been devised to determine
the natural frequencies and mode shapes of beam~sprung~
ineruia systems. Full-scale studies to vénfy these theones
have been conducted on the NS Savannah and the USS Loog
Beach (CG(N)9).

For those who are interested in pursuing the subject fur=
ther, the more recent works of McGoldrick (7) and Todd (8}
are recommended reading. These two pubhications, plus
Leibowitz (2), contain all significant references on the thevey
of hull vibration.
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EXCI.ING FORCES

As previously mdted, any vibrating system includes both a
mass-eiastic system and an exciting force which drives it
Earher we considesed the hull girder a: the primary mass-
elastic system and discussed its response characteristics.
This section wiil deal with the excitizg forces. These forces
are limited to stezdy or periodic foruzs, which will produce:

1. Forced Vikration -- The resporie of the vibrating sys~
tem to periodic forces of sufficient magaitude as to excite
the symem at nonresonant frequencies.

2. Resonant Viration -- The respense of the vibrating
systerm 1o periodic forces tuned 1o 3 catral frequency of the
system.

1t 15 obvious than, that 10 minimize hull vibration, we
must Emit the magnitude of the exciring forces and insure
resonanoes at impestaat operating comditions are avoided.

The most comison vibratory forces sucountered may be
divided into five groupss

G#IUP I -- Forces caused by unbatance of rotating equip-
ment.

GRCUP II =~ Vertical and horizoszal forces on the ship
structewre caused by the passage of each propeller blade.
These forces have a frequency equal 1o the blade frequency
of the propeller, which is equal to the number of revolutions
of & = propeller tiznes the number of Blades. Qccasionally
harnmaics of blade frequency are encountered.

GFOUP UI =- Torsional vibration of the shaft system ex-
cited by propeiler blade forces or by monuniform engine
rorque. The fumiamental frequency of these oscillations
may e propeller blade frequency or major engine harmon=
ics.

GROUP IV -~ Longitudinal vibratizn of the engine-shaft-
propeiler system ia a fore and aft dizsction. This frequency
is generally equal 1o the propeller blade frequency but can
be associated with important torsional frequencies excited
by enzine harmaascs, (coupled torsicmal and longitudinal
modes).

GROUP V -~ Egupment vibration- Tiis group includes
the furces geneiated by and peculias 20 particular equipment
chazacicristics. ¥ncivded in this grouwp would be such items
as secandary engrne inerua forces, harmonics of reciprocats
ing compressoss, pump vane frequency, and so forth.

Group L Unbalanced Forces At Shaft Frequency = The
unbalanced forces ar shaft frequency include mass or hydro-
dynzrmic unbalasce of the propeller, mass unbalance of the
shafiing or bull gear in a geared dnive  mass unbalance or
prumary inertia wnhalance 1n a direct connected engine, and
whigging in the shaft system. The Eydrodynamic unbalance
of a propeller mav be caused by a dsmaged biade or an er-
rof 3 pitch. In 2 vessel which preseously did not have tron-
blesemne vibratsoa, its sudden appearznce would throw cons
sidersble suspicwon upon propeller or shafting damage.
Seawwed or other fouling of a propeiier may also cause a
temporary vibratzoa of this type.

To mirimze mass unbalance, the Navy has established
statze and dynammic balance requirezments for ail fotating
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machinery. Spesific requirements are given in Ref. 9 under
Type 11, Internally Excited Vibrauion. Table 1 is takea from
Ref. 9 and gives the type of comrection required, cons:dening
the motor dimensions and speed of rotation. From this spec-
ification we ~~te that all propelless raceive the minimram
of a stanic balance and that all propulsion shafting reczives
a static balance if it totates at 150 rpm or less and a dy-
namuc balance if it rotates at 150 rpm. The maximum al-
lowable residual unbalance in each plane of correctisa is
given as:

aw
U =3 for speeds in excess of 1000 rpm

or e
630W .
=2 for speeds between 150 1pm and
N 1000 rpm
er
U = 0.25W for speeds below 150 rpm
where:
U = Maximum allowable residual unbalance, oz .
W = Weight of rotating part, 1b
N = Maximum operating rpm of unit
The mass unbalance or primary inertia unbalance of a

direct connected engine will also provide exciting forces at
shaft frequency Since n this paper we are dealing withthe
apphication problem of the naval architect, we will timit
cur ccmments cn the design aspects of the cngine itseif 10
recomnmendation that the choice of ukit should include a
consideration of 1ts inherent unbalanced forces Further de-
tails on the computation of the primary inertia forces ia the
engine are g:ven in arcrher paper.

Shaft whip may occur when the natural frequency ef 12t~
eral vibration of a shaft system equals the rotational fre=
quency. To avoid the possibility of shaft whip, it is recom-
mended that the natural frequency of the shaftsystem oe at
least 115% ot the operating speed. For the system shown in
Fig. 11, the nawral [requency is computed by the forlewing
equation taken from Ref. 10:

El

2

Wb
SR Y A Nl L\ WY S
Ve g\ TR T T3

where:

E = Modulus of elasticity, lbfm.2

b = Propeller overhang, .

€ = Beanng span, .

wp: Propeller weight plus 25% for entrained water

t = Moment of inernia of shaft section about dramcter,

4
m.

