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INTRODUCTION 

At the present time, there is considerable Interest In 

improving the seakeeping performance of U. S. Naval vessels. 

In order to do this on a rational basis, it is necessary to 

identify and quantify the improvements in mission effective- 

ness and the changes in costs which will result from Improved 

seakeeping. Of all of the ship motions, rolling is one of 

most objectionable and one of the most easily Improved by 

means of a stabilization system.  In order to aid in the evalu- 

ation of roll stabilization systems, the Naval Ship Engineering 

Center has undertaken the development of a Technical Practice 

for Roll Stabilization System Selection. The first phase of 

this effqrt was carried out by HYDRONAUTICS, Incorporated under 

Contract No. N0002^-73-5572, Task No. 6120-141. The tasks 

specified for the first phase were as follows: 

"Develop and describe a rational approach to the determina- 

tion of ship roll stabilization requirements based upon ship 

mission and operational requirements.  Present examples of 

properly stated, clearly defined ship roll stabilization re- 

quirements. 

"For each currently feasible means of roll stabilization: 

(1) Summarize key features from the standpoints of 

performance, ship impact (weight, space, cost, 

stability, ancillary equipment, etc.), and 

operational characteristics. 

» 
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(2)  Present relevant performance, ship Impact, and 

operational characteristics data in a form which 

will enable the designer to quickly narrow the 

field of candidate systems and system sizes or 

capacities for a given ship roll performance 

requirement and hence reduce the scope, time and 

cost of subsequent trade-off studies." 

In the final phase of the development of the Technical 

Practice for Roll Stabilization System Selection, it is planned 

that the following tasks will be carried out: 

"Given that a properly defined ship roll stabilization 

requirement has been established, develop and describe a 

rational approach to the selection of stabilization system 

type, number, size or capacity, and location within the ship 

during the preliminary design phase.  For each of the key steps 

of this approach: 

(1) Define the current state-of-the-art in the 

technology associated with implementation based 

on a survey of the literature and the methodolo- 

gies of the establishments currently active in 

the field.  Review pertinent computer programs 

aM their published documentation. 

(2^  Identify gaps in the current technology where 

additional R&D is required. Develop task state- 

ments for the required R&D efforts and recommend 

performing activities.  Identify deficiencies in 

:. 
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the published doctur-ntation of pertinent com- 

puter programs and develop task statements to 

corrtct  the  deficiencies. 

"Given  that   the stabilization  system  type,   size or capacity, 

number of units,   and location within the  ship has been selected, 

develop and  describe a rational approach to the further defini- 

tion of the  system during the contract  design phase leading  to 

the production of contract plans  and specifications and  final 

performance predictions.     Discuss   the proper  role  of model  test- 

ing in the proposed approach for  each type of stabilization 

system addressed.     For each of the key steps  of the proposed 

approach: 

(1) Define  the current  state-of-the-art  in the 

technology associated with Implementation based 

on a survey of the   literature  and  the methodolo- 

gies of the  establishments currently active  in 

the  field.     Review pertinent computer programs 

and  their published  documentation. 

(2) Identify gaps  in  the  current  technology where 

additional R&D Is   required.     Develop  task  state- 

ments for the  required Rä-D efforts  and recommend 

performing activities.     Identify deficiencies  in 

the published documentation of pertinent com- 

puter programs and   develop  task statements   to 

correct the deficiencies." 

_^ 
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This report presents the complete results of the first 

phase of the development of the Technical Pi act ice for Roll 

Stabilization System Selection.  In particular, this report 

presents a rationale for the determination of requirements for 

ship roll performance, describes the basic types of stabiliza- 

tion systems, presents methods for the estimation of roll sta- 

bilization system performance during Concept Design and de- 

scribes the Impacts of roll stabilization systems on the ship 

design. 

This report can be considered to be the first part of the 

Technical Practice for Selection of a Roll Stabilization System. 

However, it is believed that in its final format, the actual 

technical practice must be quite brief and contain references 

to the more complete technical practice descriptions.  Since it 

was considered to be desirable to prepare the "abbreviated 

technical practice" in its entirety after the two phases of 

this effort are completed, the Technical Practice ^n its final 

format will be a deliverable at the end of the second phase. 

0 
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DETERMINATION OF REQUIREMENTS   FOR  SHIP MOTIONS  PERFORf/IANCE 

General 

The  determination of whether or not a stabilization system 

should be  installed on a projected new ship,   and  the  selection 

of the most appropriate  system,   involves consideration  of the 

following factors: 

- The level of effectiveness   (expressed in terms of 

the characteristics of the  ship's motions)  which 

the ship is required to attain, 

- The comparative levels of effectiveness of the 

unstabix'.zed ship and of the ship with each of 

several sizes and types of stabilization system 

Installed,  and 

- The total impact of each stabilization system on 

the ship design. 

The prediction of ship motions,  with and without  roll 

stabilization, and the estimation of the impact of roll sta- 

bilization on the ship design are discuosed in later sections 

of this report.     It is the purpose of this section to discuss 

the development of requirements for maximum acceptable  ship 

motions.    These requirements will be expressed in terms of the 

parameters used in ship motions analyses;  thus  they become,  in 

essence,  "ship motions performance  requirements." 

A methodology for derivation of ship motions performance 

requirements  from the snip operational performance  (or "effec- 

tiveness")  requirements is presented below.     First,  the 
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development of "Ideal"  requirements  is discussed,   i.e.,   ship 

motions performance  requirements derived directly from the 

stated operational performance  requirements,  without  regard to 

whether or not the  ship  impact  (of the stabilization  system 

which may be required)  can be tolerated.    Second,  the develop- 

ment of "constrained" or "practical"   ship motions performance 

requirements is discussed.     This latter type of requirement 

would apply to the  case in which improvement  in ship performance 

(by means of stabilization) may be limited by  ship  impact lim- 

itations  (such as oost and/or ship size and displacement con- 

straints) . 

Determination of Critical  Ship Performance Requirements 

The required operational performance of a Naval  ship can, 

to some extent, be  stated  in terms cf its required capability 

to carry out each of the elements of a mission under  specified 

environmental conditions.     Those capabilities which are ship- 

motion-critical may be defined in the applicable Top  Level Re- 

quirements (TLR) and/or the Plan for Use  (PFU),  and are normally 

stated in rather general terms.     However,  it  is anticipated that 

the definition of these requirements »Tlll be more detailed in 

the future.    These TLR or PFU requirements,  plus any others 

which are defined,   serve as the basic input to the determination 

of ship motions performance requirements.    Examples of TLR or 

PFU requirements statements are given in Table 1. 

Identification of Areas of Motion Sensitivity 

In order to Identify "areas" of motion sensitivity which 

may affect the ships'   ability to meet its performance  requirements. 

/ 

O 
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TABLE 1 

Sample of Ship Operational 
Performance Requirements 

Given By TLR or PFU 

Performance Requirements Environmental Conditions 

Operation of embarked helicopters    Sea State 5 (significant wave 
height 12  ft, wind velocity 
24 knots) 

Replenishment and strikedown 
underway 

Sea State 5 (significant wave 
height 12  ft,  wind velocity 
24 knots) 

Required operational capability Sea State 6 (significant wave 
(other than replenishment and height 18 ft, wind velocity 
operation of embarked helicopters) 28 knots 

Limited operation and capability Sea State 8 (significant wave 
of continuing the mission with- height 50  ft, wind velocity 
out returning to port for repairs 42 knots) 
after sea subsides 

Survivability without serious 
damage to mission essential 
systems 

Sea State 9 (hurricane con- 
ditions,   when ship experiences 
maximum wave and wind con- 
ditions) 
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It is necessary to conduct a su vey of the ship subsystems and 

operations. For studies of ship performance with and without 

roll stabilization, the effects of roll angle, roll rate, roll 

acceleration, and the combined effects of roll and sway, should 

all be considered; however, the state of the art Is such that 

the Information which can be developed will normally consist of 

data with limited factual back-up which Is related to roll angle 

only, such as:  "At roll angles greater than X degrees, the 

operation Is difficult to carry out," or "At roll angles greater 

than X degrees, the subsystem will not function at 100^ effi- 

ciency."  In tabulating the results of the survey, the primary 

emphasis should be given to the definition of roll motion sen- 

sitivities which may affect the critical ship performance re- 

quirement's (as specified in the TLR, PFU, etc.).  A sample 

tabulation of the results of such a survey is given In Table 2. 

