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were performad.

1]

{Continues)

21 ABBTRACT SUCUMITY CLABBISICATION

UNCLASSIFIED

10 CiSTRIBUTION. AVAILARILITY OF ARMITRACT

UNCLASE KB CUNLIMITED - SAME a8 ApT & OTic ustns O

23 QFFICE AYMBOL

Code 8841

32 TELEPHMONE NUMBE R
rinciude Vg Coder

(202) 767-1021

220 NAME OF REAPONSIBLE INDIVIOUAL

LR. D, Peltzer

EDITIONOF | JAN 2018 OBBOLETH

DD FORM 1473, 83 APR
SECURITY CLABSIFI“G;A.;‘TC:;N;W EMT

" g AL
ca &

VA

wake characteristics of thess surface vesssls, Both visusl and dimensional analyses ¢+ t iﬁf pirie

ey U gae
sty

bt s ot e it

A P

s et

Lo




-3

SECURITY CLASSIFICATION OF THIS PAGE
e ————

3. DISTRIBUTION/AVAILABILITY OF REPORT

Distribution limited to U.8. Gavernment agencies only; test and evaluation; June 1984,
Other requests for this document must be raferred to the Commanding Officer,
Naval Ressarch Laboratory, Washington, DC 20878,

19, ABI'I‘RAC'I‘ (Continued)

“Z5 The white-water wake length data appeared to collapse, within an order of magnitude, onto four
ditferent ourves. The best of thess curves revealed that the maximum length of the visible white-water
waks was proportional to & ratio of the vessel's speed raised to a power divided by the vessels gropollor
revolutions per second raised to a different power.The equation was Lyy = 13,7 V,1.88/20.33,

“THe aath deattared uo WSie thin a laotor of thres below the ourve,

The width of the turbulent boundary layer and bow wave portions of the overall wake and the length
of the Initlal spreading region and far wake region of the propeller wake all increase as the speed of the

vassel increases. The wake geometry and characteristios of a single class of vessels may exhibit some type
of similarity, -\f-':-, .

SECURITY CLASRIPICATION OF TMIS PAGE

| S S

e e

e - o




CONTENTS
NOMENCLATURE . oo vvvvvteanassronsssstassesassersnnssssonroassees IV
INTRODUCTION ..iciverenennonesansonsosossnsirsnasosrorossenseee 1
BACKGROUND .0 iitieiinaranrnesnonnnesnnsnsssassssnsncossvsries 1

A. Variables Effecting White-Water Generation, Spread, Persistence
mdv‘.ibmty LI I B Y I I Y I IR D NI D TN N R TN B NN RN R N B R BN RO SN SN BN BN I I B B SN NN T W ) 1

RESULTS AND DISCUBSION .....vvvevennnensuonsentniiiivineniseens 9
A. Production of White-Water .......covvnivvvievirarinrnrsnsnioesnss 9
B. Dimensional Analysls .......c i iivieitenvrnecnrrsearsiirissiesi 14
C. White-Water Wake Geometry and Spreading .....ivevvvvovrersnina 19

ACKNOWLEDGMENTS .....vviiviiiiiiniiiiiniiiiiiiiiiiiiiniiinnn 28

REFERENCES ..uivviosorrnnunseroronsnnnsosesesasssasssssnssosass 28

APPENDIX A= Dimensionless Groups ... ..vvvvvetvvivorosassoenssossses 12

APPENDIX B —Dimensional Analysls ........... P -3 ¢

APPENDIXO"‘II\di“du‘ID‘“BGt' ll.llallnll.blllllllll.l!llllol!llcooa

oA o iten For
el
TAR
ounoed

____.--M

A

DEERTLY A Wa) R PR

e s n bhrs e s ———

o - o

oaLeny/

it Qo

A

o adfor

NE TN l(ll

l

1
.

LIS



NOMENCLATURE

ak

| A

Ly

FECgLg

>~
"

b
(]

wave amplitude

wave steepness parameter

vessel's waterline beam
frictional resistance coefficient
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vessel's velocity

width of the white-water wake
vessel's displacement
roughniess allowance

nass density of seawater
propulsive efficiency

absolute viscosity of seawater

kinematic viscosity of smawater
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WHITE-WATER WAKE CHARACTERISTICS OF SURFACE VESSELS

INTRODUCTION

The visible white-water wake generated by a vessel underway is a streak
of foamy, aerated turbulent water. The purpose of thia report is to study the
white~water wake characteristics of vessels by examining aerial photographs of
vessels underway (mainly World War II Navy Ships). Both visual and
dimensional analyses of the available data (whits-~water wake characteristics,
ship parameters) are parformed.

Most of the major research on the structure and physical constitut’»n of
white-water wakas was performed during World War II, and the results ware
presented in a National Dafensa Reseaarch Committee Report .nti;led "Part - IV-
Acoustic Properties of Wakes"[6], Aside from a few more recent .:r ' relevant
reports on the subject of acoustic wakes, the 1946 NDRC report remains the
most comprehensive, authoritative study on ship waknn.' Rather than
summariging the major pointes of interest contained in the NDRC study at this
point in the paper, they will be presented in the paper when they are
applicable to the ongoing discussion.

BACKGROUND

A, Variables Effecting Whice-Water Generation, Spread,
Parsistence and Visibility

There ara numerous vurilblnnciffncting the generation, apread,
persistence and visibility of the white-water wake behind a vessel moving
through the water., They can be grouped such that they fall into three gross
categoriest

1) Method of Detection and/or Observation;

2) Sea and Weather Conditions;

J) Vessel and Vessel Clasa Characteristics.,
The variables contained within these categories will he listed and discussed
presently. S '

There ars many methods that are currently employed tc study, observe
and/or detect the presence of the white-water wake generated by a vessel
moving through thea water. Some of these methods are visual (eye),
photographic (camera), radar (microwave, synthetic aperature) and infared
radiometry. In the praesent study, the eye and photography were the principal

investigative tools used to examine the white-water wake. The quality of a
Manuscript approved March 12, 1984,
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. o
photograph and the amount of relevant visible detail that it contains will
depend upon a variety of factors, some of which are listed below:
u| 1) Weather conditions - sun glitter, haze, fog, clouds, rain -
darknaess;

2) Distance, altitude and angle of the camera relative to

the vessel, task forca or convoy;
3) Camera specifications, settings, lenses and filter . f”“
systems employed;
4) Photographic film - ASA no. (speed), black and whita or
color, amount of contrast, light sensitivity.

Sun glitter from the surface of the ocean, and/or ths pressnce of fog, b e
rain, clouds, or haze in tha atmosphere located between the camsra or ays and '
the surface can render photographic or visual study of the white-watar wake
gensrated by a vessal totally unnluli bacause each of these conditions can o e
hide the rnormally visible wake. Some of these factors had only a minor ’ ;-f
influence on a omall portion of the data. : -

The distance, altitude and angle of the camera (or eys) ralative to thae :
vessel, task force or convoy will greatly influence the resolution and amount s
of visible detail pertaining to the white-water wakes(s) in the photograph.
Photographs that are taken when the camera is directly overhead the suhiect at
altitudes ranging between 500 and 5000 feet contain more accurates and detailed
information than those taken at oblique angles four to six miles away. The
wake geometry will be greatly distorted and the measured values of L. /L,
(white-water wake length/vessel waterline length) will generally be less in
these high altitude, oblique photographs than thoee valuee obtained from the
overhead photographs., Measured values of the white-water wake length ware
obtained from both types of photographs.

When &ll other variables except camera location are equivalent on the
nondimensional plots presented later in the paper, the white-water wake length
data will plot within a maximum (overhead) to minimum (high altitude, oblique) -
range on these plots, The same type of range will be present when the data
values obtained in the foraground of these high altitude photographs are
compared with those measured in the background of the photographs.

