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A study was conducted to determine a method to recover floating ob3ecte

~t~’ I from the surface of the ocean. Model test tank investigations conducted at

Stevens Institute of generating a localized flow field whIch would refract
waves were investigated for a possible practical application. Several methods

~ I 
of generating a localized flow field in the open ocean were investigated. The

- flow field could attenuate wave energies in an area which could possibly facUi—
tate the recovery of floating objects from the ocean surface.
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J 1. Introduction .

Recovering objects by ships from the surface of the ocean is made

difficult because of the difference in the dynamic response to surface waves

of the object and the ship. This difference in response often results In

large relative displacements and velocities which can induce unexpectedly

large forces in the recovery system and the object being recovered.

Motion compensating recovery systems have been designed in sueh

a way that their dynamic response can be adjusted during the recovery

operation. For instance: Immediately after the recovery line is secured

to the object, a “constant force” recovery system is desirable because

• large relative displacements will continue to occur until the object is

entirely clear of the water. When the object is swung over the deck,

however, a “constant displacement” system is desirable to prevent thc~

• object from attainin g a high velocity with respect to the ship. The two

modes of optimum operation are mutually exclusive and a compensating

recovery system must be able to operate in both m odes. In general, these

systems are complex, expensive, and limited with respect to versatility in

the types of object s which can be recovered. They are usually designed

to recover one particular object.

Another approach to the recovery problem m i ght be an attempt to

match the dynamic response of the ship and the obje Ct. This method, even

though perfectly executed, could only result in partial success due to the

statistically random nature of a fully developed wind driven sea. Its use-

fulness would also be limited to recovery of objects of similar dynami c re sponses .

The other main appr oach to simplifying ship load handling -has been 

~~~~~~~~ . ~~~. - -



——--—-S 

S ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
5-”-

‘- C

to prevent the waves from reaching the operational area . The best example

- of this is the use of protected harbors for cargo transfer. Recovery of

small boat s in the lee of a mother ship utilizes the same principle. This

technique stops the progress of a wave by either reflecting the wave or

causing it to break and dissipate it. energy. Reflection and dissipation

S -
~ require large, massive objects on the same size scale as the wave itself.

S Pneumatic and hydraulic breakwaters can be used to reduce the S

S height of a wave as it passes through the breakwater. They work on the S

- principle that a wave which is near breaking can be caused to break if its S

S 

velocity is increased. A water flow opposite to the direction of wave

advance will increase the wave speed relative to the water and cause the

wave to break. Hydraulic breakwaters produce a water flow by pumping

I L water directly against the wave approach direction. Pneumatic breakwaters S
produce a linear bubble screen parallel to the wave crest. This bubble

. screen In turn produces an upward flow of water which diverges at the

surface Into two horizontal flows. It is the horizontal flow which causes the

Wave to break. S

- 

These systems are limited in that they only reduce the wave energy

and are most effective on small waves. They also require large fluid co ri -

[ ductors and relatively large sources of fluid power.

One last technique which has historically been used to calm the

1. ocean’s surface is to place oil onto the water. The oil film has the effect

- of locally increasing- the surface tension of the water which reduces the

amplitude of small wives and prevents the formation of wind driven spray.

2.

r - — 