# = Shaft mass per umt leagth, lb-secelm.2

'd = Mass moment of inertia about a dunweter, ib .
o
2

s¢c
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= 1/2 lp pius 60% for entraiued water, where
“Mass moment of inertia of propeller about axis, 1b
in. sec

All cases of first order vibration are considesed deficien-
cies. By that is meant that if the above sources of first order
vibration are carefully considered in the design and develop-
ment, we should have little concern about them in the fin-
ishcd towboat, or conversely if first order vibration appears,
it generally can be eliminated by the correction of these
first order forces.

Group 11, Propelier Forces = The propeller forces and
moments which vibrate the ship's hull, in addition to those
resulting fram gcometric imperfections, are those induced
by:

1. The wonuniferm indlow-velocity into the propeller
plane which then pioduce forces which are trarsmitted 1o
the hull hrough shafts, struts, bossings, or stern tube bear-
ings.

2. Oscillating fluid pressures generated by the moviag
pressure fields associated with the blades of the loaded pro-
peiler when passing strut arms, bossings, or the hull.

Unlike the first order (shaft frequency) vibrations previ-
ously discussed, the propeller forces at blade frequency or
harmeonics of blade frequency are a function of design con-
siderations. The renwaiform velocity field ssrounding the
stern of the ship and the propeller working in this medium
determine the magaitude of the developed forces apd are
established in the design stage. Unfortunately those factors,

Table 1 - Types of Correction for Mass Unbalance

Length /Diameter® Speed, rpm  Type of Correction
Less than 0.5 0-1000  One plane (static)
Greater than
1000 Two plaae (dynamic)
Greater than 0.5 0- 150 One plane (static)
Greater than
150 Two plane (dynamic)

*The length and diameter refer to dimensions of rotot
mass, exclusive of supporting shaft.

PROPELLER
/ BEARINGS

X

b-sle—r ! ———f

Fig. 11 = Diagram of tailshaft system
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such & il form, proplier clearances, and water depth,
which greatiy safivence the magnitude of the forces, canno”
be too well confroiled in the case of towboars, However,
improvements @1 f1ow have been ohranied m recent years
by stermn modificanons and the use 57 ¥ort nozzies in some
instances  Force seductior” hase beea acticved n many
cases of Zup vibration by the use of skiwed propellers.

The deal approach to this problem s to conduct model
wake studies from which the harmoric content of the cir-
comfciential wake at vanous radii wuhin the propeller plane
can be determuned. A harmome aralyus of this data would
permitt an evaleztion of the relative magmuude of the pro-
peller blade forces for pivpeaders haviag vanous numbers of
blades. Thisdata plus a knowiedge of the hull natural fre-
quenvies and she rande of shaft specds desired wall permut
the sclection of parameters saich witl moumize the forces
at propelier blade frequency. Ur

ately, however, the
cost of this appraach genera'ly results in s cimission and we
fall back on the capenence of the naval architect, In this
respect, shipbuiiding is sull considered an art.

The most imperiant aspect of any vibzation problem is
that of resonan~2. If our preyeller blade frequency is tuned
1o a natural frequency of the hull within an important op-
erating speed range, we can generally expect serions vibra-
tien. Obviously the easiest way to correct this problem in a
given design is to choose a propeller with the number of
blades which prevides the vet compremuise. To do this, a
vibtation study should be made to Jetermine the location
of the nawn.ral freguencies of the hull. This can be done 1de~
ally by a vibratica genc-a. r hotean senerally be deterinined
by underway tests. The location of shaft speed critical: for
propellers with alternate numbers of blades can be readily
predicted by dividing the observed frequencies by the num=
bet of blades. In general, the relative force wputs from al-
ternate propeliers can also be estimated at a pamicular crit-
cal by correcurng for the change in power at the speed at
which the cnitical occurs and by correcting for the change
in intensity of the suction peak. The lirst cortection vanes
as the square of the cnitical speed tatio and the latter varies
as the cube oot of the speed rano for a free nnuung cone
ditton. Fer example, 1f we had a hull frequeacy at 720 cpm
and the top speed of the shaft was 180 tpm, A senous cntieal
could acy e at top speed when usung 3 4-bladed propeller.

If we comnidered changing to a S-bladed propetler, the cnte
wal would shift downward to 144 pm, and for a free runming
conditivn the forces would bes

< 3
I S 564 0.93 =20 59% of the vriginal force.
130 150

Of course ths would be revised upward sumewhat when
sowang and othet higher modes enter into the picture. Howe
ever, as w all vther engincenng probems, the weal design
is a compronuse and can only be achicved by undestanding
the aliematives.

Group 1, Twsional Vibiaton = In most installations
the prescace of senous criticals of tormional vibration may
reflect in a torseaal fatigue fadure of systerh components

AT

or. n the vase of yeared drives, can produce torque reversal
and hammering of gear teeth. Occasionally, however, a
torsivaal eritzcal will resu!r °n senous hull vibration. The
most Likely case of such difficulty would be that of a direct
connected drive in which the engine inerua is of the same
order of magnitude, or not too much larger than that of the
propeller if, in such a case, a serious first mode critical
occurs i the upper operaung speed and large amplitudes

of torsional vibraton are encountered, the amphitude at the
engine may de sigmificant when compared to the amplitude
at the propetier. In this case the absolute motion of the en=
guie masses will be large and torque reaction in the engine
frame will be reflected w vibration in the hull, transimitted
through the engine foundauon  This source of trouble can
generally be avoided, 1f, 1n the design of the propulsion sys=
tem, the wiernia of the enpine end of the system s highcome=
pared to that of the propelier. The relative amplitude curve
i this case results in greater torsional motion at the pro=
peller and wncreased damping to the system introduced
through the prepeller.