The quality and specifications of the camera, lenses, filters and film
that are used to photograph the subject determine the amount and type of

m ek ea aeaimka Al foata A em ek P S UUUE TP S Y -




details that are present in the processed photograph. If the photographic
system was designed properly, the details of interest pertaining to the
subject would have been clearly recorded on the film when the photograph was -
taken. Some problems created by improper design of the photographic system
can be partially corrected with some type of image processing.

A measured value of the visible length of the white-watar wake generated
I e by a vessal underway was the main physical quantity of interest in the prasent
study. The physical end of the visible white~water wake will be defined as
that astern location in the vessal's waka wheare no more visibla foamy patches
can be observed on the water surface. The wake remains thermally visible to
IR detection and there are still many acoustically visible bubbles left in the
waka long past the end of the foamy white-water region [6). Thera is also a
visible deadening of the sea surface in the wake long past the end of the
foamy region. .

!

' Sea and weather conditions will measurably influence the generation,
3 spread, persistence and visibility of the white-water wake. The most
important of thesa influencing variables aras:

gy T

: 1) Sea state - wave height, direction, spectrum;

* 2) Wind velocity and direction;

3) Surface chemictry and condition - presence of surfactants, pollutants,
‘ living organisms (plankton), particulate matter;

* 4) Watar depth.

1@
»

The optimum conditions under which a vessel can be powered through the
water most efficiently are when the water surface is calm (flat), the wind
velocity is negligible and the water depth is much greaater than the vessel's
i draft, Winds, (dead ahead or incident at an angle) vhosa velocity ranges [ ]
} betwasn one and two times the speed of the vasmel, can increase the total
resistance of tha vessel by ten to thirty percent. If high winds are striking
the ship at an angle there can be an additional thcraase in resistance if the
rudder is needed to keep the ship on a straight course. Rough weather and a [ ]
rough high sea state can increase the residuary resistance of the vesssl by as

much as 500 percent., These increases in resistance mandate an accompanying
increase in horsapowar and propeller rps over those values usod to power the

g J

vassel through the water at the same velocity under optimum conditions. The
white-water wake characteristics will be altered by tha presence of strong
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winds and high seas. More production of white-water can be expected because
of the higher rps values. The wake will also dissipate more rapidly (foam
will not persist as long) due to the increased roughness of the surface [9].

The added presence of particulate matter and plankton in the unpper
surface layer of the water has been shown to increase the time that the wake
is acoustically visible, i.e. they increase the lifatime of the smaller
bubbles. They may also contribute to the persistence of the foamy white-
water. Surfactants, diesel oils and other exhaust products dampen the
amplitude of the capillary waves on the surface in the wake. At the present
time it is not known whether thase surfactants and exhaust products will
o!fzct the production and persistance of the foamy white-water.

The residuary resistance of a vessel in shallow water increases up to a
certain critical speed because the wave heights are increased. These
increased wave heights are created by the increased water velocities and
pressures found around the wubmerged hull because the water flow around the
hull is restricted by the shallow depth. After this critical speed, which
depends on the vessel's length and velocity and the depth of ths water, is
reached the increase in shallow water resistance diminishes towards zero and
the vessel may actually encountar lass resistance in shallow watar than in
daep water. The powering raquirements will be increased (or decreased above
the critical velocity) and the white-watar wake characteristics will be
changed. If the vessel is travelling in a canal or river where the water is
restricted laterally, the effacts are further exaggarated. There is also an
accompanying increass in trim and sinkage in shallow or laterally restricted
water, The wave pattern genarated by the vessel changes as the vessel passes
from deep to shallow water.

An important group of variables that will influence the white-water wakae
characteristics fall into the vessel and vessel class characteristics
categories, Thesa variables are:’

1) Vessel dimunaions;

2) Type and shape of the hull;

3) Speed of the vessel;

4) Bow and stern shape;

5) Loading of the vessel;

6) Propulsion system;

«




7) Fouling of the hull;

8) Turning and/or acceleration of the vessel.

The vessels that travel and patrol today's waterways have many different
hull shapes and characteristics that can be grouped into four major categories
according to their method of support in the water,

Asrostatically supported craft are commonly called surface effect ships
(SES), of which air cushion vehicles (ACV) and captured air bubble craft (CAB)
ars two sxamples, These types of craft literally travel on a cushion of air
over the water surface. The speed of these types of craft is presently on the
order of 75 to 100 knots,

Hydrodynamically supportad craft apply the theories of Bernoulli's law
and can ba grouped into two categories: hydrofoils and planing hulls.
Hydrofoil craft can presently attain maximum speeds between 40 and 60 knots
depending upon the size and weight of the vessel. The hull of the hydrofoil
craft is supported clear of the water surface by the hydrodynamic lift of the
surface plercing or submerged foils. Planing hulls can obtain maximum speeds
between 235 and 40 knots. The bottoms are shallow V section surfaces which
give vertical lift and provide directional stability., DPlaning hulls operate
best in flat water. Craft of these type operate at speed to length ratios
greater than 2,0.

Hydrostatically supported displacement craft apply mainly the theory of
Archimedes' law and operate at spesed to length ratios less than 2.0, There
are two categories of displacement craft: the conventional displacement type,
examples of which include fast cargo ships, destroyers, cruisers and aircraft
carriers; and the special displacement types which include catamarans, multi-
hull small waterplane area craft and deep displacement supertanker type
craft, High speed military displacement craft usually rely on some form of
hydrodynamic support (Bernoulli's law) as well as the hydrostatic support,
hence the larger maximum speed to length vatios, up to 2.0. Typical
displacement hulles have maximum speed to length ratios around 1.4, These
hydrostatically supported craft have a maximum speed range between 13 knots
(supertankers) and 36 knots (mlilitary craft).

The final class of displacement vessels are those designed for completely
submerged operation applying the theory of Archimedes' law. When operating

@ .;4 ....__._..A'. . .
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submerged, these bodies of revolution have negligible wave making resistance
and are not influenced by sea and weather conditions. When thase vessels

operate on the surface, they do so very inefficiently.

There were two types of hulls for which data points were available in the
present study. Only conventional monohull displacement type craft and
submersible craft operating on the surface will be considered.

There are five classifications of marine power plants in use in the four *
categories of vessels previously discussed. The type of powar plant used to
propel a certain vessel depends upon many factors, amongz which ineclude the
vassel's size, hull characteristics, speed and mission requirements. FEach of
the five typas of powar plants provides a specific horsepower range and .
oparatas under a different basic thermodynamic cycle.

The steam turbine provides 35,000 to 120,000+ shaft horsepower (SHP)
using the Rankine steam cycle. For gas turbine power plants, the Brayton

cycle is the basic cycle that provides 500 to 40,000 SHP to the vessel. T jj{

Diesel cycle engines provide 25 to 25,000 SHP and can be grouped into low
speed rps (less than 1000 SHP) and high speed rps (greater than 1000 SHP)

engines. Otto cycle engines are the internal combustion reciprocating -

gasoline engines found in smaller craft requiring betwean 10 and 500 SHP, The
aircraft type turbojet engines can provide up to 3500 SHF to a vesaal.

The angle of the shaft(s) connecting the power plant to the propeller(s),
the number and direction of rotation of the propellers, and the
characteristics of the propellers, i.e., rps, diamater, number of hlades,
pitch, fully or partially cavitating, distance between the tips and the
surface, etc., all will influence the white-water wake characteristics.

Fouling of the wetted surfaca by sea growth is dependent upon the
environment that the vessel operates in and the type of antifouling paint used
on the hull, Fouling can increase the frictional resistance by as much as 50
g " 0.0004, was used in the
presant analysis to try and account for the increase in frictional resistance
due to hull fouling.

parcent over the clcan-hhll value. The value, AC

Changes in the loading of the vessel will vary the trim, wetted surface,
displacement and underwater hull form. Insufficient trim by the stern can
result in a decrease in propulsive efficiency because the tips are too close

0.
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to the surface, forcing the blades to draw in air in smcoth water or break the
surface and race in rough seas, Variations in the wetted surface will cause
the frictional resistance to change. The vessels in the present study were
all assumed to be fully loaded.

