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PREFACE

A ship is a ccmplex structure propelled by an equally complex propulsion system, subjected to
self generated Jdynewmic forces of a periodic nature, as well as serious transient forces generated
by random seas. Under the general title of Shipboard Vibration, we would normally include
everything that vibrates, whether excited by periodic or transient forces, whether the response is
noted in a major structural or mechanical component, or in local joiner work, or in a piping run.
For this guide, however, we will address the major components over which we have the ability
to exercise control in the design phase, and which will generally minimize most local vibration
problems. These cuinponents will include the hull girder, major structural assemblies, main
propulsion systems, including the propeller, stern configuration and underwater appendages.
Structural reliability of the ship, responding to the transient excitation produced by heavy seas,
is ordinarily established by the Classification Societies, as discussed in the recent paper on
“Strength Assessment of Ocean Going Vessels” presented by Thayamballi and Chen in
SNAME’s 1987 Transactions and are not included in this design guide.

Because of the interdisciplinary nature of ship vibration problems and the complexity of the
total mechanical system, the design of a ship, free from objectionable vibration, is still
considered an art in which the designer applies his own approach to ensure satisfactory
performance. Although muctl. research has been carried out in recent years, it has generally
been fragmentary in nature and not effectively reduced to a practical design guide, useful for
the low budget, commercial ship design projects.

It is the purpose of this design guide to integrate existing technology into the ship development
program, in a manner consistent with commercial ship design philosophies. The approach is
based on experience and relies on empirical factors, where necessary. Weaknesses in the
procedures are identified and recommendations for further development are indicated. A more
detailed outline of the background and approach to this guide was presented by the author in
the paper, “Shipboard Vibration Can Be Controlled” at SNAME’s Chesapeake Marine
Engineering Sympostum in 1986.

Recently, a companion effort, “Practical Guide for Shipboard Vibration Control and
Attenuation” (SSC-330), was developed to provide operators, shipyards, shipowners and others
who must deal with ship vibration problems, but who have limited knowledge and experience
in the field, with an understanding of the nature of the more common problems frequently
encountered, how to assess and evaluate them, and what alternatives are available for their
solution. Where applicable, sections of the original text were also incladed in this publication.

In the development of this guide, an effort has been made to present sufficient information to
understand the basis for the observed vibration phenomenon. It is recommended that the reader
make use of selected reterences given for a more in depth understanding. It is suggested that. )
“Ship Hull Vibration” (Todd, E.F., Edward Arnold Ltd.), “Ship Vibration” (McGoldrick, R.T, T"‘
a
a

DTMB Report 1451), and “Mechanical Vibrations” (Den Hartog, J.P., McGraw Hill) be
referred to for @ more complete understanding of shipboard vibration.
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¢ CHAPTERONE «

INTRODUCTION TO SHIPBOARD
VIBRATION

ibration aboard ships can result in fatigue failure of structural members or major

machinery components, adversely affect the performance of vital shipboard equipment,
increase maintenance costs, and greatly increase discomfort or annoyance to passengers and
crew. Generally, hull vibration will be identified as objectionable to the crew before it becomes
damaging to the ship’s structure. However, failure of major machinery components and vital
equipment can occur without significant annoyance to those aboard the ship.

The design and construction of a ship free of excessive vibration continues to be a major
concern. The principle reasons include the interdisciplinary nature of the problem, which
requires the coordination of naval architects, hydrodynamicists, structural and mechanical
engineers, and the lack of suitable vibration criteria, specifications and design procedures.
During the design of new naval or commercial vessels with long lead time and large design
budgets, it is possible to implement a development program that includes model studies and
extensive computer programs, which will optimize the chances of obtaining the desired results.
Unfortunately, in the development of the average, low budget commercial ship or naval
auxiliary, the lack of suitable specifications and design procedures may result in a ship with
unsatisfactory vibration characteristics.

1.1 Purpose And Scope

It is the purpose of this design guide to provide a basic approach to the integration of design
considerations in the development of a ship, which will provide reasonable assurance of
satisfactory vibration characteristics.  Although many parts of this guide would be useful on
most ships, it is primarily applicable to turbine and diesel-driven ships of 100 meters cr greater.
This guide should be useful during both preliminary and detailed design stages. Preliminary
vibration design studies are aimed at the confirmation of the many design considerations
associated with the selection of:

. stern configuration
. main propulsion machinery
. propeller and shafting system

. location and configuration of major structural assemblies, such as
deckhouse, superstructure and large deck panels
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P.rcliminary vibration studies are required before design detai's are fixed. Additionally, detailed
vibration studies are required during detail design and construction to confirm that the predicted
performance will satisfy the specifications given the leewav to perform minor alterations to
optimize performance. Depending on the specifications, experience and other considerations,
the detailed vibration design studies may be limited.

1.2 Shipboard Vibration

The best way of understanding the nature of shipboard vibration is to experience it firsthand.
The complexity of the phenomena ranges from piping vibration to total vibration of the hull,
the failure of a reduction gear, a propeller shaft, or the global movement of a deckhouse.
Having experienced serious shipboard vibration, you will readily recognize the necessity of
investigating the likelihood of its occurrence prior to the approval of a design for construction.

Although the complete ship can be represented by a total mass-elastic system, in which all parts
mutually interact, a detailed analysis of the total ship generally cannot be evaluated in the early
stages of design. In the preliminary design phase, many elements have not been firmly
established because they are relatively unimportant and don’t justify the cost and time required
for a more detailed analysis. A reasonable alternative was presented in “An Assessment of
Current Shipboard Vibration Technology,” [1-1], in which, for convenience, the total ship is
divided into five parts: :

. Hull Girder

» Major Structural Substructures

- Local Structural Elements

« Shipboard Equipment

- Main Propulsion Machinery Systems

Considering the ship in this light is particularly helpful in the diagnosis, evaluation and
development of corrective action in the resolution of shipboard vibration problems.

- The first three elements are structural and in descending order of size, are primarily excited by
propeller or diesel propulsion engine forces transmitted through the structures, and responsive
directly to the applied forces as transmitted by the intervening structure.

Shipboard equipment is classified as active when it generates vibratory forces or passive if it
does not. As an example, a generator set is active and an electrical transformer is passive. The
response of shipboard equipment may be related to its own exciting forces or to those
transmitted through the ship’s structure.

The main propulsion machinery system may be excited by the ship’s propeller, by dynamic or
hydrodynamic unbalance, or, in the case of diesel engine applications, by harmonics of the
engine, Excessive vibration of the machinery system can prove to be damaging to the hull
structure, equipment, or to the machinery system itself.
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An unde:rstanding of the excitation and response of these individual elements and their
interrelationship will assist in the diagnosis. of most vibration problems encountered. Each of
the five elements are treated in greater depth in the followin g sections.

1.8 Hull Girder Vibration

The ship’s hull girder includes the shell plating, main deck, and all internal members, which

collectively provide the necessary strength to satisfactorily perform the design functions of the
ship in the expected sea environment,

The hull girder responds as a free-free beam (both ends free) when subjected to dynamic loads.
Although the surrounding water and loading of the hull influences its response, the hull girder
will always respond as a free-free beam. Vibration of the hull girder, excited by alternating
propeller forces, represents the most frequent source of troublesome vibration encountered
aboard ship. The vibration characteristics of the ship are jrimarily established by the propeller
and stern configuration. After the ship is built, modifications to correct excessive vibration
resulting from improper selection of propeller and/or stern configuration are generally most
extensive and impractical. In addition, vibration of the hull girder will excite major
subsiructures, local structural elements, and shipboard equipment. Main propulsion machinery
and auxiliary machinery can also contribute to general huil vibration and the vibration of local
structural components.

A ship’s hull girder responds in vertical flexure when subjected to wave impact. In oceangoing
ships subjected to random seas, the dynamic response at the fundamental natural frequency of
the hull is normally at low stress levels and is referred to as transient in nature and is not
treated in this publication. In the case of ore carriers on the Great Lakes, however, periodic
vibration of the hull girder at its fundamental natural frequency has been found to be a
potentially dangerous structural problem that is referred to as Springing.

1.3.1 Hull Girder Excitation

Dynamic forces entering the hull through the propulsion shaft bearings or directly through
propeller blade pressure forces impinging against the hull account for the majority of hull girder
vibration. In the case of slow-speed diesel engine drive systems, engine unbalance or firing
forces may also be important. Less important sources are auxiliary machinery and
hydrodynamically excited appendage vibration. When attempting to determine the source of
vibration, it is necessary to determine the frequency of excitation and it is convenient to relate it
to the shaft rotational frequency by determining the number of oscillations per shaft revolution
(order). The total signature may include first order, blade-frequency, harmonics of blade
frequency, as well as constant frequency components. Primary excitation sources are shown in
Figure 1-1, from [1-2].
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Figure 1-1
Main Excitation Sources

1.3.1.1 Shaft Frequency Forces
Mechanical forces that are associated with shaft rotational speed (1st order) may result from

one or more of the following causes:

A. Shaft unbalance

B. Propeller unbalance

C. Propeller pitch error

D. Engine unbalance (for slow-speed diesel driven ships)
E. Bent shafting

F. Journal eccentricity

G. Coupling or flange misalignment

The most likely causes of shaft frequency forces are attributed to A, B, C, and D above. The
other possible causes are not as likely to occur if reasonable specifications, workmanship, and
inspection procedures are exercised during the design and construction of the ship.

Shaft frequency forces occur within a low frequency range. They are, however, of considerable
concern since they may be of large magnitude and may excite one of the lower null modes at or
near full power, thus producing a significant resonant effect.

The principal engine unbalance encountered with slow-speed diesel driven ships are the primary
and secondary free engine forces and moments. Of particular concern is the magnitude of the
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forces and moments, the location of the engine, and the possible correlation of these inputs with
the lower vertical and athwartship natural ficyuencies of the hull girder. Primary forces and
moments occur at shaft frequency and the secondary forces and moments occur at twice shaft
frequency. The magnitude of these forces and moments should be furnished by the engine
builder. The effect of free forces and moments of the main engine on the hull order is shown
in Figure 1-2, from [1-3].

+F
~M,; M
-Ff
%20
Rl
Work effected in the  WW ez, .F ~~
harmonic movement 20:0.M
W= 0=V My *F free force
*M free moment
f ordinate o the mode-form
in way of the opplied effort
8 rotation of the mode -form
in way of the applied effort
Figure 1-2

Action of Free Forces And Moments of the Main Engine on Hull Girder

1.3.1.2 Propeller Forces

In addition to the basic design purpose of generating steady thrust for the ship’s propulsion, the
marine propeuer also generates undesired fluctuating dynamic forces and moments due to its
operation in a nonuniform wake caused by the passage of the blades close to the hull and
appendages. These fluctuating forces and moments are usually referred to as propeller forces
and are at fundamental blade frequency and higher harmonics. The higher harmonics are
normally of secondary importance. These propeller forces are in turn categorized as either
bearing or hull pressure forces.

A more detailed description of the alternating forces generated by a ship’s propeller may be
obtained in “Principles of Naval Architecture,” published by SNAME and the many papers
presented on the subject in recent years. However, for purposes of this guide, it would be
helpful to previde some physical insight on how a propeller generates the unsteady forces and
moments.

Propeller theory relates to opeiaiion “in open water,” in which the propeller is advancing into
undisturbed water. However, when it is operating behind the hull it is working in water that
has been disturbed by the passage of the hull and the water around the stern has acquired a
forward motion in the same direction as the ship. This forward moving water is called the
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wake and it varies in the plane of the propeller disc, giving rise to variations in loading on each
blade as the propeller rotates.

Since the propeller produces both torque and thrust, both components vary with each blade
as it passes through the uneven wake, which gives rise to alternating torque and thrust at
propeller blade frequency and harmonics of blade frequency. As a further effect of the
uneven loading of the propeller, the center of thrust is eccentric to the physical center of
the propeller, thus creating bending moments in the shaft and vertical and transverse forces
in the bearing [1-4]. These forces are also at blade frequency and harmonics of blade
frequency while the principal bending stress in the shaft occurs at the shaft frequency with
smaller components at n -1 and n +1, where n = the number of propeller blades.

Similarly, alternating pressure forces are generated by the operation of the propeller blades
adjacent to the hull surfaces in the axial and transverse directions. The resulting forces and
momenis generated on the hull surface reacts with the propeller blades to produce bearing
forces. To minimize these forces, maximum clearances are required in the axial (forwaid)
directions and radially at the propeller tip. The propeller generated hull pressure forces are
greatly increased if cavitation exists {1- 5]. The collapse of air pockets produce implosions,
which are characterized by the hammering frequently noted in the stern compartment and the
presence of vibration at higher harmonics of blade frequency.

1.3.1.2.1 Bearing Forces. Unsteady bearing forces originate from the nonuniformity of the
wake in the plane of the propeller disc. The strength of the various harmonics of the wake
affects the magnitude of the bearing forces and influence the choice of the number of propeller
blades. The relative strength of the various orders of wake harmonics is indicative of the
relative strength of the blade-frequency forces. The wake, in turn, is influenced by the design
of the hull form. An optimum design of the hull form would reduce the nonuniformity of the
wake, thereby reducing the magnitude of the bearing forces. Bearing forces excite the ship
through the propulsion shafting/bearing system and are fully described by six components
illustrated in Figure 1-3. As shown in Figure 1-3, with the origin of axes at the center of the
propeller, these components are the thrust and torque in and about the longitudinal or fore and
aft axis; the horizontal bearing force and the vertical bending moment in and about the
horizontal or athwartship axis; and the vertical bearing force and horizontal bending moment in
and about the vertical axis.

Fluctuating vertical and horizontal bearing forces result from differences in torsional forces on
the blades of the propeller, while the vertical and horizontal bending moments are due to the
propeller thrust vector centered at a point that is eccentric to the center of the propeller.

1.3.1.2.2 Hull Pressure Forces. Hull pressure forces originate from the pressure variation
caused by the passage of propeller blade tips close to the hull and appendages. The hull
pressure forces are affected by propeller-hull clearance, by blade loading, and by changes in the
local pressure field around the blade. The occurrence of blade cavitation will drastically
increase the pressure forces. In some cases, a 20 to 40 times increase of hull pressure forces
due to cavitation has been observed in experimentai measurement, as compared to
non-cavitating condition [1-5]. The pressure forces excite the ship through the hull bottom
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Figure 1-3
Description of Bearing Forces and Moments

surface in way of and adjacent to the propeller. The pressure forces are fully described by six
components: the longitudinal force and moment in and about the fore-aft axis, the horizontal
force and vertical moment in and about the athwartship axis, and the vertical force and
horizontal moment in and about the vertical axis illustrated in Figure 1-4.

1.3.1.2.3 Effect of Propeller Forces. The alternating blade frequency thrust of the bearing
forces provides the principal excitation to the propulsion system in the longitudinal mode, while
the blade frequency torque constitutes the principal excitation to the propulsion system in the
torsional mode. The blade frequency vertical bearing force, when vectorily combincd with the
blade frequency vertical pressure force, provides the total vertical force, which excites the hull
in the vertical direction. Similarly, the horizontal bearing forces, when combined with the
blade frequency horizontal pressure forces, provides the major contribution for exciting the hull
in the horizontal direction. The vertical and horizontal forces and their distance from the
neutral axis of the hull combine to excite the hull torsionally. Longitudinal hull pressure forces
and alternating tl_rust entering the hull through the thrust bearing will combine to excite the hull
in the longitudinal direction.

1.3.2 Hull Girder Response

The response of the hull girder may be resonant or nonresonant (forced). It is likely to be
resonant through the first five or six modes of vibration when driven by the shaft or if propeller
frequencies are present. Above the fifth or sixth mode, the hull girder vibrates approximately
in proportion to the generated forces (forced vibration). Principal exciting frequencies are shaft
frequency, propeller blade frequency, and harmonics of propeller blade frequency.
Hydrodynamic forces may also stimulate the resonant frequency of hulls, rudders, or struts
excited by hydrodynamic flow over the appendage.
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Figure 1-4
Description of Hull Pressure Forces and Moments

1.3.2.1 Modes of Vibration of the Hull Girder

The hull girder will normally vibrate in the following modes:

. Vertical Flexure (Figure 1-5)

- Horizontal Flexure (Figure 1-6)

- Torsional (Twist) (Figure 1-7)

- Longitudinal (Compression) (Figure 1-8)

Coupling may exist between vertical and longitudinal and between horizontal and torsional
modes. The most significant vibration is normally associated with vertical and horizontal
flexure.

1.3.2.2 Frequency of Vibration of the Hull Girder

Vertical flexural hull vibration is the most important type of resonant hull vibration encountered
in service. As previously noted, this may be excited by dynamic or hydrodynamic unbalance of
the propeller, dynamic unbalance or eccentricity of shafting or other large rotating masses such
as bull gears, and by primary or secondary unbalanced moments of direct drive diesel engines.
Transient forces, introduced by sea waves, may also excite hull natural frequencies.

In twin screw ships significant excitation of horizontal modes may occur due to phasing of
propeller unbalance forces.