For reasons of safety, the torsional vibration charactens=
tics of any proposed propulsion system should be carefully
checked. In the majonty of cases the system evaluation is
performed by the engine builder. However, in many cases
the naval architect or shipbuilder wiil retawn their own con=
sultants to iasure the adequacy of the overall sysiem, to op=
timize the basic arrangement of the propulsion system, and
to choose the most appropriate system components.

The desiga of the propulsion system requircs the avoid=
ance of serious criticals of torsional vibration within the nor«
mal operating speed. Serious criticals are defined as those
having excessive torsional vibratory stresses, or exceisive
vibratory totGue across gears (9)  Witlun the operating speed
range, excessive stress s that stress in excess of Sv. where

Ulumate tensile strength, for steel

v 25
s = Jfomional fatugue himit, fot cast wron
v 6

For average crankshaft steels, the range extends from
75.000 to 123,000 psi, and the corresponding allowable stress
would run from 3900 to 5000 psi.

Excessive vibratory torque across gears for diesel installa-
nions is given a: that torque greater than 15% of the driving
torque at the same speed, or 25% of the full load torque,
whichever is smaller.

For "pass~thru” criticals which occur below the operating
spred, excessive torsional vibratory stress 15 that stress in ex-
cess of 1-3/4 umes the value of S, )

Normally, the naval architect will be concerned with the
fundamental mode having us node between the engine and
propeller. The frequency can be estimated by either of the
following expiuvssions:

When the engine inertia is large compared to the proe

peller merma:
60, [K
= -.,—\;v —.cpm
“h

1
€
i
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When engine and propeller are of the same order of magai-

rade:
60 /K (1 +1
F’Ev ﬁmﬁ(: 2 , cpm
X
where: e P

K = Torsional suffness of conpecting hafting, 1b in./rad

- . 2
!e = Mass moment of inertia of the engine, 1b in. sec.

Ip = Mass moment of inertia of the propeller, Ib in. sec
(1includes 25% for entrained water)

Resonances may be excited by propeiler blades or engine
Earmonics and critical speeds will occur at the natural fre=
geency of the system divided by the number of propeller
biades or the particular engine harmonics mportant w0 the
proposed rarge of operations. Frequently the torsicnal probe-
tem will control the choice of propeilers. Usually, if the
system 1s not sufficiently close coupled io result in the ma-
sar 1 mode critical falling above the cperating speed range,
the critical may be located well below the important speed
zange by the use of a torsionally flexible coupling.

The calculation of engine excited criticals istoocomplex
a problem to be treated here. It will suffice to say, kowever,
thar much work has been done on the subject, both by the
Torsional Vibration Comimittee of the Society of Automo-
uve Engineers and the British Internal Combustion Engine
Research Association. Analysis methods presently empleyed
yield very good results, particularly in frequency determi-
eations. As in most vibration problems, however, estima-
rzons of system damping is subject to considerable errer and
whenever possible, testing of the completed installation is
Eighly recommended to confirm the original analysis. De-
ta:led analysis procedures are well presented in Ref. 11 for
enzine excited criticals. The amplitude of propeller ex-
cited criticals may be estimated from Ref. 10 as:

Op

¢ prop = 0.0025 e

where;

¢ piop = Vibration amplitude at the propeller, radians

Qp = Altemating propeller torque, in per cent of
me1n propeller torque (5 to 7.5)
B = Number of propeller blades

The altemating torsional stress in the propulsion shafting,
Zue to propeller excitation, is;

5=,G_P_¢l’l° .
s T |1 P

where:

G = Torsional modulus, psi (11.8 x 106 for steel)
D = Diameter of shaft, in.
t = Length of shaft, in.

¢ = Vibraticn amplitude at propelier, radians

[ = Mass moment of igertia of the engine, ib . sec2

I = Mass noment of inertia of the propeller, Ibin. secz
(includes 255 for entrained water)

The derivaticn of this expression is givea in Zef. 10.
Another possible source of difficulty is the coupling of
torsional and long:tudinal modes of vibration. Since the al-
ternating torque produces a longitudinal vecior due to the
propeller oscillation, a component of thrust, at the frequency
of the torsional critical, will produce an alternating force

at the thrust beasing. A case has been enccunterea in tow-
boat design, in which these forces at the bearing, augmented
by a longitedinal resunance of the thrust bearing foundation,
tesulted in regetitive bearing failure in addition to producing
serious hull vibration.

Group IV, Longitudinal Vibration - The nonusiform pro-
peller forces almo result in an alterating thrust load. This
alternating load produces a longitudinal vibzatioa which en-
ters the hu!l at the point of attachment of the thrast bearing.
If, then, the mass slastic system of the propulsion drive is
tuned to the frequency of the exciting force, a coadition of
resonance cccurs which can prove troublesoine or even dara-
aging. If resonance cccurs, the only himitation to trouble~
some vibraticn of this type would be the inherent damping
in the system.

The manifestation of tedous hull and machinery vibration
in the longiwdinal direction was quiie serious in some naval
applications where long shafts were used. The results of
studies by the Kavy and the shipbuilderr involved were doc-
umented in the paper by Kane and McGeoldnick (12). This
paper is still recommended 1s a basic refere.e o1 the sub-
ject of longitudinal vibration.