The design of the hull form will influence the white-watar wake
characteristics, The resistance is predominately frictional for displacement
ships that run at low speed-to-length ratios and in order to keep the wetted
surface small (minimize Cf) the hull shape must be short and full, Wave
making resistance predominates for ships that operate at high speed to length
ratios, so the vessel must be increased in length and fineness to minimize the
wave drag as the spead to length ratio increases. The bow of the vessel must
be designed to aveid slamming, allow the hull to enter ths water smoothly when
pitching and provide a minimal amount of wave making resistance as the hull
moves through the water in both a caim or sustained sea.

A dramatic example of the changes in the white-water wake characteristice
resulting from variations in the underwater hull form at the bow of a vassel
is shown in Figure 1. Two high speed passenger sister ships (L3 = 83.6m),
the Kurenal Maru (top) and the Murasaki Maru, are shown running ahreast at the
same valocity, Vg = 17.6 knots. The Froude number, Fr = Va/(Lwlg)l/z. is
0,316, The Rurenai Maru has a large bulb at the bow whila the Muraski Maru
has a conventional bulb. The width of the Kurenai Maru's white-water wske is

measurably narrower than the Murasaki Maru's wake and there is a noticable

difference in the Kelvin wave patterns, The larger bulb reduced the wave
resistance Ly raducing the wave~breaking or turbulent motion at the bow and

also by smoothing the flow around the bow [10].

The geometry of the hull will influence the size, growth and separation
of the boundary layer as well as the form resistance., Other elements of ship
form that should be considered are th: distributlon of the displacement along
the length (shape of the cross-sectional area curves), shape of the load
waterline and transverse sections, the type of stern (raised counter, transom,
cruiser, etc.) and the midship=section area coefficient,

Turning and acceleration of a vessal will influence the white-water wake
characteristics. As the ship turns, the foam on the curved section of the
path along the outer edge is visually much denser than the straight line
portion lald before the tuwrn. When the ship accelerates on a straight course
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the visual density is again increased, and knuckles of foam are left on the

surface in the wake.

It was assumed that the geometry, strength and persistence of the white-

water waka generated by vessels moving horizontally through the surface of a '
body of water could be ralated by some nondimenseional group of unrelatad .
variables, The following is a brief development of the dimensional analysis ;
procedure that was used to find thoses groups which might collapse thae data ; """" L
onteo a unique curve., The significant variables that were available for the Yo .l
pregsent analysis are listed and defined balow: ' f
1) L, White-water wake length
2) Ly Vessel waterline length o
3) B, Midsection heam at the waterline N
4) D,; Midsection draft '
5) 8§ Wetted surface area
6) V Displacement voluma .
7 Dy Propeller diameter - .!
8) Dp Depth of the propeller tips below the surface .
9 Vv Vessel velocity o
10) = Propeller revolutions per second e
11) EHP Vessel effective horsepower Lo d
12) Ry Total resistance E
13) np Propulsive efficiency
14) g Gravitational ascceleration
15) w Absolute viscosity of seawater - A
16) ¢ Mass dansity of seawater.,

The visible white-water wake lengths were measured directly from

individual aerial photographs of a vessel, convoy or task force. These

photographs wera obtained from the Navy photographic section of the National

Archives in Washington, DC. The speed of the vessel, convoy nr task force was

obtained directly from the photograph description or from the original ships!'

deck logs also available from the Archives.

The total resistance Ry is equal to SSOEHP/Vs and can be broken into two

parts, the frictional resistance Rg and the residuary resistance R., where
Rp = 0.5 (Cf + Cr) pVBZS + The smooth hull frictional resistance coefficient

P S S Lmd et a " sl
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Cf can be calculated using the ITIC model=-ship correlation line, Cf -
0.075/(log gRe - 2)2. The roughness allowance ACf = 0,0004 18 then added to
the smooth hull value to obtain the total rough hull frictional resistance
coefficient. The total resistance was separatad into the frictional and
residuary resistances to try and isolate the unknown comtribution to the
residuary resistance and EHP from the sea state. This was dona bscause the
EHP values available in the present analysis were based on smooth water model
test data obtained from the David Taylor Naval Ship Research and Development
Center (DTNSRDC). The numerical values for the remaining parametars
pertaining to the vessels' dimensions and propulsion system wera also obtained
from DTNSRIC model test data.

The grnvita:ionnl acceleration was sssumed to be constant,
g = 32,2 ft/loc The density, nblolutc viscosity and kinematic viscosity of
sea water were assumed to be conotant. p (59°F) = 1,9905 llugllft3. u(59°F) =
2.5512 x 105 elugs/ ft sec and v(59°F) = 1,2817 x 10 =3 f£t2/sec.

Eighteen major groups of functional relationships ware established by the
dimensional analysis. These groupings are detailed in Appendix A and their
darivation is given in Appendix B.

RESULTS AND DISCUSSION
A. Production of White-Water

There are three major sources that contribute to the production of the
foamy white-water as a displacement ship moves through a body of water. They
are:

1) Breaking or folding over of the bow wave;

2) Entrainment of air into the vessels turbulent hull boundary layer at

the surface;

3) Propeller rotation - drawing in air from the surface, racing in a

rough seaway, cavitation.
Considering all ship classes, othar contributors to the white-water wake are:
4) Aeration of watar under the skirt of an ACV or SES;
$) Hull slap of a planing hull or a displacement hull in a rough seaway;
6) Ventilation of the flow around foils and foil struts on the hydrofoil
craft;
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7) Cavitation of the foil and foil struts on hydrofoil craft;
8) Aeration of the water in and behind a waterjet propulsion system;
9) Wave slap againat a vessel's hull;
10) Kelvin wave breaking;
11) Hull cavitation,
Contributions from each of these sources will depend mainly on the vassel
class and speed,

Figure 2 illustrates the three major sources of white-water production
from displacement type vessals and defines some of the tarminology that will
be used throughout the remainder of the paper. The aerated white-water
created by the bow wave as it folds over is the first visible contrihutor to
the overall white-water wake. The propaller wake can be divided into two
regions, an initial region of high divergence directly hehind the stern called
the initial spreading region and the far wake whare the white-water spraads at
a small angle on the order of one degree. The bow wave white water merges with
the propeller wake in the initial spreading region of the prbpcllor wake,
Adjacent to ths vassel's hull is the turbulent, air entraining boundary
layer. The width of tha turbulent boundary layer white-water region just aft
of the stern is on tha order of one and a half to two times the e-ip's beam.
The boundary layer white-watar also merges with th. propaller wake in the
infitial spreading region.