Some ships, particularly container ships with large deck openings may be sensitive to torsional
response excited by horizontal forces.
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Figure 1-5
Hull Girder Vertical of 2-5 Nodes (1st - 4th Mode)
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Figure 1-6
Hull Girder Horizontal Vibration of 2-5 Nodes (1st - 4th Mode)

1-9




i —— .

AL Vg ki uc;ugn [ETRITS LN

Figure 1-7
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Figure 1-8
Hull Girder Longitudinal Vibration
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As a gcn.cral rule, the fundamental vertical mode may be as low as 1 Hz while the higher
xqodes will follow the fundamental frequency by the ratios 1, 2, 3, 4, etc., as indicated on
Figure 1-9, from Det Norske Veritas Guidelines [1-2].

Horizontal flexural frequencies follow a similar pattern. However, the fundamental (two

noded) frequency will be approximately 50 percent higher than the fundamental vertical
frequency.

The fundamental torsional mode of the hull girder may te estimated at approximately
twice the horizontal or three times the first vertical natural frequency.

The longitudinal natural frequency may be estimated to be approximately three and one half
times the fundamental horizontal mode.

1.3.2.3 Effects of Adverse Operating Conditions

Adverse operating conditions frequently result in significant increase in vibration amplitudes.
When reporting shipboard vibration, or responding to reported problems, it is extremely
important to recognize that shipboard vibration is a somewhat random phenomenon and the
operating conditions must be reported for the data given. This factor also has a significant
impact on the analysis and reporting of data used for evaluation purposes. Details are given
under Chapter 6.0, Measurement Methods. Some relevant factors are given below:

1.3.2.3.1 Sea Conditions. Under ideal sea conditions (flat calm, straight ahead) hull vibration
signals will modulate from maximum to minimum by a factor of 2 to 1.

Under prescribed trial conditions (sea state 3 or less) hull vibration signals may modulate by a
factor of 3 to 1. Higher factors may exist under adverse weather conditions.

1.3.2.3.2 Hard Manecuvers. During hard turns, amplitudes may readily increase by a factor of
two for single screw ships and a factor of three for twin screw ships.

During a crashback (full ahead to full astern), the alternating thrust may exceed the driving
thrust and can result in damage to the thrust bearings if care is not exercised. It is prudent to
first check this procedure at lower speed conditions while monitoring the thrust bearing
‘response. This precautionary note is recommended for all sea trials.

1.3.2.3.3 Shallow Water. An increase in hull vibration by 50 percent may be experienced in
shallow water. Shallow water in this context is a depth of less than six times the draft of the
ship.

1.3.2.3.4 Light Draft Condition. An increase in hull vibration by 25 percent may be

experienced in ballast condition. For minimum hull vibration, full load with 2ft peak tanks
filled is recommended.
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1.4 Vibration of Major Substructures

For purposes of evaluation, major substructures are defined as secondary structures of sufficient
mass or force generating ability to have dynamic characteristics of their own, which, because
of the direct coupling with hull girder vibration, can significantly influence the total or global
pattern of ship vibration. In analyzing vibration patterns of such large complex structures, it is
necessary to identify the principal reason for observed excessive vibration. Although the
excitation of the substructure generally originates at its attachment to the hull girder, excitation
can come from machinery or active equipment mounted to major substructure. Excessive
vibration of a major substructure may be the result of structural resonances in the substructure
or in the attachment detail for the substructure and hull girder. Depending on the mass
involved and method of attachment, major substructure can sometimes amplify the response of
the hull girder.

The best way to evaluate the vibratory characteristics of a major substructure would be by
means of a finite-element analysis. However, since this is generally not available for the
preliminary design phase, the use of typical common system frequencies, as included in
Appendix 1-A, is useful at that time.

Typical major substructures would include deckhouses; main deck structures; large propulsion
machinery systems, particularly large slow diesels and other heavy installations, including their
foundations, such as boilers, reactors, large weapon systems, rudders, etc.

Figure 1-10 shows some possible modal patterns of vibration frequently found in aft deckhouse
structures when excited by flexural and longitudinal vibration of the hull girder. Those shown
indicate longitudinal vibration and include:

- Superstructure shear deflection

« Superstructure bending deflection

- Superstructure support deflection with rigid body motion
« Vertical hull girder vibration

. Longitudinal hull girder vibration

The dynamic response characteristic of the superstructure is primarily a function of
superstructure shear stiffness, supporting structure vertical stiffness and the degree of coupling
to hull girder modes. The superstructure rigid body motion is mostly due to hull girder
response.

The avoidance of superstructure vibration problems generally requires a structural designer of
considerable experience. A finite-element analysis of the aft portion of the ship, with the
forward portion represented by the balance of a 20 station beam, has been found to be a
considerable help in determining aft deckhouse response. Such analysis should be conducted as
early as possible.
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Figure 1-10
Superstructure Longitudinal Vibration

1.5 Vibration of Local Structural Elements

A local structural element is a minor structural assembly, relative to major substructures
previously referred to. Local structure may be identified as panels, plates, girders, bulkheads,
platforms, handrails, minor equipment foundations, etc. and are components of larger structures
(major substructures) or of the hull girder. Most problems encountered aboard ship occur in
local structural elements and are the result of either strong inputs received from the parent
structure amplified by resonance effects in the local structure or are the response to vibratory
forces generated by mechanical equipment attached to the local structure. In some cases,
problems are generated by the improper attachment of shipboard equipment, even when the
equipment has no self-exciting forces (passive equipment).

During the design of the ship, details of local structural elements and methods of installation of
shipboard equipment are frequently based on practical experience and dynamic analyses are
rarely performed. Although this approach is satisfactory in most cases, many problems arise or
result from subsequent modifications. Most shipboard vibration problems fall in this category
and are generally amenable to easy and simple solutions once an understanding of the problem
is obtained.

1.6 Vibration of Shipboard Equipment

Shipboard equipment is defined as all equipment installed aboard ship as a permanent part of
the total ship system. It may contribute to the propulsion system, auxiliary, communication,
control, or life support systems, and will include joiner work and furniture. For convenience,
all such equipment is classified as “passive” or “active.” With regard to vibration problems of
shipboard equipment, it is useful to separate the two.
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1.6.1 Passive Shipboard Equipment

Passive equipment is all shipboard equipment permanently attached to the ship structure but
which has no moving parts and/or produces no exciting forces. = Typical examples would
include heat exchangers, radio equipment, switchboards, joiner work, furniture, piping, etc.
Excessive vibration of such equipment could be damaging to the equipment and adversely
affect the operation of the unit or the system of which it is a part. In most cases, specific
environmental limitations exist, whether identified or not. In some cases, vibration limitations
are established for shipboard equipment, particularly with naval equipment. At the present
time, international standards are under consideration for qualification of commercial shipboard
equipment subject to environmental vibration. Equipment which is sensitive to vibration, such
as electronic equipment, is frequently installed on resilient mountings. A common difficulty
arises from an improper selection of mountings.

In the evaluation of shipboard vibration as it affects passive shipboard equipment, the same
approach is recommended as is used for the vibration of local structural elements. The
vibration encountered is normally associated with the response of the supporting structure and
may be related to the main propulsion system, to the forces generated by nearby machinery, or
to an ancillary device directly attached to a machine (such as a gage on a diesel engine). As in
the previous case, the problem results from strong input forces and/or a resonant magnification
from the attachment method or internal mechanical characteristics.

1.6.2 Active Shipboard Equipment

In contrast to the characteristics of passive shipboard equipment, active shipboard equipment
(e.g., pumps, compressors, generators) have moving parts that frequently include sufficient
mass to produce vibratory forces, which when combined with the dynamic characteristics of the
supporting structure, would be capable of creating problems when operating. Support systems
for equipment may also include resilient mountings that can reduce the transmission of self
generated forces to the supporting structures but which can also amplify the low frequency
vibration generated by the ship’s propulsion system.

The principal problems associated with the vibration of active shipboard equipment relates to
the forces generated by the equipment itself and those transmitted to the equipment through the
ship’s structure. These forces can usually be distinguished by the different frequencies present.
The supporting structure and associated mounting system can generally be modified, if
necessary, without great difficulty.

1.7 Vibration of Main Propulsion Machinery

The main propulsion machinery includes all components from the engine up to and including
the propeller, and thus contributes to the vibration of the ship and to dynamic stresses within
the propulsion sysiem itself by forces generated both by the propeller and by the propulsion
system components. The propeller forces and their effect on hull vibration were discussed
previously. In this section we will discuss dynamic forces generated by the propulsion system
and the effect of these forces on the vibratory characteristics of the total propulsion system.
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Dynamic stresses within the system and within the system components is a major concern. The
control of dynamic forces generated by the propulsion system contributes to the vibratory
characteristics of the total ship. Although the vibration of both the ship’s hull and main
propulsion machinery are interrelated, it is convenient, both in preliminary design studies, and
in the control of shipboard vibration, to conduct independent studies on the propulsion system.
It is necessary, however, to include actual or empirical factors related to the ship’s structure,
which form an important part of the effective mass-elastic system under study. In particular,
the stiffness of the thrust bearing foundation is critical when evaluating the response of
longitudinal vibration of the propulsion system.

The main areas of concern that can give rise to troublesome vibration or dynamic stresses
include:
» Dynamic Unbalance and Misalignment

+ Dynamic Shaft Stresses
- Longitudinal Vibration
- Torsional Vibration

. Lateral Vibration

The following sections will cover the above topics and include both the excitation and response
of the propulsion system.

1.7.1 Dynamic Unbalance and Misalignment

Dynamic and/or hydrodynamic unbalance of the propeller, dynamic unbalance of shafting, bull
gears, and other large components of the propulsion system operating at propeller shaft speed
may contribute to objectionable hull vibration, particularly if the exciting frequency falls in
resonance with a natural frequency of the hull. Such difficulties may also arise from the
primary (1st order) or secondary (2nd order) unbalanced forces in large, slow-speed diesel
engines or from serious shaft misalignment (1st order).

It is generally true, however, that the vibration occurring at these low frequencies (1st or 2nd
order) will be particularly objectionable to humans when operating at the lower hull resonances.
Vibration that exceeds the recommended criteria should be corrected to prevent local damage
and/or excessive bearing wear. Specific corrective action may be required to control primary
and secondary unbalances in slow-speed diesel engines.

Specific unbalance tolerances or machine vibration limits of high-speed components, such as
turbines and compressors, are normally established by the manufacturer, When the vibration of
such units exceed recommended criteria it may result in potentially dangerous problems with
the equipment itself or may cause resonances of local foundations, attached piping, or
components. In the absence of manufacturers’ criteria, the criteria given in this guide should be
used. Care should be exercised to distinguish between hull-excited and machine-excited
vibration in order to properly determine corrective action required.
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1.7.2 Dynamic Shaft Stresses

Propulsion shafting is normally designed in accordance with Classification Society Rules (ABS,
Lloyds, etc.), and in some instances, by Navy rules [1-6]. With normal design practice,
periodic inspections, and proper maintenance procedures no difficulty should be experienced
with propulsion shafting during the life of the ship. However, experience has indicated serious
difficulties, including shaft failure, can happen under normal operating conditions [1-4].

Shaft problems are related to dynamic stresses that in most cases, are exacerbated by corrosion
fatigue. Such problems may be caused by the eccentric thrust, precipitated by adverse flow
conditions at the propeller, and aggravated by misalignment and/or faulty shaft seals. Excessive
stresses associated with torsional vibration in slow-speed diesel engine drives is also a potential
problem area.

As a minimum, the complete propulsion system should be evaluated for acceptable steady and
dynamic stress levels during the design phase, and verified during ship trials. Maintenance
procedures should check for corrosion and fatigue cracks at the propeller keyway and at the
shaft near the forward end of the propeller hub. Bearing wear and wear of shaft seals should
also be checked.

1.7.3 Longitudinal Vibration

The propulsion system may exhibit excessive longitudinal vibration caused by alternating thrust
generated by the propeller at blade frequency or harmonics of blade frequency. The vibration
is considered excessive if it exceeds machinery criteria and can be particularly damaging to
thrust bearings and/or reduction gears. Depending on structural characteristics, the alternating
thrust forces transmitted to the ship through the thrust bearing can cause serious local vibrations
in the engine room and to serious superstructure fore and aft response. Figure 1-11 shows the
longitudinal vibration of a typical propulsion shaft. The addition of the main engines and
reduction gears to the mass-elastic system is required for complete evaluation. The forces
transmitted to the ship’s structure are primarily dependent on the total mass of the system
shown in Figure 1-11 and the combined thrust bearing and foundation stiffness.

138 I + . 4 --.:‘,

Figure 1-11
Longitudinal Vibration of Shafting System
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In general, longitudinal and torsional vibrations of propulsion systems may be considered as
independent of one another, but this is not always the case. The propeller couples the
longitudinal and torsional degrees of freedom of the system to some extent under all conditions,
but the coupling effect is significant primarily when the independent critical frequencies are
close to one another. In such cases the mode excited is actually a longitudinal-torsional mode
and the excitation involves a generalized force, which includes both torque and thrust
variations. This phenomenon is of particular concemn with diesel drive systems.

While longitudinal vibration may be observed aboard ship, to properly instrumen: and evaluate
against the various criteria will require a dynamic analysis for correlation purposes and, in most
cases, further analyses to determine optimum corrective action. Vibration specialists should be
obtained for such problems and for total system evaluation during ship trials.

1.7.4 Torsional Vibration

Torsional vibration of the propulsion system may be excited by the alternating torque produced
by the propeller and/or the engine harmonics in a diesel drive system. Ordinarily torsional
resonances within the shafting system shown in Figure 1-12 does not produce serious vibration
problems in the ship’s structure although they can produce damaging effects in reduction gear
drives, particularly under adverse sea conditions. In diesel engine drive system of all types,
torque reactions can be a major structural vibration concern. Additionally, torsional resonances
can be damaging to system components.

Figure 1-12
Torsional Vibration of Typical Shafting System

Although the evaluation of torsional vibration of the shafting is subject to classification rule
require/ments, it is also considered necessary to carry out a torsional vibration analysis of the
complete propulsion system in the design phase and verify the system response characteristics
during ship trials. As in the case of longitudinal vibration studies, experienced personnel are
considered necessary for the evaluation and resolution of shipboard problems. For more
detailed information on the subject see “Practical Solutions of Torsional Vibration Problems”
[1-8] and “BICERA” (1-9].
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1.7.5 Lateral Vibration

The propulsion shaft system, Figure 1-13, is normally designed so that the fundamental lateral
or whirling critical speed is well above the running speed. Background information and
calculation procedures are given by Jasper [1-10], Panagopulos [1-11], and Navy Design
Procedures [1-6). The fundamental mode of vibration is referred to as “forward whirl” and is
excited by mass unbalance, and at resonance poses a serious danger to the propeller shaft
system. The frequency of the system is significantly influenced by the effective point of
support of the aft bearing and the stiffness of the bearing supports.

Liaad = Nosiisd
~31” —<— s ‘ﬂ}E‘
Ers

Figure 1-13
Whirling Vibration of Shatfting

Figure 1-14. taken from Det Norske Veritas guidelines [1-2] shows the influence of the position
of the aft bearing support on the frequency of the whirling critical.

Misalignment or serious bearing wear can result in high dynamic stresses in the shaft, dynamic
magnification of bearing reactions and increased hull vibration, and overheating. On the
assumption that the design was satisfactory initially, good maintenance is required to keep it
that way. The use of roller bearings or self aligning bearings, and attention to dynamic balance
will minimize potential problems.
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Figure 1-14
Position of Aft Bearing Support
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APPENDIX 1-A

Table 1-A-1 Natural Frequencies of Common Systems

MODEL NATURAL FREQUENCY, HZ
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Table 1-A-1 Natural Frequencies of Common Systems (continued)
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Useful Dynamics Formulas

Table 1-A-1 Natural Frequencies of Common Systems (continued)
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Table 1-A-1 Natural Frequencies of Common Systems (continued)
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Table 1-A-2 Stiffness of Common Structures
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Table 1-A-2 Stiffness of Common Structures (continued)
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Table 1-A-3 Moments of Inertia of Common Cross Sections
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Notation for Appendix 1-A

Mass Ib-sec® / in, weight / g
Translational Stiffness, 1b/ in

Mass Moment of Inertia, 1b-in-sec?
Young’s Modulus, 1bs / in?

Poisson’s Ratio

Weight Density, Ibs / in®

Mass of Beam, lb-sec / sec?

Area Moment of Inertia of Cross Section, in*
Area Polar Moment of Inertia of Cross Section, in*
Length of Beam or String, in

Mass per Unit Length, Ib-sec? / in®

Tension in String, 1b

Cross Section Area of Beam, in?

Acceleratio Due to Gravity, 386.1 in / sec?
Shear Modulus of Elasticity, 1b / in’
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VIBRATION CRITERIA AND
SPECIFICATIONS

he design objective of all new ship construction is to meet the criteria or specifications
Tinvoked for that project. To accomplish this, the performance requirements of the
propulsion system and other functional shipboard systems must all be carefully specified. To
control and/or to minimize shipboard vibration, it is also necessary to stipulate applicable
criteria in specification format. The use of general requirements, such as: “Shipboard vibration
should be limited to acceptable levels,” or “A good dynamic balance is required,” has little or
no value in practice and frequently leads to expensive litigation and/or major design changes.
Since such problems are generally not encountered until the ship is undergoing trials, the results
can be devastating.