~~~~~~~~~~

—~~~~~~~ -~—A -~~- ~~
- - - - -  —~~~~~~~ 

5-



-- - —~~~ - 
-—-‘-V- 5- 

-- ~S . 5 5 - S  . 5 -  
~~~~~~~~~~~~~~ S~~~~~~~~~~ 5-S s -.5 — ~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - v-- . 

.

The effect of oil on long period waves which affect the operation of ships

is negligible. 
~S

1. In all, the above-mentioned methods of redu cing wave amplitud e,

some physical property of the wave is change d in such a way as to cause

the wave to lose energy and provide a zone of wave energy less than that

L. of the surrounding sea surface.

Two main points can be Inferred from the operation of existing wave
II  ~ 

. S

reduction techniques . First , that they can all be explained in terms of the S .
S 

physical properties of surface wave propagation, and secondly, that all

I the above methods rely on reflecting or attenuating waves to form a low

wave energy zone.

• 2. Refraction

The physical principle of wave refraction causes a wave to “change

its direction” as it passes through the refractive medium. It is the principle

which governs the design of lenses In optical systems and is basic to the

[1 explanation of propagation paths in underwater acoust ics as developed in

Ba rtberger (1965). Wave refraction ii caused by the wave passing through

a region of non-const ant propagation velocity. Thi s region may have di.- 
S

[I continuous boundaries as In the case of an optical lens or it may consist of

II a continuous propagation speed gradient such as that which forms the SOFAR

acoustic channel in the ocean.

Briefly stated, the law of refraction states:

• 1. The curvature of a wave ray is equal to the iogarithmic velocity

gradient along the wave front, and

LI 2. The ray bends toward the direction of lower velocity.

3.
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S A ray as referred to here is a line continuously perpendicular to

an Individual wav e front which is a line of constant energy propagation

phase. In acoustics, this wave front Is the sound pressure fluctuation

produced by a pinger, in optics it is the electromagnetic activity of a

phot3n, and in surface waves It is a wave crest.

I -
~ Fig. 1 shows a series of acoustic rays refracted by the sound

velocity gradient shown on the right. It is interesting to note the “shadow
I

zone,” a region of the ocean into which no acoustic waves are propagated

under these conditions. The refraction diagram predicts a region of nc.

acoustic energy even though the acoustic projector may be pointed in that

direction, however, the region is not entirely without insonification as

predicted. When combined with other wave propagation phenomena such

as reverb~ation and diffraction, the law of refraction can be used to predict

the acoustic energy level produced by a projector in the ocean surm ~~unding

it.

LI The problem then is to apply the principle of wave refraction to

surface waves on the ocean In order to produc e an area of diminished wave

energy in which a surface vessel can operate. In order to do this, we must

produce a region in the ocean where the wave propagation velocity is

diff erent from that surrounding it, and for a truly representative analysis

S we must take into consideration other wave propagation princip les which

• will modify the result. These principles must then be applied to the unique

wave composition of a fully developed, wind driven sea.

3. Surf and Swell Forecasting

During the 1940’s, the principle of wave refraction was widely employed

4.
S - S ~~~~~~~ - S ~~~~~ .5 - -~~~~~~~~~
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to predict the path of waves as they entered shallow water. That is, of

course , shallow in the sense that the wave ’s propagation velocity is deter-

mined by the water depth or a depth of about half the wave length. As the

I. 

wave progresses Into shallow water, its propagation speed , amplitude, and

wavelength change, while the wave period, measured at any geographical
H

point along the ray, will rema in constant.

Fig. 2 shows the effect of local submarine topography on waves

appr oaching Long Beach, California. The concentration of wave rays at

the breakwater tip had unexpected result s during the period April 20-24, 1930

S when large breakers damaged the breakwater. A few miles to the north
S 

and south no unusual wave activity was noticed. Seventeen years later ,

I M. P. O’Brien explained this unusual phenomenon by showing that waves

from a storm In the South Pacific had been refracted ~by the submarine

S topography and thei r energy was concentrated on a short segment of the

S - breakwater.

4. Surface Wave Refraction by a Flow Field

S In the open ocean , the depth is too great to effect propagation so .

another means must be employed to change the propagation velocity and

use the principle of refraction to advantage. This has been shown to be S

possible by causing a localized ocean current (or flow field) where a region

H of the ocean’s surface water is set Into motion. As waves enter this flow

field, their propagation velocity is changed and refraction takes place.

AU material in this section is based on recent work by Dr. Daniel

Savitsky and his report on “Interaction Between Gravity Waves and Finite[ 6.

£1. 
____ __ ___
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Turbulent Flow Fields” (1970) prepared for the Office of Naval Resera ch, S

- Contract No. NR-062-254. S

The prtmary difference between topographically induced refraction

and flow field induced refraction is that topographical refraction is a

scalar mechanism whereas flow field refraction is a vector mechanism .

That is, the wave propagation velocity at a specific point In topographical

refraction is independent oI~ wave approach angle. A wave approaching S

from the right will be influenced by the topography in the same way as a

- S wave approaching from the left. This is not true of flow field refracti3n

‘I where the propagation velocity of a wave traveling In the same direction as

a local flow field would be eff ected in a sense opposite to that of a wave S

propagating against the flow field. The wave propagation velocity in a

J flow field is shown by Savitsky to be:

c + cocos 
~~~~ 
]

where:

C = wave propagation speed in a flow field -

C0 = wave propagation speed outside the flow field

= magnitude of the flow at a--specific point in the field -

a = Angle between the flow, at the specific point, and the

• ray path

If the flow vector at every point in a flow field can be defined with

reference to a fixed coordinate system, the effect of the flow field on local

S propagation velocity, C, and hence on the refractive properties of the flow

field can be computed. The complete mathematical expressions describing S

_ _ _ _-- - 5--  

7. 
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the effect of a flow field as a refractive medium are detailed by Saviteky,
In his report, pp. 17-24, and need not be repeated here.

Savitsky models a refraction field as an explicit mathematical
function of a fixed coordinate frame and uses a computer to calculate
the path of a specific wave ray. This Is repeated for enough rays to give
a good representation of the overall refractive effect. Wave crest lines

can be shown by drawing continuous lines which ar e everywhere perpen-
dicular to adjacent rays.