In applying the present understanding of the problem of
longitudinal vibration to the case of the towboat, it is rec-
ommended that we strive to design the fundamental natural
irequer -y of the drive system. including the throst founda=
tion flexibility, 15-20% above the maximum propeiler blade
frequency, and, as pointed out earlier, insure that no major
orders of tersicnal vibration are present, which could result
in serious engine excited longitudinal vibration.

A typical system. including propeller, shaft, thrust bear-
ing, and a longirudinally flexible coupling betweea the main
thrust and engine, may be represented diagrammatically as
shown in Fig. 12. The natural frequency cf this system may
be estimated by the follewing expression:

£
F‘E’r'/m PV o
Py

A¢ = Factor for flexibility of foundation. This must be

where:

determined by test.
K = Longitudinal stiffiress of shaft = EA/L, b/in.

M = Mass of shaft, Ib scc2/in.



Mp = Mass of propeller + 50% for entrained water, 1b
seczl”m.

If we were to asame the dorust is Jocated in the engine,
the system would be s shown in Fig. 13.

The natural frequencies of this sy=em may be estimated
from the roots of the equation:

s+ 2fX1 K tKy KK
W Ya\W ' T * =0
n 1 o M ' Hs
where:

W, = Natural frequency, rad/sec
= Shaft stiffness = EAZL, 1b/in

x
-

= Stiffpess of emgine frame and foundation,
Ib/in. (T is a= =mpirical value)
M, = Propeller mass plus 35% for entrained water,

1
plus 1/2 mass of the thaft, B seczlin.
M, = Massof engize and foundation, plus 1/2

mass of shafi, b aeeziin.

For other alternate arrangements. approximstions must
be made for the developmesnz of an eguivalere mass-elastic
system which lends itself to convesfizsg analysis. Additional
suggesions are given in Ref. 12,

The largest unknown in these znalyses are, of course, the
estimauon for foundation stiffness. These valoes can only
be cbrained experirmentally oz by very rough calculation.
Since we are interested in a high netoral freqmency, we
should, as a rule, make the thrust foendation 2s rigid as pos-
sible in the longitudinal direczion. Thisisbest accomplished
by spreading . the foundation fore and aft, as far as possible.

Group V, Equipment Vibrztion - The equipment consid~
ered under Group V may be generally refercad to as auxil-
iary equipment and Iz differeeiated from moain machinery
primarily because of the size of the equipmezt. Ordinarily
the exciting forces, aithough of a lower order Thanthoze pro-
duced by main engines, propellers. and shafex, have higher

driving frequencies and thus introduce significant energy

into the ship sttuctge. These machires do not pormally
cause difficulties by exciting a discernible resonance of the
hull girder (ordinarily no maoze than five may be ncted) but
rather by exciting resonances in the local structure. To min-
imize the adverse zifects of equipment vibration, care should
be exercised in the zelection of equiprment for minimum ex-
citing force and in the design of fourdztions and local struc
ture to avoid rescnance with the known exciting forces in

the equipment.

The same forces which are inherent in a machize may
also s¢t up strucrural resonances in the machine frame and
create a cericus disturbance in the foem of airborne or siruc-
turehome noise (vibration). The following sections willtreat
thiz problem in greater detail and discass the source of noise,
noise paths, and noise control.

NOISE CONSIDERATIONS

The problem of noise reduction from the standpoint of
habitability has bega given ssrious 2tiention in recent years,
not otly by the Navy but alee the shipping induszy. Itis
evidemt that a ship, which contzing a maltitude of noise pro-
ducing machinery snd where the operstisg personsel are
confined to its boundaries for Iong perio<s of time, must have
in its design certain noise control fearres. The conirol of
noise is necessary for reasons sch as:

1. Loss of hearing.

2. Intelligibility of speech communication.

3. Reduced alermess and undue fatigune.

4. Increased comfort. 1

As far as the habitability or physiciegical effects of noise
is concerned, only the airbore companent of noise need be
considered. The structureborme compeaent is of importance
when dealing primarily with the watetbarne sound radiated
by various machinery and therefore will not be discussed to
any extent except as it relates to sirborne noise.

In discussing the subject of shipboard noise the following
areas will be considered: sources, paths, and conmol.

SOURCES OF NOISE - The noisz produced by 3 machine
is generally a function of the geomezy of its pares. Other

R
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Fig. 12 « Typical dnive system
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Fig. 13 - System with thrust located in engine
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factors such as internal forces and :ndividual componentres-
onances also may conuwibuie to the overall noise output of a
maciize. There are also zoise sources that are common to
many machines such as bearings and shafrunbalance. Among
the more commeon types of machines that will he discussed
are diesel engines, gears, pumps, fans, and electzic motors.

Bearings - There are two basic types of bearings com-
moniy used in machines, that is, rolling contact {antifric-
tion}and sliding surface bearings. Of the two types, theslid-
ing ==rface bearing is generally quieter in that it does not
contain characteristic fearwes that will generate specific
or dixzete frequencies except for the "stick=slip™ pheno-
mena resulting from inasequeate lubrication.

Roiling contact bearings. on the other hand, are capable
of preducing several distinci frequencies as shown in Table
2 from Ref. 13.