It is the purpose of this chapter to provide guidance in the form of suitable criteria, which when
invoked in the form of ship specifications, represents a “line item” in the ship design cycle and
thus provides the basis for the required design analyses to control shipboard vibration. The
importance of this approach, together with specific examples, was demonstrated at the 51st
Shock and Vibration Symposium in September, 1980, [2-1].

In developing vibration specifications (design criteria) to be used in the control of shipboard
vibration, of paramount concern are those periodic forces developed by the ship’s machinery
systems and the response of hull structure and machinery systems. In summary:

- Ships are excited by both transient and periodic forces.

- In most cases, transient forces are caused by rough seas.

- Most periodic forces are generated by propeller and machinery systems.

- Heavy transient forces, such as slamming, will excite structural resonances
and can cause serious damage in heavy seas.

- Comparatively low periodic forces, when combined with resonant
conditions, can cause serious shipboard vibration problems.

- Both transient and periodic forces are aggravated by heavy seas and hard
maneuvers.

- This guide is directed toward the control and attenuation of vibration
excited by periodic forces and does not relate to transient excitation.
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To properly evaluate shipboard vibration, it has been generally accepted that uniform test
conditions should be employed for vibration trials, such as those specified in the SNAME T&R
Code C-1, “Code for Shipboard Vibration Measurement,” [2-9] and ISO 4867, “Code for the
Measurement and Reporting of Shipboard Vibration Data” [2-6]. Thus, in the absence of other
design requirements, a standard method of testing can be employed for all ships for evaluation
against uniform criteria. It should be noted, however, that more serious vibration can be
expected under adverse operating conditions and suitable factors must be included in the design
of structural and mechanical components to account for the maximum anticipated dynamic
stresses.

Shipboard vibration is considered excessive when it results in structural damage, damage or
malfunction of vital shipboard equipment, or adversely affects the comfort or efficiency of the
crew. Normally, crew complaints will occur before vibration becomes damaging to the ship’s
structure. However, failure or malfunction of vital shipboard equipment may occur without
significant annoyance to the crew. '

The criteria recommended in this guide are based on existing requirements related to:

. Human reaction (habitability)
- Machinery and equipment malfunction
- Fatigue failure
For convenience, the total ship system relates to the five basic elements defined in Chapter 1.0
in the following manner:
2.1 General Hull Vibration
Most shipboard vibration problems originate with the vibration of the hull
(ship’s girder). The recommended criteria relates to human reaction.
2.2 Major Substructures, Local Structures and Shipboard Equipment
These structures, which are attached to and excited by the hull girder, can
relate to all three criteria.
2.3 Machinery Vibration

In most instances, machinery vibration relates to malfunction or fatigue
failure of components.

2.1 General Hull Vibration

The recommended criteria for general hull vibration is based on human reaction to the vibration
aboard ship in normally occupied spaces of the hull and superstructure. The criteria shown in
Figure 2-1 is based on maximum repetitive values (peak values) for each component such as
shaft frequency, propeller blade frequency, or harmonics of propeller blade frequency, and is
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Figure 2-1
Guidelines for the Evaluation of Vertical and Horizorntal Vibration in Merchant Ships
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identical to those in ISO 6954 and SNAME T&R Bulletin 2-25. The curves shown from [2-2]
and [2-3] are in both metric and English units.

For convenience of interpretation, Figure 2-2 shows a linear displacement plot of a 4 mm/sec or
0.16 in/sec ccuctont velocity curve, which rep.esents ihe lower iimit of the shaded area of
Figure 2-1 above 5 Hz. The 9 mm/sec or 0.36 in/sec velocity curve represents the upper limit
of the shaded area of Figure 2-1, above 5 Hz. Below the 4 mm/sec curve, referred to as Zone 1
by the SNAME guidelines, adverse comments are generally unexpected. Above the 9 mm/sec
curve, in Zone I, complaints are generally expected. Zone II, which represents the shaded
area in the guideline curves, has been further divided by a 0.25 in/sec or 6.3 mm/sec curve to
represent a finer evaluation of complaints received. It is recommended that vibration levels in
Zone 1 be considered totally acceptable from § to 100 Hz. Vibration levels in Zone III
generally are considered unacceptable. Vibration levels in the upper half of Zone I (above
0.25 in/sec or 6.3 mm/sec) may require further investigation if personnel are exposed to these
levels for extended periods of time (above 8 hours). Below this curve, complaints should be
considered of minor importance.
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Figure 2-2
Guidelines for Ship Vibration - Vertical and Horizontal

Below 5 Hz, the ISO and SNAME guidelines for human reaction show constant acceleration
curves of .013 g for the lower limit and .029 g for the upper limit. While the corresponding
amplitudes below 5 Hz would be relatively high (greater than shown on the constant velocity
curves of Figure 2-2), the normal excitation at that frequency would result from dynamic or
hydrodynamic unbalance in the propulsion system with attendant hull resonances at certain
operating speeds (RPM). In Great Lakes ships, which aie long and slender, the fundamental
frequency may be below 1 Hz and thus may be excited by wave energy that includes a
frequency which produces springing or resonant vibration at the hull’s natural frequency. The
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vibration level would be high but the acceptable limit would be based on the total allcwable
hull-bending stress. Also see Section 2.2.4.1, Hull Girder Vibration (Springing).

The relatively high tolerance below S Hz, as shown on Figure 2-1. is generally required for
ships driven by slow-speed diesels with large primary unbalanced forces and moments. For
turbine-driven ships, it is normally feasible to continue the constant-velocity limits of 4 mm/sec
and 9 mmy/s down to 1 Hz since the residual unbalance in the propulsion system is much lower.
Figure 2-2 shows these constant velocity curves on a linear plot.

As noted in Chapter 6.0, shipboard vibration is generally a narrowband random pnenomena. A
crest factor of 2.5 is commonly encountered during trial conditions. Maximum repetitive
vibration is more appropriate than rms vibration to evaluate overall ship vibration. Both the
SNAME guidelines and ISO 6954 evaluate overall shipboard vibration in terms of maximum
repetitive values and, for comparison with rms values, the crest factor must be taken into
account.

In ISO 2631, the effect of vibration on human beings is evaluated by refering to curves of rms
acceleration and applying a wide range of crest factors. The guidelines recommended herein
correspond to ISO 6954 and ISO 2631 with respect to crew exposure to whole body vibration
provided that the upper band specified, when converted to rms acceleration with factors of 1.6
and 3.0, is below the criteria curves selected on the basis of ISO 2631 [2-4]. The relationship
of these criteria is shown graphically in Figure 2-3.
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Figure 2-3
Comparison Between ISO 6954 and Addendum 3 to ISO 2631
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2.2 Major Substructures, Local Structures And Shipboard
Equipment

Based on the general philosophy expressed in Section 2.0, the complete ship system can be
divided 1nto a numoer ot 1ts basic elements for convenience in the diagnosis, evaluation and
development of corrective actions to resolve shipboard vibration problems. In a similar
manner, vibration criteria applicable to specific elements or problem areas can be developed.
To accomplish this, maj~r substructures and local structures. are treated similiarly since they
both represent segments of the total ship structure with the hull girder acting as a vibrating
platform on which these coniponents are attacked, frequently in a descending order of structural
rigidity. Human reaction, equipment malfunction, and fatigue failure represent applicable
design critena.

2.2.1 Human Reaction

The criteria for human reaction throughout the ship remains the same for all areas designated as
accommodations or working spaces. Major substructures, such as deckhouses or large deck
areas, may magnify the basic huii vibraton, T.ocal structures, such as a compartment deck in
the deckhouse, may further amplify the hull vibration. Howevcr, the same criteria for
adequacy, based on human reaction, should be applied. Thus, all areas utilized for habitability
purposes should meet the requirements recommended in Section 2.1 for general hull vibration.

2.2.2 Equipment Malfunction

Equipment malfunction or damage may occur as a result of the vibration of those structural
components to which the equipment is attached or may be due to the sensitivity of the
equipment. Examples of this include meters mounted on bulkheads, electronic equipment
mounted on isolation mountings, binnacles mounted on the bridge deck, equipment mounted on
a fabricated foundation, switchboard equipment, transformers, and steam piping. When
considering the response of passive (non self-exciting) equipment that could result in
malfunction or damage to the equipment installed in the ship, the structural adequacy of the
support system and the adequacy of the equipment to perform its function in the shipboard
vibration environment must be considered.

2.2.2.1 Structural Adequacy of Support System

The structural adequacy of the total support system for any shipboard mounted equipment must
be related to the basic hull vibration and the capability of the equipment to adequately perform
in a shipboard vibration environment. In Section 2.1 criteria for the evaluation of hull vibration
was identified where vibration levels in Zone 1lI, “Adverse Comments Probable,” required
further investigation if these guidelines were exceeded.

As a rule of thumb, it is recommended that the structural adequacy of the support system be
based on the response of the Jocal structure at the mounting point when the structure is loaded
as it would be in service and vibration amplitude should not exceed that of the basic hull
structure in that area by more than 50 percent. This limitation would prohibit structural
resonance but would allow for some amplification by the local structure with reference to the
input motion of the vibrating platform, the hull girder. Motion should be restricted to a
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maximum of 13.5 mm/sec in the frequency range of 5 to 100 Hz, when the maximum
recommended limit of 9 mm/sec occurs in the hull.

Frequently, excessive vibration of equipment may be directly related to the geometry of the
structural support system and/or the improper use of resilient mountings, which produce a
resonant response. Examples include a ship’s binnacle focated on an improperly supported
deck section or a tall electronic chassis with resilient mountings placed too close together. In
such cases, excessive vibration may result, although the observed amplitude at the structural
base appears satisfactory. Appropriate corrective action could include modifications to the
support system and/or the addition of supporting braces. Similar problems can occur within
shipboard equipment, frequently resulting in damage or malfunction in service. Hence, it is
considered necessary to ascertain whether the probler is one of resonant structure, faulty
installation, or unsatisfactory equipment.

2.2.2,2 Vibration of Shipboard Equipment

Failure or malfunction of shipboard equipment subjected to shipboard vibration is not
necessarily caused by excessive vibration at the point of support, as noted above. It has been
well established that commercially available equipment, originally designed for stationary
installations, frequently fail when used in the shipboard vibration environment. Resonance of
components of the equipment must be avoided and the equipment should be qualified in
vibration resistance for shipboard use.

To ensure consistency in vibration resistance requirements for shipboard equipment and
machinery, the International Organization for Standardization (ISO/TCIO8/SC2/WG2 Vibration
of Ships) has undertaken the devélopment of a “Code for Vibration Testing of Shipboard
Equipment and Machinery Components,” which was approved as 2 Draft Proposal (ISO/DP) for
vote and comments, by SC 2, 3 April, 1987. WG2 N51, Oct. 1986 is based, in part, on
MIL-STD-167-1 (SHIPS), Mechanical Vibration of Shipboard Equipment, Type 1,
Environmental, and is consistent with the basic environmental testing procedures outlined in
IEC Publication 68-2-6, Fifth Edition, 1982, which has as its objective, “to provide a standard
procedure to determine the ability of components, equipment, and other articles to withstand
specified severities of sinusoidal vibration.”

When designing the installation of shipboard equipment and machinery components to meet
shipboard vibration requirements, it is necessary to determine:

1. That the rigidity of the supporting structure is adequate;

2. That the method of attachment to the supporting structure will
not result in excessive motion (resonance);

3. That the equipment itself has becn qualified for shipboard use.
To assist in the evaluation of the vibration tesistance of lightweight shipboard equipment and

machinery components under study, proposed test procedures and test requirements are
provided in Section 2.2.3. It should be noted, however, that these test requirements represent
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an accelerated vibration test to simulate the environmental vibration that may be encountered
aboard ships under adverse conditions. Vibration levels recorded on a ship during vibration
trials will be lower than the levels shown in Table 2-1. The amplitudes specified for the
environmental tests are sufficiently large within the selected frequency range to obtain a
reasonably high degree of confidence that equipment will not malfunction under the most
severe service conditions.

2.2.3 Environmental Testing of Shipboard Equipment

The test specified herein is intended to locate resonances of the equipment and impose an
endurance test at each of these resonances. Equipment that passes this test will have a greater
probability of satisfactory performance aboard ships. '

2.2.3.1 Vibration Tests

Equipment vibration tests shall be conducted separately in each of the three principal directions
of vibration. All tests in one direction shall be completed before proceeding to tests in another
direction. The equipment shall be secured to the vibration table and shall be energized to
perform its normal functions. If major damage occurs, the test shall be discontinued and the
entire test shall be repeated following repairs and correction of deficiencies, unless otherwise
directed by the agency concerned. The manufacturer may, at his option, substitute an entirely
new piece of equipment for retest. If this option is taken, it shall be noted in the test report.

2.2.3.2 Exploratory Vibration Test

To determine the presence of resonances in the equipment under test, the equipment shall be
secured to the vibration table and vibrated at frequencies from 2 Hz (or lowest attainable
frequency) to 15 Hz, at a table vibratory amplitude of + 1.0 mm. For frequencies from 15 to
100 Hz, the equipment shall be vibrated at an acceleration leval of £ 0.9 g. The change in
frequency shall be made in discrete intervals of 1 Hz and maintained at each frequency for
about 15 seconds. The frequencies and locations at which resonances occur shall be noted.

2.2.3.3 Endurance Test

The equipment shall be vibrated for a period of at least 90 minutes at each of the resonant
frequencies chosen by the test engineer at the corresponding amplitudes shown in Table 2-1. If
no resonances are observed, this test shall be performed at the upper frequency as specified in
Table 2-1 for each category for a period of two hours.

2.2.3.4 Variable Frequency Test

In addition to the endurance test, the equipment shall be tested in accordance with the vibration
levels shown in Table 2-1 or Figure 2-4 at discrete frequency intervals of 1 Ilz. At each
integral frequency, the vibration shall be maintained for five minutes.

2.2.3.5 Exception

Category 2 or 3 equipment intended for installation solely on a particular class of ship need be
vibrated only up through the frequency range that includes the second harmonic exciting
frequency of the propeller ((2x Maximum Shaft RPM x # of Blades)/GO)‘
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Table 2-1. Vibration Test Requirements for Shipboard Equipment and Machinery

Displacement

Category Frequency Range | or Acceleration
Value*
1. Control and Instrumentation Equipment when .
mounted on Diesel Engines, Air Compressors 2§ :o ?goHrziz t+1460mmA(Ec|gF)
and other severe environments. 0 +4.09( )

2. Communication and Navigation Equipment, Control

: h 2t0 15 Hz 1 1.0 mm (Disp)
and Instrumentation Equipment and other .
Equipment and Machinery 1510 50 Hz £ 0.9 g (Accel)
. . 2to 15 Hz % 1.0 mm (Disp)
3. Mast-Mounted Equipment 15 to 50 Hz 1 205 g (Accel)

*Allowable deviation from these values is 10 percent.

2.2.3.6 Endurance Test for Mast-Mounted Equipment

Equipment intended for installation on masts, such as radar antennae and associated cquipment
shall be designed for a static load of 2.5 g (1.5 g over gravity) in vertical, athwartship and
longitudinal directions to compensate for the influence of rough weather. In addition, the
equipment shall be vibrated for a total period of at least 90 minutes at the resonant frequencies
chosen by the test engineer. If no resonance is observed, this test shall be performed at 50 Hz,
unless excepted by 2.2.3.5 above. The vibration levels shall be in accordance with those of
Category 3 in Table 2-1.

2.2.4 Structural Fatigue Failure

Fatigue failures have been known to occur in major ship structures such as the hull girder or
bow area in extreme weather conditions. In most cases, however, such failures are the result of
design deficiencies in areas of high stress concentration combined with high dynamic or shock
loads. As pointed out earlier, this guide does not cover extreme transient forces but instead
focuses on periodic forces generated by the operation of the vessel and its machinery under
normal operating conditions.

Fatigue failure can occur in the ship’s structure under normal operating conditions when the
exciting forces are combined with resonant structural vibration, high stress concentration
factors, and low system damping. Specific examples of such failures include the hull girder,
local structure, and equipment supports.

2.2.4.1 Hull Girder Vibration (Springing)

Hull girder vibration at the fundamental natural frequency of the hull, also referred to as
springing, has been found to be a potential problem area for ore carriers on the Great Lakes.
This results from a combination of factors that can produce significant dynamic stresses at the
hull natural frequency, which when combined with normal loading stresses, can approach
dangerous levels.

Unlike oceangoing ships that can experience dangerous hull stress levels by a combination of
loading, heavy seas, and slamming effects represented by transient forces, Great Lakes ore
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carriers are longer more slender, have a relatively lower midship section modulus, and lower
natural frequency in bending. In addition, the wave patterns on the Great Lakes are periodic in
nature and the periodicity of encounter between the ship and the waves can excite a resonance
of the fundamental hull frequency. Supplemental dynamic loading may also be introduced by
the nonlinear excitation of two different long wave components interacting. As a result, under
certain headings, sea conditions or wave trains, the resulting dynamic hull siresses can be
excessive.