Quantification of Motion Sensitivity Data 

The next step In the development of ship motions performance 

requirements consists of an attempt to further quantify the mo- 

tion sensitivity data.  For the case In which roll motion sen- 

sitivity can be expressed In terms of roll angles (or If this 

Is the only data available), the following steps are suggested: 

a. Establish the limiting roll angles at which each 

roll-sensitive operation can be carried out at 

100^ effectiveness.  If possible, also establish 

the roll angles at which the operations cannot be 

carried out (i.e., the angles at zero percent 

effectiveness) and the roll a igles corresponding 

to Intermediate levels of effectiveness. 

D 
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Sample Re 
Sens 

Subsystem or Operation 

Air Search Radar 

Bow Sor.ar 

RAS Conrep 

Strlkedovm/Str ike-up 
of Stores 

Helo Handling System 

Helo Landing/Take off 

Gun,  Gun Ammo 
Handling 

0 i 

Missile Launcher 

Missile Handling 
(Magazine to Launcher) 

Missile Strlkedown 

Torpedo Tubes 

Loading of Torpedoes 

Personnel 
Effectiveness 

TABLE 2 

suits of Roll Motion 
itivity Survey 

Effect of Roll Motion on Performance 

Antenna stabilized to maintain 
coverage at 25° roll angles 
(vertical to out^ 

Initial indications are that there 
is no degradation until 20° cr 
greater roll angles 

System design based on satisfactory 
operation at 15° roll angles 

No problem due to roll. Limited by 
human capability to lift loads when 
ship Is rolling, but operation can 
be called off when rolling i? severe. 

Traversing system being designed to 
operate with ship rolling to 15°. 
Hauldown system not provided. 

Immediately after landing or before 
take-off, helo is vulnerable to 
sliding at roll angles greater than 
6o. 

Gun system designed to operate at 
15 roll angles.  Gun reload requires 
men but ammo will be handled with 
positive control equipment (pre- 
sumably also capable of operating 
at 15 roll). 

Designed to operate at 15  roll angles, 

Automatic; designed to operate at 15 
roll angles and up to 30 roll at 
reduced capability. 

Handling of missile on dolly becomes 
very difficult at roll angles greater 
than 5 . 

Designed to operate at 15° roll angles. 

Handling torpedo on dolly becomes 
very difficult at roll angles greater 
than 5°. 

Degrades at roll angles greater than 
about 6? 
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b.    Convert  the roll angles discussed  in a.,   above, 

to statistically definable  quantities,   as  follows: 

o If,  with occasional  exceedance  of a limiting 

roll angle  the operation  (to which the  limiting 

roll angle applies)   could  still be carried  out 

with about 100% effectiveness,   then assume   that 

this  roll angle can be defined  as "significant" 

(average of the one-third highest). 

o If, with even occasional  exceedance of a lim- 

iting roll angle,   the operation could  not be 

carried out (or could not be carried out at 

O about  the 100% effectiveness level),   then 

assume  thit  this  roll angle can be defined  as 

"maximum"  (a convenient definition for "maximum" 

is the average of the cne-hundredth highest 

roll angles). 

o If possible,   express  the  roll angles  associated 

with Intenr.ädlate levels of effectiveness,   and 

at the zero percent level,  in terms of the 

statistical quantities ("significant"   or 

"maximum") . 

o    When the performance of the various  roll- 

sensitive subsystems and operations have been 

expressed in  terms  of significant or maximum 

roll angles,   convert  the data,   as necessary, 

to express it all In terms of either significant 

or maximum roll angle. 
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c.     Plot  the data developed in b.,  above,  as percent 

effectiveness versus significant (or maximum)  roll 

angle,  as shown in the sketch below: 

.; 

5 10 15 20 25 

Significant Vertical-to-Out Roll Angle, degrees 

A - Missile and torpedo strike-down C - Human effectiveness 

B   - Helicopter landing/takeoff (Averaged over many shipboard 
operations) 

D - Refueling at sea 
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Development cf "Ideal" Requirements 

As noted previously, the ship .aotion performance require- 

ments discussed immediately below may be called "ideal" since 

they are derived directly from stated operational performance 

requirements, without regard for whether or not the ship impact 

of any required stabilization system can be tolerated.  The 

steps involved in the development of "ideal" requirements are 

as follows: 

a. From a plot similar to the above sketch, the roll 

angles at which the most roll-sensitive subsystems 

or operations begin to experience performance de- 

gradation can be determined.  The angle at which 

degradation from the 100^ effectiveness level be- 

gins can be used as the "critical" roll angle; 

however, at least for some misr'ons, it may be 

more realistic to use the angle at which degrada- 

tion from an intermediate effectiveness level 

(say 80^) begins. 

b. Using the sea  states  from the  applicable  opera- 

tional performance/environmental conditions   (such 

as would be presented in a table similar to 

Table  1),  and by making reasonable assumptions 

about  ship speeds and  ship headings,   definitive 

"missions"   (i.e.,  combinations  of sea states, 

ships  speeds,   and ship headings)   can be  formulated 

which appropriately  describe  the conditions under 

which each roll-sensitive operation must be carried 

out. 

li 
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c. The data described In a. and b., above, can then 

be combined to formulate a ship, motions perform- 

ance requirement for each roll critical subsystem 

or operation in which the required ship perform- 

ance is expressed as the required probability of 

exceedance of the specified critical significant 

(or maximum) roll angle.  (Thus, required ship 

effectiveness could be expressed as the required 

percentage of mission time that the specified 

critical roll angle should not be exceeded.) The 

satisfaction of each ship motions performance 

requirement can be evaluated separately and a 

Judgment made as to an overall effectiveness of 

the ship. 

An example of the development of a ship motions performance 

requirement is given in Table 3. In this example, an attempt 

has been made to show the correlation between the operational 

performance requirement (Table 1), the subsystem or operation 

motion sensitivity (Table 2), and the finally developed ship 

motions performance requirement. 
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TABLE   3 

Sample  Development  of Ship 
Motions  Performance   Requirement 

Step  1  -  Determine  Critical Mlsslon-Ferformance  Requirement: 

From the TLR,   It was determined  that  the  ship must 

replenish and  strlkedovm ammunition in Sea State 5. 

(significant wave height   = 12.0  feet) 

Step 2   -   Ide. tlfy Motion-Sensitive   Subsyc^oiTi or Operatlo-'   and 
Qua-.tlfy the  Data: 

From a survey  It was determined  that handling missiles 

and  torpedoes  on a dolly,   during  strlkedown,   is 

hazardous at roll angles greater  than about 5 degrees. 

It was assumed  that missile  and  torpedc handling could 

be  accomplished with 100% effectiveness at a U  degree 

significant vertlcal-to-out  roll angle, but would be 

impossible  {0% effectiveness)   at an 8 degree  significant 

vertlcal-to-out  roll angle.     It was  further assumed  that 

a 5 degree significant vertlcal-to-out roll angle  should 

not be exceeded if the  requirement  is  to be  satisfied. 

Step  3 -  Assume Additional Mission Characteristics: 

The  ship must  strlkedown missiles and  torpedoes  in 

Sea State 5.     It was assumed  that  the operation must be 

possible at ship speeds of 15-25 knots;  it was  further 

assumed that  the ship might not be  free to choose an 

optimum heading during  this operation. 