Examination of the mathematical equations describing surface

S wave refraction reveals several interesting points:

1. Refraction, or change in ray direction, is a function of the
propagation velocity gradient at a point, not the velocity magnitude.

2. Propagation velocity is a function of position and direction
within the flow field.

3. Refr action is inver sely relat ed to wave per iod. 
-

4. A flow field with a symmetrical, continuously decreasing velocity
profile moving in the same direction as the waves refracts waves out of

the flow field.

5. DIffraction and Superposition

Under some circumstances, a refrac tion diagram yields what are
obvIously erroneous results. For instance, in Savitsky’s work, Fig. 3

shows a refraction diagram for the flow field generated by a towed grid.

This fl3w field has a constant flow velocity over its central portion and so
the flow velocity gradient and wave propagation gradient are zero for waves

___ 
~~~~~~~~~~~~~ ~L~~~~~~~~1
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1 rl with rays parallel to the flow field axis. This means that the waves In

th. central portion of the flow field would pass right through the flow field

I i without being attenuated. Ssvitsky ’s experimental results indicated that
S 

this was not the case , and that the waves were reduced significantly more

than predicted by pure refraction.

I Another case which yields suspect results is the case of refraction

by a sharply peaked flow field as shown in Fig. 4. This I. similar to the
1 1 1

acoustic shadow zone of Fig. 2, and analysis of this refraction diagram

S reveals that because the flow field gradient changes sign at its center , the S

ray, A, directed right at the center would be diverted along ray paths “a” and

“a’’ Since this ray is “split” , a. pure refraction diagram predicts a region -
-

- of no waves or a “calm patch” analogous to an acoustic shadow zone which

is Intuitively suspect.

The solution to both these dilemmas is to consider wave diffraction

- 
S along with refraction and use the theorem of superposition to find the

effect when both occur at the same time.

- Fig. 5 shows diffraction of a wave through a slit in a breakw ater.

- 

This situation i~ analogous to this towed grate flow field In that the constant

velocity portion of the flow field behaves as a slit while the flow gradients -

S 

at each end act a. ‘ breakwaters ” by refracting waves that pass through
.5 

. them. When this breakwater diffraction phenomenon is superimposed on

the refraction diagram, the predicted wave amplitud~a agree much more

closely with those measured as shown in Savitsky ’s dat. Figs. 6, 7.

.5 10.
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- - The sharp peaked flow field of Fig. 4 also has a related diffraction
S phenomenon. Inspection of Fig. 4 shows that the rays all leave the flow S

field at about the same angle. The Line A-A ’ could be replaced by a break-

water wall since every wave above A-A’ has a mirror image below A-A ’.

Diffraction of waves along a breakwater wall at an angle to wave ray paths

has been analyzed , and the results can be applied to the sharp peaked

S 

velocity profile.

6. Ocean Wave Directional Spectrum

In order to apply the preceed in g analysis to the case of a fully

developed , wind driven sea , the apparent difference between the regular

S 
train of waves modeled in refraction diagrams and the irregula r wave , of

L • the open ocean must be accounted for. This difference can be explained by

showing that the s~irface of the ocean can be described mathematically by - 
S

assuming that waves in a particular region are the sum of a spectrum of

S waves of various lengths and amplitudes coming from various directions.

S U This kind of analysis has been carried out and one of the most complete

analysis of a wind driven wave directional spectrum was done by Cote et al

L (1960), and is referred to as the Stereo Wave Observation Project, SWOP.

I] Their work has resulted in a contour plot (Fig. 8) which gives wave length

.5 and relative wave energy as a function of direction for sea state 4. Quanti-

• tative results of their analysis will be used later.

7. OceanographIc Research Ship S

- The ship selected for analysis was the AGOR-4 type. Stevens Institute

of T.chnology carried out a dynamic analysis of this ship for Its response

U 15.



-S SS ~~~~~~~~5 •~S S ~~~~~~ 5 S S

IS. 
-

- 

HUding 10’ - o ’  w

IL ‘ IL ’ jj / I L/S ES • lOll 7$
- • i • • • •  II .. 1 1 1 , 1 , ,  i , , , ,

SO / /
.5 $32 / /

• - 
. 5 -

706 .‘ / -
- S 

~~~~ f
.5 • SO 

: •

SO.? :
- $~3 I / ~~~~~~~~~~~~~~~~~~ 

- - _,l20’

.• 
- 

J ,
1
~~ 

1 / ~~~~~~ :
120 I / f  

~~~~~~~ 
— 1~j  133.3 / 1/ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

ISO ~~~~ •.
. .5 

-

— 
~~~~~~~~~~~~~ —