Figure 3, a photograph of the USS Calahann, DD 638, presents an excellent
example of the turbulent boundary layer entrainment of air along the hull of a
displacement vessel underway. The boundary layer white-water merges into the
initial spreading region of the propeller wake. The visual density of the
boundary layer white-water is much less rhan the visual white-water density in
tha initial spread region. One can also observe breaking (spilling type) of
portions of the divergent Kealvin wave system on the port and starboard sides
of the hull.,

Figure 4 is a close-up photograph of the initiaml spreading region aft of
the USS Augusta, CA 31, traveling at @ ‘isk 2R knots speed. The edges of the
ISR appear to be a breaking wave which loses amplitude as it diverges from the
stern, When the amplitude of the breaking wave becomes negligible, the wake
then starts spreading at a small angle on the order of one degree, In this
far wake region the visual effact is one of painting the sea surface with a
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large white band. The visual density of both the boundary layer and propeller
wakes are equivalent. In the fully loaded condition, the tips of the four
twelve-foot diameter propellers on the Augusta are less than six feet from the
surface of the water which causes the blades to drew in air from the

surface. This drawing=in of air from the surface results in a large
production of foamy turbulent white water in the propellar wake,

Figure 5 is a photograph of the USS Sampson, DD 394, undervay. It is
presented mainly to illustrate breaking (spilling type) divergent Kelvin
waves, shown by arrows superimposed upon the photograph. Waves will break
when the steepness parameter, ak, whare a is the wave amplitude and k is the
wave number, (k = 21 /L, L is the wavelength) is greater than some constant
value., Theoretically this constant was found to be equal to 0.44, and
experimentally the constant was 0.30 or 0.31 [3], a valus significantly less
than the theoretical limit. There irn two major reasons that explain whay the
Kelvin waves in the photograph ars breaking. The first is that enough energy
has been input into the Kalvin wave system by the vassel's movement through
the water to cause the steepness parameter, ak, to be greater than 0,30 or
0.31, which therefore causes the waves to break. The sacond is that the
addition of the Kalvin waves and the random sea state waves causes the
stespness parameter to increase to a value greater than 0.30 or 0.31 and the
wavas then break. Examples of both types of dreaking are prasant in the
photograph, Directly perpendicular to the midsection on ths port and
starboard sides of the Sampson are examples of breaking divergent Kelvin
wavea, On the starboard side of the far wake is an example of a breaking wave
caused by the addition of one of thea divergent Kelvin waves with the random

sea Wwaves.

Figure 6 shows the bow, boundary layer and a portion of tha propeller
wake genarated by the USS Lexington, CV2, during a full power run at

approximately 34 knots. Figure 7 shows the stern and far wake region of the
USS Saratoga, CV3, moving at 22 knots. The fully developed bow wive wake
alongside the Lexington is measurably wider than the propeller wake and
contributes a significant quantity of white-water to the total visible wake.
Both the carriers exhibit similar boundary layer and propeller wakes. The bow
wave alongside the Saratoga is not wider than the propeller wake, as it was on
the lexington, and merges into it. The differences in the width and etrength




»

between the two carrier wakes is related to the difference in speed between

the two vessels.

When the width-to-beam ratios of the initial spreading and far waka
regions of the two carrier wakes are compared with those behind the cruiser
(Figure 4), destroyer (Figure 3) and submarine (Figure 8), one notes that the
carrier wake width-to-beam ratios are generally two to three times smaller
than the others. Ths carriers each have four 14.8 ft diameter propellars, the
cruiser four 12 ft diameter propellers, the submarine two 7.8 £t diameter
propellers and the destroyer two 11,5 ft diameter propallers. The depth of
the propeller tips below tha surface is significantly larger for the carriers,
Dy = 11,3 ft, when compared to the cruiser, Dy = 5.8 ft, destroyer, Dp = 6.3
ft, and submarine, Dy = 5,3 ft, Becauss the carrier's propaller tips are two
times deaper below the surface than the thrae other vessels, they do not draw
significantly large quantities of air in from the surface whereas the three
other vessels' propellers do. The breaking wave at the surface in the ISR
region of the carrier wake is significantly smaller than those produced by the
crusier, destroyer and submarine because the anergy input into the breaking
wava was decreased by the added depth. The proximity of the propallar tips to
the surface is therefors a significant parameter governing the production of
white~water, and the geometry and length of the white-water wake.

Figurs 8 shows a closeup of the bhow, turbulent boundary layer and initial
spreading regions of the wake generated by the submarine USS Barbero, 88 317,
underwvay. Since submarines wers not designed to operate on the surface, they
generate a very pronounced, wide, visible whita-water wake. The bow wave
axtands to a width of one to two ship beams on either side of the hull, The
boundary layer wake is also very wide and pronounced.

The wake genarated by & two-masted sailing vessel under full wind power
is shown in Figure 9. There is a conspicuous absence of white=-water and only
a deadening (flattening) of tha dea surface in the stern wake. There are
basically three contributors of white-water to the visible white-water wake; _
folding over of the bow wave, wave slap on the forward portion of the how and -
air entrainment into the turbulent boundary layer along the vessels hull, The
visible foamy white-water wake generated by the sailing vessel 1is
substantially le¢ss than that generated by a propeller-driven displacement
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vesscl, emphasizing that a majority of the white-water in the wake of a

propeller—driven displacement vessel is produced by the propellers.

Figure 10 presents an aerial view of four PT boats and their foamy white-
water wakes, The white water in the bow wake of the planing hull is produced
by the bow wave folding over, slapping of the hull surface onto the water as
it passes over waves and the asration of the water at the hull water interface
as the hull planes through the water. The bow wake is as strong and
persistent as the screw wake which spreads initially at a large divergent
angle for several boat lengths immediately behind the stern. The initial
spreading region of the propeller wake is again outlined by a breaking wave
which loses amplitude as the distance aft of the stern increases. There is a
region of visually denssr white-water in the center of the propeller wake
whilch parsists (remains visible) longer than the remainder of the wake in the
far wake region. There is a significant difference in the charactar of the
wakes genarated by a planing hull and thoss generated by displacement hullas.

An aerial view of the stern wake and a closeup starboard viaw of the
strut and foil wakes laid by the Tucumcari, PCH 2, a water jet propelled Navy
hydrofoil are showm in Figurec 1l and 12, White-water is genarated by venting
and cavitation of the struts supporting the foils and the foils themselves,
and epray from the struts. The waterjet propulsion system genarates a strong
white=water stern wake due to the violent mixing of the air and water after
the jet is expelled to powar the vessel chrough the water. The water may also
be highly aeratad as it enters the intake scoop into the water jet propulsion
systan, and therefore will bs expelled in that aerated condition. The foam in
the far waka visumlly appears very dense and thera is no observabdle inictial
speading region at the start of the stern waka. For hydrofoils that are
propeller~driven, cavitation of the propellears and the drawing-in of air from
the surface by the propellers are bs the aignificant contributors of white-
water to the stern wake.

A closeup photograph of the white-water wake geanerated by the USNS Hayes,
a multihull catamaran vessel, i® shown in Figure 13. Clearly visible are the
initial spraading regions in the propeller wakes behind each hull, the
turbulent boundary layers aronnd each hull and the bow waves from aach hull.
Each of these sources appears to contributes equal quantities of foamy white-
water to the overall wake.
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The final two examples of wakes generated by different vessels are shown
in Figures 14 and 15, Both are surface effect ships, Figure 14 18 a closeup
photograph of an air cushion vehicle which is supported on a cushion of low
pressure air supplied by ducted intarnal fan and propelled by turbine driven
wvater jets. The second, Figure !5, is a capturad air bubble vehicle which is
supported on a cushion of air scraened at the sides by a rigid sids
structura., The primary sources contributing white-water to the wakes of these
vehicles are aeration of the air-water interface by the fans under the skirt
or bensath the the cushion, tha propulsion system and spray generated as the
skirt or rigid side structure contacts the water.

Tha purpose of this white~water production section was to {llustrate the
white~water production sources and wake geometries that exist for the many
varied ship types and hull configurations found in today's watarways.

B, Dimensional Analysis

In this section tha non-dimensional parameturs that wers formed from the
dimensional snalysis will be used to try and collapse the available data onto
some type of curve. Sixty five complete (1 = 63), and two partial data sets
(66, 67) wara available to be used in the present study. Thay ara listed
balow in Table 1 according to the number of the data points per ship clase in
the numerical order thay will appear on the non-dimensional plots. The actual
individual data sets are listed in Appendix C. The columna containing the
missing data values in sets 66 and 67 have been filled in with the value
+ 100E+01.

Figures 16-19 present examples of four photographs used to obtain the
numerical values of white-water wake length and the class of the vassel
generating the wake for 18 of the 67 data sets. Knowing the speed and vessel
class from the photograph, ona could then obtain the remaining numerical
valuas of the parameters used in the dimensional analysis from DTNSRDC model
test data and numerical calculations.

14




.
-
o
.