Except in especially quiet machines such as motors. gy-
ros. and the like, bearings are not the controlling source of

noise unless they are damaged or their exciting frequency
coincide with one or more nauural frequencies of the ma-
chine or its foundation. Needless to say, damaged bearings,
wherher they are of the shiding surface or the rolling contact
type will produce noise and. if not repaired or replaced,
wauld cause the machine they are supporting to become in-
operative.

balance - Noise caused by shaft unbalance occurs at
the rezational speed and associated harmonics. Generally
speaking, balance limits that are specified for proper me-
chanical operation resylt in low noise levels as far as air-
borre noise is concerned. There have been cases, however,
where the forces due to shaft unbalance have set into reso-
nance some other connecting part such as a frame, panel,
cr fevndation causing objectionable noise levels.

Gexs = Gears, by he nature of their operation, are well
known scurces of noise. A gear performs its work by trans-
mitting load and speed from one tooth on the &iving gear
to ancther tooth on the driven gear. Unless this work is ac-
complished at perfectly uniform velocities, such as the op-
eration of worm type gears, impact forces will result with
consequent noise. The fregquencies manifested are those cor-
responding to tooth imesh frequencies, (number of teeth of
a gear times the rotational speed). Other predominant gear
frequencies are those comesponding to the rotational speeds
of the individual gear elements. Here again, any natural
frecuzncies of the gear or casing that correspond to tooth
mesk or rotational speeds of the individual gears will be a
source of noise

Ees.des the above typical gear noises, there also exists
a source of noise peculiar 1o belical gears known as hobbing
frequency noise which 1s a result of undulations along a gear
tooth produced by the hobbing machine (14). This noise is
produced at a frequency egual to the product of the rota-
t.onsi speed of the gear and the number of teeth of the hob-
bing machine worm wieel  Under normal circumstances
the level of the hobbing frequency is usually well below that
of the mesh frequencies.

Piesel Engines - The diesel engine, together with itsprin-

cipal moving parns and accessories, contains numerous sources
of noise  The :ndividual rotating and reciprocating com=
poner-s as well as the combustion erplosions give rise to
many frequencies, ail of which combine to form the overall
noise output.

In an antemx 1o understand the complex noise output of
“liesel engines the Bureau of Ships undertook a program to
determine the basic sources of noise of a typical diesel ea~
gine (15).

Some characreristics of the engine tested are: Number
of cylinders - 8; Type - 2 stroke cycle: Bhp - 425 at 1200
rpm.

The engine was fimed with a scavenging air blower and
other acceswwies such as fresh water and sea water pumps
and lube oil prmps. The engine was connected 10 a gen-
erator and both mounted on a concrete slab. The slab
weighked appvoximately 23 tons and was isolated from acon-
crete floar by cork pads. Results of the test showed the fol-
lowing sources of airborne noise. in decreasing order of im-
portance, to be:

1. Scavenging air blower.

. fion ard cennecting rods.
. Exhaust valve mechanism.
. Fuel injeczors.

. Fuel combustion.

6. Timing gears.

A represemstion of the acoustical power contribution of
the various engine elemnents are shown on Fig. 14.

@0 oW

Table 2 - Bearing Frequencies

Origin Frequency, cps
Unbalance or Eccentricity N
My

Irregularity of Housing

Rl + R2
NRle
Irregularity of Rolling Element
R, (R, +R)
3712
nNR2
Irregularity of Inner Raceway
R +R
1772
nNR
Irregulanty of Cuter Raceway R TR
12
wheres
N = shaft rpm divided by 60
n = Number of balls or rollers
Rl = Radius of itner raceway
R2 = Radius of outer raceway
R3 = Radius of ball or roller B
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The scavenging air blower radiated direct airborne noise.
The engine proper radiated the airborne noise through struc-
wreborne vibrations excited by the moving parts of the en-
gine.

Although these results represent the findings from only
one engine it is considered that it generally indicates the
basic noise scurces of all diesel engines.

In addition to the above findings, a large mumber of na-
tural frequencies were discovered on the engine. A total
of 31 namural frequencies ranging from 180 - 340y Cps were
excited by “bump” tests.

The poise level of any engine element would be ampli-
fied if its frequency of excitation corresponds to any of these
natural freguencies.

Pumps - Puinp noises are usually of concern in the siruc-
tureborne or fluidborne sense rather than airbome since most
of the accustic energy develeped by a pump is contained
within the artached piping system. As such, the airborne
noise contribution of pumps relative to other machinery is
low.

It should also be pointed cur that the noise produced by
puinps depeads on two factors. One is the type of pump and
the other isthe systemto whichthe pumpis connected. That
is, the poise characteristics of a pump, considered as a com-
ponent, will vary depending on the attached system.

Fans - Fan noise. similar to pump noise, depends both on
the fan itselt as well as the attached connections such as
ducts. However, unlike pumps which operate in closed pip-
ing systems, fansradiate noise directly toopen airborne paths.
Since the principal use of fans aboard ship are in the ven~
tilating and airconditicning systems their acoustical con-
mibution regarding habitability must be seriously considered.

The aerodynamic noise peoduced by fans consists of 2
rotational component and 3 vortex component. The rota-
tional companent exhibits frequencies which correspond to
the number of blades times the rotational speed and asso-
ciated harmonics. The vortex component results from flow
separation causing eddy currents to form in a random fashion
and, as such, no particular frequencies are manifested.