Step 4  -  Formulate Ship Motions Performance Requirement; 

Based on steps  1,  2 and  3»   above,   the  following require- 

ment was formulated:     "The  ship  shall have a zero per- 

cent probability of exceeding a 5 degree  significant 

vertical-to-out roll angle while operating at any 

heading in Sea State 5  (significant wave helghc = 

12.0  feet),  at  speeds of 15  to 25 knots. 

——n^HMiiaMMA *— i ^ft» 
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Development of "Constrained" or "Practical" Requirements 

As noted previously,   Lhe ship motions performance require- 

ments discussed below may be called "constrained"  or "practical" 

since they would apply when the improvement in ship performance 

required  to satisfy the "ideal"  ship motions performance re- 

quirements cannot be accomplished because of the dollar,   ship 

size,  and ship displacement constraints which have been placed 

on the design.     Thus,  in this discussion,  it is assumed that 

"ideal"  requirements have been developed,  as outlined above, 

and that the preliminary ship roll performance and ship impact 

have been estimated using methods such as are described In the 

later sections of this report.    It is further assumed that ship 

conceptual studies have shown that installation of the required 

stabilization system will result in a ship which exceeds one or 

more of the design constraints.    The development of "constrained" 

or "practical"  ship motions performance requirements then be- 

comes an iterative process which has .many similarities to the 

normal iterative design process used when trying to achieve an 

optimum weapon or electronics mix in a constrained ship design. 

This process is carried out as follows: 

a.    Using the "ideal" requirement as the upper limit, 

a less stringent requirement is assumed.    Using 

the requirement formulated  in Step h of Table  3 

as an example,   the "ideal"  requirement could be 

relaxed in any one,  or any combination,  of the 

following ways: 
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o A small probability of exceeding the 5 degree 

roll angle could be allowed, 

o The 5 degree roll angle could be relaxed to, 

say 6 degrees, 

o It could be assumed that the operation (which 

is the primary basis for the requirement) would 

not be carried out at the ship headings giving 

the worst roll angles. 

Conceivably, the sea state requirement could be 

relaxed, but this would appear to be a rather 

drastic change; also, restricting the ship to 

certain speeds which restrict rolling may not be 

realistic.  It must be emphasized that any re- 

laxed requirement which is finally recommended 

must be as reasonable as possible, with respect 

to ship operational performance.  It is also ob- 

vious that the development of "constrained" ship 

motions performance requirements could involve a 

large number of iterative studies. 

b.  For each assumed "constrained" requirement, pre- 

liminary estimates of the ship motions performance 

must be made, to determine the approximate char- 

acteristics of the stabilization system needed to 

satisfy this requirement.  The preliminary esti- 

mating method presented in this report can be 

used for this purpose.  Likewise, the ship impact 

data presented herein can be used to prepare input 

- -- ' __ , _ -.III  I' -     — tln*,mi 
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for the ship conceptual studies necessary to 

determine'if the "constrained" requirement allows 

a ship design which will satisfy the Imposed 

constraints. 

c.  The iterative process outlined in a. and b., above, 

must be repeated until an acceptable balance is 

found between the ship design which satisfies the 

constraints and a "constrained" requirement which 

implies a minimum reduction in the desired ship 

operational performance. 

The "constrainea" ship motions performance requirement(s), 

developed by the methodology described above, can then serve as 

the basis for the detailed ship motions studies which are re- 

quired for complete definition of the stabilization system 

chosen for the ship. 

^- -    -.-^^—^^^^ 
-"■ ■• 
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ROLL STABILIZATION SYSTEM TYPES 

Bilge Keels 

It has been recognized since the 19th century that the 

rolling motions of a ship are large because the hydrodynamic 

damping in this degree of freedom is small. W. Froude in 1865 

recommended that bilge keels be fitted in order to increase the 

roll damping and thus reduce the roll motions.  The damping 

moment generated by the bilge keels is due to a component sup- 

plied by the pressure resistance of the bilge keel itself and 

to a component created by the change in the pressure distribu- 

tion on the hull.  In - hull without bilge keels, the roll 

damping is provided by the dissipation of energy in surface 

waves, in viscous flow around the hull and by surface tension. 

The latter component is not important for the full scale case. 

The addition of bilge keels greatly increases the energy dis- 

sipation due to viscous flow. 

Bilge keels have been shown to be effective even in the 

highest sea stages and can be installed with little impact on 

a normal ship. The major impact is in the increase in the in- 

stalled power and fuel capacity required to overcome the added 

resistance. This may be expected to be small except on high 

speed vessels. For these reasons almost all naval vessels are 

fitted with bilge keels. 

Passive Roll Stabilization 

The concept behind passive stabilization is a simple one. 

Most ships have very little roll damping. As a result, the 

energy which the waves impart to the ship is exhibited by large 

 ■ ■■ -—-  
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roll motions.    The size of these motions must be sufficient so 

that the energy dissipated equals the energy Imparted by the 

waves.    When a passive stabilizer Is placed on board a ship  it 

Is a dynamic system which has a resonance.     This resonance is 

not so pronounced as the ship's resonance,   since the stabilizer 

is much better damped.    Now,  the stabilizer is chosen so that 

Its resonance Is close to that of the ship.     The   tuning   pro- 

vides excellent dynamic coupling between the  ship and stabilizer. 

This means that the roll energy of the ship can be efficiently 

transferred to the stabilizer, which, because of its high damp- 

ing, converts this energy into heat.    There are two important 

polntc.    First,   the stabilizer drains roll energy from the ship 

and thus greatly reduces the roll motion (particularly at the 

ship's roll resonance).    Second,  the stabilizer does not work 

unless the ship  is already rolling.     In other words,  a passive 

stabilizer cannot eliminate roll motion entirely.    Rather,   it 

reduces the motion that is already there. 

Prom the above discussion it is clear that a passive roll 

stabilizer can be any resonant system which couples well with 

roll.    It must also be big enough so that it can absorb a sig- 

nificant amount of the ship's roll energy.     Several general 

realizations of such passive systems have been Invented, mostly 

during the latter part of the last century.     There systems  fall 

into two general categories:    moving weight systems and tank 

systems. 

Moving weight systems,  as their name Implies,   involve a 

large weight which moves from side-to-side across the ship. 

The weight is converted to a resonant system typically by running 

—  ~  - — 
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It on a curved track or supporting it with springs, as shown in 

Figure 1. The damping can be provided mechanically or pneumat- 

ically. The moving weight system provides the smallest size 

passive stabilizer but has one significant problem.  The weight 

must be large enough so that it can absorb a significant amount 

of roll energy.  This generally means that the weight of the 

stabilizer must be of the order of 0.5%  of the ship's displace- 

ment for ships of very small GM (compared to the ship's beam) 

to up to 2^ of the displacement for large GM ships.  For a 

6,000 ton ship a moving weight of about 80 tons is required for 

a typical GM. The mechanical problems of mounting and contain- 

ing a 60 ton weight are enormous. For-small boats, however, 

the moving weight may well be an ideal solution. 

For the larger ships, tank systems have been used almost 

exclusively. Although these systems involve liquid weights 

somewhat larger than an equivalent moving weight, carrying, say 

100 tons of water, in the above mentioned ship presents no par- 

ticular difficulty.  It is relatively easy to develop a resonant 

tank system. Consider the difficulty one has when walking with 

a full coffee cup. The coffee sloshes from side-to-slde in a 

well defined resonant mode.  Tanks of water which run the full 

beam of a ship, or nearly thereto, also have such a resonance. 

By proper installation of sufficient structure within this tank, 

an adequate amount of damping is obtained. 

There are two general types of anti-roll tanks currently 

in usage: the free-surface tank and the U tube. The typical 

general arrangement of each Is shown in Figure 2.  Free surface 

O 

O 
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tanks are often referred to by the trade name "Mume tank". 

There appears to be no substantial difference, in the performance 

of the two systems. 

Almost any fluid can be, and has'been, used in tank systems. 