Table 1

Ship Data Employed In the White-Water Study

Shi L) Abbreviation Data pt. number(s)
Adrcraft Carrier cv 1-6
Heavy Cruisaer CA 7
Light Cruiser CL 8 - 11
Battleship BB 12 - 13
Destroysr DD 14 - 25
Attack Cargo Ship AKA 26 - 29
Ammunition Ship AR 30
Oller A0 31 - 32
Submarine 88 33 - 38
Infantry landing Craft 1C1 39 - 52
Tank Landing Ship LST 53 - 61
Motor Mineswaapar ms - 62
Submarine Chaser §C 63 - 64
Utility landing Craft 1CU 65
Ferry Boat, Uncatena FER 66 (partial)
German Submarine 88 67 (partial)

Figure 16 shows the white-water and Kelvin wakes behind a 107 £t sud
chaser (SC) underway at 10 knots, 16(1), and 13 knote, 16(2), and a 369 ft
destroyer (DD) under way at 20 knots, 16 (3,4). Figurs 17 shows two different
altitude views of a 400 ft German Narvik class destroyer (DD) moving at an
approximate spead of 23 knots, The cusp line of the Kelvin wake is indicated
by arrows. Figure 18 is a high altitude oblique photograph of Task Force 58.1
underway at an approximate speed of 22.5 knots. Thare ars four ship classas
representad in the photograph; CV, BB, CL, and DD, The loss of datail in this
high altitude, oblique photograph is quite apparent when one compares the
destroyer wakes in the foreground of the photograph with those destroyer wakes
in the background. Figure 19 shows the white-water and Kelvin wakes cenerated
by six 130-foot motor minesweepers (YMS) underway at a speed of 8 knots. The
minesweepers are each towing two paravanes which generate their own white~
water wakes.

The next sixteen figures (20-35) presant the dimensional and
nondimensional plots that are required to summerize the major rasults of the
vhite~water wake study. In each figure, 12 data bands, reprasenting identical

ships at identical speeds, appear. The spread between the individual
numerical values of the points on the Y axis will ba indicated by bared
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vertical lines. The spread between points 1 and 2 (CV) was due solely to the
fact that the secoud carrier in the high altitude, obhligque photograph was in
the background of the photo, whereas the first was in the foreground where the
wake detail was much more visually distinct. The spread between points 8-
11(CL), 12-13(BB), 17-21(DD), 23-24(DD), 26-29(AKA), 31-32(A0), 39-52(LCI) and
53«61(LST) was also due to the fact that in each of the high altitude oblique
photographs of conveys or task forces from which each of the individual data
points were obtained, more white-water wake detail could be observed dehind
the ships in the foreground than those in the background of the photograph.
The ranges between points 34 and 38 (8S at 20 knots), 36 and 37 (S8 at 10
knots) and 16 and 22 (DD at 235 knots), where each data point was obtained from
an individual overhead photograph, could be attributed to variations in the
sea and woather conditions, vessel trim or loading, the presence of
surfactants in the water or differences in the surface chamistry of the

water, Thesas factors can result in the crestion of different amounts of

foam. The quality of the photograph with respect to the resolution of the
white-water wake detail depends upon the type and quality of the camera,
lenses and film, the absence or presence of more or less wake detail, or the
possibility that the numerical value of the speed of the vesssl used in the
calculations could have been in error,

In Figure 20 the lengths of the white-water wakes (L.,) generated by the
67 vessels are plotted versus the vessels' speed (V,). The important feature
to note is that the white-water length increased with speed for all ship
classes. Dats pertaining to the individual ship classes appeared to plot onto
their own unique curves, When the white-water length values are
nondimensionalized by the vessels' displacement to the one-third power (Vl/a).
and again plotted versus the speed in Figure 21, the data again appear to plot
onto individul curves, The data for the vessels with their propeller tips in
close proximity to the surface ((‘I/ZDP) plotted onto curvas whose nuwmarical
values were greatsr than those curves associated with vessels whose propeller
tipe were further from the surface (-1.ODP). This behavior aleo supports the
observation noted in the white-water production section, i.a. that the white-
water wake generated by a vessel whose propeller tips are in close proximity
to the surface is spatially longar, stronger and persists longer in time than
the wake behind a vessel whose propeller tips are further from the surface.
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This is becauvse the amount of air drawn in from the surface by the propeller

rotatior. 1s much greater.

The white-water length over the vessels' displacement to the one-third
powver is plotted versus the vessels' propeller revolutions per second in
Figure 22. Tha length of the visible white-water region for the individual
vessel classes increases with the revolutions per second, a bahaviour
consistent with the velocity versus white-water length plot., More asir is
drawn in from the surface and the propeller cavitation increases as the
propeller revolutione are increased to power the ship at higher velocities,
thereby resulting in the increased wake langth.

The white-water length decreased with an increase in the frictional
coafficient, Cy (decreass in Reynolds number V,L/v), in Figure 23, The data
for esch vessel class appears to plot onto an individual curve, rather than
collapse onto a single curve:. The same type of behavior was exhibited by the

plots of L, ve. Re, Rp and Cp and wa/ Vlla ve. Cgy Cpy Ry and Ry,

The white=water wake length, and the white-wuter wake length non-
dimensionalized by the vessel displacement to the ona-third power are plotted
versus the displacement Reynolds number (Re, = ngllalv ) in Figures 24 and
25, The data showed no aigns of coilapsing onto any single curve, and again
plot onto individual ship class curves. The data for those ship classes with
tip to surface clearances around onas propeller diameter (CV,BB) again fall on
those curves whose numerical values are lass than those vassel classes
(8C,DD,88) with tip to surface clearances around one~half a propeller
diametar. The white-water lengths incresse with Reaynolds numbar,

Figure 26 ahows a plot of the white-water wake length non-dimensionalized

by the displacement to the one~third power versus the displacement Froude
number (Frv-v./(svl/a)llﬁ « The data collapse onto individual ship class
curves and the white-water length ‘incresses with Froude numbar,

The data in the next threa sets of figures {x-y and 1ln-ln plots of the

complate (63) data sets) collapse, within an order of magnitude, onto a single

curve, Two linear curves were drawn such that they formed an upper and lower
boundary that enclosed all the data points. Figures 27 and 28 show the x=y
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and logarithmic plots of wacfvs33/v3 versus cfvs3s3/2Aa3. The equation
describing the upper boundary to the data is:

1, = 0.036C 0+ 128y 0.38450.692,-0.384

The white-water wake length generated by a vessel underway appears to be
related to a product of the vessel's frictional resistance coefficient,
velocity and wetted surface area, sach raised to some individual power.

Figures 29 and 30 show the x~-y and logarithmic plots of wacfv.3sh)3
versus C,V.zslvz. The equation describing the upper boundary to the data is:

Ly, = 0.393c,0+ 727y 0:45450.727, ~0.434, : .,

The white-water wake length is again related to a product of the vessel's -
frictional resistance coefficient, velocity and wetted surface area. Both - '"“‘
this and the previous equation numerically describe the langth of the white= .
water wake aqually well.

Figures 31 and 32 show the x-y and logarithmic plots of Lw"c,v.3sA»3
varsus c,v.33/v2°5n°'5. The squation describing the upper boundary to the
data is!

va - 0‘[.27c£°| 370V.1l 11030- 37% '0.425‘1"00685.

The length of the white-water waka is related to a product of the vessel's
frictional resistance coefficient, velocity, wetted surface area and propeller
revolutions per second, each raisad to an individual power.