Much study has been made on this subject and care must be taken to avoid this resonant
phenomena by making necessary adjustments to hull speed and/or direction of encounter with
the waves. For purposes of this guide, however, we would recommend adherence to the human
reaction or habitability criteria as given in Figure 2-1. Dangerous hull stresses will not occur
within an est'mated maximum allowable amplitude of £ 25 mm (£ 1.00 inch). As an
alternative, stress monitoring based on design analyses should be employed.

2.2.4.2 Local Vibration

The majority of structural fatigue failures that occur aboard ship are related to resonant
vibration of local structural members, which are readily recognizable. Typical cases include:
supports to radar antennas, equipment supports, and handrails. In most cases, the problem is
recognizable and may be readily corrected by stiffening the support structure so that resonance
does not occur below 115 percent of operating speed.

Not so obvious are fatigue cracks that may develop in the aft peak tank and adjacent structures.
Most of such cracks can be related to propeller pressure forces generated by cavitation effects
and resonant local structural clements with high stress concentration factors. The immediate
correction usually involves stiffening of the resonant member and the elimination of stress
concentration points. Depending on other problems aboard the ship, consideration might be
given to the correction of the exciting forces. If this approach is taken, a maximum hull
pressure force of £ 8 kPa or & 1.16 psi. measured on the centerline over the propeller is
recommended.

2.3 Machinery Vibration

Shipboard machinery includes the main propulsion machincry, auxiliary machinery, support
machinery, and related equipment. In this category, primary concern is with the effects of
vibration on sv<tem dynamics (fatigue failure of components) and the environmental effects on
machines and equipment (damage and/or malfunction).  Active shipboard equipment introduces
self-generating forces. Subscctions of this chapter include Main Propulsion Machinery, which
relates to fatigue failure of components, and General Machine Vibration, which relates to
environmental effects.

2.3.1 Main Propulsion Machinery

Main propulsion machinery includes all components from the engine up to and including the
propeller. Vibration of the ship and dynamic stresses within thie propulsion system result from
forces generated both by the propeller and by the propulsion system components.
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Recommended criteria to be employed in the control of the more important dynamic forces
existing in the main propulsion system are based on design requirements.

It should be noted that vibration measurements alone cannot always be used to determine the
acceptability of dynamic systems. The levels of dynamic stresses are dependent on both the
vibration amplitude and the dynamic analysis of the vibrating system.

Main engines, shafts, couplings, reduction gears, propellers, and related equipment are designed
for structural adequacy when operating under the conditions stipulated in the procurement
specifications. The vibration characteristics of the propulsion system must be controlled to
avoid the presence of damaging vibratory stresses within the system, as well as the generation
of severe hull vibration. Potential problem areas include unbalance and misalignment of system
components; excessive shaft stresses; and longitudinal, torsional, and lateral vibration of the
propulsion system.

2.3.1.1 Dynamic Unbalance and Misalignment

All rotating propulsion machinery should be balanced to minimize vibration, bearing wear, and
noise. The types of correction, as shown in Table 2-2 below, should depend on the speed of
rotation and relative dimensions of the rotor.

Table 2-2. Types of Correction

Type of Correction Speed (RPM) Rotor Characteristics
Single-Plane % 1105%0 b/g f gg
> 1000 LUD<05
Two-Plane > 150 UD > 05
. Flexible: Unable to correct
Mutti-Plane by two-plane balancing |
L = Length of rotor mass, exclusive of shaft
D = Diameter of rotor mass, exclusive of shaft

The residual unbalance in each plane of correction of any rotating part shall not exceed the
value determined by:

U= -‘%V- for speeds in excess of 1000 RPM

4000W

U= 2 for speeds between 150 and 1000 RPM

U=0.177TW for speeds below 150 RPM
where;
U = Maximum residual unbalance in ounce-inches

W = Weight of rotating part in pounds
N = Maximum operating RPM of unit
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When checking the propulsion system for first-order (shaft RPM frequency) forces, in addition
to balancing, the following should be considered: propeller for pitch accuracy; shafting and
couplings for run-out or bending; and stern bearings for uneven or excessive wear. Shafting
should also be checked for corrosion/fatigue cracks originating in keyway fillets.

2.3.1.2 Dynamic Shaft Stresses

Conventional design requirements for propulsion shafting generally include factors to
compensate for the eccentric thrust produced at the propeller. This eccentric thrust produces a
dynamic bending moment due to shaft rotation with maximum alternating bending stresses
usually occurring at the propeller keyway. Dynamic stress is greatly influenced by the actual
moment arm between the propeller and the effective point of support of the aftermost bearing.
Additionally, the presence of seawater presents a corrosive medium and greatly deteriorates the
fatigue characteristics of the shaft. These stresses are also significantly effected by sea and
operating conditions and are the root cause of most shaft failures.

If during normal maintenance procedures, evidence of fatigue cracks in the tailshaft in the
vicinity of the forward face of the propeller are noted, it would be prudent to check the
alternating bending stress of the tailshaft against the following empirical formula:

oo o Mg+ M)

6000
where:
S = Section modulus = ;lt;
C = Service factor = 1.75 for commercial ships

Mg = Gravity moment due to overhanging propeller weight calculated
from forward face of propeller hub to assumed point of shaft support
(1 diameter of shaft for water lubricated bearing and 2 diameter for
oil lubricated)

M; = Calculated moment of eccentric thrust = 0.65 x Propeller Diameter x
Rated Thrust

I = Shaft moment of inertia
R = Shaft radius

6000 =Maximum safe fatigue limit (psi) to be used for the assembly
operating in the presence of a corrosive medium

Cold rolling the tailshaft in the vicinity of the keyway forward beyond the aft end of the liner
has been found to be effective in retarding the propagation of fatigue cracks. A detailed
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dynamic ana}ysis of the complete propulsion system is strongly recommended, particularly in
the case of diesel drive systems or new or unusual design concepts.

2.3.1.3 Torsional Vibration

The mass-elastic system, consisting of engine, couplings, reduction gears, shafting, and
propeller, should have no excessive torsional vibratory stresses below the top operating speed
of the system nor excessive vibratory torque across the gears within the operating speed.
Excessive torsional vibratory stress is that stress in excess of:

S = Ultimate Tensile Strength
. 25

Below the normal operating speed range, excessive torsional vibratory stress is that stress in
excess of 1 % times S .

Excessive vibratory torque, at any operating speed, is that vibratory torque greater than 75
percent of the driving torque at the same speed, or 10 percent of the full load torque, whichever
is smaller.

Gear rattling is a strong indication of torsional vibration in a geared drive. To evaluate any
torsional vibration measurements, it is necessary to have available, or to develop, a complete
mathematical analysis of the system to be tested. It is obvious that experienced personnel are
required to conduct such studics. s X

2.3.1.4 Longitudinal Vibration

Longitudinal vibration of the main propulsion system is frequently a problem and can cause
significant structural vibration within the ship. It may be very pronounced at the main thrust
bearing, at other parts of the propulsion system, and particularly in the higher levels of
deckhouses. If significant vibration in the fore-and-aft dircction is noticed, the problem should
be investigated.

To avoid damage or crew annoyance, the propulsion system should have no excessive
alternating thrust within thc operating speed range. In no case, however, should the
displacement amplitude of longitudinal vibration of the propulsion machinery, including the
main condenser and associated piping in a steam turbine drive, be sufficient to adversely affect
the operation of the propulsion unit or precipitate fatigue failure of components such as thrust
bearings or gear teeth. Pitting of gear tecth may also indicate excessive torsional or
longitudinal vibration.

Excessive alternating thrust is defined as:

(a) Main and turbine thrust bearings :

Excessive alternating thrust occurs when the single amplitude of alternating
thrust, measured at the main and turbine thrust bearings, exceeds 75 percent of
the mean thrust at that speed or exceeds 25 percent of the full power thrust,
whichever is smaller.
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(b) Excessive alternating thrust

Excessive alternating thrust in the reduction gear occurs when the vibratory
acceleration of the bull gear hub exceeds * 0.1 g, unless another value is
provided by the gear manufacturer. If the acceleration exceeds the allowable
value, calculations will be required to determine the vibratory stresses in the gear
teeth to determine their acceptability to the gear supplier.

(c) Excessive longitudinal vibration

Excessive longitudinal vibration of the main propulsion system components
(including condenser, piping, etc.) occurs when vibration exceeds + 0.25 g, or
that level certified as satisfactory by the equipment manufacturer, whichever is
the least.

Although detailed measurements would be required to evaluate the presence of excessive
longitudinal vibration in (a) or (b) above, hammering of the thrust bearing represents a very
dangerous condition and m»-t be avoided. As in the case of eacessive torsional vibration, gear
rattling may also occur if the longitudinal vibration is excessive. In some instances, particularly
in diesel drives, harmonic components of torsional and longitudinal vibration may be coupled
through the action of the propeller.

2.3.1.5 Lateral Vibration

Lateral vibration in the main propulsion shafting could be destructive if the fundamental
frequency is resonant in the operating speed range. This phenomena, sometimes referred to as
“whirling,” occurs at shaft RPM and is excited by propeller and shafting unbalance. In all
designs, the fundamental frequency must occur well above operating speed (115 percent of
maximum RPM). Frequency can be effected, however, by misalignment, bearing wear down,
or lost bearing support (structural failure).

Whirling frequencies at blade rate frequency are excited by propeller forces at * the shaft rate.
Thus, a five-bladed propeller would excite fourth and sixth order frequencies, referred to as
counter whirl and forward whirl, respectively. However, these frequencies are not generally
significant because of the low level of propeller forces normally encountered. It is usually
customary to avoid the presence of the frequencies in the upper 15 percent of the speed range.

2.3.2 General Machinery Vibration

Shipboard machinery is referred to in this guide as “active” shipboard equipment since, in
addition to being affected by general hull vibration, it generates vibratory forces that contribute
to the total motion of the machine itself and may also adversely effect the structure to which it
is attached. The maximum acceptable vibration of shipboard machinery is frequently defined
by the manufacturer. When this information is available it should be used. When such
information is not available the criteria provided herein is recommended.

2.3.2.1 Nonreciprocating Machines

The maximum allowable vibration of rotating machinery required to demonstrate compliance
with MIL-STD-167-1 (SHIPS) balancing requirements is shown in Figure 2-5. On all
machinery except turbines, amplitudes of vibration are measured on the bearing housing in the
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direction of maximum amplitudes. In the case of turbines, amplitudes of vibration are
measured on the rotating shaft adjacent to the bearings. When feasible, machinery is
completely assembled and mounted elastically at a natural frequency less than one-quarter of
the minimum rotational frequency of the unit. Large and complex units are shop tested on a
foundation similar to the shipboard mounting for which it is intended. These requirements are
recommended for new, replacement, or reworked equipment.
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Figure 2-5
Maximum Allowable Vibration, Type Il (MIL-STD-167-1 (SHIPS), 1 May 1974)

The SNAME T&R Code C-5, “Acceptable Vibration of Marine Steam and Heavy-Duty Gas
Turbine Main and Auxiliary Machinery Plants,” provides maximum allowable vibration levels
for shop test and shipboard test as illustrated in following figures:

Figure 2-6 For steam turbine bearing housing or gear casing measurements
Figure 2-7 For gas turbine housing measurements

Figure 2-8 For steam turbine shaft measurements
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These limits are narrowband readings of first order (rotational frequency) and second order
vibration and apply to steady state operation, preferably under trial conditions called for under
SNAME Code C-1 or ISO 4867. Measurements that exceed the limits called for by “Shipboard
Test” indicate corrective action required.

Similiarly, Figures 2-9 and 2-10 give the maximum acceptable levels applicable to turbine
driven auxiliaries for measurements made on the bearing housing or shaft, respectively.

For motor-driven auxiliaries, the maximum first order and second order bearing housing
vibration velocitics of the assembled driver and driven equipment is recommended to be + 0.25
inches per second above 30 Hz and * 2.5 mils below 30 Hz. For new or replacement
equipment, the values shown by MIL-STD-167, Figure 2-5 should be used.

2.3.2.2 Reciprocating Engines

Based on data presented by Bureau Veritas Guidance Note NI 1381-RD3, “Recommendations
Designed to Limit the Effects of Vibration Onboard Ships,” June 1979 [2-8], the acceptable
vibration levels for diesel engines and reciprocating engines are as shown on Figure 2-11.
Vibratory levels at + 11 mm/sec measured at the base of the engines should be monitored,
while £ 18 mm/sec for the smaller engines ( 1000 HP) and + 28 mm/sec for larger engines (
1000 HP) would be considered excessive. Somewhat higher levels could be tolerated at the
cylinder heads.

2.4 Ship Vibration Specifications

It has been shown that hull vibration criteria is primarily based on habitability requirements. It
was also shown in a recent paper [2-5] that upwards of 60,000 SHP on a single screw ship
would be possible, within habitability criteria. It is therefore reasonable to expect that lower
levels of hull vibration could be realized on ships with lower power requirements if the owner
was willing to spend the effort in achieving that objective. On a recent tanker design of 15,000
SHP, the owner specified vibration limits of 4 mm/sec, corresponding to the lower line of the
shaded area of Figure 2-1. That objective was successfully met.

In line with the above information, a suggested set of ship vibration specifications is presented
for guidance purposes. In this instance, requirements are established that are considered
practical but with an incentive in the form of a design objective and a reject hull vibration level.
This approach is proposed as a means of establishing a joint working basis between the owner
and builder, as opposed to the frequent adversarial relationship.

The specification sample is based on the development of a large single-screw tanker with a
geared-turbine drive and a rating of 30,000 SHP. The habitability requirements are based on
the current ISO Guidelines [2-2], when tested in accordance with the ISO Vibration Test Codes,
[2-6] and [2-7]. With a geared-turbine drive, the constant velocity limit is extended below 5 Hz
to 1 Hz, rather than using the constant acceleration limit, between 5 Hz and 1 Hz, which is
considered appropriate for low speed direct diesel drives.
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HIGH SPEED DIESEL ENGINES SLOW AND MEDIUM-SPEED IN LINE
OTHER RECIPROCATING DIESEL ENGINES
ENGINES OTHER RECIPROCATING ENGINES
<750 kW >750kW
(1000 HP) (1000 HP)

- For slow-speed engines up to 150 RPM, the equivalent velocity amplitude
should be less than 0.5 mm when measured at bearings and foundations

- For piping mounts and miscellaneous units, accelleration should be less
than1.5¢g

Figure 2-11
Vibratory Levels of Diesel Engines and Reciprocating Engines
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SAMPLE SHIP SPECIFICATIONS:

Vibration

A. General Requirements

The vessel shall be designed and constructed to limit the vibration of the ship and within the
ship to those generally accepted levels that will not result in discomfort or annoyance to the
crew, will not prove damaging to the main propulsion system, or will not precipitate damage or
malfunction of other shipboard machinery and equipment when operating up to maximum
(ABS) horsepower. It shall be the responsibility of the shipyard to provide a design that will
meet the vibration criteria set forth in this specification. Tests will be conducted during the
trials of the vessel to establish compliance with this criteria. Necessary corrections will be the
responsibility of the shipbuilder.

During the design phase, the shipbuilder shall prepare an analysis of the response of the main
hull girder with respect to the generation of the driving forces originating in the main
propulsion system. This analysis will provide the base from which the response of the major
substructures, local structures, and supporting systems for equipment may be evaluated.

The selection of the propeller type, number of blades, skew and clearances should be
compatible with the desired vibration characteristics of the main hull girder and propulsion
machinery.

B. Hull Girder Criteria

The design objective is to limit the vibration of the main hull girder to a velocity of + 6 mm/s,
between 1 and 100 Hz, in all three directions (vertically, athwartship and longitudinally) when
tested in accordance with the International Standard (ISO 4867), “Code for the Measurement
and Reporting of Shipboard Vibration Data.” Amplitudes greater than 150 percent of this value
will be considered unacceptable for geared turbine or geared diesel drive systems. For
low-speed,direct-drive diesels, accelerations greater than + .029 g below 5 Hz will be
considered unacceptable.

C. Criteria for Major Substructures

The criteria for the vibration of major substructures occupied by the crew is based on
habitability requirements. The design objective is a maximum velocity of £ 7.5 mm/s in all
three directions when tested in accordance with ISO 4867. Amplitudes greater than + 9 mm/s
will be considered unacceptable. The criteria for the vibration of major substructures, not
inhabited by the crew, is * 9 mmy/s, provided this level of vibration is acceptable to equipment
mounted thereon, as defined by the equipment manufacturer. Below 5 Hz, the acceleration
limit of £ .029 g is applicable for direct-drive, low-speed diesel ships.