Electrical Machinery - The m~or noise sources of motors

.
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Fig. 14 - Acoustical power distribution of various engine
elements on percentage basis
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and generators, other than that due to bearings and tnbal=
ance, is magnetic noise, bruth noise, and airflow noiss. Mag
aetic noise is a result of eccentricity L.'ween the rotor and
stator causing a fluctuation int the air gap. This sets up pe~
tiodic radial forces on both the rotor and stator causing thes
w vibrate at frequencies which are a function of the number
of poles and slots and the operating speed. Brush noises are
mainly due to poar mating of the brushes and commmtator
bars. There is no particular frequency associated with this
noise but it is usually of a high frequency natwre. Brush as-
s=mblies are also a source of noise if their natural frequens
cies coincide with the number of commutator bars times
the rotational speed,

" Airflow noises are caused by either the rotor bars chop~
ping the airsream or the ventilating fan blades passing ares
of cbstructed airflow. Thase airflow noises may be further
amplified if their frequency of excitation corresponds to the
resonance of the air cavity confined within the motor casing

NOISE PATHS - Noise, depending on the path it takes,
may be classified as either airborne, qructureborne, of wates
bome. Airborne noise, as detected by the human ear or mi-
crophone, is the measure of pressure fluctuations in the air
path caused by a vibrating object. The vibrating ebjectms
be a loudspeaker, fan blade, bulkhead panel, machine foun~
dation, or the like.

Structureborne noise is 3 measure of vibrations which are
transminted through solids such as machinery foundations,
tull, and deck plating and is ultimately radiated o the air
or water.

Waterborna noise is the direct result of prezure fluctua~
tions set up in the water by structureborne vibrations. To
a lesser degree airborne noise may also contribute to the
overall waterbome noise level. Fig. 15 ilustrates the var~
fous wansmission paths noise may follow.

NOISE CONTROL -

Objectives « As previously stated, the control of mise
is necessary for habitability and physiological reasons. The
extent to which noise is to be controlled is a functicn of the
various requirements that are specified to insure cestain de-
sired conditions.

,1{

~

~ et
il

¢

Fig. 15 « Transmission paths
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Specifications regarding no'se on Naval ships define five
noise categories and specifies airborne noise criieria for each.
The five categories are a5 follows:

Categary A - Spaces where intelligible speech communi-
cation is necessary.

Category B - Spaces where comfort of perscasel in their
qusrters is normaliy comsidered to be an important factor.

Caregory C - Spaces where it Is essential o maintain
especially quiet conditions.

Category D - Spaces o 2reas where 2 higher noise level
15 expecied and where deafnes avoidance is 2 greater con-
siderstion than intellig.ble speech communication.

Category E - High nowse lavel areas within categary D
spaces where intefliglie speech communication is peces-
sary.

The speech inerference level (SIL) is a meaawe of the
background noise on intelligible speech comnmmication.
Nummerically it is the arishmerical average of the sound pres-
sure ievel, in decibels, in the octave bandss (360-600),
(604-1200), (1200-2460), ana (2400-4800) cps. For oise
categories A and E Table 3 shows the SIL valmes that are
not 10 be exceeded.

The noise levels for categories B, C, and D, cover the
entire octave range and se shown in Table 4.

Table 3 - Speech interference Levels

R

The category assigned to a particular space depends on
the objectionable poise effects that will de encountered.

For example, in an engine room comfoct sod speech intel-
ligibility are usually disegarded and deafness avoidance
criteria will prevail.

Methods - Noize eontrol must be considered in 3 system
sense since there are three aspecis involved: the source, the
path, and the receiver. Asmuming that nething can be done
with the receiver leaves only the sources and path. Experi-
ence indicates that w achieve significazz reductions of poise
at the source generally involves significsst rime and cost
expenditures or, in other words, the " db per dollar™ costs
may be prohibitive. The path then remains as the mostprac-
tical porticn of the system that can be apmoached for noise
reducticn. Noise reduction in the path may be accomplished
by one or more of the following methods.

1. Isolation.

2. Damping.

3. Absorption.

Isolation - Consider a machine solidiy conpected to 2
ship’s hull as shown on Fig. 15. As a resslt, any exciting
frequencies will be transmitred o the savcunding stracture
which can act as a sounding board apd possibly further am-
plify, due to local resonances, some of the frequencies. Any
complex structize such at a ship's hull 2nd cennecting struc=
wre thecretically possessas an infinite mamber of natural
frequencies which can be excited if the proper exciting fre-
quencies exist. An ideal izclatica system would attenuate

Noise Volume, Speech Interference all of the exciting frequencies aad minimaize their e‘ffects
Catego cnft Level on the surrounding soucture; however, from a practicalstand-
=2 point the ideal system rarely exists.
A 500-1999 60 The most commaon method wed to issiste a machine from
2000~7999 55 the surrounding structure is 1o wpport it by resilient mounts.
8000 and larger 50 These mounts may take the form of tesl springs, rubber, or
other resilient matarials whose stiffness characteristics can
E Aay 72 be controlled to obtain a desired mass-elastic system.
Table 4 - Noise Level Requirements
Space Octave Band, cps
Noise Volume, 37.5 75 1560 300 600 1200 240C 4800
Caregory cu ft 5 150 300 600 1200 2400 4800 9600
500-1999 86 82 18 14 170 66 62 58
B 2006~-7999 a2 s 4 10 66 62 58 54
Comfort 8000 and
larger 78 74 70 &6 62 58 54 50
500-1999 80 7 72 68 64 60 56 52
C 2000-7999 76 7 68 64 60 56 52 48
Quiet 8000 and
larger T2 o8 64 60 56 52 48 “
D
njury  Any 110 105 10 9% 9 85 85 85
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An isolated machine represenied as a single-degree of
freedom system is shown in Fig. 15 where M is the mass of
the machine (1b-sec?/in.), K is the stiffness of the spring
or isolator (1b/in ), and the foundation is asumed rigid. The
mass-elastic characteristics of the system will defize the
natural frequency as:

1 K
Fn‘a%/;

The effectiveness of the sysiem, regarding isolation, is
expressed as transmissibitity which is the raio of the force
transmitted to the fouadation to the exciting force of the
machine.