The final two figures (33 and 34) plot the ratios wanzlg versus V,n/g - !
and ln[wanzlg] versus 1n{V n/g] for the 67 data sets, The log plot is the
most informative and shows that the data collapse, within a band, onto a
single curve, Tha position of the individual ship class curves on the plots

is not dependent upon the propeller tip to surface clearance. Much of the ¢
spread between the upper and lower straight line boundaries enclosing the data
in this figure, as well as the data in the previous six figures, i1s due to the
loss of wake detail in the background of the high altitude oblique «
photographs, differences in the sea and weather conditions when individual
18
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photographs were taken, differences in the vessels trim or loading, the
presence of surfactants on the surface or differences in the surface chemistry
of the surface water, differences in the rcsolution of wake details because of
differences in the photographic film, camera and lenses used to obtain the
photographs, or the possibility that the speed (and consequently the rps
value) of the vessel(s) might have baen in error. The equations describing
the upper and lower boundary curves are:

upper L = 145.0 v n/g] *5%g/n?
or b, = 13.7 v 1684032
lover L = 47,0V n/g] 1'6ag)n2
or Ly, = 4.4 v.l‘“/no'”.

The lowar curve is a factor of thres less than the upper curve (the data falls
within % 50 percent of a mean curve). The white-water wake length behind a
vessel underway appears to be directly related to a ratio of the vessel's
speed raised to some powver divided by the propeller revolutions par second
raised to a different power. Again it must be stressed that this relationship
is valid only for displacement and submersible vessels oparating on the
surface. 3ased on the available data, one can state with a fair amount of
confidence that for a given displacement ship speed and rpas combination, the
langth of the whita-water wake will not be longer than that length calculated
using the equation '

1'68/n0'32

wa = 13,7 Va

C. White-Watar Wake Geometry and Spreading

The three major contributors of white-water to the foamy wake created by
a displacement vessel moving through the water ara the rotating propellers,
the entrainment of air inte the turbuleant boundary layer along the vessel's
hull and the folding over (breaking) of the bow wave created by the vessal.
These have been discussed praviously. The purpose of this section of the

report is to examine some of the visual and geometric characteristics of the
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bow wave whita-water wake, turbulent boundary layer white-water wake and the

initial spreading and far wake regions of the propeller wake.

A close-up aerial photograph of the bow, boundary layer and initial
spread regions of the white=-water wake genarated by the USS Moale, DD 693,
moving through the water is shown in Figure 35. Figures 36-4] will presant
six high altitude, overhead photographs of the white-water wake geanerated by a
destroyer (four photos are of the Moals) moving at four different speads,
along with a graphical representation of the wake. The horizontal axis of the
graph will represent the location in the wake nondimensionalized by the
ovarall vessel length, starting from the bow whera LHL/LOA = 0 and measuring
aft positive Ly;/Lsys The vertical axis will represent the width of the
various white-water wake ragions nondimensionalized by the overall length of
the vessel, W/Ly,. The centerline of the ship corresponds to the line W/LOA -
0, with positive w/LOA starboard and negative w/LOA to the port,

Figure 36 shows the ovarhead aerial photographic (2500 ft altitude) and
graphical representations of the white-water wake generated by the USS Moale
as it moves through the wataer at 16 knots. Only the propaller wake
contributes significantly to the overall white-water wake at this low speed.
The angle of spread of the white-water in the intial spreading region (ISR) of
the propeller wake is approximately 60 degrees. The length of the ISR is 69
feat or Lyy/Lgy = 0.183. The far wake, aft of the ISR, spreads at an angle of
1.57 degress. The propeller wake has strongly defined adges and a dense core
along the centsrline for a distance of one to two vessel lengths astern.

Further astern, the sdge remains well dafined and the inner wake breaks into
an orderly streaked, foamy pattern.

Figure 37 presents the photographic (2500 ft altitude) and graphic
representations of the white-water wake generated by the Moale at 20 knots
speed. The bow and boundary layear wakes now contribute significant amounts of
white-water to the overall wake, as well as the propeller wake. The initial
angle of spread of the white~-water in the propeller wake is approximately 40
degrees, twenty degrees less than the angle measured when the ship was moving
at 16 knots, The length of the ISR is 138 ft, Ly;/Loy = 0.367, or double that
at 16 knots speed (69 feet, LHL/LOA » 0,183). The far wake spraads at an
angle of 1.0 degrees, compared to 1.57 degrees at 16 knots., The wake again
has strongly defined edges and a dense core for distances up to two vessel
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lengths astern. The edges remain dense and the wake breaks up into an orderly
streaked fonamy pattern further astern.

n Figure 38 shows the wake of a destroyer (in the same vessel class as the
' Moale) as it moves through the water at 20 knots. The quality of the

photograph with regard to the white-water wake details is not nearly as good SR

as the Moale photograph because of the high altitude (15,000 feet) from which L_; .
! ) it was taken, so that the information yielded by this photograph may not be as
. accurate, The far wake spreads at an angle of approximately 1,40 degrees (1.0
degrees, Moale)., The propeller wake spreads initially at an angle of
..pproximately 34 degrees and is approximately 142 feet, LHL/LOA = (0,375 (40 .
degrees, 138 feet, Moale)., These values compared reasonably well with the
Moale values measured at 20 knots. The wake widths at similar astern
locations are slightly smaller than the Moale values. The edge of the far
wake region remaine well defined and visible on the port side significantly -
longer than on the starboard side.

The graphic and photographic (3000 feat) represantations of the white-
water wake generated by the Moale at 25 knots are shown in Figure 39. The
propeller wake spreads initially at an angle of approximately 38 degrees for
231 feet, Lyy/Loy = 0,614 For four ship lengths aft of the ISR, the far wake
spraads at an angle of 1.67 degrees, and furthar astern of that region the far
wake spreads at an angle of 0.65 degrees. It is not clear whether this
difference in the spreading angle of the far wake is a natural occurrence or a 3 L

H
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photographically induced variation because of the distance and angle betwaen

the camera and vessel wake., The dense core and well defined edges are present

in the wake for two to three vessel lengths aft of the ISR, and further aleng

the wake breaks up to form an orderly streaked foamy pattern with visible . L
edges. The bow and boundary layer generated white-water contrihutions are

more significant at 25 knots than they were at 16 and 20 knots.

The graphic and photographic representations of the wake generated by a
German MNarvik-class destroyer moving at 25 knots are shown in Figure 40, The
ISR is 184 feet long, LHL/LOA = 0.45, and spreads at an approximate angle of
38 degrees, the same angle that the ISR of the Moale propeller wake generated

at 25 knots spread at., The far wake then spread at an approximate angle of
1.80 degrees, similar to 1.67 degree spread of the Moale far wake at
comparable astern locations.
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Figure 41, the final in this series of photographic and graphic

representations of individual destroyer wakes, shows the wake generated by the

Moale moving at 33 knots. The propeller wake spreads initially at an

approximate angle of 36 degrees for 311 feet, LHL/LOA = (0,826. The far wake
spreads at an angle of 1.24 degrees. The wake edgaes are defined by a visually
dense line and the inner wake core is completely turbulent (edges and core
mixed thoroughly) for a distance of four to five vessel lengths astern before
the wake starts to break up into the orderly streaky foamy pattarn, The bow
and boundary laver wakes are fully developed, highly visible and contribute a
significant quantity of whita-water to the total wake,

The only significant variable that changed during the analysis of tha
four individual Moale wakes was the speed of the vessel. Any changes in
white-water production and wake geometry can then ba considerad velocity
related, Figure 42 1s a plot of the four Moale wakes generated at 16, 20, 23
and 33 knots, the similar class destroyer wake generated at 20 knots and the
Narvik wake generated at 25 knots superimposed. The plot is presented to help
visualize and summarize the changes in the white-water wake characteristics
that are solely valocity related., The width of the boundary layer, bow and
propellar wakes increased with speed as well as the length of the initial
spreading region of the propellor wake. Except for the initial 60 degrae
angle of spread of the Moale propeller wake region at 16 knots, the remainder
of the propeller wakes spread initially at an angle of about 38 degreas.

Generally the far wakes spread at an angle of about 1.50 degrees.