D. Criteria for Local Structural Elements

The criteria for local structural elements, if they are considered as part of a habitable space in
contact with the crew, such as a compartment floor or bulkhead, should be based on habitability
requirements. Amplitudes greater than £ 9 mm/s in any direction shall be considered
unacceptable.
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The criteria for the vibration of structural elements not in contact with the crew and not
supporting cquipment is * ().25g, providing no structural damage results or that noise generated
by the vibration is not considered excessive (greater than 70 dBA). If damage to structural
elements, or if excessive noise in habitable compartments results, corrective action by the
shipyard will be required.

The criteria for the vibration of structural elements supporting vibration-sensitive equipment
must be limited to that level considered acceptable to the equipment, as specified by the
equipment manufacturer or * 0.25g, whichever is the least.

E. Criteria for Shipboard Equipment

Equipment sclected should be designed to meet the environmental vibration requirements
established for shipboard use. In this instance, £ 0.25g should be used.  Balancing and
vibration tolerances for rotating machines should be representative of and must meet the
acceptable standards for good commercial practice. Installation details, including the choice of
mountings, should be designed 10 prevent excessive vibration of equipment or the generation of
excessive vibration or noise in the compartment (or adjacent habitable spaces) in which it is
installed. Excessive vibration is that above + 0.25g, or that level for which the equipment is
certified by the manufacturer, whichever is the least. The vibration generated noise is excessive
when it is over 70 dBA.

F. Vibration of Main Propulsion Machinery

The main engines, shafts, couplings, reduction gears, propellers and related equipment should
be designed for structural adequacy when operating under the conditions stipulated in the
procurement specifications.  Vibration characteristics of the propulsion  system must be
controlled to avoid the presence of damaging vibratory stresses within the system, as well as the
generation of severe hull vibration.  Potential problem arcas include: unbalance and
misalignment of system components; excessive shaft stresses; and longitudinal, torsional and
lateral vibration of the propulsion system.

F.1 Balancing Requirements for Propulsion Machinery

All rotating propulsion machinery shall be balanced to minimize vibration, bearing wear, and
noise. The type of correction, as shown in the following table, shall depend on the speed of
rotation and the relative dimensions of the rotor.

Table F-1 Balancing Procedure Criteria

Type of Correction Speed (RPM) Rotor Characteristics
Single-Plane 00'_ 1105000 t//B i 82
. Plar  »1000 | UD<05
| Two-Plane > 150 . _upsos
. Flexible: Unable to correct
AMi-Plane . by two-plane balancing

- L ;Length of rbtbr' h;éés, exclﬁé}gé of shaft
D = Diameter of rotor mass, exciusive of shaft

2.25




Ship Vibration Design Guide

The residual unbalance in each plane of correction of any rotating part shall not exceed the
value determined by:

U= %/VK for speeds in excess of 1000 RPM

U=

N2W for speeds between 150 and 1000 RPM

U =0.177TW for speeds below 150 RPM

where:
U = Maximum residual unbalance in ounce-inches

W = Weight of rotating part in pounds
N = Maximum operating RPM of unit

F.2 Design of Tailshaft

To avoid the possibility of a corrosion fatigue failure of the propeller shaft, in addition to
meeting the ABS design requirements, the alternating bending stresses in the tail shaft shall be
limited to + 6,000 psi when calculated by the following expression (English units used):

Mg+ M
Ss=C Mg+ M;)
6000
where:
S = Section modulus = %
C = Service factor = 1.75 for commercial ships

Mg = Gravity moment due to overhanging propeller weight calculated
from forward face of propeller hub to assumed point of shaft support
(1 diameter of shaft for water lubricated bearing and V4 diameter for
oil lubricated)

M; = Calculated moment of eccentric thrust = 0.65 x Propeller Diameter x
Rated Thrust

I = Shaft moment of inertia
R = Shaft radius

6000 =Maximum safe fatigue limit (psi) to be used for the assembly
operating in the presence of a corrosive medium
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F.3 Longitudinal Vibration of Propulsion Machinery

The dynamic response of the propulsion system shali have no excessive alternating thrust
within the operating speed range. In no case, however, shall the displacement amplitude of
longitudinal vibration of the propulsion machinery, including the main condenser and associated
piping, be sufficient to adversely affect the operation of the propulsion unit or precipitate
fatigue failure.

Excessive alternating thrust is defined as:

(a) Main and turbine thrust bearings

Excessive alternating thrust occurs when the single amplitude of alternating
thrust, measured at the main and turbine thrust bearings, exceeds 75 percent of
the mean thrust at that speed or exceeds 25 percent of the full power thrust,
whichever is smaller.

(b) Excessive alternating thrust

Excessive alternating thrust in the reduction gear occurs when the vibratory
acceleration of the bull gear hub exceeds + 0.1g unless another value is provided
by the gear manufacturer. If the acceleration exceeds the allowable value,
calculations will be required to determine the vibratory stresses in the gear teeth
to determine acceptability to the gear supplier.

(c) Excessive longitudinal vibration

Excessive longitudinal vibration of the main propulsion system components
(including condenser, piping, etc.) occurs when the vibration exceeds * 0.25g, or
that level certified as satisfactory by the equipment manufacturer, whichever is
the least.

A mathematical analysis of the longitudinal vibratory characteristics of the mass-elastic system
shall be prepared by the engine builder or the shipyard to demonstrate the probable compliance
with the given criteria. This analysis is to be forwarded to the owner for review. During ship
trials, measurements shall be performed to demonstrate compliance with specified limits in
accordance with the International Standard, ISO 4867, “Code for the Measurement and
Reporting of Shipboard Vibration Data.”

F.4 Torsional Vibration of Propulsion System

The mass-elastic system, consisting of engine, couplings, reduction gears, shafting, and
propeller, should have no excessive torsional vibratory stresses below the top operating speed
of the system nor excessive vibratory torque across the gears within the operating speed.
Excessive torsional vibratory stress is that stress in excess of

_ Ultimate Tensile Strength
- 25

Sv
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Below the normal operating speed range, excessive torsional vibratory stress is that stress in
excess of 1 ¥ times S .

Excessive vibratory torque, at any operating speed, is that vibratory torque greater than 75
percent of the driving torque at the same speed, or 10 percent of the full load torque, whichever
is smaller.

A mathematical analysis of the propulsion system shall be prepared by the engine builder or
shipyard to demonstrate probable compliance with these requirements. This analysis is to be
forwarded to the owner for review. In the event the analysis does not indicate probable
compliance, a torsiograph test will be required, prior to acceptance.

F.5 Lateral Vibration of Propulsion Shafting

No critical frequency of lateral vibration of the propulsion shafting system shall exist below
115 percent of maximum rated shaft RPM. A mathematical analysis of the lateral vibration
characteristics of the rotating propulsion shafting system shall be made to clearly demonstrate
that the system is free from any lateral critical frequency below 115 percent of the maximum
rated RPM. This analysis shall be submitted to the owner for review.
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¢ CHAPTER THREE +

EXCITATION OF VIBRATORY
FORCES

n this chapter, practical guidelines are presented for developing the hull form, appendage and

propeller designs of a new ship, such that the excitation of vibratory forces will be
minimized. The emphasis is on minimization of vibratory forces of hydrodynamic origin,
minimization of vibraiory forces due to the imbalance of propellers, propeller blade pitch
differences, imbalance or misalignment of shafting, and imbalance of propulsion engines is also
briefly considered. Only currently available information and methods are presented, and the
focus is on the early stages of the design of single- and twin-screw ships. In addition to
presenting methods for designing to minimize vibratory forces, early design stage methods for
estimating such forces for a proposed ship are also presented.

With respect to the vibratory forces of hydrodynamic origin, the principal parameters involved
are those which describe the hull (especially the afterbody), the afterbody appendages and the
propeller(s). The basic relationship between the hull, appendages and propeller(s) is that, at the
required speed, a certain amount of thrust is required to overcome the resistance of the hull and
appendages and the propeller(s) must provide this thrust at a given number of revolutions. The
ship resistance characteristics and the propeller dimensions, primarily, determine the propeller
thrust loading; the thrusting propeller alters the flow along the hull forward of and near the
propeller, which in turn affects the wake field. The non-homogeneity of this wake field causes
the propeller blade loading to fluctuate with time and this causes a corresponding fluctuation in
the forces applied to the ship; these forces are normally considered to be applied to the ship as
fluctuating vertical and horizontal forces at the stern bearing(s), fluctuating axial forces at the
thrust bearing(s), fluctuating torque at the reduction gear(s) or engine(s), and fluctuating
pressure forces on the hull in the immediate vicinity of the propeller(s). The fluctuations in
propeller blade loading that occur also cause changes in blade cavitation patterns when
cavitation is present; this effect can cause a considerable augmentation of the hull pressure
forces. From the perspective of hull form and appendage design, it is to be noted that by
careful selection of hull form typ: and by careful development of hull form shape (particularly
afterbody shape), it may be possible to minimize wake field variations; this, together with
careful selection of the propeller characteristics, will have the effect of minimizing the
magnitude of the fluctuating forces, which are applied to the hull and propeller.

3-1




Ship Vibration Design Guide

3.1 Guidelines for Minimization of Propeller-Induced
Vibratory Forces

3.1.1 Approach

The recommended approach to the design of the hull form, afterbody appendages and
propeller(s), for the purpose of minimizing propeller-induced vibratory forces, is to give
primary attention to selection of the basic propeller characteristics (diameter, number of blades
and blade area ratio) such that thrust loading can be kept to moderate levels. This includes
giving consideration even to selection of the number of propellers to be installed; in general,
the use of twin-screw propulsion, when it is reasonable to do so, will reduce the potential for
excessive vibratory force due to the increased blade area, which may be achievable and due to
the more uniform inflow to the propellers, compared with a single-screw installation.
Achieving moderate levels of thrust loading will tend toward minimization of cavitation,
thereby minimizing cavitation augmentation of hull pressure forces. By proper selection of the
number of blades, hull and propulsion system resonant response can normally be avoided.
Then, by appropriate selection of the basic afterbody type and propulsion appendage
configuration, and by development of the details of the aiterbody form and of the shape and
arrangement of the afterbody appendages, wake (propeller inflow) non-uniformity can be
minimized. By taking this approach and by careful design of the propeller blades, the
fluctuations in hull pressure, in propeller thrust and torque delivered to the shaft(s), and in the
propeller shaft bearing forces, can be minimized. The selection and design development of the
afterbody, appendages and propeller(s) is an iterative process and the designs of these three
major elements are, of course, interrelated. A flowchart, which illustrates this process with
particular reference to closed-stern, single-screw ships, has been presented by Ward [3-1] and is
included herein as Figure 3-1. The process will be briefly reviewed in the sections that follow.
Although the designs of the three above mentioned elements may be carried out simultaneously,
afterbody selection and design are described first. This is followed by descriptions of the
selection and design of the afterbody appendages and the propeller(s), in that order.

3.1.2 Selection of Afterbody Type

Of course the overall characteristics of the hull must be selected before attention can be given
to the afterbody. The length (L), beam (B), draft (T), amidships depth (D), basic proportions
(L/B, B/T, L/IT and B/D), midship section coefficient (C,), longitudinal prismatic coefficient
(C,) and waterplane coefficient (C,, ) of a new hull will be selected at an early stage of design.
The characteristics may be selected on the basis of owner/designer experience and preference,
operational requirements, the results of appropriate design processes (which would include the
use of a design synthesis model), or some combination of the above. After selection of such
characteristics, a preliminary hull form definition, consisting of a rough body plan or a three
view lines drawing, is prepared. One obvious guiding principle for development of this
preliminary hull form definition is that the forebody and afterbody shapes must be compatible.
The preliminary development of the afterbody design can then proceed.
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Overall Hydrodynamic Design Sequence for Minimization
of Propeller-Induced Vibratory Forces [3-1]

First, the basic type of afterbody must be selected (bearing in mind the requirement for
compatibility with the forebody). For single-screw ships, the basic types of afterbody may be
categorized as follows:

- “Closed” stern, with relatively tall, narrow sections (which may vary from
U-shaped to V-shaped) in way of the skeg or “deadwood.”

. “Closed” stern, with bulbous sections (e.g., a Hogner stern) in way of the
skeg or “deadwood.”

- “Open” stern, with a strut supported, exposed propeller shaft; this type of
afterbody can feature an “integral” skeg or an “appended” skeg.

For twin-screw ships, the basic types of afterbody may be characterized as follows:

L1 7.0 YORpRNY

Cpan” stern, with strut supported, exposed prepeller shafts and a centerline
skeg (“integral” or “appended”)

- Stern with bossing-cnclosed shafts, with or without a centerline skeg.

- Twin-skeg stern, with shafrs enclosed n the skeps, without a centerline skeg.

L
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A considerable number of variations are possible within the above listed categories; for
instance, the selection of relatively large, relatively slow turning propellers can result in
afterbody configurations, which are quite different from those associated with “normal”
propeller diameter and RPM values.

Guidelines relative to selection of afterbody type, with the goal of reducing the potential for
propeller-induced vibratory forces are as follows:

» Open-stern configurations, in general, yield smaller wake fraction (W) values and
smaller values of wake non-uniformity than do closed-stern configurations. The
ranges of wake fraction values for various types of ships are presented in Figure
3-2. The importance of minimizing wake non-uniformity, with respect to
minimization of propeller-induced vibratory forces, is illustrated in Figure 3-3.
This figure, based on real ship data, shows that with small values of the wake
non-uniformity criterion, the propeller(s) can operate at a greater range of
cavitation numbers (greater range of thrust loadings) and still provide acceptable
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Figure 3-2

Wake Fraction of Various Types of Ships Based
on Results of Model Tests at DTRC [3-2]
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+ Ships with acceptable vibration characteristics
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Figure 3-3

Relationship for Cavitation Number Versus Wake Non-Unifrormity Parameter,
with Data Points Based on Actuual Ship Performance and
on Model Test Wake Surveys for these Ships [3-3]
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vibration qualities. The relative uniformity of the wake of an open-stern,
single-screw hull form, as compared to the wakes of a conventional, closed-stern
single-screw hull form and a Modified-Hogner (bulbous), closed-stern
single-screw hull form, is illustrated in Figures 3-4, 3-5, and 3-6 (respectively).
(As a result of model tests of the three hull forms depicted in Figures 3-4, 3-5,
3-6, a modification of the open-stern hull form was selected for the ship and this
ship was built and used in commercial service. The final configuration is
illustrated in Figure 3-7. The goal of the hull form selection and development
process had, in this case, been to produce a 90,000 ton, single screw, 45,000
SHP ship for which the propeller-induced vibratory forces would be minimized.
This goal was achieved. Thus, this design study, partially documented by
Noonan [3-4], serves as one example of the hull form selection/development
approach being discussed herein.)

Open-stern configurations, in general, yield smaller values of thrust deduction
fraction () than do closed-stern configurations, as illustrated in Figure 3-8. This
relates to minimization of propeller-induced vibratory force in that a smaller
value of ¢ means a smaller value of mean thrust, and in turn, smaller values of
propeller blade loading.

It is generally advantageous to avoid high values of hull block coefficient (CB);
for example, the increase in wake non-uniformity with increasing Cs, for
closed-stern single-screw hull forms, is illustrated in Figure 3-9.

After selection of the afterbody type, the shape of the afterbody can be developed. Guidelines
for development of the shapes of the various types of afterbodies are presented below.

3.1.3 Development of Afterbody Shape

3.1.3.1 Design of Closed-Stern Afterbodies for Single Screw Ships

Applicable guidelines are as follows:

The ideal wake is that which gives constant wake velocities concentric to the
propeller center. This can only be achieved in the case of a propeller working
behind a tapered, circular cross-section hull form (such as the afterbody of a
modern, single-screw submarine). For “conventional” surface ships, this
condition can be approximated by using a bulbous stern (e.g., a Hogner stern).

For “conventional” ships, the waterline exit angles should be moderate and the
differences between this angle at waterlines above and this angle at the
waterlines below the propeller center should be minimized. Extremely V-shaped
sections can result in relatively large differences in waterline exit angles above
and below the propeller center and should be avoided. Conversely, U-shaped aft
sections can provide more uniform waterline exit angles; such sections are
especially recommended for relatively short, “full,” single-screw ships.
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Figure 3-4

Afterbody Configuration and Wake Characteristics
of an Open-Stern Single-Screw Ship
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Afterbody Configuration and Wake Characteristics
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Thrust-Deduction Fraction of Various Types of Ships Based
on Results of Model Tests at DTRC [3-2]
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Criterion Plot for Gross Estimate of Wake Non-Uniformity Parameter Value Based
on Block Coefficient (Applicable to Closed-Stern, Single-Screw Ships Only) [3-3]
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Concerning the relationship between afterbody shape and flow characteristics at
the propeller plane, one set of information applicable to single-screw ships is that
presented by Ward [3-1]; criteria from that reference are dericted in Figure 3-10.
This includes a criterion for waterline exit angles (angles of run) and for the
angle between flow lines aft. For the latter criterion, it is suggested by Ward
that the vzlue of the angle between flow lines, divided by the hull form’s block
coefficient, should be less than 30.