The only requirement is that it remains a fluid.  Ordinary re- 

sidual oils can become too viscous if not heated.  However, in 

larger tanks Navy Special Fuel Oil or Bunker C has been used 

successfully.  Since in tank systems the "weight" which moves 

back-and-forth across the ship is a fluid, it is easily disposed 

of.  For instance, if the tank is installed high in the ship, 

the water ^or fuel) can be readily dumped into the ocean. This 

gives the ship additional roll static stability for emergencies. 

An alternate arrangement is to provide a void tank low in the 

ship (usually directly below the stabilizer tank) into which 

the fluid can be dumped in an emergency. 

In the U tube configuration, one must provide a path for 

the air above the fluid in one wing tank to move to the space 

above the fluid in the opposing wing tank.  From continuity 

the air flow (volume rate) must be the same in this path as the 

water flow (volume rate) is in the lower crossover.  If this 

air path is valved, then the amount of air fD^w v
jnd thus the 

amount of water flow) can be controlled.  Cc .pletely closing 

the valve virtually prevents motion of the tank water from 

side-to-side.  In other words, closing of the valve "turns off" 

the tank.  This might be a very important feature of any naval 

installation, since closing a valve can be accomplished more 

quickly than dumping a tank. 

< 
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In free-surface type tanks, it is possible to change the 

resonant frequency of a tank by adding water (or draining away 

water). Thus, this type of tank is well suited to a situation 

in which the ship has a wide range of operating metacentric 

heights, leading to a wide range of roll resonant frequencies. 

It is net possible to change the tuning of a U tube so easily, 

although designs are in operation in which valves are placed 

in the water crossover duct of these tanks in order to change 

the resonant frequency.  If the GM range varies by more than 2 

to 1, it is usually necessary to install at least two stabilizer 

tanks, for either system, free-surface or U tube tanks.  One 

tank would be designed to be optimum for the lower GM's and the 

other for higher GM's. Experience has shown that two such tanks 

operating in concert lead to good stabilization throughout the 

operating range. 

One significant problem which occurs in all tank systems is 

saturation. The tank performs stabilization by sloshing of a 

fluid within it.  The larger the ship roll motions, the larger 

are the slosh motions in the tank. When these motions become 

so severe that the fluid slams against the tank top, then the 

stabilization effectiveness decreases. Experience has shown 

that up to saturation, a passive tank reduces the roll motion 

by an almost constant percentage.  Beyond saturation the roll 

reduction appears to be limited to a fixed number of degrees. 

A typical response, with and without stabilization, is shown 

in Figure 3. Almost all reasonably sized stabilizers will 

saturate in extremely high seas.  If the wing tanks are re- 

stricted in height, saturation may begin in sea states as low 

as 5 or 6. 
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Unllke fin stabilization, passive stabilizers do not depend 

on the ship having a reasonable forward speed.  The stabilizer 

performs well both at zero speed and at forward speeds.  The 

major impacts of a passive anti-roll tank on a ship design are 

due to the required weight and volume and the effects of the 

reduction in stability due to the tank free surface.  There are 

only a few passive anti-roll tank installations in U. S. Naval 

ships.  There are, however, literally thousands of such in- 

stallations in commercial ships. 

Active Fin Roll Stabilization 

In an active fin roll stabilization system, one or more 

sets of fins generate roll moments which oppose the wave excita- 

tion roll moments in response to the command of a control system. 

The roll motions are reduced by the resulting dissipation of 

energy. 

Anti-roll fins are effective in all sea states at design 

ship speeds.  Their effectiveness is reduced with reduced speed 

since the fin moment due to fin lift is a function of the ship 

speed.  At zero speed the firs make only a small contribution 

to the passive damping of the ship. 

The fin angle is controlled by a system which may sense 

the roll motions, velocity, acceleration and in some cases the 

lift on the fin.  The fin is actuated by a hydraulic system 

which in most cases can change the fin angle from stop to stop 

in two seconds or less.  The fin system may consist of a simple 

fin or a fin with a trailing edge flap. 
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The major impacts of an active fin roll stabilization 

system on the ship design are the added space and weight re- 

quired for the fin control and activation system.  Because of 

the large space required, fin installations on naval vessels are 

generally not retractable.  There is also a small increase re- 

quired in the installed power and endurance fuel to overcome 

the added resistance of the fins.  Because of their proven ef- 

fectiveness, there are about 68 U. S. Naval vessels with active 

fin systems.  There are also a large number of installations on 

foreign naval vessels. 

Active Tank Roll Stabilization 

It is possible to use feedback control systems in tank 

systems in a fashion similar to the control systems used in 

active-fin stabilization.  These systems are invariably the U 

tank configuration.  The motion of the ship is sensed, this in- 

formation is processed and some feature of the tank system is 

changed accordingly. Depending on what action is taken it is 

possible to define two different types of active tank systems. 

First, if the action is such to prevent (or permit) flow between 

the wing tanks by closing (or opening) valves in the air cross- 

over, then the system is commonly called semi-active or con- 

trolled passive.  Second, if the action is such that energy is 

put into (or extracted from) the tank fluid, then it is called 

a fully-active tank system, usually referred to simply as an 

active tank system.  Figure 4 shows the typical arrangements of 

these two types of systems. 

Either the semi-active or fully-active tank systems offer 

more stabilization than a passive tank system.  The fully-active 

:: 

:.) 
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system offers the best performance.  However, this system re- 

quires more complex components.  For Instance, a typical arrange- 

ment includes a variable pitch propeller pump connected to a 

motor.  The pitch of the propeller is varied by hydraulic actu- 

ators commanded by the automatic control system.  In a well 

designed system, during part of the roll cycle power is extracted 

from the tank and in other parts of the cycle power is supplied 

to the tank.  In such a well designed system, the average power 

required is near zero and usually negative (meaning that a net 

amount of power must be extracted from the tank).  However, the 

Instantaneous power required (either into or out of the tank) is 

usually large. A typical 6,000 ton vessel may require a 2,500 HP 

pump for this purpose with an average net horsepower out of the 

tank of about 100 horsepower.  It should not be surprising that 

the system extracts energy from the tank.  It is this energy 

which the tank has extracted from the s.iip roll motion which 

must be dissipated.  The pump system provides the means.  Due to 

its complexity and cost, however, the active tank system does 

not seem very attractive.  Its cost is equal to or greater than 

an active fin system but its performance is not as good, except at 

very slow ship forward speeds when the fins are ineffective. 

The semi-active system does not require the mechanical 

complexity of the fully active system, but the performance is 

not as good.  At a modest Increase over the cost of a passive 

tank, one can construct a semi-active tank system which will 

offer a modest Increase in the roll stabilization.  Only a de- 

tailed systems analysis can reveal if this added cost and com- 

plexity is Justified. 
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It should be pointed out that well designed active and 

semi-active tank systems have tanks whose slosh periods are 

considerably below that which would be desirable for a good 

passive tank.  As a result, failure of any of the electronic 

or mechanical "omponents will lead to a tank system which will 

not stabilize effectively or may even worsen the roll motion. 

This characteristic also needs to be considered carefully in 

performance of the overall systems analysis of stabilization. 

No installation of either active or semi-active systems in 

combatant ships is known. 

In cases where it is necessary to minimize rolling at all 

ship speeds, or in cases where space and ship stability char- 

acteristics restrict the allowable size of both anti-rolling 

fins and tanks, both fins and tanks may be required.  The fins 

are particularly effective at high speeds and tanks are par- 

ticularly effective at low speeds. 