There appears to be a reasonably constant increase in the width of the
far propeller wake with speed, suggesting the fpossibility that some type of
similarity solution may exist to describe the spread and width of the far wake
generated by a moving destroyer. A simple attempt has beeau made to ascertain
whether a similarity solution may exist. The wake width values were
multiplied by the constant, o

10 V,,=-V "
L0+ ) (X2,
n=2 MAX
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and plotted in Figure 43, Since the velocity to rps ratio is fairly constant
over a wide range of speeds, the wake width values also can he multiplied hy
the constant,

n
10 RPS,,,~RPS_
1.0 + | (——ss .
n=2 MAX

These values arve plotted in Figure 44. Both plots were nearly identical.
Four of the six individual wake plots collapss onto & single curve, with the

- two remaining plots collapsing within plus (Moale at 20 Kt) and minus (DD at

20 Kt) ten percent of the curve. This apparent collapse of the data onto a
single curve stengthans the supposition that some type of similarity solutioen
may indeed exist. A more complete analysis to find the correct formula to
determine the appropriate constant neads to be performed and a larger data set
needs to be examined before pursuing the idea of wake similarity any further.

The graphic and photographic representations of the white-water wake
produced by the USS Saratoga, CV3, moving through the water at 22 knots are
shown in Figure 45. The clearance betwean the carxier's propeller tips and
the water surface is twice that normally found betwsen the Moals's propeller
tips and the water surface. Consaquently the width of the carrier wake is
significantly smaller than the destoyer wake. The carrier's ISR is shorter
and not as easily indentifiable as the destroyer ISR, The far wake spraads at
an approximate angle of 1.48 degrees and the white-water decays much more
quickly than the destroyer whita-water.

The wake produced by the ferry boat, Uncatena, that travels between Woods
Hole and Martha's Vineyard, Mass. at a nominal apeed of 15,5 knots, is shown
in Figure 46. The bow wave and propeller wakes contribute significant
quantities of white-water to the highly structured total wake. The initial
spreading region of the propeller wake is barely visible. The Uncatena's hull
shape is significantly different fhan the Moale's hull shape and the propeller
rpas are six to eight times greater. The diffarences in the wake
characteristice between the Moale and Uncatena are quite evident and can be

directly related to the differences between the two vessels.
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SUMMARY

The major variablas that influence the production, geometry, persistence
and visibility of the foamy white-water wake generated by different classes of
vessels moving in a body of water have been identified and discussed
throughout this report. The white~water wake is an extremely complex
phenomenon, influenced by many variables. A dimensional analysis involving
some of these variables was performed to try and collapse the white-water wake
length data onto a single unique curve. The data appears to collapse onto
curves unique to each vessel class on a majority of the non-dimensional
plots. The propeller tip-to=-surface clearance of esch vessal class seemed to
determine the relative location of the curves on the non-dimensional plots.
Those vessels with minimal tip-to-surface claarance have longar, strongar and
wider white-water wakes than those vessels with significantly deeper
propellers,

The best result obtainad from the dimensional analysis is that the
maximum length of the white-water wake genarated by a vessel undarway is
proportional to a ratio of the vesssel's speed raised to a powar divided by the

vessal's propeller revolutions per second raised to a different power. The

actual equation is
1.68,n0.32

wa- 13.7 V.

The data scattered no more than a factor of three balow this curve. Tha
reasons for this scatter wers discuseed previously. Based on the available
data, one can state with a reasonable amount of confidence that for a given
combination of vessel displacement, vessel spaed and propaller revolutions per
minute, the length of the white-water wake will not be longer than that
calculated using the above equaticn,

Six graphic representations of the high altitude overhead photographs of
six destoyer wakes genaratad at four different speeds have heen superimposed
in ordear tv analyze tha changas in wake characteristice that can be directly
related to changes in the spead of the vesesel. The width of the turbulent
boundary layer, bow wave and propeller wakes all increased with spead as well
as the length of the initial spreading ragion. The propeller wake appears to
spread initially at an angle of 38 degrees, and the far propeller wake spreads
at an avarage angle of approximatley 1.50 degrees. Becausde there appears to
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be a constant increase in the width of the far wake region with speed, a
simple attempt has been made to ascertain whether some type of far wake
similarity may exist. The Bix wake plots appear to collapse onto a single
curve (taking the uncertainty of the data into account). When they are
multiplied by two constants basad on the difference in velocity or rps. The
wake geometry and characteristics of different class vessels may exhibit
similarity by individual vessel class, as did the destroyer data. However,
because of the differsences in hull geometry, hydrodynamiec support and
propulsion systems betwsan vessal classes, it will ba very difficult to
determine whether any type of similarity exists betwaen all vessels.
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Figure 23

Closeup photograph of the turbulent

Wwhite-water wake.
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R-1082(A)
boundary layer
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Figure 4

R-1087(A)
Closeup photograph of the initial spreading region

of the propeller wake.
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Figure 5

R-1088(A)
White=-water production by breaking Kelvin waves,
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Figure 6

.A.

RN W

..
R1089(A)
Overhead view of the white~water wake generated by
the USS Luxiniton during a full power run (134
knots)., ' |
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Figure 7

Overhead view of the white=water
the USS Saratogaea at 22 knots,
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Figure 8 White-water wake generated by a submersible vessel

operating on the surface.
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Figure 9

R-1080(A)
White-water wake generated by a sailing vessel,
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Figure

10

White-water wakes
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R-1089(B)
generated by planing hulls,
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A-1087(C)
Figure 11 Aerial view of the white-water wake generated by

the Tucumcari, a waterjet propelled Navy hydrofotil.
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A-1088(8)
Figure 12 Close-up photograph of the white-water wake

generated by the Tucumcari.
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R-1081(8)
Figure 13 White-water wake generatad by a catamaran vessel,
, the USNS Hayes.
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n.1087(8}
of an Air Cushion Vehicle's

R-1082(8)
a Captured Air Bubble craft's




———

Figure 16

rlblﬂTlFlCM’lOﬂ BY WAKES ' SUBMARINES & SURFACE CRAFT - PLATE V

TR

A-1084(A)
Overhead aerial views of the white~water wakes
generated by a Suh Chaser at 10 and 1% knots (1,2)
and a Destroyar at 20 knote (3,4),
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n-1084
Figure 17 Overhead aerial views of the white-water wake
generated by a German Narvik class destroyer at 28 . q
knots.
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Figure 18 Oblique aerial view of Task Force 58.1 underway at
22,5 knots.,




Figure 19

N-1083(8)
High altitude, overhead view of the white-water
wakes genearated by six Motor Minesweespers.
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R-1080(8)
Figure 35 Closeup aerial photograph of the white-water wake

generated by the USB Moale.
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Figure 236
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R-1087
Photograph and plot of the white-water wake
generated by the USS Moale at 16 knots.
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70 80

9.0

Photograph and plot of the white-water wake
genarated by the USS8 Moale at 20 knots.
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Figure 38 Photograph and plot of the white-water wake

generated by an American destroyer at 20 knots.
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Figure 40 Photograph and plot of the white-water wake

generated by a German Narvik class destroyer a%. 25 »
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Figure 4l Photograph and plot of the white-water wake
generated by the USS Moale at 33 knote. -
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Superposition of the white-water wakes generated by

the Moale at 16,20,2% and 33 knots, the Narvik

clase destroyer at 25 knote and the American
destroyear at 20 knots.
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Figure 43 Superposition of the six destroyer wakes nultiplied

by constants (based on the velocity differences) to
demonstrate the possible existence of a oimilarity
solution for far wake spreading.
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Superposition of the six destroyer wakes multiplied

by constants (based on the propeller rpm differ-

ences) to demonstrate the possible existaence of a

similarity solution for far wake spreading.
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Figure 45 Photograph and plot of the white~-water wake o
generatad by the USL" Saratoga at 22 knots, i
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Appendix A
Dimensionless Groups |