S [ 
- . 4® ~~~~~~~~~~~~~ 

.5 -

600 ~~~~~~~~~ -

~~~~~~~~~~~~~~~~~~~~~ / 

~~
*

.5 

,/ I : - 
S

_..hNu,o.
5 1 1 1 1 , 1 1 1 ,  S 5 1 5 5 5 5 1 1 1 ,  , I  l 5 . 1  ~°

5 .5 / I~! I \~~~~~ \ I~260’ 250’ 240’ 230’ 220’ 210’ 200’

Pig. 8 Final Directional Wave Energy Spectrum
• frosi SWOP. Cota et al (1960) -

16.



F~T—-J~~ _ _ _ _  __________

[i to waves over a range of wave periods in sea states 3 and 4. This analysis

is included in Appendix A. This analysis shows that this vessel has its

greatest response in both heave and pitch to waves of about 200 to 250 feet

S wave length which correspond to periods of about 6 - 7 seconds .

8. Calculations S 
S

- 

All calculations will utilize the refractive flow field generated by

Savitsky with the following parameters:

S Grid Width=3ft .

Depth=O.84ft.

Mesh Z.7 in. -

.5 Grid Tow Speed = 1 ft/sec.

• Drag = 1. 5 lbs.

I Wave length = 6 ft.
S 

The calculations are not intended to represent design parameters.
S They are, however, the best means available for modeling a refractive flow

field of a size sufficient to reduce ship motions in a fully developed sea.

Froude number scaling by wavelength is used for wave phenomenon while

S - 
Reynolds number scaling by wave length is used for flow phenomenon .

9. Energy Required to Generate a Refractive Flow Field S 
- 

S

S { In order to get a feel for the power required to generate a refractive S

flow field Savitsky’s experimental results can be scaled as follows: where

the subscript, 5, refers to data measured by Savitsky and the subscript, P,

refers to an open ocean prototype.

EL 
- 
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P - T V  S

P Power .5

F a Drag Force -

- V a Velocity

The scaling facto r used is the wavelength where:

S = (o FT. = 2~5O FT. . 

.5 

~S 

-

Xp is the maximum wavelength which would interfere most with ship

operations ove r the stern or side as determined from the AGOR -4 ship

motion study. -

P = D V
- p P p

Power a Drag Force x Velocity .5

For dynamicaUy similar flow the drag coefficients for the test and proto- S

- 

type grids will be the same :

c =c  _ _ _ _ _ _  — ______

~ (‘~ V2/2)A ~ (P~V5t/2~~A~
where the fluid densities(”~ and~ , are equal. The areas , A, are related by:

_ _ _ _  — Lpt

- Froude scaling is used for the velocities since the ratio of the wave

propagation velocity to the flow field velocities must be identical for a

similar refractive effect, and:
.1.Vp _~~~ 

Lp \2. -

V5 L5 ) 
.5
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S Combining all of the above equations the horsepow er required is:
I 1SO FT\’

p ~o v fL~ \~ ( ‘.S t.5)(t F14L~~~(~~ FT )
~

S 

p 
~ ~~~~~ 

- 
550 FT. -L5./5E~C HP

& ~3OO H0~ S~ POWtR

I The working a rea of attenuated wave activity gene rated under the above

conditions would be about 125 feet wide. A narrower working area would,

of course, require less power. -

10. Expected Attenuation in a Fully Developed Wind Driven Sea

Wave energy within the flow field will get there by two paths. They

are:

1 1. Energy contributed by waves which approach at an angle too
great to be refracted, and

2. Energy contributed by diffraction of refracted waves. 
S

In order to estimate the effect of a refractive flow field in the

S directional spectra of a fully developed sea, the angle of approach through- S

out which refraction takes places must be determined. A computer program

I was w r itten at OSE using a simplified set of refra ction equations and run

for a variety of wave approach angles with respect to the flow field axis.

S It was found tha t the maximum angle of effective refraction is approximately

equal to the angle at which a ray, origina l ly parallel to the flow field ,

- leaves the flow field. In Fig. 9, this Is anglec”~ , and Is about 25 degrees.

This flow field will thus be effective throughout an included angle of 50°.

It should be noted that a wider flow field of identical velocity gradient will

effectively refract throughout a greater included angle.

From the directional spectra, Fig. 8, the percent of the 250 foot

[ .

‘9. 
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S 

wavelength energy entering the rffractiv e flow field at an angle (±25°)

shallow enough to be completely refracted is 58%. or conversely, 42%

of all available 250 foot wavelength wave energy gets into the refractive

flow field.

Diffraction of non-refracted wave energy also must be included,

and from Savitsky’s test data Fig. 10, the height attenuat is:

h f~ (4 
— 

(Fairly representative of all
• 

— 0 6 foot wavelength dat-A)h

so the energy attenuation is

So, 25% of refracted wave energy must be added to the non-refracted

wave energy to arrive at the total wav e energy in the refractive flow field.

The net wave energy in the flow field for a 250 foot length wave

relative to the open ocean energy is:

E = Non Refracted + Diffracted = . 42 + ( .25). 58

E =  .565 
5

Or about 56% of the total wave energy available in the 250 foot wavelength

is transmi~ted into the refractive field, Thus, attenuation of all 250 foot

open ocean wave energy will be 44 %. Greater attenuation will occur for

all wavelengths less than 250 feet.

11. Time Estimate of R~~fractive Effect Persistence

Time estimated can be made from Savitsk y ’s data by use of Fig. 10

where attenuation is plotted as a function of time. Since this is a flow

phenomenon involving Inertia and fluid viscosity, Reynolds scaling is used

[1 21. 
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t p ,L~~~land : &
.1 -

or, time i. scaled as the length squared. Scaling by wavelength:

S t~ 
2.5 SEC 

(
z5O FT. ’~ .2. ~-~0UR~

.5 

The 25 seconds used as t5 is the time shown in Fig. 10 between stopping

the grid and the end of the data record. Refractive wave height attenuation

was nearly constant at 0. 5 throughout this time period.

.5 
12. General Properties of Refractive Flow Fields

- Before discussing methods of generating and using refractive flow