For an undamped system the wansmisibility {(T) may be

2
calculated by: T = I/l-(F/l:n) where (FIFn) is the ratio

of the exciting frequency of the maching to the nawral fre-
quency of the system. Fig. 17 is a plot of the trarsmissi~
bility curve for an undamped single degree of freedom sys-
tem. At the point where (F/Fn) = 1, 3 resonant condition

exists and for an undamped system the wansmissibility is
infinire.

Isolation of the forcing frequency is effected at values
of (F/Fn) greater than /2. In practice, the ratio of the low-

est exciting frequency to the natural frequency is generally
kept above 3.

The following example illusrates sorm=e of the steps to
be taken for isolating a machine on a single-degree of free-
dom basis:

Unit to be resiliently mounted - Diesel Generator Set;
tpm - 1200; weight - 40,000 ib;: No. of cylinders -~ 8 (2 cy~
cle).

1. At a constant speed operation of 1200 rpm the lowest
exciting frequency resulting from unbalaace is 1209/60 or
20 cps.

2. Asmume a minimum value of l-‘/pn = 3. This results

in a desired natural frequency of 20/3 or about 5.7 <ps.

'-“i'i' VI'E'_ .crs

M MASS OF THE MACHINE, POUNDS SECO“D’I‘CN
K » iISOLATOR STIFFNESS, POUNDS /INCH

Fig. 16 = Isolated mass
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3. Using the formula, Fn =—;—“¢~§: solve for K (isolator
st:ffness).

K = (25'2(6.7)2 (4%) = 183,580 1b/in

This stiffness represents the total isolator stiffness. if (n)
1solatars are to be used, then each isolator will have a K of
(183.580/n).

From Fig. 17 at F/pa = 3. it can be seen that the unbal-
anced force transmitted to the foundatiod is approximately
127 of the force existing above the isolators. At the firing
freuency (20 X 8 = 180 cps) the value of F/py is approxi-
mazely 23 which reslts in less than 1% of wansmitted force.

Although damping bas besn neglected here, in an actual
system e finite amount of dainpisg does exist. The ef-
fects of damping result in a reduction of the transmitted
force 3t resonance but at higher frequencies it increases the
wazsmitted force over thar of an undamped system. There-
fore. a large amount of damping is not always considered
desirable.

it should be noted that the value of K is the *dynamic’
stiffness at any particuiar loading of the isolator. For iso-
arers that possess lingar load-deflection characteristics the
dyzamic stiffaess value is equal to the static value. How-
ever, for certain isolators such as the more commonly used
rutber types, this is not tue.  Experience indicates that rub-
ber isolators have dynamic stiffness characternistics approxi-
mately 2-3 times higher than the static valucs obtained by
Iozd-deflection curves. This variance depends on the rub-
ber characteristics and configuration of the isolator. Inprac-
tice, however, the designer need only concern himself with
the desired natural frequency since the manufacrurers of the
various isolators catalogue them as a function of load carry-
ing capacity and natwal frequency.

The above example dealt only with an idealized single-
degree of freedom system. In a practical system there are
actually six degrees of frecdom, three rotational and three
translational, which are basically a function of the location
cof the center of gravity and the three principal moments of
inertia.
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Fig. 17 = Plot of tansmussibility curve for undamped single
egree of freedom system



Fig. 18 illustrates the six different modes of vibration of
a mounted systemn. Three modes are translational in the di-
rection of the X, Y, and Z axes ad the other thiee are ro-
tational about the axes.

To assure a satisfactory mountiag system, it is good prac-
tice to calcuiate all six nanpal frequencies. Ref. 16 con-
tains a complete discussion on this subject.

The excitation of a mounted system may be not only that
of the isolated machine but alse frem hull excited frequen-
cies. Thus, it is important that the mounted system nitural
frequencies Jo not coincide with any steady state excitations
either from the mounted machine or the hull.

Whea a machine is isolated, considerations must also be
made pertaining to the movement of the-machine during
conditions of shock. This shock may be a result of the ship
striking a pier during berthing, reaning aground, or any other
situation that will cause an abrupt loading change of the is-
olated system. As a result, sufficient clearance must be pro-
vided around the isolated machiae to prevent it from striking
nearby objects. For equipment supported by isolators in the
same horizontal plane the clearance required may be esti-
mated by the following formula:

2 DH
w

+

where:

C = Motion at point in questien

D = Maximum deflection of the isolators in the vertical
direction

E = Maximum deflection of the isolators in the horizon-
tal direction

H = Perpendicular distance from plane of isolaters to
point in question

W = Distance between centers of most widely spaced iso~
lators in the direction being considered

All external connections to the isolated machine must be
capable of absorbing the motions as determined above.
These cornections may be elcctrical cable, piping, input or

AW

Fig. 18 ~ Six degrees
of freedom

output shafting, ductwork, and similar items. The connec-
tions must not only be capable of abserbing motion but mtsst
also be flexible encggh a~d properly ircralled so as not to
alter the isolatut characteristics. In the case of flexible pipe
connections Fig- 19 illusirates some examples of good and
bad installations with: respect to the sexvice life of thecom~
nection.