At low speeds the roll damping of the fins is negligible, 

and all damping will be contributed by the hull (with or without 

bilge keels) and the tank or tanks.  At high speeds the total 

roll damping will be approximately equal to the sum of fin, 

tank and hull damping, with the fin damping usually the most 

Important. For combined fin and tank systems it will usually 

be desirable to make the fin area and tank size as large as 

possible, consistent with protecting the fins from damage and 

not decreasing GM or increasing ship displacement excessively. 
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ROLL STABILIZATION SYSTEM PERFORMANCE ESTIMATION 
FOR CONCEPT DESIGN 

Objectives 

In order to determine the potential of roll stabilization 

systems early in the concept design phase, it is necessary to 

have quantitative estimates of the potential of various types 

and sizes of roll stabilization systems.  This quantitative 

information should he  available rapidly and at low cost.  To 

provide these data in the required form, a series of parametric 

roll motion calculations have been made and are presented in 

parametric plots.  These data are applicable to conventional 

naval surface ships without roll stabilization or equipped with 

bilge keels, or bilge keels and passive tanks, active fins or 

active tanks.  The results are available for short crested seas 

for a range of wave heights, ship 'jpeeds, beading angles and 

stabilizer sizes.  It must be emphasized that these parametric 

calculations are intended for use only in the early stages of 

concept design to guide the formulation of definitive tradeoff 

studies.  As soon as possible, specific calculations applicable 

to the particular ship design should be conducted.  The para- 

metric calculations should not be used for a definitive deter- 

mination that a particular design will satisfy the roll motion 

requirements. 

Parametric Data Development and Limitations 

The parametric roll motion calculations were carried out 

using a computer program available to HYDRONAUTICS, Incorporated. 

In the form used, this program calculates a frequency domain 
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solution to the linear equations of motion.  The equation: cf 

motion include the roll, yaw and sway degrees of freedom of 

the ship and an equation of motion for the roll stabilizer. 

These equations are described in detail in Reference  1 .  The 

seaway was described by the Pierson Moskowitz wave spertrum. 

The calculations were made for the short crested sea case by 

assuming that the wave energy was spread ±90 degrees with 

respect to the heading with maximum energy using a "cosine 

squared" relationship.  This is the usual assumption made to 

approximate short crested seas in analytical ship motion 

studies. 

There are two basic limitations which must be considered 

in the use of the parametric plots.  The calculatlore were made 

for two specific naval vessels and the results were converted 

to a non-dimensional form.  As a result the parametric data 

are only approximate for vessels which are "different" from 

the vessels used in the calculation.  The definition of "dif- 

ferent" is discussed in the following paragraphs which deal 

with the use of the parametric plots.  The other limitation 

is that the calculations were made using a linear mathematical 

model.  It is well known that roll motions are to some extent 

non-linear.  As a result, the parametric data will overestimate 

the effectiveness of roll stabilization systems in high sea 

states unless sufficient margin is allowed in the design to 

prevent saturation. This is also discussed in the following 

paragraphs which deal with the use of the parametric plots. 

*>._- 
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Presentatlon of Systematic Performance Plots 

Parametric plots for the roll motion of destroyer type 

ships are presented in Figures 5  to 3^  and of auxiliary type 

ships in Figures 35  to 64 .  For each ship type there are three 

types of plots. The first presents the significant out to out 

roll angle at the worst heading angle in short crested seas as 

a function of significant wave height/ship length.  On each 

plot of this type there are data for a range of stabilizer 

sizes.  Each plot is for a particular type of stabilizer and 

speed length ratio. These plots are Figures 5  to 19 for de- 

stroyer types and Figures 35 to ^9 for auxilary types. 

It is also necessary to have information on the variation 

of roll motion with heading angle.  These data are presented in 

Figures 20 to 23 for the destroyer types and in Figures 50 to 

53 for the auxiliary types.  These figures apply to the ship 

with or without bilge keels.  There are plots for each speed 

length ratio and curves on each plot Tor a range of wave heights. 

When a stabilizer is added to the ship, heading angle for 

maximum roll, and the variation of roll with heading angle will 

change.  In general the roll stabilizer will reduce the roll 

motions at the worst heading more than the motions at other 

headings.  As a result, particularly for head seas, the roll 

motions for the stabilized case will be a higher percentage of 

the maximum roll at the worst heading.  This effect is propor- 

tional to the size of the stabilizer installed.  As a result. 

It Is convenient to present the variation of roll motion with 

heading in terms of the unstabilized case with a correction for 
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the effect   of the  stabilizer.     These correction  factors are 

presented  in Figures 24    to  34 for destroyer types and  Figures 54 

to 64    for auxiliary types.     These parametric curves may be  used 

to estimate   the variation of roll motion with heading angle  in 

accordance with the following equation: 

CPj = CD ||  "imax 
1 + 

(size parameter) 

(nominal size) [1] 

where 

•H roll motion at heading angle iji 

cplTnov = roll motion at worst heading angle (Figures 5 

to 19 and 35 to 49 ) 

C = fractional roll motion at heading t|i for case 

with or without bilge keels (Figures 20 to 2 3 

and 50 to 53 ) 

C = fractional change in roll motion at heading iji 

for nominal stabilizer size (Figures 24 to 34 

and 54 to 65 ) 

For active or passive tank systems the size parameter is the 

fractional reduction in the ship GM due to the free surface of 

the tank. For active fins the size parameter is the static 

roll angle of the ship per degree of fin deflection at a speed 

length ratio of 1.2.  The nominal stabilizer size parameter 

used in the calculation of C is 0.1 for the tanks and 0.1 for 
I 

the active fins. 

- - L—. .-—.I.. —    ■ 
.       ■■»'■ 
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The roll angle data are presented in terms of the sig- 

nificant or average of the § highest out to out roll motion. 

In many cases requirements will be stated in terms of other 

measures of the roll angle.  These are all related to each 

other by constants which are defined in Table h  . 

• 

( 

Out  to Out Ze ro to Out 

1.0 0.5 

1.272 0.636 

1.66? 0.83^ 

0.626 0.313 

0.250 

TABLE 4 

Relationship Between Significant Out to Out Roll Angle 
and Other Statistical Measures of Roll Angle 

Significant (average of ^ highest) 

Average of 1/10 highest 

Average of 1/100 highest 

Average value 

RMS value (amplitude) 

As noted, the parametric calculations were carried out for 

two specific ships and the results were plotted in a non- 

dimensional form.  The characteristics of the two ships used 

are given in Table  5 .  The roll motion data were plotted as 

a function of significant wave height to length ratio and speed 

length ratio. A number of calculations were carried out for 

other similar naval vessels and the results were found to be 

similar when presented in the non-dimensional manner described. 

In some cases a roll motion estimate may have to be made for a 

vessel which does not approximate the characteristics of the 

types calculated.  In these cares, the motions can be Interpolated 

or extrapolated from the available data on the basis of the 

ratios GM/B and LRp/B. 



—'—-T"   p-WW^^H IH^BJ—  — ■■ ' '■ ■"■'' """  ' ■' -■ 

HYDRONAUTICS, Incorporated 

-32- 
0 

TABLE 5 

Characteristics of Ships Used  for Parametric Calculations 

Destroyer Type    Auxiliary Type 

Class DLG 9 LKA  113 
LBP 490  ft 550  ft 

Bmax • W-L- 51.2   ft 82   ft 

Draft 17.9  ft 25.5   ft 
Displacement 5,876  I.   tons 18,690 I.   tons 
A/CL/lOO)' 49 110 

CB 0.45 0.57 • 

CP              . 
' 0.57 0.60 O 

Cx 0.79 0.95 

GM (uncorrected) 5.58 ft 6.49 ft 

GM (corrected for F.S. Of 
normal* tankage) 4.70 ft 5.27 ft - 

Vertical moment of F.S .    Of 
ship's actual anti-roll tank _ 20,237 ft tons 

KG** 19-95 ft 30.31  ft*** 

KB 11.12 ft 14.30 ft 

KM 
r 25.53 ft 36.80 ft 

LBP/B 9.59 6.71 

B/Draft 2.86 3.22 • 

*Excluding anti-roll tank. 
1       14 n,,4  ^ r. ^A      *~A      * m*m 

sidered to be "frozen") 
***Effect of weight and moment of ship's actual anti-roll tank 

is Included. 

--— 
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Stabilization System Size Parameters 

The roll motions are a function of the size of the sta- 

bilization system.  For the purpose of the parametric plots a 

non-dimensional expression for the system size is used.  There 

are different size parameters for each of the stabilization 

system types.  These are described in the following paragraphs. 