fields, it is useful to generalize pertinent points.

- 
. The wave refraction effect of a local flow field is an
experimentally measured analytically defined phenomenon.

S . Superposition of diffraction effects on refractive
effects must be used to explain measured refraction
anomolies. S

Flow field velocity gradient and width determine the
dimensions of the attenuated area and the amount of
attenuation. S

Shorter wavelengths are more effectively refracted,
1 all wavelengths are affected. S

- 
. The refraction phenomenon completely diverts a portion
of the wave energy rather than partially attenuating all
of it.

‘When applied to a fully developed wind driven sea, the
directional energy spectra of the sea must be considered.

L 23. 5 
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• About half of the wave energy entering the refractive
field will be that which enters the field at angles too
great to be effectively refracted.

• The wake of a ship is refractive due to the flow field
generated by the propeller wash.

• Ships’ wakes have been used In the past for launching
and recovering operations.

• Froude and Reynolds scaling indicate the following
parameters for 250 foot wave refraction in a fully
developed sea:

Field Wave Energy 56%

Field Wave Height 75%

[ Field Width 125 feet

Horsepower Required 1300 HP 
S

Field LIfe 1. 2 hrs.

13. Application of Refractive Flow Field to Ocean Operations

I Any flow field oriented in the same direction as wave travel will

attenuate waves if the flow field velocity gradient decreases continuously

from a maximum. The amount of attenuation, and time duration will

depend on the size and shape of the field. -

In consideration of the projected horsepower requirement, the most

L promising approach to generating a flow field would be to utilize the ship ’s

• 
[ 

main propulsion equipment. This could be done directly by using the -

ship’s propeller wash to drive the flow field, or to use the ship to propel a

“grid” and approximate Savitsky’a test conditions. The projected flow field

persistence suggests that a recovery or implant operation be divided into

two sequential phases, generating a refractive flow field,and object handling.

___________________________________ S . . -- 
.5 5
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Use of the ship’s propeller wash is supported by observations that

the wake of a ship headed Into the seas j s an area of noticeable attenuation

and tha t ships’ wakes have been used for seaplane landing and recovery.

Evidence that the propeller wash maintains its continuity as a flow field

is qualitatively supported by observation:

“There are rather definite experimental
indications (Albertson , M. L., Dai, Y. B., Jensen, B . A.,S 

and Rouse, H., ASCE, 1950 , Vol. 115, pp. 639-697)
that a submerged liquid j et issuing into a large body of
real liquid loses its ident ity rather rapidly by diffusion
and the formation of unnurnerable vortexes, say within
an axial distance of about 5 jet diameters. On the other
hand, ther e are equally definite indications that the under-
water jet disturbance set up by a screw propeller is often
detectable far aste rn , at distances of 50 or 100 disc

S diameters. Whether this is because of the rotation existing
in a propeller-outflow jet, or because the jet-producing
device is continually moving away from the jet already
formed is not known. Nevertheless, the jet disturbance
appears to maintain its identity or even to pr edomina te
In the midst of the potential, viscous, and wave wakes
forming the overall body or hull wake. ” (Saunders,

j Hydrodynamics in Ship Design, 1957, Vol. I, p. 273)

A prope ller wash flow field could be increased In size and effect

by retarding the ship’s forward motion while operating at maximum power.

This would have the effect of imparting more energy and momentur i to the

water , per foot of forward travel. Reaction devices such as additional

propellers or water jet propulsion units could be used, but they would

- need to be applied In such a way that the flow field generated by them

would not interfere with the flow field of the main propulsion unit. For
- instance, if a ship with four right angle drives were to face two units

forward and two aft, the units facing in the direction of wave travel would

25.
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generat. a flow field causing the approaching waves to diverge, but the

units facing in the opposite direction would create a field causing waves

to converge In the vicinity of the ship.

- 
A more encouraging approach would be to use flaps or a drogue to

retard the ship (Fig.. 11-14). The flaps shown in Figure 11 would tend to

augment the propeller wash, while the drogues would need to be carried out-

side or beneath the flow field so as to not impede its development. These

drogues could consist of fine meshed fish or shrimp nets which are easily

handled with available equipment , and are In effect “grids constructed of

small diameter cylinders ” which exhibit high drag characteristics.

S A net could also be used as a grid to generat e a flow field similar

to Savitsk y’s, Fig. 14. In this case , the ship would tow the net In the

dir ection of wave advance. Some means of holding the net open would be

required and the effect of the pr opeller wash on the flow field would have to

be minImized since It is directed toward the advancing waves and would

cause convergent refraction .

S 
Any particular design application would require model tests duplicating

S the designed refractive flow field generation technique. Savitsky’s tests S

were intended to investigate the effect of turbulence on waves and conse- 
t

S 
quently cannot be expected to comprehensIvely defi ne the refractive

phenomenon. 
S

In order to quantify the ref ractive effect of a flow field, a teat

26.
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series should be conducted to optimise the following parameters for
S 

- 