With respect to waterline endings, or aft flow line endings, relationships between
the maximum and minimum wake at 0.8R and the angle between the flow lines,
ending at 0.8R in the 12 o’clock position, have been suggested by Jonk and v.d.
Beek [3-5]. Figure 3-11 illustrates these relationships. The suggested
relationship for Aggr (difference of maximum and minimum value of wake at
0.8R), as a function of the half angle of the flow lines at 0.8R in the 12 o’clock
position (0 8Rr), for normal aperture clearances, can be expressed as follows:
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Figure 3-10

Suggested Criteria for Afterbody Design (reference numbers refer to [3-1])
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Figure 3-11

Suggested Relationships Between Axial Wake Variation
and Half Angle of Flow Line at 0.8R [3-5]

In the case cf very wide apertures (considerably greater than those suggested by
the rules of classification societies), the suggested relationship is as follows:

o .. +19
0.8R
AWO.SR =" g3

Jonk and v.d. Beek have also suggested a “Difficulty Index,” applicable to the
propeller in combination with the afterbody (rcpiesented by the half angle of the
flow line at 0.8R), as follows:

T+0.61 (ND’V) (0, ,,, + 2943
Dl = :
(h+ 10) D*
where:
D.I. = Difficuliy Index
T = thrust, in kilograms
N = number of revolutions per minute
D = diameter, in meters
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Vo = ship’s speed, in knots
O,z = half angle of flow line at 0.8R in the 12 o’clock position,
in degrees
h = height of water column above propeller tip, in meters

Jonk and v.d. Beek provide values of this “Difficulty Index” for a number of
ships with known (acceptable and unacceptable) vibration characteristics. These
computed values indicate that the value of the “Difficulty Index” should be
about 740 or less, in order to cnsure that the ship will have acceptable vibration
characteristics.

It may be necessary to roughly estimate the value of the previously mentioned
“wake non-uniformity” parameter during the early stages of hull design. One
criterion for this parameter is that suggested by Odabasi and Fitzsimmons [3-6]
and presented in Figure 3-12. This criterion is nearly the same as that suggested
by Ward [3-3] (see Figure 3-10). If the value of 8W/41-#W) cannot be estimated
from model test data for similar hull/appendage configurations, the plot
presented in Figure 3-9 can be used to provide'a very gross estimate of AW/1-w).
(The above discussed wake non-uniformity information is, of course, primarily
applicable to closed-stern, single-screw hull forms.)

9.903—%—ZP+TA

c, 3
0.051(nnD )
where:
S o D = Propeller Diameter

Z, = Distance between propeller shaft axis

i 3 P and ship baseline

f T, = Ship draft at aft perpendicular
uaccePTAme AW = Wake variation
" W = Taylor wake fraction
(All values in S I. units)
0s 10 19 20

®

Figure 3-12
Suggested Non-Uniformity Criterion [3-6)
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3.1.3.2 Design of Open-Stern Afterbodies
Certain guidelines have been developed from experience in the design of naval ships, primarily;
these are as follows:

. The angle between buttock lines (in the vicinity of the shaft centerline) and
the baseline should not exceed 10 degrees.

- The angle between buttock lines (in the vicinity of the shaft centerline) and
the shaft centerline at the hull/shaft intersection should not exceed 12.5
degrees.

- The angle between buttock lines (in the vicinity of the shaft centerline) and
the shaft centerline, in way of the propeller plane, should not exceed 5
degrees.

(The above guidelines apply primarily to open-stern, twin-screw ships; however, they can also
apply, in general to open-stern, single-screw ships and to twin-screw ships featuring “buttock
flow” sterns fitted with shaft bossings or bossing/strut configurations.)

3.1.8.3 Selection of Propeller-to-Hull Clearances

Propeller-to-hull clearances must be large enough to avoid any undue interference with the
circulation pattern around the blade as it passes the hull, skeg and rudder boundaries. Note that
the pressure field around each blade rotates with the blade and gives rise to fluctuating forces
on those boundaries, which are close enough to the blade to feel the effects of the rotating
pressure field.

The clearance between the propeller tips and the hull should be selected in order to minimize
propeller-induced fluctuating hull pressures.

Three components of the propeller-induced hull pressures are normally calculated separately
and then added together. These components are as follows:

. Pressures due to the thickness of the rotating propeller blades
- Pressures due to the hydrodynamic loading of the propeller blades

. Pressures due to the thickness and thickness variation with time of the area
of cavitation on the propeller blades

The pressures induced by the thickness and the loading of the propeller blades have a sinusoidal
character with the blade frequency being dominant. For the non-cavitating propeller, there is a
strong decay in the amplitude of the pressure with increasing propeller clearance. For example,
the calculations for one particular propeller showed a decay proportional with about %, where
r is the distance between the point considered and the propeller shaft. The behavior of the
pressures originating from blade cavitation is usually quite different. First of all, these
pressures have a strong fluctuating character. Secondly, the blade frequency components and
the higher harmonics can have a considerable magnitude. Frinally, for the case with blade
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cavitation, the decay with increasing propeller tip clearances is much smaller. For example, for
one particular propeller investigated, the decay was proportional to %2 The net result is that
the excitation forces can reach values much higher than those generated when only the blade
thickness and blade loading com~onents are involved.

For most naval ships, the propeller 1o hull clearance (commonly called “tip clearance”) is
selected to be at least 0.25 times the propeller diameter (D,). Naval ship propeller tip
clearance, plotted versus a gross propeller loading parameter, is presented in Figure 3-13. This
information, together with tull scale evaluations of ship vibration characteristics, indicates that
vibration problems can probably be avoided by using a tip clearance value of 0.25 D =
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Figure 3-13
Tip Clearance versus Propeller Loading for U.S. Navy Ships [NAVSEA]

For ships built to commercial standards, the classification societies recommend the propeller tip
clearance. One example of such recommendations, for a particular closed-stern, single-screw
ship, is given in Figure 3-14. It is interesting that the recommended tip clearances in this example,
for the different values of propeller diameter, amount to roughly constant percentages of propeller
diameter. The classification societies also provide guidance for propeller tip clearance for
twin-screw ships. The guidance provided by three classification societies is summarized in Table
3-1. Application of this guidance 10 an example ship (the T-AO 187 design, which at the time an
analysis of clearances, eic., was carried out, featured twin, 90 RPM, 24 ft. diameter propellers)
yielded the recommended minimum propeller clearances as shown in Table 3-2. This table also
indicates the slight reduction in recommended clearances that would accompany the selection of
five-bladed instead of four-bladed propellers for the example ship.
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Tip clearance relationships
recommended by Classification
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Figure 3-14

Tip Clearance versus Propeller Diameter and Blade Loading as Recommended
by Several Classification Societies for a Particular Ship Design [3-5]

For open-stern, twin-screw ships with strut-supported shafts, one significant factor related to
selection of propeiier tip clearance is the thickness of the boundary layer.

In this regard, Todd [3-7] discusses the work of van Lammeren, who developed a formula
based on the assumption that the tip clearance should be equal to 0.8 times the thickness of the
boundary layer in way of the propellers. For a ship the size of the T-AO 187, for example, this
formula would yield a tip clearance of 30 inches, or 0.104 D, . In his study of some 20
twin-screw ships, covering a length range of 350 to 750 feet, Todd noted clearances greater
than values suggested by van Lammeren; for these ships, the largest clearances can be
represented by the following expression:

C=.08L,,-50

Where C is the clearance, in inches, and L, is the ship length (between perpendiculars), in feet.
Thus, for the above mentioned example ship (T-AO 187):

C = (08x633)-50
= 45.64 inches
CiD, = 4564/(24x12)
= 0.158
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Table 3-1 Classification Society Guidance on Propeller Clearance

Classlfication Soclety E}'O"F‘,gﬁ';?g Tip Clearance Lon o"gfégg' 3’8.37’3"“
. 1 (0.24 - 0.012) Dp (0.35 - 0.022) Dp
Det Norske Veritas
o1 Norske ven 2 (0.30 - 0.012) Dp No guidance given

Bureau Veritas

Greater of (0.65 a)Dp or
0.100pforz=4

1.5 times tip clearance

Greater of (0.55 o)Dp or
0.10Dpforz=5

1.5 times tip clearance

Greater of (0.65 a)Dp or
0.20Dp forz = 4

Greater of tip clearance
or 0.15Dp

2
Greater of (0.55 o) Dp or Greater of tip clearance
0.16Dpforz=5 or 0.15Dp
where:
(C, x SHP)*?
o= 0L
CB = Block Coefficient
SHP = Shaft power per shaft, metric HP
L = Ship length, meters
z = Number of blades
D, = Propeller Diameter
Greater of {1.0Ky)Dp or Greater of (1.5Ky)Dp or
1 0.10Dpforz=4 0.15Dpforz=4
Greater of (0.85K1)Dp or Greater of (1.275K71)Dp
Lioyd's 0.10Dptor z=5 or0.15Dpforz=5
Greater of (1.0K2)Dp or Greater of (1.0K2)Dp or
> 0.20Dpfor z=4 0.15Dptorz=4
Greater of (0.85K3)Dp or Greater of (0.85K2)Dp or
0.20Dpforz=5 0.15Dpforz=5
where:
L 28CB X SHP
K, = 0.10+10000 IE +0.3
/ J
= 10+ .
K 5 1 10000 IE +0.3 J
J
CB = Block Coefficient
SHP = Total installed shaft horsepower
L = Ship length, feet
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Table 3-2 Propeller Clearances Recommended by Classification Society Guidance
for Example Ship (T-AQ)

Longitudinal
CIagglgg;:;lon gf‘;""gﬁ’e:’; Tip Clearance | Clearance to Blade
at 0.7R
. 0.26Dpforz = 4 No guidance given
Det Norske Veritas 2
0.25Dpforz=5 No guidance given
) 0.20Dptorz=4 0.20Dpforz =4
Bureau Veritas 2
0.16Dpforz=5 0.16Dpforz=5
Lioyd's > 0.20Dpforz = 4 0.18Dpforz = 4
0.16Dpforz=56 0.15Dpforz =95
Note: Example ship had twin, 90 RPM, 24 ft diameter propellers, at this stage of design

Actually, Todd recommends a tip clearance of 0.2 DP or, in special cases, 0.25 DP, for early
stage design, for open-stern, twin-screw ships.

Saunders [3-8] also recommends the determination of propeller tip clearance based on an
estimated boundary layer thickness at the propeller. In his approach, the nominal thickness of
the smooth-hull turbulent boundary layer (8) can be estimated at the ship’s sustained speed,
using the following relationship:

§=0.38 (x) [va_x) 02

where:
x = Distance from bow to propeller, in ft.
v = Kinematic viscosity (for salt water at 3.5 percent salinity
and 59° F, v = 1.2791 x 107 ft¥/sec)
U_ = Undisturbed velocity of the water, in ft/sec

Saunders notes that the friction wake velocities in the outer half of the boundary layer are
generally less than about one-tenth the ship velocity, which would suggest an acceptable tip
clearance of 0.58. However, the foregoing estimate of & is based on a smooth hull, and the
expected roughening and fouling of the hull over its service life results in average boundary
layer thicknesses in excess of the values that result from the use of the above formula. He,
therefore, recommends minimum propeller tip clearances of about 0.78. Thus, for the 20-knot
T-AO 187 (for example):

600 feet (approximately)
33.78 ft/sec

X
U

o0
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5 = (0.38) (600) ((1.2791 x 103) / (33.78 x 600))"*

= 3.30 feet
070 = 2.31 feet
076/ DP = 2.31/24 =0.096

Tip clearances based on boundary layer thickness as recommended by Todd and Saunders
(which result, for example, in 0.104 and 0.096 D, respectively,for the T-AO 187) permit the
propeller tip to penetrate the outer boundary layer; such tip clearances must be considered to be
minimum values since it is preferable to keep the tip out of the boundary layer, especially in
ships with relatively highly loaded propellers.

Continuing the reference to the example ship, the tip clearance shown on the T-AO 187
drawings is 0.20 D, based on D, = 24 feet. This clearance was considered to be satisfactory in
light of the guidance provided by Bureau Veritas, Lloyd’s, and Todd and Saunders. The larger
clearance recommended by Det Norske Veritas (0.26 D, for four-bladed propellers and 0.25 D,
for five-bladed propellers) was considered to be too conservative; the Det Norske Veritas
recommendations are based on moderately cavitating propellers, whereas the 24 ft. T-AO 187
propellers had relatively light thrust loading and would have been relatively free of cavitation.

Concerning the longitudinal clearance between the skeg (deadwood), struts, or bossings and the
leading edge of the propeller blades, classification society guidance is presented in Table 3-1.
This guidance applies primarily to closed-stern, single-screw ships and twin-screw ships with
bossings. When applied to the above mentioned example ship (T-AO 187 with twin, 90 RPM,
24 fi. diameter propellers), a longitudinal clearance of about 0.20 D, is indicated. Saunders
[3-8] recommends a longitudinal clearance of 0.20 D, or the propeller chord length at 0.7R,
whichever is greater. For the example ship (T-AO 187) propeller, the range of recommended
longitudinal clearance would be from about 0.27 D, (for five-bladed propellers with blade area
ratio of 0.50) to about 0.35 D, (for four-bladed propellers with blade area ratio of 0.66), using
Saunders recommendation and assuming Wageningen B Series propellers. Saunders indicates,
however, that longitudinal clearances, like tip clearances, may be reduced from the average
recommended values when thrust loadings are light. The example ship (T-AO 187) drawings
showed a longitudinal clearance between the centerplane of the propeller (a plane at right
angles to the shaft centerline at the propeller center) and the aft edge of the struts of six feet at
0.7R of the propeller, which corresponds to 0.25 D,; the clearance to the leading edge of the
blades would depend on blade geometry, including blade rake. Studies reported by Lewis in
Chapter 10 ot Principles of Naval Architecture [3-9] tend to support these above noted values
of longitudinal clearance for the example ship. In the case of another example ship (the
DD963), the longitudinal clearance (aft edge of strut to propeller centerplane) is about 0.41 D;
the approximate clearance between the strut and the propeller blades, at 0.7R, is 0.32 D .. For
this ship, however, the blade thrust loading coefficient is considerably greater than that for the
other example ship (T-AQ 187).
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Additional guidance on selection of propeller tip clearance and longitudinal clearance, based on
data from actual operating single-screw, closed-stern ships, has been given by Vossnack and
Voogd [3-10]; this guidance is presented in Figures 3-15 and 3-16.

Based on the discussion presented above, it is obvious that many considerations affect the
selection of propeller-to-hull clearances. For early stage design purposes, it is recommended
that a tip clearance of 0.25 D, and a longitudinal clearance of 0.5 D, between the trailing edge
of the skeg (deadwood) or strut and the centerplane of the propeller be selected.
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Guidance for Selection of Clearance Ahead of Propeller Based
on Data from Actual Operating Ships [3-9]
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3.1.4 Development of Shapes and Arrangement of Aft Apendages
The development of the configuration of the aft appendages to ensure that induced vibratory
forces are minimized is discussed separately, although it is closely related to the development
of the afterbody shape. The subjects considered under this heading are as follows:

- Propeller location (fore and aft)
- Shaft strut geometry and shaft strut arm alignment
- Fore and aft clearance between propeller(s) »nd rudder(s)

. Transverse offset of shaft(s), relative to transverse offset of rudder(s)

Propeller tip clearance and the longitudinal clearance between the skeg (deadwood), struts, or
bossings and the propeller(s) is discussed under 3.1.3, above. As a broad guideline, it can be
stated that the propeller(s) should be located as far aft as is practicable; this will, in general,
tend to maximize propulsive efficiency and minimize the propeller-induced vibratory forces.

The geometry of shaft strut arms must be such as to provide the stiffness necessary to prevent
the strut arms from respondirg to propeller-induced vibratory forces of hydrodynamic origin or
those vibratory forces caused by propeller, shaft or engine imbalance. For the design of U.S.
Navy ship struts, DDS 161-1 {3-11] applies. DDS 161-1 could also be used for the preliminary
design of struts for commercial ships. Strut arms must, of course, be aligned to the flow in
order to minimize any adverse effects of these strut arms on the inflow to the propeller. The
practice for U.S. Navy ships is to detetmine the proper alignment of strut arms by means of a
model test. Such a test should be carried out with a hull model representing the final hull form,
and the final apppendages (including the final strut locations as determined by the shipbuilder,
if possible), and with a propeller model representing the final propeller design. With respect to
the longitudinal clearance between the strut arms and the propeller(s), as noted in 3.1.3, above,
a reasonable practice for early stage design is to provide a clearance of at least 0.5 D, between
the trailing edge of the strut arms and the centerplane of the propeller (a plane at right angles to
the shaft centerline at the propeller center).