For the case of the ship alone or the ship with bilge 

keels, the critical parameter is the equivalent linear roll 

damping coefficient. This coefficient Is the ratio of the 

actual damping to the critical damping of the linear system. 

The damping ratio, C/C , is a function of the ship character- 

istics and the size of thf bilge keels. Methods of estimating 

the relationship between the ship characteristics, bilge keel 

size and damping ratio are given in the next section on ship 

impact data.  The damping coefficient is also a function of 

the roll amplitude and tends to Increase with amplitude.  The 

relationships given in the next Section for roll damping versus 

ship characteristics are applicable to the heavy rolling (15 to 

20 degrees zero to out) as well as the moderate rolling case. 

For passive or active anti-roll tanks, the critical size 

parameter, K ., Is the fractional reduction in GM due to the 
S u« 

free surface of the anti-roll tank.  The parametric calculations 

were carried out for values of this parameter between 0.10 and 

0.40. Other factors, such as tuning, were selected, based on 

experience, to produce optimum system performance. The param- 

eters which define the performance and size of the tank are 

discussed in detail in the following sections on ship impact. 
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It  should be noted,  however,   that  the parametric  roll motion.: 

data assume   that  the anti-roll  tank does  not 'saturate.     For 

this  to be  valid,   the saturation angle  of  the   tank should be 

about twice  the significant  zero  to out   roll angle. 

For active  fin roll  stabilization,   the critical size 

parameter is  the  static  angle ratio cp   .     This  is   the  static 

roll angle of the  ship per degree  of deflection  of the  fins. 

For the parametric  calculations,   this angle was   defined at a 

speed length ratio of 1.2.     The range of the static angle  ratio, 

co ,  was from 0.1  to 0.3 for the parametric  calculations.     The 

parametric calculations were also based on available data for 

fin deflection rates and on a control  system which senses  roll 

angle and roll rate.     Additional  information is  presented  in 

the following section on ship impact . 

Example of Roll Motion Estimate from Parametric  Data 

Given:     Find  the  significant out  to  out roll motion of 

of a destroyer type  vessel  at a heading angle 

of 120 degrees  for  the following case: 

V/VL"= 0.8 

Significant wave height/LBP = 0.025 

Case 1 Ship with bilge keels C/C = O.O85 
c 

Case 2 Ship with passive tank, K  = 0.30 

Case 3 Ship with active fins co =0.3 s 
Case 4 Ship with active tank, K  =0.30 

S u 

O 

ti  _»    III Ml — ■   ------ 
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ROLL STABILIZATION SYSTEM IMPACT ON SHIP DESIGN 

Ship Alone and With Bilge Keels 

As Indicated In the section of this report dealing with 

the estimation of roll stabilization system performance, in 

order to determine the roll motions of a ship with or without 

bilge keels It Is necessary to estimate the effective roll 

damping coefficient.  The roll damping of a chip arises from 

the dissipation of energy in surface waves and viscous or form 

drag.  As a result, the damping must depend on the ship's geom- 

etry, size of bilge keels, roll amplitude and frequency.  Vari- 

ous methods have been proposed for the calculation of the ef- 

fective roll damping as in References 2 and 3. However, there 

Is very little systematic experimental data available to support 

these estimation procedures and the effort required is excessive 

for the concept design phase. 

There are several empirical methods available for the 

estimation of the roll damping coefficient in the concept de- 

sign phase.  The first is the standard "rule of thumb" for zero 

ship speed i.e., roll damping coefficient of ship without bilge 

keels ~ 0.01 to 0.03 and roll damping coefficient of ship with 

bilge keels ~ 0.06 to 0.08.  The roll damping coefficient can 

also be estimated from roll decay tests in calm water of sim- 

ilar ships (model or full scale).  Figure 65 illustrates the 

calculation of the effective roll damping coefficient from the 

data of a roll decay test. 

In order to provide more quantitative data on the relation- 

ship between roll damping and bilge keel size, the data avail- 

able in the literature and at HYDRONAUTICS, Incorporated was 

■i..,. 

^- 
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analyzed. This results In the following empirical relationship 

between the ship characteristics, bilge keel size and roll damp- 

ing coefficient (or damping ratio) at zero speed: 

(c/cc)o - 
!jg (ABK W 

i + .0024 LBd ft .5/2 ft 
d   cp 

4B" 
[2] 

where (o/oe)0 

BK 

L 

B 

w 

d 

damping coefficient at zero speed 

bilge keel area (total), fta 

waterline length, ft 

waterline beam, ft 

bilge keel width, ft 

displacement, long tons 

roll angle (zero to out) in radians 

distance from centerline at load waterline 
to turn of bilge, ft (see sketch) 

O 
This equation appears to be valid for both moderate rolling and 

heavy rolling (i.e., d ■ 15 degrees or more zero to out).    This 
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This equation Is best suited to fine hull forms with relatively 

round bilges and to bll^e keels which are relatively wide (bilge 

keel length to width of 40 to 50, which is typical of modern 

warships).  The equation will tend to underpredlct the damping 

coefficient of hulls with very sharp bilges or very narrow bilge 

keels.  As equation [2] is empirical, it should not be used be- 

yond the concept design stage.  Figure 66, which compares calcu- 

lated and measured damping coefficients for a number of ships, 

indicates the general accuracy of equation [2] 

The change in roll damping coefficient with ship speed can 

be shown to be a function of Froude number and ship geometric 

characteristics; 

A(C/CJ = (C/C)  - (C/C )  = 0.00085 (L/B)CL/GM)* (F/Cj x c'u Co P' 

[1 ♦  (F/CJ + 2(F/Cja]       [3] B B' 

where A(C/C ) = change in roll damping coefficient due to 
forward speed U 

(C/C ) = damping coefficient at speed U 

F ■ Froude number = U//gL 

C_ ■ block coefficient. 

Equation [3] has been found to accurately predict the change in 

roll damping with ship speed for cases such as those given in 

References 2, 4 and 5.  The change in damping coefficient can 

also be characterized, approximately, by a ratio of damping co- 

efficients at finite speed and zero speed. Figure 67 shows a 

typical variation of this ratio with speed-length ratio, based 

on the data from References 2, 4 and 5« 

:: 
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Passlv° Roll Stabilization Tanks 

Thtre are a number of factors which must be addressed in 

the design of a passive tank system (either free-surface type 

or U tube type).  They are: 

a. Tuning.  The tank should be tuned to a natural 

frequency near the ship's roll resonant frequency. Experience 

has shown that this frequency should be 6 to 10% higher than 

the ship's roll resonant frequency.  The natural frequency of 

the ship can be estimated by the formula UJ = 15.7 V'5M        VB 
n uncorrected 

radians per second, where B is the ship's beam.  Thus the natural 

frequency of the tank, m    , should be approximately 
L n 

17 VOM        ./B, radians per second, 
uncorrected '       r 

b. GM Loss.  The tank should have sufficient size so 

that it can absorb a significant amount of energy from the ship's 

roll motion. A theoretical analysis of this problem shows that 

the pertinent size parameter is the ratio of the free surface 

loss of the stabilizer to the metacentric height of the ship with 

the fluid in the stabilizer tank but frozen in position (no free 

surface loss).  This ratio 5GM/GM        . should be in the 
' uncorrected 

range of 0.15 to 0.30. 

c. Damping.  The equivalent linear damping ratio for 

■ ..e tunk sloshing should be in the range from 0.2 to 0.6.  The 

damping of this slosh motion comes about from the drag of the 

fluid as it passes by the structure within the tank and when it 

enters and exits from the wing tanks. All of these losses are 

quadratic in nature and this causes the damping ratio of the tank 

to depend on the amplitude of roll motion as well as the actual 

structural configuration. Experience has shown that for typical 
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tank configurations, the damping ratio for normal roll amplitudes 

is usually in the desirable range or somewhat below.  The damp- 

ing can easily be increased in these latter tanks by adding more- 

structural drag members within the water crossover.  ^or in- 

stance "I" beam stanchions for damping are typical for both U 

tube and free-surface tanks. 