maximum attenuation in a fully developed sea:

Flow field velocity gradient

Flow field wIdth

Flow field length

Effective refract Ion persistence 
-

Power required

These tests should be desIgned with a partIcular generating

technique In mind , such as using a ship ’s propeller wish, towing a grid,

or other means. Thi s test series would yield conclusive results concerning

the practicality of using a ship generated refractive flow field for open

ocean wave attenuation.

14. Recommendations

-
s Recognizing that the ultimate goal of this study I. to adapt a flow

field generating device or technique to an AGOR-4 type vessel, it Is

j recommended that intermediate testing be considered for Phase II of this

study~ It Is more cost effective to do testing on a smaller scale to prove

certain techniques before proceeding to a full scale system design. There-

J fore , it is recommended that a test series should be conducted using a small

-) boat ( 1  00 ft. ) In the open ocean to obtain basic data which would prove

to a degree , the effectiveness of producing a flow field to attenuate waves 
S

In the open ocean . In addition , thi s series should Include the investigation

of propeflsr generated flow fields and flow fields generated by towing grids

of various configurations. This test ser ies should be based on the results

Li obtained from Savtts ky model tank investigations.

Li
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The test series should be designed to measure the generated flow

S 
field as a function of energy put into the water and the wave energy attenuation

S as a functio n of position in a flow field. This information will result in an

1 ! engineering r eport and data which can be extrapolated to larger vessels such

S as the AGOR -4. With this engineering data , it can be readily determined
.5 

if a flow field can be practically generated for a large vessel In the open S

ocean. If the investigation proves that this approach to open ocean wave
S 

attenuation is practically feasible, a flow field generating device or technique

can be readily designed for adaptation to a larger vessel of the AGOR-4 type.

~ :
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OBJECT I VE AND BACKGROUND S

In accordance with Ocean Science and Eng ineering, Inc. Purchase
Order B 2009, dated 2-25—70, an ana l yt i cal ship motion stuey was carried

out to determin~ the wave frequencies most likely to result in the largest

relatIve motions between the hull of a typica l oceanographic vessel and

- launched/recovered objects which are essentiall y surface followers .

The surface shi p selected for this study was an AGOR-~ type whose

dimensions were specified within the enclosures conta i ned in Ocean Science

and Engineering, Inc. letter BPP/rm, dated 12 February 1970. For the

- . purpose of this study, It was assumed that the craft was head i ng i nto

irregular sea states 3 and 4 and w~s at zero speed. Further, i t was
desi red to compute the relative motions between the shi p and the loca l wave

L I surface at the stern and at the C.G. in addition to the ship heave and p itch

motion about the center of gravity. These calculations were requi red as

Subtask A of ONR Contract No. N-000114-69-C-0256.

COMPUTATIONAL PROCEDURE AND RESULTS

- The ship motion calculations for regular head seas were carried out. .. I
using the computer program procedure descr ibed In Ref -1 . Assuming the

ship—wave system to be linear , the spectrum of ship motions in irregular

head seas of State 3 and 4 were computed usi ng the superposition concept
- 

as Øescrlbed in Ref 2. The follow i ng results are presented in this report.

I. Tablà $ presents the particulars of the oceanographic shi p
- - considered In this study. .

S 2. Table II presents a tabulation of the ship response per unit

wave amplitude as a function of wave length In regular waves.

______ — 5- --
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- . Included In this tabulation are: th. motion of the C.G, (z.)
• . . and phase ang le; the pitch ang le (8.) about the center of

gravity and phase ang le; the motion of the stern relat ive to
S . the local wave surface (Ii,) and phase ang le. - Fi gure 1 des-

-
. 

- 
. cribes the nomenclature for motions and phase ang les used I n

• this report. - -  
-

3. Table I I I  presents the response amp l itude opera tors for z
~ ,.5 -

- h. , and e
~ 

, required for evaluation of ship motion In .5

- -  

- 
irregular seas . 

- -

- 4. - Table IV presents the res ponse amplitude operator for h
CG ‘

- 
. (the relative mot ion between hull and loca l wave surface at ship

- 
- center of gravIty) . These data are also plotted In Fig 5. 

-.

• - 
5. FIgure 2 presents plots of the response amplitude operators

• 

- 

tabulated In Table III.

- 6. Figure 3 presents plots of the wave energy spectrum for sea 
S

-
- 

. - states 3 and 4. These spectra , correspond to the Pierson— 
.5

• - Moskowitz formulation for deep water , fully developed seas 
.5

• : (Ref 3). Inc luded on these p lots are the average wave heIght
- 

- 
5 .‘~~~ (lIT) and wave amplitude C~ , and the si gnificant (1/3 hIghes t) .5

5 
5 

• va lues of H.1. -and Ca 
5

• -
. 7. FIgure 1, presents the motion response spectra for heave of

j .5 
center of gravity; pitch about center of gravity ; and relative

S motion between stern and loca l wave surface at stern . Also
• - Included on Figure li are the statist ica l descri pt ions of motion S

Including the average va lues and si gnificant values (1/3 highest ).

8. FIgure 6 presents the motion response spectra for the relative
motion between hull and loca l wave surface at the ship center of

.5 

5 . gravity. 
- 

S

.5 DISCUSSiON 5

From FIgures Li and 6 It can be seen that the relative mot ion between
hull and loca l wave surface are largest for a sea state Li and are most pro-

nounced for wave frequencies between .7 and 1.4 radIans per second .

- .- 2 -
‘

S ___



.5.5-. _~~~~~~~~~S S~~~~S _ _
~~~~ -~~~