The longitudinal clearance between the propeller(s) and the rudder(s) must be selected. While
Saunders [3-8] states that clearances abaft the propeller may be less than those ahead of the
propeller, the guideline that clearance should not be less than the expanded blade-chord-length
at each radius can be used as criterion to determine the allowable clearance between the aft
edge of the blade and the leading edge of the rudder. For an example ship (a twin-skeg, T-AO
design), the actual clearance was appreciable larger than the clearance required by the
“blade-chord-length” guideline (see Figure 3-17). Figure 3-17 shows that another criterion,
which requires a minimum clearance of 0.25 D, at 0.7R, was satisfied for the example ship. It
should be noted, that the above two criteria were formulated with reference to “conventional”
propeller blade shapes, prior to the increasing use of highly-skewed blades. For “conventional”
blades shapes, the clearance will usually tend to remain at the magnitude established at 0.7R (as
determined by the above criteria), or increase as the radius increases. For the example ship,
(Figure 3-17), which featured skewed propeller blades, the blade shape is such that clearance
decreases at radii greater than (J.7R. Nevertheless, the requirement that relates local clearance
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/
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clearance 37t of propeller, per
“dlade chard length® guideline

Propeller sweep
at design pitch

Figure 3-17
Actual and Minimum Required Propeller Blade Clearance for an Example Ship

to local chord length of the blade, which seems to be rational, is satisfied. Both of the
guidelines noted above (and illustrated in Figure 3-17) are recommended.

A transverse separation of the rudder(s) and the extended propeller shaft line(s), thereby placing
the rudders outside of the shaft hub trailing vortices, is considered to be good practice. This
avoids rudder erosion due to the hub vortices and may also reduce vibratory input to the
rudders, thereby reducing any tendency for rudder vibration. This separation also enables shaft
removal without unshipping the rudders. A reasonable estimate of the transverse separation of
shaft centerline and rudder centerline would be as follows: 0.10 D, for ships with fixed-pitch
propellers, and €.125 D, for ships with controllable-pitch propellers.

Numerous considerations affect the design of the rudder(s) and, normally, the strength and
structural arrangement requirements will result in rudder shapes and rudder construction such
that the rudders will not be likely to vibrate (or transmit vibration to the ship’s hull) due to
fluctuations in the inflow to the rudder (e.g., due to the fluctuations in the propeller race).
However, in some cases it may be necessary to ensure that rudder vibration will not occur. A
general approach for avoidance of rudder vibration is as follows:

. Establish the proportions of the rudder in accordance with classification
society rules or with the U.S. Navy ship control surface design data sheets,
DDS-562-1 and DDS-562-2 [3-12 and 3-13, respectively].

. Estimate the rudder inflow forces and periodicity from appropriate wake and
propeller data and from empirical data.

. Estimate the resonant frequency of the rudder, using empirical data.

- Develop the design of the rudder such that resonance with the vibratory
inputs will be avoided.
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3.1.5 Selection of Propeller Characteristics

As intimated above, if propeller cavitation can be minimized, there is a reasonable likelihood
that the hull pressure forces can be minimized; this is due to the fact that propeller cavitation
can greatly magnify (by multipliers of 3 to 10, or greater) the hull pressure forces, which would
“normally” (i.e., under non-cavitating conditions) result from the passage of the propeller blades
through the non-uniform wake field. (These “normal” hull pressure forces can, in turn, be
minimized by careful design of the afterbody, propeller blades and afterbody appendages, as
discussed herein.) An example of the differences in pressure pulses cver the propeller tip, for
cavitating and non-cavitating conditions, in this case for a U.S. Navy oiler, is illustrated in
Figure 3-18.

It is not the purpose of this document to cover details of propeller design or even details of
propeller selection; however. certain general principics apply und these are sutunarized bolow.
Also, sample data, applicable to a limited range of propellers for certain types of ships, is
presented for possible use and to illustrate the approach. General principles, applicable to early
design stage selection of basic propeller parameter values for surface, displacement ship, are as
follows:
- Large-diameter, low-RPM propellers are, in most cases, more efficient than
small-diameter, high-RPM propellers, thereby reducing the required shaft
power,
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Variation of Blade Rate Peak-to-Peak Hull Pressure Over Propeller Tip
versus Ship Speed, for U.S. Navy Oiler, Based on Model Tests [3-14]
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- Reducing the propeller full-power RPM usually increases machinery system
weight; reducing the propeller full-power RPM may result in reduced fuel
consumption.

. Propellers with a low expanded area ratio (E.A.R.) are usually more
efficient than propellers with a high E.A.R., thereby reducing the required
shaft power.

. Cavitation performance degrades with decreasing E.A.R., for a given
diameter and RPM.

. Higher propeller tip speeds degrade tip cavitation performance; hence, a
large diameter must normally be complemented with a low RPM to
mnimize cavitation as well as to maximize the propulsive efficiency.

. As noted above, the provision of adequate propeller tip clearance can help
to reduce the risk of propeller-induced hull vibration. In turn, the
requirement to provide adequate tip clearance can affect the selection of Dp,
especially if the propeller tips are constrained to be above the ship’s
bazeline or not to extend below a specified draft.

. The number of propeller blades is usually not selected during the very early
stages of design; however, this selection should be made as a result of a
preliminary vibration analysis of the hull/machinery system and this analysis
should be carried out as soon as is feasible. In selecting the number of
blades, the blade arrangement on the hub and the blade root sttucture must
also be considered, particularly in the case of controllable-pitch propellers.

For early design stage estimates of propeller thrust, torque and efficiency, the appropriate
Wageningen B Series data may be used.

As indicated above, the basic propeller design parameter values to be selected are the diameter
Dp) and the blade area ratio (e.g., the expanded area ratio, E.A.R.), the RPM and the number
of blades Sufficient blade area (i.e., sufficient D, and E.A.R. values) should be provided to
yield values of thrust-loading, which result in acceptable cavitation performance. The Burrill
Cavitation Diagram, Figure 3-19, may be used as an aid in making this determination. The data
included on the Burrill Cavitation Diagram is based on tests of propellers designed prior to
1943, Simple comparisons with the Burrill data do not take into account the cavitation
performance that is attainable with contemporary propeller blade designs. The Burrill diagram
can, however, be used for a preliminary cavitation performance assessment during early stages
of design. Thus, if the computed (1, G, ) data point corresponding to the selected propeller

loading condition (e.g. the full power, full load condition) for the new ship design falls under
the appropriate “limit line” on the Burrill Diagram, th: cavitation pcrformance of the eventual
propeller(s) ~hculd Lo ncocptuble. 1a addition, the plots provided in Figures 3-20 and 3-21 may
be of use in selecting values of D, and RPM, based on the suggested limits for cavitation
number, as a function of thrust-loading coefficient; however, as pointed out by Wilson [3-15],
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Figure 3-19
Burrill Cavitation Diagram [3-9]

single-screw ships with vibration problems (noted in Figure 3-20) all had cavitation numbers
that fell below the suggested cavitation number limit and no data points are shown for the
twin-screw ships. Of course, the selection of D, , E.AR. and RPM values is also governed by
propulsive efficiency considerations and normal machinery design considerations (propeller
location, arrangement and tip clearance, weight of machinery plus fuel, limits on propeller RPM
due to engine and reduction gear restrictions, etc.).

The number of propeller blades should be selected to keep the propeller forces and moments
within acceptable limits and also to avoid development of blade-rate fluctuations of thrust and
torque at frequencies close to natural frequencies (through the 5th mode) of the hull and of the
propulsion systei, respectively. The information in Figure 3-22 can be uscd as initial, very
general guidance for selecting the suniter of blades, with respect to the range of alternating
thrust values and shaft bending moment variations that can be anticipated, for “conventional,”
single-screw ships having propellers with four, five and six blades. The plot in Figure 3-23
shows some disparity between calculated and experimentally determined values of excitation
force, for one set of four, fi.c-, aid six-bladed propedlu.  Adainonal data, for both
single-screw and twin-screw ships, should be assembled in order to provide the needed
guidance for selection of the number of propeller blades.
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on = (Po = Py)/(0.50n%D2)

Cr = T/48.5¢Yp%A0)
A = «D2/4 = prop disk area
n = prop revolutions per unit
of time
po = static pressure at shaft C.L. \
py = vapor pressure of water . \ \ / 1/
Vp = flow velocity into prop

T = prop thrust

J = prop advance coefficient

aJ = increment in J, based on
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Figure 3-20
Vibration Problem Areas Identified in a on versus Cr Diagram [3-15, 3-16]
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Figure 3-22

Normalized Thrust (F3) and Horizontal Bending Moment (M1) Variations at Blade
Frequency Shown as Mean Values and Standard Deviations. Four-, Five-, and
Six-Rladed Propellers Fitted on Conventional Single-Screw Ships [3-17]
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Figure 3-23
Effect of Number of Propeller Blades on Vertical Excitation Force [3-18]
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As noted previously, the recommended approach 10 development of a ship design having
min.mized propeller-induced vibratory forces is to first select the propeller characteristics such
that the cavitation will be minimized. Guidelines to aid in the selection of the characteristics of
the propellers for a particular range of ship designs [large, single-screw ships with conventional
sterns, Hogner-type (or, bulbous) sterns, and open sterns] were developed by Atlas, et al.
(3-19], and are presented below. This detailed material, although applicable to a very limited
range of ship designs, is included herein as a significant example.

The example “cavitation-minimization” guidelines (reproduced from the report by Atlas {3-19])
make use of a modified Burrill chart. This modified Burrill chart, Figure 3-24, shows
relationships between mean blade lift coefficient C,, and local cavitation number, o Six data
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Figure 3-24
Modified Burrill Cavitation Diagram {3-19]

points located on Figure 3-24 indicate estimated maximum acceptable blade loadings, fiom a
cavitation viewpoint (for large single-screw ships). Propellers operating at these conditions will
not be cavitation free but will have about three or four percent of the blades covered by
cavitation, depending on wake characteristics. ‘The applicability of the six data points is as
follows:

+ Point 1 reflects an estimate of the limiting condition for a propeller operating in
circumferentially uniform tlow. ‘this point lies very close to the back bubble
boundary and thus will have little tolerance for variations in inflow conditions.
Some tip vortex cavitation will be present, due 1o the relatively high design lift
coefficient.
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+ Points 2 and 3A connect a region judged to be acceptable for hulls with very
gooc wake characteristics, such as hull forms with open stcrns where the primary
wake non-uniformity comes from the circumferential wake component due to
shaft inclination. Points 2 and 3A lie on a line that would represent propellers
with the same thrust requirements but operating with different rotation rates.
Typically, Point 2 would apply to low speed ships and Point 3A to higher speed
ships.

+ Points 3B and 4A lie on a line that would represent propellers acceptable for
ships with moderate wake characteristics, such as Hogner-type sterns with large
propeller clearances (particularly those with large clearances ahead of the blades).

+ Point 4B applies to conventional (closed-stern) designs having better than average
propeller clearances and relatively fine stern lines.

With the aid of momentum equations, the operating conditions represented by the six above
described data points were converted into propeller operating characteristics for a range of thrust
loadings (C,), for the large, single-screw ships being considered. For the purpose of
illustration, it has been assumed that the propellers have five blades and a projected area ratio of
0.80. It was found that this area ratio yielded propellers with slightly higher than optimum
loading from an efficiency standpoint. Thus, while higher projected area ratios would allow
higher loading before reaching the cavitation limit, the efficiency penalty associated with such a
high loading would make the designs of little practical interest. The above assumptions must be
born in mind when using this set of data.

The resulting propeller operating characteristics are presented in Figures 3-25 through 3-28,
where each figure corresponds to the specific mean lift coefficient (C)) values corresponding
with Data Points 1, 2, 3A/3B and 4A/4B, respectively, on Figure 3-24. Included on these
curves are: advance coefficient, J; open water propeller efficiency, M, pitch diameter ratio, P/D;

propeller thrust coefficient, K ; blade area ratio, BAR; and maximum allowable value of thrust
loading coefficient, CTh (as a function of cavitation number based on ship speed, os). These

curves thus represent the estimated maximum loading that can be applied to a propeller of given
diameter at a given ship speed.

The maximum allowable thrust loading coefficient, C,, for each operating condition can be
related to ihe cavitation number based on ship speed, G, as follows:

% 4p S5

AxCL A0 AxCTh

where G is the local section operating cavitation number, A is a section camber distribution
constant, O is the cavitation number based on ship speed, and A #/A, 1s the projected area ratio
of the propeller blades. This relationship yields the following:
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Figure 3-25

Propeller Characteristics for Maximum Loading with Uniform Inflow (Case 1):
Maximum C7h = 0.64 s, 5 Blades, PAR = 0.8, Design C = 0.20C [3-19]
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Figure 3-26

Propeller Characteristics for Maximum Loading with Open Stern-Low Speed (Case 2):
Maximum Crn = 0.50 o5, 5 Blades, PAR = 0.8, Design C. = 0.150 [3-19]
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Figure 3-27

Propeller Characteristics for Maximum Loading with Open Stern-High Speed(Case 3A):
Maximum C7hn = 0.50 os; and with Hogner Stern-Low Speed (Case 3B):
Maximum C7n = 0.40 os; 5 Blades, PAR = 0.8, Design Cr = 0.125 [3-19]
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Figure 3-28

Propeller Characteristics for Maximum Loading w/ Hogner Stern-High Speed(Case 4A):
Maximum C1h = 0.40 os; and with Convential Stern-Low Speed (Case 4B):
Maximum Crhn = 0.32 ¢s; 5 Blades, PA/1 = 0.8, Design C. = 0.100 [3-19]
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For uniform waie, Max. O}, = 0.64 0

For oren sterns, Max. ' = 0.50 o

For Hogner-type sterns, Max. . = 0.40 o,

For conventional sterns, M, (;M = {0.32 o,
For the large, single-screw. ships being considered, the wnfiuencs of svake non-uiiformity is to
reduce the allowatle propeller loading such that a_good conveutional siern will limit the
acceptable loading to about hali that which is_acceptable in a uniform wake,

The information presented on Figures 3-25 through 3-28 can be useq to determine the
maxim .m power (for the large, single-screw siips being considered), which can be absorbed by
a propeller of a given diameter under specified cperating conditions. As an example, suppose it
is desired to determine the maximum power thai could be absorbes by a 30 foot diameter
preneller at 32 knots, with a Hogner-1: 2e stern.  The wake fraction is estimated to be about
0.20 and the propeller submergence to the 0.7 vadins is estimated v be about 24 feet, for this
ship. 1he resulting cavitation uumber, o, 15 1.92, For this case, thye maximum Cm value is

0.45 o, or 0.78. Using Figure 3-28, since this is a high speed ship, we get the following data:

Advance coefficient, J == .74, which corresponds w0 117 KM
Propeller efficiency, 0, = .66, wiich corresponds t 131,000 DA #

Pitch diameter ratio = (.90
Thrust coefficient, K'r ={}17
Blade area ratio, BAR = (3.93

For this example, a series of plots have been prepared, which show the limiting power levels
for a Hogner-type stern (C,, = 0.4 6), for a range of propeller dirmeters from 20 to 50 feet
and for a range of design speeds from 16 to 32 knots. in preparing these figeres, the following
parameter values were assumed:

Ship speed in knots (V) 16 24 32
Wake fraction (W) 0.40 0.30 0.20
Thrust deduction fraction (1) 0.20 0.20 0.20
Relative rotative efticiency (1) 1.0 1.0 1.0
Propeller submergence to 0.7 rauus 161D, L2, 080D,

For this example, Figures 3-29 through 3-31 shov the vadation of propetler efficiency (v, ) with
diameter and delivered horsepower (DHP) ot 16, 24, and * kaots, respectively. Constant
efficiency lines on these figeres correspond ta o constant propeller loading in terms of C .
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Figure 3-29

Variation of Propeller Efficiency (ng) with Diameter and Delivered Power at 16 Knots;
w = 0.40, t = 0.20, Submergence to 0.7R = 1.6 Diameter [3-19]

T T 11T

8
3

TV T TTrITIT

DELIVERED POWER ( DHP & 1070
S 8
T

T T TIrrirns

W KTS

20 0 « 50
PROPELLER DIAMETER [ FT)

Figure 3-30

Variation of Propeller Efficiency (ng) with Diameter and Delivered Power at 24 Knots:
w = 0.30, t = 0.20, Submergence to 0.7R = 1.2 Diameter [3-19]
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Figure 3-31

Variation of Propeller Efficiency (n,) with Diameter and Delivered Power at 32 Knots;
w = 0.20, t = 0.20, Submergence to 0.7R = 0.8 Diameter [3-19]
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Figure 3-32

Variation of Propeller Efficiency (ng) with Ship Speed
and Power for a 30 foot Diameter Propeller [3-19]
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Variation of Cavitation-Limited Delivered Power (DHP)
with Ship Speed, for Various Propeller Diameters [3-19]
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Variation of Cavitation-Limited Effective Power (EHP)
with Ship Speed, for Varicus Propeller Diameters [3-19]
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Note that the cavitation limit permits higher loadings, corresponding to lower efficiency lines,
for larger propellers. This is due to the increased submergence, and corresponding cavitation
number, for the larger propellers. Figure 3-32 is a cross plot of Figures 3-29 through 3-31, for
the 30 foot diameter propeller used in the example. The low efficiencies at the cavitation limit
for low speeds reflect the high thrust loadings permitted at low speeds. Thus, efficiency rather
than cavitation, would probably be the limiting consideration at low design speeds. Figure 3-33
shows the cavitation-limited power (DHP) as a function of ship speed, for various propeller
diameters. Note that the power limit is nearly independent of speed. (The 30 foot diameter limit
line is the same as shown on Figure 3-32.) Figure 3-34 is similar to Figure 3-33, but it gives the
EHP limit instead of the DHP limit. The lower EHP values at low ship speeds reflects the
lower efficiency associated with the higher thrust loadings possible at low speeds.

selecting the basic propeller characteristics during early stages of design, as an integral part of
the process of designing to minimize vibratory forces and moments.