For the purposes of feasibility design, it is usually safe 

to ignore the damping requirement.  The tank is to be arranged 

so that all unnecessary structure is not Inside the tank or (more 

important) inside the water crossover.  Since It is not feasible 

to predict accurately the damping from theoretical considera- 

tions, a model test of the tank should be performed prior to 

finalization of design.  During these tests various structural 

arrangements can be tried in order to achieve the proper damping. 

d. Capacity.  The volume of water in the tank must be 

sufficient so that the tank does not saturate in a low sea state. 

The requirement for free surface loss usually dictates the plan- 

form of the tank; the requirement for capacity then dictates the 

height of the tank.  A good rule of thumb appears to be tha4 the 

tank should have sufficient height so that the tank must be 
o  o 

rolled 10 -15 before either the fluid hits the tank top on the 

low side or the bottom runs dry on the high side.  If the tank 

is a given height, then the greatest tank capacity in this sense 

occurs when the tank is about one-half full. 

e. Location.  Experience has shown that a passive 

tank system can be located almost anywhere in the midlength of 

the ship, preferably no further forward than 0.25L forward of 

amidships or aft of 0.35L aft of amidships.  For some ship types, 

the vertical location of the tanks can be Important.  Generally 

Q 

:: 
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speaklng, the higher the tank, the more effective it will be be- 

cause the moment generated by the transverse acceleration of the 

fluid acts to reduce motions when the tank is located above the 

center of gravity.  However, it. •(<? usually inconvenient to mount 

a tank high in a ship, since this is a most useful area. As a 

rule of thumb, if the ratio of GM to beam is 0.1 or less, it 

makes little difference where the tank is located vertically. 

For ratios of GM/B greater  than 0.5, a tank located in the bilges 

may loose 50^ of its effectiveness or more. 

In summary, a passive stabilizing tank should have a fre- 

quency about 6 to 10^ larger than the ship's frequency, a free 

surface loss 15-30^ of the uncorrected GM, a tank angle capacity 
o  o 

of 10 -15 , and be located high in the ship (especially if the 

ship has a high GM/B). 

The material presented below is intended only for the pur- 

pose of rough sizing of the stabilizer tanks.  For final design, 

model tests and numerical simulations must be performed if a 

gooi stabilizer is to result. 

1.  Free Surface Tanks.  A design procedure suitable 

for preliminary design has been developed and exists in the 

BuShips Design Data Sheet #9290-4.  The procedure for estimating 

the sizing is generally equivalent to that given In the DDS.  A 

general configuration of a tank is given in Figure 68.  In order 

to minimize the weight of the tank water it is very desirable 

that the tank run the full beam of the ship.  For this configura- 

tion, the free surface loss is given by 

BON = — [D(B3-b3) + db3]/(U20 A). 

i 
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where A Is the displacement of the ship, p Is the density of 

the fluid in the tank and p Is the density of the scawatcr. 
s 

If b  is  small compared  to B,   then    for a first approximation 

one can say 

—     pf 
6GM « — DB3/(420 A) 

P. [M 

o 

5GM is  to be chosen on the basis of the  required  stabilization, 

the available GM,   the minimum allowable corrected   GM and  any 

other considerations.     In typical  systems 5GM is 15% to 30% of 

the uncorrected GM.    Generally,   the  larger the  5GM,   the greater 

the stabilization.    With the desired 5GM,  then,  and the known B 

and A,   Equation  [4] can be used  for a first approximation  for 

the tank's  fore- and-aft dimension D. 

For the  tank to have the maximum capacity it should be 

filled  half-full.     That is h  should be H/2.     In this  case,   the 

angle  for the beginning of saturation is given by 

Tsat = tan'1   C*J "* 57 H/B deßrees [5] 

If h is not H/2,   then 

Tsat w llk h/B or llk  (H-h)/B de8 rees. [6] 

whichever is  smaller, T     .   should be  chosen to be greater  than sat 
10  .     For a  half-full tank (h = H/2),   a  typical choice is H = 

0.2B (corresponding to T     .   = 11.4   ). 

It remains  to choose b and d  so that the tank has  the proper 

tuning.     If 

0 

i] 

0 
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B' = B + b (D-0.9dV0.9d ryi 

^e factor 0.9 is appn.d to account for damping structures) 

then the tarOc natural frequency, ^ is given approximately by: 

^t = [(»•/*•) tanh (7rh/B')l^ [ 8] 

If h/B is less than 0.1, then we can approximate this result by 

%t ■ TT Vgh/B1 

[ 9] 

Equating this to the required tank frequency. 

B' = 1.05B Vh/GMy 
ncorrected [10] 

The quantities  on the  right-hand  side  are known and  it remains 

to determine d and b in  [ 7]  so that B1   is correct. 

Combining all of these  formulae,   the volume of the  tank 
fluid ¥f can be estimated by < 1 

»f = [D(B-b) + db]h 

and the weight of the tank fluid, W , by 

Wf = Prg *r' 

[11] 

[12] 

where (p^) is the density of the tank fluid.  For this system, 
the total tank volume, ¥ , is given by 

t 

..-— ,.....J..—>JI—,—..^■./■„.«■J-M~..—    _, ,. ^ 
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¥t - *f H/h [13] 

Example:  Suppose a ship with a beam of 80', an uncorrected OM 

of 6' and a displacement of 8,000 tons.  Also suppose that 

longitudinal bulkheads exist 20' off the centerline so that it 

is convenient to choose b = 40',  If it is determined that a 

tank free surface loss of 25^ (5GM = 1.5') is required then from 

D - 420 x 1.5 x 8000/803 = 9.85* 

Thus take D = 101.  If the tank is half full (h = H/2) and if 

the value of T . = 11.4 , 1 

From [10] 

Prom [ 7 ] 

or 

h = 8'  and H = 16 • 

B1 ■ 1.05 x 80 V^/ö = 96.9' 

B' = 80 + 40 (10-0.9d)/0.9d = 96.91 

d = 7.78' 

The exact formula is used to determine the exact free 

surface loss 

O 

__«, 11  1  in -^ - 
!■ I   III  



 MWW»"' ...i   ...in .  I   ii 

V_ 
—■'- '■ 

•Vm. ..      ha 

... 

HYDRONAUTICS,   Incorporated 

.J»5. 

5GM =  flO(803-103)  + 7.78(403)]/(n20 A),   or 

fSGM = 1.482 • 

In order to achieve the required free surface loss of 1.5'  we 

must  increase all  the longitudinal  dimensions by the  ratio of 

(1.5/1.482)   = 1.0124.     Note  that this will not change  the  tuning, 

In summary,   the final configuration is 

B = 80« 

H = 16» 

D = 10.12' 

h = 8' 

b = 40' 

d = 7.87' 

the volume of tank fluid is,   from [11] 

Vf -  (10.12 x 40 + 40 x 7.87)   x 8 = 5757 ft3 

If sea water is used then the weight of tank water is 

Wf = 5757/35 = 164.5 tons, 

or approximately 2% of the ship's displacement. 

A few notes should be made with regard to this calculation. 

First if B' turns out to be smaller than B then the tank will 

bulge out in the middle, rather than neck down as shown.  If 

this Is undesirable for some reason, then an alternative is to 

raise the liquid level in the tank, h.  If the total tank height. 

O 

. imm 
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H, is not raised correspondingly, then the tuning will be 

achieved at a sacrifice in T t',   that is, at a sacrifice in the 

high sea state capability.  If B1 = B, then the tank is simply 

a rectangular tank spanning the ship. 

When the tank is necked down, as in the above example, 

then the tank can be configured either as shown in Figure 68l or 

68C, without changing the performance.  If the tank is to be 

used for a range of GM's for the ship, then optimum tuning will 

occur if the fluid level is approximately increased linearly 

with the change in GM over that for which the tank is designed. 