This corresponds to wave lengths between 400 ft and 100 ft. Further,

- 
exc~IudIng roll motions, the relatIve motions between hull and loca l wave

[
~
. surface are smaller at the C.G. position than at the stern position.

-
• 

- It Is also seen that the stern and C.G. motions relative to the local wave

[I  - 
surface are par ticularl y large at a wave frequency of approximately
1.1 radIans per second whIch corresponds to a wave length of 170 ft.

- The relative stern motions th sea state 3 are approximately 80% 
-

less than those in sea State Li but nevertheless exhibit essentially -the

same troublesome wave lengths. - -

The absolute vertica l motions at the center of gravity and absolute

- pitch -mot ions about the center-of grav i ty (Fig 4) are very small for both

sea states. 
5 5 

-

-. 

- 

-
- 
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[j TABLE I

- 

- 

- PARTICULARS OF OCEANOGRAPHIC RESEARCH SHIP 
-

- 
- (Obtained from BuShip Drawing No. AGS 25-800-2068178A) 

S

S - 
.5

- 

- LOA — 208L4” - - 
-

-. 
. 

- 
. 

- 
LBP — )96L0” - 

.5 
- 

-

- - - . - Displacement, Total, — 1 ,350 tons
• - 

S 

- 

Pitch Rad i us of Gyration — b A/Li -

- - LCG 1.9’ aft of StatIon 5 
-

- . SECTION PROPERT IES - 
- .5

Station Beam Draft Section Area Sect. Area Coeff .
- 

. 
- .  0.5 4.101, ft 12.750 ft 32.777 ft2 .626

I -- . 1 8.790 
- 
-13.854 71 .959 .591

- 
2 19.582 13.948 175.306 .642 .5

.5 3 29.458 14.052 292.214 .706
-

- - 
ii 36.125 14.146 388.352 .760:5 1 ~S 5 - 

39.000 lIi.250 - 434.061 .781
6 39.082 14.344 410.637 .733

- S 7 36.688 14.41*8 326.863 .617 . 