In addition to selection of the gross characteristics, the details of the propelier blade design
must eventually also be developed to minimize propeller-induced vibratory forces; this includes
development of the blade area distribution, contour, pitch distribution, section shapes, rake,
skew, etc. Development of the detailed blade design is beyond the scope of this report;
however, it should be noted that blade skew has been found to be particularly useful for
minimizing hull pressure amplitudes, assuming that the other characteristics are carefully
selected. An example of the effect of blade skew on hull pressure amplitude for a particular
hull/propeller configuration, is presented in Figure 3-35.

100% Blade frequency

80% — \

Pressure 60% — Twice biade frequency
amplitude
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20°/o —

0%

| 1 1 I
0% 20% 40% 60% 80%
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Figure 3-35
Effect of Blade Skew on Hull Pressure
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Numerous references applicable to the details of propeller design are available. For commercial
ship designs, the information presented in SNAME and RINA publications and in “International
Shipbuilding Progress” and other periodicals, should be utilized. For U.S. Naval ship designs,
the propeller design practices developed by NAVSEA and DTRC would apply.

3.2 Early Design Stage Estimates of Propeller-Induced
Vibratory Forces and Moments

3.2.1 Approach

As noted previously, the hull shape details, the design of the appendages and the propeller
design can be refined, with respect to minimization of vibratory forces, during the later stages of
design since the required detailed ship design information and results of appropriate model tests
will be available at that time. During the early stages of design, when only a preliminary lines
drawing (or body plan), an appendage sketch and minimal definition of the propeller(s) may
exist, vibratory force and moment estimates can be made by interpolation/extrapolation of
applicable data previously calculated for generally similar ships.

Fundamental to this approach is the fact that propeller-induced alternating thrust (7‘) and
alternating torque (Q) values have been found to vary roughly in proportion to the variation in
the value of propeller advance coefficient (J), for generally similar hull/appendage/propeller
configurations, with the hull forms having approximately equal values of block coefficient (C,).

The first step in this estimating process is to assemble the calculated values of T and Q and the
corresponding values of alternating horizontal bearing force (F,), alternating vertical bearing

force (15“ /), mean thrust (T)and mean torque (é), all at design full-power speed and all on a per

shaft basis, plus the pertinent hull form and propulsion data for the similar ships. A sample of
this type of assembled data is presented in Table 3-3. The material in Table 3-3 was utilized in
the 1982 review of a proposed hull/propeller configuration for the T-AO 187 Baseline. This
material and the material presented in Table 3-4, which relates to the vibratory force
measurements and analyses carried out for three different LNG ship hull/propeller
configurations (see Figures 3-3, 3-4, and 3-5), represented readily available data suitable for use
in early design stage vibratory force estimates; hence, this material is referred to in this and
other chapters of this publication. As the initial edition of this publication was nearing
completion, some additional unsteady thrust and unsteady torque data, including the associated
data source references, was supplied by the American Bureau of Shipping. This data is included
in Table 3-5. It is important to note, that to facilitate the development of early design stage
estimates of propeller induced vibratory forces, considerably more empirical data (of the type
represented in Tables 3-3, 3-4, and 3-5) must be assembled.

The next step is to plot as functions of J the values of T, F,, and F , all expressed as

percentages of T, and of (~) expressed as a percentage of é Figure 3-36, which is a plot of the
data presented in Table 3-3, is a sample of this type of plot.
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Table 3-3 Characteristics of Generally Similar Twin-Screw Ships
and Associated Vibratory Force Data

Type | Type i Type il Type IV DD 963
z 6 5 4 5 5
Vs 33.4 22.00 34.00 29.00 Omitted
L 520.00 548.00 383.00 540.00 530.00
B 53.83 82.10 40.50 57.0 54.00
T 18.57 21.58 13.00 20.30 18.00 Des.
Trim by Stern 1.00 2.17 EK. EK EK.
A Tons 7,000 17,000 3,051 9,217 7,500
L/B 9.70 6.67 9.45 9.50 9.62
Cs 0.469 0.589 0.529 0.514 0.480
SHP per Shaft 40,000 33,700 30475 | 23835 40,000
EHP/SHP 0.708 0.560 063 | 0.664 0.69
EHP 28,150 18,872 19,200 15,815 27,600
1-W 1.023 0.905 0.983 0.970 0.980
1-t 0.955 0.800 0.955 0916 0.960
RPM 176.00 251.00 3450 | 2248
D 18.33 1250 | 1200 | 15.00 17.00
T 268,100 160,000 192,000 | 195,000 284,000
Q 1,131,600 350,000 | 465,000 560,000 1,236,400
WL 1.47 0942 | 174 | 1.24 1.43
Tin%ofT +1.70 o +098 L +1.79
Qin%of Q +1.30 +0.46 o +1.26
Fuin % of T +1.50 +0.32 s +1.43
Fyin%of T +1.00 +0.42 +1.00
J 1.08 0.839 0.815 0.845 1.13

Preliminary estimates of the following information must be available for the new ship design:
. Propeller diameter (Dp;, or a range of Dp values

. Design full-power propeller rate of rotation (n), or a range of values of n.

« EHP, SHP, 1-1 and 1-Wy values at the (estimated) design full-power speed.

Using this information, values of J, T, and Q are computed as follows:

nDP
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Calculated Propeller Forces for Generally Similar Twin-Screw Ships

Table 3-4 Vibratory Force Data for Large, Single-Screw LNG Ship Design

125,000 CM LNG Ships with 5-Bladed Propeller
Results of Calculations of Propeller Forces Based on NSMB Data*
Model 4141 Model 4147 Model 4148
Vs, kis 20.0 19.0 20.0
SHPy 43,000 34,400 41,600
D, ft 26.64 25.0 24.5
7 Thrust, Ibs 635,800 472,900 451,600
T, lbs 39,760 31,820 17,520
TIT+% 6.25 6.75 3.89
Q Torgue, ft-lbs 2,370,000 1,754,000 2,053,000
Q 1 ft-Ibs 97,470 88,780 56,660
Q/ Q1% 4.10 5.05 2.74
F Bearing Force, Ibs 6,750 3,900 4,950
FyiT % 1.06 0.82 1.11
Fy Bearing Force, Ibs 3,190 1,660 2,134
Fy 1T t% 0.50 0.35 0.47

*Applicable to hull/propeller configurations depicted in Figures 3-3, 3-4, and 3-5
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where V is the estimated design full-power speed. Note that J is a non-dimensional quality;
hence the units used to express the value of each quantity must be consistent.

T= 550 EHFfspapr
Vi(l-1

where T is in pounds, and V is the ship speed in ft/sec.
) 550 SHE/spqp

- 27n
where Q is in ft-1bs, and 7 is in revolutions per second.

Table 3-5 Normalized Values of Unsteady Thrust and Unsteady Torque
for a Number of Ships

Unsteady Thrust (In % of Steady Thrust)

s [smserreveney]  EBY | St | Eoie
20 Ships Once 4.7-11.5 1.4-2.7 1.2-6.0
Measured [3-20] Twice 1.7-2.6 1.4-2.0 1.0-5.0
Qil Carrier Once 1.4-9.5*
Calculated [3'21] Twice 1.3-8.7*
Tanker Calculated Once 2.0
[3-22] Twice
Bulk Carrier Once 9.24 1.6
Measured [3-23] Twice 0.9 0.95
Containershizp Once 5.0
Measured [3-24] Twice 0.76

*The large value is for the fully loaded condition and the small value is for the ballast condition.

Unsteady Torque (In % of Steady Torque)

4-Bladed 5-Bladed 6-Bladed
Ship Blade Frequency)  prgpeljer Propeller Propeller
20 Ships Once 4.0-9.0 1.0-2.0 1.0-5.0
Measured [3-20] Twice 0.5-2.8 0.7-2.1 0.8-1.2
Qil Carrier Once 0.7-56.9**
Calculated [3-21] Twice 0.7
Bulk Carrier Once 5.0 1.0
Measured [3-23] Twice 0.5 0.55
Containership Once 5.0
Measured [3-24] Twice 0.2

**The large value is for the fully loaded condition and the small value is for the ballast condition
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For early design stage estimates, it may be that a range of propeller diameters and rates of
rotation are under consideration; for such a situation, a range of J values and Q values,
corresponding to two or more (D, n) combinations, would be computed. The next step is to
enter the data plot (similar to that in Figure 3-36) at the computed J value(s) and determine
estimated values of T, F, and F,, as percentages of T and estimated value(s) of Q as (a)

percentage(s) of é

Comparisons of ship vibrations, as measured during proper trials, and as estimated using the
early design stage vibratory force and moment estimating method discussed above, have
indicated that a modulation factor of two should be applied to the calculated values of F , and

F, and that an alternating hull pressure force component should be included to properly

estimate the total vertical force on the hull, from each propeller. In this regard, it has been
determined that it is reasonable to assume that the alternating_ hull pressure force would be equal
to and in phase with the alternating vertical bearing force (F, ), for the case where little or no

propeller cavitation exists. (Excessive propeller cavitation can greatly increase the hull pressure
forces, and must be separately considered; the approach recommended herein is to size the
propeller such that excessive cavitation will not occur.) Since there will normally be little effect
of the hull pressure force exhibited in the horizontal plane, it is not necessary for these early
design stage estimates, to augment F,, with an alternating hull pressure factor.

For early design stage estimates of propeller induced forces for twin-screw ships, the forces
generated by the two shafts are assumed to be equal to and in phase with each other; therefore,
the force per shaft is multiplied by another factor of 2.0 to provide the estimated total force on
the hull. A summary of the above described relationships for early design stage,
propeller-induced vibratory force and moment estimates is given below.

Alternating Hull Forces
Single-Screw Ship, Horizontal Force: Calc’d ﬁ[ x 2 (modulation factor)

Single-Screw Ship, Vertical Force: Calc’d Fy v x 2 (modulation factor) x 2 (hull
pressure factor)

Twin-Screw Ship, Horizontal Force per Shaft: Calc’d Fix?2 (modulation
factor)

Twin-Screw Ship, Vertical Force per Shaft: Calc’d Fy v x 2 (modulation factor)
x 2 (hull pressure factor)

Twin-Screw Ship, Total Horizontal Force: Calc’d Fi H x 2 (modulation factor)
x 2 (two-shafts-in-phase factor)

Twin-Screw Ship, Total Vertical Force: Calc’d F v x 2 (modulation factor) x 2
(hull pressure factor) x 2 (two-shafts-in-phase factor)
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Alternating Shaft Forces and Moments
Single-Screw Longitudinal Force: Calc’d T
Single-Screw Torsional Moment: Calc’d é
Twin-Screw Longitudinal Force: Calc’d T (for each shaft)

Twin-Screw Torsional Moment: Calc’d é (for each shaft)

3.2.2 Example
An example of an early design stage estimate of propeller-induced vibratory forces and

moments is presented in Appendix 3-A. This appendix is a copy of material developed by
NKEF, Inc. for the T-AO 187 Baseline Review, May, 1982.

3.3 Guidelines for Minimization of Propulsion System
Induced Vibratory Forces and Moments
The primary causes of propulsion system induced vibratory forces and moments are as follows:

- Engine imbalance

- Propulsion shafting imbalance

- Propuision shafting inisalignment
- Propeller imbalance

- Propeller blade pitch differences

Engine imbalance is most apt to occur in ships propelled by slow-speed, direct drive diesels or
medium-speed diesels with direct or geared drives; however, all rotating machinery, including
propulsion turbines, must satisfy dynamic balancing requirements. Criteria for the dynamic
balance of turbines, gears, shafting and propellers are given in Chapter Two, under Section 2.4.
In order to minimize vibratory forces and moments due to diesel engine imbalance, the
following guidelines are given:

. Select engines known to exhibit minimal imbalance.

. Avoid engine operating speeds that coincide with first and second order
vibration.

. Select a fore and aft location of the engine(s) such that, knowing the normal
modal patterns of the hull vibratory response, magnification of the response
can be avoided.

- Design engine foundations to avoid dynamic response.
. Possibly, utilize fixed or fractionally-damped engine bracing.

. As a last resort, consider the use of dynamic absorbers.
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More detailed information on diesel engine vibratory forces and moments is given in Chapter
Five.

The minimization of vibratory forces and moments due to propeller blade pitch differences can
be accomplished by application of appropriate criteria and standards (e.g., the criteria and
standards of the U.S. Navy, and the criteria and standards of the several classification societies).

3.4 General Comments and Recommendations

The Ship Vibration Design Guide is intended to be a first step in the establishment of a practical
approach to the control of ship vibration. As such, this chapter is a first step in the
establishment of a practical approach to the development of estimates of the vibratory forces.

It is considered that the approach discussed in this chapter (i.e., selection of basic propeller
characteristics to avoid obvious resonance and hull pressure problems, selection of basic hull
characteristics and development of the hull/appendage/propeller configuration to minimize
vibratory forces and moments, all in accordance with Preliminary Design-type guidelines
presented herein) is appropriate; however, the nature of this subject is such that considerably
more can be done to enhance the usefulness of this approach. Selected recommendations for
effort that would appear to be immediately useful for augmenting the approach are as follows:

+ Assemble additional guidance material in the areas of afterbody design, propeller
clearances and appendage arrangements (new material appears frequently in open
U.S. and foreign magazines and technical papers); integrate this material with
material presented in this initial document.

» Prepare material for selection of propeller characteristics, which is similar to that
presented herein for large, single-screw ships, but is applicable to an
appropriately wide range of single- and twin-screw ships.

+ Assemble additional sets of ships characteristics and associated vibratory force
data, similar to that presented in Tables 3-3, 3-4 and 3-5 for as wide a range of
ship size, propulsive power, and hull/appendage/propeller configurations as
possible. This material should, if possible, apply to ships with good vibration
characteristics, as well as those with poor vibration characteristics (thereby
allowing the designer to avoid any hull/appendage/propeller characteristics that
obviously lead to vibration problems). Such material would constitute the real
design data, which is needed during early stages of ship design.
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APPENDIX 3-A

Example of Early-Design-Stage Estimate of
Propeller-Induced Vibzratory Forces and Moments+

SHIP CHARACTERISTICS

The ship characteristics, applicable to the T-A0 187 Class Fleet Oiler, as used in this study, are
given in Table 3-A-1. The data as obtained from Levingston Marine [8, 9]. Supplemental
inputs, as noted n the table or in other parts ot the report, were developed or agreed to in
technical discussions held between Levingston and NKE personnel at Levingston’s Annapolis
oftice on 13, 19, and 30 April 1982,

For purposes of this study, consideration has been given to either a four- or five-bladed
propeiler and shatt speeds of 80 to 90 RPM. Preliminary recommendations are given in this
report, subject to confirmation by the results of the dynamic analyses of the shafting system
being conducted in response to paragraph 4.4.2.6 of the contract.
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Hull lines for the T-AO 187 Class are shown in Figure 3-A-1 and the propulsion shafting, as
originally designed, shown in Figure 3-A-2. This configuration is used to evaluate propeller
forces, propeller-hull clearances and cavitation effects. Recommended modifications to the

shafting arrangements will be included in the second report.
Table 3-A-1 T-AO 187 Characteristics

Length Overall (LOA)

Length Between Perpendiculars (LBP)
Beam Molded (B)

Depth (D)

Draft (Maximum) (d)

Draft-Scantling Molded (Type B) Approx.
Displacement (A)

Length-Beam Ratio (L/B)

Beam-Draft Ratio (B/d)

Block Coefficient (C,)

Prismatic Coefficient (CP)

Midship Section Coefficient (CM)
Midship Area Moment of Inertia (I,) (Levingston) (4/19)
Wetted Surface

Number of Shafts

SHP/Shaft*

Engine RPM*

Propeller Diameter (D ) (CRP)
Propeller RPM

Ship Speed (Vs )

Number of Propeller Blades (z )

Wake Factor ( 1-w ) (Levingston) (4/19)
Thrust Factor (1-¢ ) (Levingston) (4/19)

667
633
93

50

35

37
40,000
6.77
2.67
0.662
0.683
0.970
1,767,385
76,066
2
16,865
430
24
80-90
20
4or5
0.932
0.8924

ft

ft

ft 6in
ft

ft

ft 10in
Long Tons

in’f¢?
sq ft

ft

knots

* Based on ABS (MCR) of Transamerica DeLaval/Stork Werkspoor 9 TM 620.
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Appendix 3-A - Example Problem
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Figure 3-A-2
Original T-AO 187 Shafting Arrangement

SHIP POWERING REQUIREMENTS

3.1 Engine Characteristics

From model test results at 20 knots, Figure 3-A-3, EHP = 17,600. From NAVSEA T-AO 187
Specifications, Mod. I of February 5, 1982:

Propulsive C