For the example ship the fluid level is 8' for a 6' GM 
  uncorrected 

If the ship is operating at an 8' GM, the required water level 

is 8 x (V5) = 10.7'. 

2.  U-Tube Tanks.  A design procedure for U-tube tanks 

has been developed by Webster (7), and the procedure for sizing 

presented here follows the material in this report.  It is as- 

sumed that the tank runs the full beam of the ship, as shown in 

Figure 69 .  For this system, the free surface loss is given by 

—  Pf 
6GM = — D(B3-b3)/(420 A)> 

re 

[14] 

of if b is small compared to B, 

—      pf 6GM » ~ D B3/420 A 
Ps 

[15] 

As for the free surface  tanks,   this tank will have the 

maximum capacity if the wing tanxs are approximately half full. 

O 
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For this situation 

Tsat " tan'1 (H/B) •■ 57 li/B  degrees [16] 

If h Is not H/2 

Tsat H 114 h/B or 114 (H-h)/B degrees, 

whichever is smaller. 

Again we desire T   to be greater than 10°, yielding a usual 

choice of H = 0.2B. 

In order to determine the tank tuning, we define an equiva- 

lent length of tank S', given by 

S» = h + B-b + b[D(B-b)/2dp], 

Then,  the tank frequency is given by 

[17] 

v= iWv* [18] 

Equating this to the desired tank frequency we get 

S»   =  0.223 Ba/GM uncorrected [19] 

The  quantities on the right hand side are known and thus deter- 

mine S*.  It remains to choose b, p and d so that S' is correct. 

The volume of the tank fluid is then given by 
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¥^ = D(B-'L))h + bdp, 

and the weight of the tank fluid by 

[20] 

Wf " Pf* ¥f • [21] 

The total volume of the tank is 

¥t = D(B-b)H + bdp. 

Example: Choose the same ship as before (i.e., B = 80', 

GM       . j = 6' and A = 8000 tons) and a free surface 1 uncorrected ' 
of 25^ (5GM = 1.5').  Also choose b = 40», then from [15] 

D = 420 x 1.5 x 8000/(803-403), or 

D = 11.25' 

For T    t ■ 11.40,   H =  16'   and h = 81   for a half-full  tank. 

From  [19], 

S'   = 0.223 x 80a/6 = 237' 

From [17],  choosing D = d. 

[22] 

OSS 

or 
237 = 8 -»- 80-40 + 40[11.25 x 40/(2 x 11.25 x p)]. 

p = 4.23' 

■■ -   - -   —  •—---— 
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In summary,   the  final configuration  is 

B = 80' ^ 

H = 16' 

D ■ 11.25' 

h = 8» 

d « 11.25' 

p = 4.23' 

The volume of the tank fluid is then 

0 

Vf = 11.25 x ^0 x 80 + 40 x 11.25 x 4.23, or 

•Vf = 5504 ft
3 

and, if sea water is used 

Wf = 157 tons. 

With this U-tube tank, the tank frequency is virtually 

independent of the fluid level. That is, if this tank is used 

for a fuel tank, the tuning will not be much changed as the fuel 

is removed from the tank. 

Active Fin Roll Stabilization 

In the concept design phase the impact of an active fin 

system on the ship design requires an estimate of the fin size 

and the resulting weight, volume and control power.  In the 

section of this report dealing with roll stabilization system 

performance, the fin size was defined in terms of the static 

roll angle which could be generated per degree of fin angle at 

. ■ ■   ,, i...,.. 
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a ship speed equal to a speed length ratio of 1.2.  The fin si.^e 

required to produce a given static roll angle, or the static 

roll angle developed by a given size fin can be determined as 

follows : 

The static roll angle is given by: 

'static = arc 8lnl 
[23] 

where «o tatl * static roll angle 

Kf. ■ total roll moment of fins 

A ■ displacement 

G»? ■ metacentric height 

The total roll moment generatel by the fins is given by: 

fin (ipUa Afin CL    aF)  C08 y 

a fin 

where p = mass density of water 

u = speed at a speed  length ratio of 1.2 

- 1.2 x   VLJ^ x 1.689 

Afl    ■ total fin area (both sides of ship) 

C      ■ effective fin lift curve slope 
\ 

[2k] 

slug/ft3 

ft/sec 

fta 

/degrees 

a_ ■ effective fin angle of attack(= 1.0 for this calc.) 
r 

y  « angle between fin and center of gravity, 

see Figure 70 

dfl « distance from CG to center of area of fin> ft 

LWL ■ waterline length 

r\ 
ft 

 —•■—^- - . —i 
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The effective fin lift curve slope will depend on the fin 

aspect ratio, planform and use of a trailing edge flap.  The 

lift curve slope can be calculated for the purpose of concept 

design using the methods given in Chapter 8  of Reference 6 . 

In the estimation of the lift curve slope it is recommended 

that the geometric aspect ratio be used with no account taken 

for the "image" effect in the hull. This will approximately 

account for the effects of the hull boundary layer, hull curva- 

ture near the fin and provide for interference from bilge keels. 

It is also recommended that if possible the fin span be limited 

so that it does not extend below the baseline or outboard of a 

line 5 to a line parallel to the centerline and tangent to the 

maximum beam at the station of the fin. These limits are shown 

in Figure 70. 

There is not a sufficiently large body of data on existing 

systems to formulate parametric relationships between the fin 

area and weight, volume and control power.  As a result, some 

available data from existing fin installations have been col- 

lected and are tabulated in Table 6 . These data may be used 

during the concept design phase to estimate the required infor- 

mation to determine the impact on the ship design.  Additional 

information and operating experience on U. S. Naval vessels can 

be obtained from Code 6165 of NAVSEC. The added resistance due 

to the fin may be estimated using the principles given in 

Chapter 7 of Reference 6. 
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Active Tank Roll Stabilization 

As shown in Figure 4, an active tank system is basically 

the same configuration as a U-tube tank. Due to the complexity 

of fully-active systems, inforiuition about the pump and control 

system cannot be generalized. However, it is possible to de- 

fine the required differences in tank geometry.  The major dif- 

ferences between an active tank and those designed for pure 

passive stabilization is that the natural frequency of the tank 

with the air valve open is 30 to k0% greater than the ship's 

natural frequency and it is required that the tank have an 

equivalent linear damping ratio somewhat lower than a good 

passive tank. As a result, care'must be taken in order to avoid 

any superfluous structure within the tank itself. 

The design of the tank configuration, itself, follows along 

exactly as a U-tube. The only difference is that Equation [19] 

is to be replaced by 

S' ■ .178 B8/GM, uncorrected' [25] 

in order to obtain the desired tuning. 

Example:  If we use the same ship as in the previous tank de- 

sign examples, we have, from [25] 

S' = .178 x 80a/6 = 190' 

Prom [17], we get 
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190 = 8 + 80-40 + 40 [11.25 x 40/(2 x 11.25 x p)] 
or 

P = 5.64» 

In summary, the final configuration H 

B = 80'   ^ 

H = 16« 

D « 11.25» 

h = 8»    > 

d = 11.25» 
b ■ 40» 
p = 5.64' J 

The volume of the tank fluid Is then 

*f = 6138 ttß 

and. If sea water Is used 

Wf ■ 170 tons. 

:;• 
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CURVED TRACK MOVING WEIGHT STABILIZER 

FIGURE 1 - MOVING WEIGHT STABILIZER SYSTEM 
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a. Free Surface Tank 

b. U-TubeTank 

FIGURE 2 - PASSIVE STABILIZER TANK TYPES O 
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AUTOMATIC 
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SENSOR 
PACKAGE 

a. ControlIed-Pa$slve Stabilizer 

MOTOR 
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CONTROLLABLE PITCH PROPELLER 

b. Fully-Active Stabilizer 

FIGURE 4 - ACTIVE STABILIZER TYPES 
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FIGURE 70 - ACTIVE FIN LOCATION 
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