Damping - As previously mentioned. 2 ship’s hull and
associated structure theoretically contaizs an infinite number
of natur?! frequencies. Any number cf these frequencies may
be excited by the varicus machinery, either by structure-
bome or aitborr rmise, resulting in amplification of the ex-
citing frequencizs. The most effective method of minimiz-
ing resonant effect is o provide damping wearacat whick
dissipates some of the vibratory energy. Mosi damping ma-
terials dissipate thisz energy by converting it to heat as a re~
sult of internal friction. Therefore, amy rnaterials that have
high internsl lcsses ace suitable for damping.

Dampng tresements should be applied as close as possible
to the ncise source. This includes mackinery casings, fonn-
dations, and portions of the connecting hwll structure.

Cne particular damping treatment extensively used by
the Navy consists of zinc-chromate impregnated wool felt
(17), which is acrually a gasket material, in combination
with a steel septurn Toading plate. Fig. 20 shows a typical
installation. The septum plate is approximately 25% asthick

s
%F: e

S Y
r LAY Lieg tesTER
]

Tt - CHRONATE

MESREGNATED FELY .
oy

Fig. 20 - Felt=seplum dampinyg treatment
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To attenuate such noise one or more of the following
measures must be taken:

1. Acoustically treas the compartment with sound ab-
sorbing material.

2. Provide an enclosure around the personnel.

3. Provide an enclosure around the machine.

Acoustica! Treatment of Companimert - Acoustically
treating the surfaces of the room with xcund absorbing ma-
terial at best would only reduce the noise level to that which
would exist in a free field. This is asming 130% absorp-
tion of sound by the acoustical treatmest to eliminate any
of the reverberant effects but the direct path of aitborne
noise from the source will still exist. Depending on thecom-
parument invoived this type of reatmest may be sufficient.
However, take the case of a diesel engise room which con-
tains extremely high noise levels. Acoustical wearment of
such a comparument would probably, in itself, not provide
sufficient noise reduction and would alsw be impractical and
uneconomical. In this case, the only solution would be to
either enclose the operating personnel in an acoustically
weated operating booth to provide an enclosure around the
diesel engines.

Enclosures Around Personnel - Several yearsago the Navy
was faced with a preblem of excessive noise in the engine
rooms of a new <lass of minesweepers. The noise levels that

ENGINE EXNAUSY
4

AR INLEY

Vi

L

Fig. 25 - Schematic of enclosed generator set

existed in the engine room spaces wese found 1o exceed cone
siderably the deafness svoidance cniteria. The wiutioa o
the problem was approached by desigsing and installing an
enclosed centrol mom in esch of te 1wo engine rooms (20).
Fig. 21 and 22 iliwstraze the main propulsion engine roomn
arrangement before aad alter the ismailation of the enclosed
conuol roon. The auxilisty machinery space was also fitted
with a sim.lar contol room.

Fig. 23 thows the octave band noise levels measured in
the main propulsicn engine soom. Ousnide the control room
the noise levels miednred erceeded by 3 considerable amount
the deafness avoidance cntenia in the upper five octave
bands. The nowse levals inside the esmrol room demonstra=
ted thar a significant reduction tock place in all gigh( oce
tave bands and that the deafness avosdance criteda was ade-
quately met. The constmction detaals of the centrol reom
are shown in Fig. 24. It shoeld be ooted that the control
room .+ not sohdly connected to the hull framing, instead
1t is res:liently supported by suips of rubber. This feature
minimizes stucturebome vibraticas and associated airborne
noise from entenng the cenwol room.

Encleaires Around Noise Scurce - There are circum-
stances when enclosutes for perconnel are not possible,
which case an enclosure arcund the soise source should be
considered. A particular investigation to determine the ef
feztiveness of such an installation wzs conducted by the Navy
on a diesel-generator set installed ia the machinery space
of an 80 ft aluminum PT boat. The diesel generator setcoas
sisted of 2 4 cyl 2 cycle diesel directly connected 1o a 60 kw
a=c generalor operating at a goverred speed of 1800 rpm.
The noise reduction measures takea were isolation of the
diesel generator for structurcbosne p¥se attentuation and an
acoustical hood around the entire usit. Fig. 25 schematie
cally illustrates the installation. Mezsurements of the air-
home noise showing the effectiveness of the installation are
shown on Fig. 26. Without the enclosare the airbome noise
levels exceeded the deafness avoidance criteria in four of
the eight octave bands. With the esgine enclosure in place,
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Fig. 26 = PT boat machinery space airborne noise levels
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Fig. 27 - Typical comer section of engine enclosute
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the alrbome noise levels were markedly reduced across the
octave band range and wete well below the deifaes avoid-
aace criteria.

The construction of the enclosure basically consised of
Tead=loaded asbestos cloth srpported by wire scrcen znd an
angle iron framework. Fig. 27 shows a typical secrisw of the
zaclosure.

Although'the above repressmts the findings of 2 simgle in-
veatigstion it should be noted that other similar studies on
waricus installations were slss performed that gave egually

g£ood results.
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