-

• 8 31.41*0 14.552 
- 209.199 

- - 
.457 - S

- 

9 20.334 14.61*6 84.429 .283
- 

9.5 11.668 • 3.320 19.400 .500

- 

- 

S - 5 -  

.5

- - 
~~~~~~~~~S 

-

-

.5 

.5. .5 - . 
a. 

. 
.5 .5 -

_
5

_ - 

.5 
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.5 
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5
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•

5 TABLE II  - . -

- SHIP RESPONSE PER UNIT- WAVE AMPLITUDE -
- 

-
- - TO REGULAR WAVES (HEAD SEA DIRECTION) I 

-

- 
- . 

5 5 FOR ZERO SHIP SPEED - 

- 

-

Wave 
- 

- 
- 

_ . C.G. Heave — 
C.G. Pitch Relative Stern Mot ion

Length to a a a

- 
100 ft 1.42 rad/sec .179 ft ~21e.15° .260 _93 •3

0 - 1.05 ft 62.5°
150 1.16 .139 24.90 .63 31,0 1,35 -11,4.7

5 1 
- 

200 1.01 .313 81 .27 1 .00. 20.8 1.37 
- 

—169.2

- 

- 250 .90 .504 
- 89.23 1. 14 14.6 1.15 177.9

300 .82 .637 . 90.9 .98 11.1 .90 \ 168.9

500 .64 - .864 91.1 - ,69 5.5 .39 147.2
- - 

. 800 .50 
- 

.948 90.6 
- 
.1,5 ~~

‘ 3.0 .19 129.9 
-

S ~~ ri1~4~-~ A.’9~ r ~~~~~~~~~ 
5 

- 
5

-. 
. 5 

- 

TABLE I I I  - -

- 
- 

.5 
- SHIP RESPO NSE AMPLITUDE OPERATORS S

- 

- Heave Pitch Relative Stern Moti on

S Length to (Za/Ca)
2 

•(Oa/Ca)
2 (ha/Ca)

2 

-

S 100 ft 1.1*2 

- 

- .03 .07 deg,~~t
2 

- 

1.10 
5

- 150 1.16 .02 - .40 1.85

200 1.01 .10 - 1.00. 1.87

250 .90 .25 1.30 1.32

300 .82 .1*1 .96 .81

500 - .61* .75 .47 .153

.5 800 .50 .90 .20 . .036
- I . - .5 

5 -

- 

—
S -- 

.5 
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-

_ 

- 

.5 

.5 

.5. .  

- 

.
- 

- 
- 

-
.5 

.5

-
-

- 

-

.
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-
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-
.5 . 

.5 
5 - 

.5

S - - 
- 

- .

r - - 
S - -

~~~~S - . TABLE IV .5

RESPONSE AHPLITUDE OPE RATOR FOR CENTER OF GRAV I TY
S 

- J4OTION RELATIVE TO LOCAL .WAV E SURFACE -

.
5 - 

- 

.5 
. 

- 
5 5 

.5 (hCG/c )2 
-

.5
. 

.
- . .

. 
- 

S - 

0’CG”~a~
2

100 ft. - 1.1*2 red/sec. - S .90

-
. ‘- . 150 1.16 .66 - . 

.5

- 200 1.01

- I 250 .90 - .25
300 .82 .13
500 - .64 - - .02
800 .50 . - . • 0 5 ’

- 
.5 

- 5 .5 : - ?

.5 
5 

5 
.5 

—

.5 
.5

— .5. 
- S 

* 
.5

.5 
. 

. 5 . -  
. .5 

-
.
5 

.5

Li - 

- 
• 

5 
.5 

.5 
- 

. 5

. 

.5 - 

- .5 - 

:-
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-

S COORDINATE 5Y~T~ M AND NOTATION TO ORIENT AXES OF SI-lIP
S 5 . IN WAVES

[S i  .5

Cw= WAVE. CELERITY

V = S H I P  SPE ED~~O

~~a.= HEAVE MOTION AMPLITUDE AT C.G.
9~.= PITCH ANGLE AMPLITUDE AT C.G.

WAV ::::

- 
CENTER. OF ~~AV$TY

- ha = HEAVE MOTION hc~ 
= HEAVE MOTION AT C.G.

S i OF STERN RELATIVE. RELATIVE TO LOCAL -

I -j TO WAVE SURFACE. WAVE 5URFACE.

- ADDITIONAL NOTATION
= WAVE CELERITY z.a7 4L~ ,FT/SEC

.5 = WAVE AMPLITUDES FT
L A WAV E LENC~TH , FT

T =WAVE PERIOD) 
S 

SEC - S

0) - FREO.UE.NCY Z~fT.~RADIAP.J5/SEC
- = PHASE ANGLE BETWEEN C.G. AND

WAV E NO DAL POlI.JT, DEG.
ii G O ~ AS SHOWN WJ SKETCH

5 E=SO° FOR WAVE CREST AT CO.
-
~~ £ 170° FOR WAVE THROUGH AT C.G

.5%

- 

5 

.5

.5 
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