Before listing the eighteen groups of functional relationships, an array
titled L will be defined, where L raprasents any one of the geometric length
scales “‘W.' Bypr D1 S 1/2. a V3 ’ Dp. Dpl. The first of ths eighteen
groups (L. /L], is & function of the following 51 products of individual

LJARRAREE

variables:
1) v.yv Raynolds number
2) Vg/u L Advance ratio
k)] V.zlg L Froude number
4) (gllzm 1".3/2
5 n’Lg S
6) nLip
D Vale o
8 Yyivn
9 V,,al vg
10) nd /g2 ar
11) EHR/V AL = (2550)"1 [Cpv,8/L]
12) Exp/v, P12 - (20 550)~1 [Cp8/L2)
13) Ry/VuL = ()1 [CpV,8/L) p
16) Ry/Vy %12 w (2)7} [cp8/L7) “
15) EHP/un2L3 « (2v550)71 [Cpv,3s/n2Ld)
16) EHP/pniL = (20 550)"! rcqpv,3s/n3Ld) ‘
17) EHP/RpL “ [V /nL]
18) Rp/unL? = ()71 [cpv,25/L2n)
19) EHP/un?L3 = (20 550v)"1 [Cpv, 3s/L2n2] _.
20) Ry/pn?Ld - ()71 [Cqv,28/nLé]
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21)
22)
23)
24)
25)
26)
27)
28)
29)
30)
31)
32)
33)
34)
a3)
36)
an
38)
39)
40)
41)
42)
43)
44)
45)
46)
47)

(Rp2/EHPL 11/2  a
Ry /o L2EHP?) /3
Ry2/u LEHP -
R/ ZLHY2
mp i .
R TEJEeS VT
Re/o 1% -
EHP/u L% -
(eum 2Lp®1/2 .
wppL!/ %Y .
EHPn/V, -
ERPn2/v,% -
—x) .
rpn Ve .
EHBg/u V4 -
BHR /u 2y, -
EHPg /o v,’ -
Reg/u V3 -
Rvpszlp v," -
EHPn/Rqg -
[Rpdn/EHP 11/2
(EHp% 34 cn) V2 -

EHPn“/u 33 -
EHPn’/0g3 -
Rpn 3/ g .

(550)~! [v,/gL)1/2
(550/2)1/2 [cyv,8/L11/2
(s30%/2)1/3 (cp8/12)1/3
(350/2) [CqV,8/L)

(gl D=1 e, 28/ 2)
(27! (cqv,2s)
(330/21/2) (cpl/28Y/2/1)
(2)"! (cqv, 2871

(v 5508) "} [Cpv,38/L2)
(2v3330)=1/2 ey, 811 1/2
(2g3/2 330)=} (eqv,8/L7/2)
(2 350)} [CpSn)

(20 550)"1 {Cpn?/v,2]
(20" [CySn]

()" [Cq8n2/v,2)

(8/2 550) [Cp8/V,]

(v 2550)=1 (cpv, 28]
(r2/2¢ $50) [Cp8/v, %)
(&/2) (Cp8/Y,)

(2/2) [Cy8/V4]

(530)7} (V,n/g)
(3302/2v)1/2 (cp8n)1/2
(2v3/2550)"1 [cqv,38/n1/2)
(530/2}/4) [CpBn2/v,2)1/4
(2v55053) 74 [0y, 8n?]
(2g%550)"} [Cpv,%807)
(2g2)71 [Cpvy28n]
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The second of the groups,

48) Rpnb/gh

49) [Rp%g/EHPY, |1/3
50) (Ry’g2/Enpb )1/7
s1) (EHpYd 4y 7g)1/4

products!

1) [nzysl

2) EHPn/Ryg
3) Vgu/g

4) EMPnd/ug3d

5) EHPn'/pgd
6) RmS/gh
7 Rpndng?
8) nd/gl,

third growp, [Ln/V,),

1) Ln/v,

2) Vyn/g

3) EHPn/Ryg
4) EHPa/uv,3
3) Ryln/EHP
6) EHPn2/pv,3
3 EHml/Z/(nRT3>l/2.
8) Ryn/uv,?
9) Rymn/pv 4
10) Vg% /n

11) EHm 1/4/R 3/ 41/ 2

(2g®)! [cpv, 2808

550(a/ )43 [cy8/v, 113
(550%2/2)1/7 (cqs/v,4)1/7
(2% 7B55°3>-1/4 [cT3v.9s3]1/4.

lL,wnzlsl. is a function of the following eight

(Vgn/g)

©g3)=! [cpv,38n4)
3! (cgv, 38071
84" 1cqv,28n8)
@)™ [opv, 2emd)

is a function of the following eleven products!

[Vgn/g]

(v)~! [Cpsn)
[Vg/nL)

[Cren2/v,?)
v)™! [Cg8n]
(v)~! fcpsn)
[CpSn?/v,2)

[CTSﬂz/V.zl .
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The fourth group, [Im,glv.zl, is a function of the following eleven products:

D Lg/vy?
2) Vgn/g
SEALY
4) EHRgA Vv, -
5) EHRg2/ov,’
6) Ryg/uvy3 .
7 Rpg2ov,® -
8) mup/Ll/ 2/ 2,

9) EHPn/Rqg -
10) (ERPY /gRy4) Y/ 3

11) [Ry'g?/mur%)1/7

fifth group, (L, VeV,

1) VLA

2) Rp/u? .
3) EHRo /u v, -
4) Vy3ivg

S) V.z/\m.

sixth group, [szn/v ],

1) _l_._zn/v

2) V.Z/Vn

3) Rph? .

@A) [Cp8/Y,]

(x2) [Cp8/V,%]

(8/v) [Cp8/v,]

(%) [Cy8/v,%]

[vg/ g1}/ 2)

(Vgn/gl

()3 [egs/v,13/3

(‘2) 1/7 [CTB/V.l'] 177,

is a function of the following five productst

w1 [cpv, 28]
v )1 fegv, 28]

is a function of the following five productst

w27l regv, 2s)

8
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6 [EHPR 350 V2 @ 521 (opy 35/l 2

5) n%/sa
!! The seventh group, [LwWZ/CTS], is a function of the followiag elaven products:
o 1) [Rpd/pL2eHR]1/3  w (L2/Cp8)
. 2) EH&I/“/RTS/l‘nl/z - [cTSnZ/v.Z]l/l‘
| 3) [RT7‘2/EHP6D]1/7 - (82)1/7 [CTB/V.4]1/7 .
. 4) EBHR/V D12 = [Cp8/L2]
) EHPn2/pv,5 = (Cp8n2/V, 2]
: 6) Enrg2/ov,’ = (g2) [Cp8/V,*)
. N em Ay = wH"! [cgv, 28]
B,
i 8) VLR = 1L%/cy8)
9) Rp?/pv,4 = (Cpsn%/V, 2]
i 10) Reg2/ov,8 - (%) (cp8/v, %]
1) Ry ot = vHl [oqv, 28],

The eighth group, [wav/ch.S], is a function of the following elevan

products!

1) EHR/V AL = v)~! [epv,8/L) |

2) EHPn/uv,? « (v)"1 [CpSn] .

3) EHpg/uv,® = (g/V) [CpS/V,]

6) EHm ARy = w3l [epv, 28]

) Vul/Ry « (V)7L [V, 8/L) R

6) EHR 1/2/(nRT3)1/2 - (\J‘I)I/Z[C-rsn]”z

7)  Ryn/uvy? = (v)~1 [CpSn]

8) [EHPd/gRpd) /3w (g3 [ops/y,1Y/3 -
76




b

9)  Ryg/u Vg3 = (g/v) [CpS/Vg] 1
d 10) EHPLu /Rp2 = ()71 (cqv,s/L) » -
B 11) Rpp /u? = v~ [cpv,2s).

The ninth group, [wa3/231/2ﬁv]. i8 a function of the following five products:

ok e .

1y 1242

: 2) vy3vg
3) nd/g? -
4 Rpp? = w3l [cyv, 28]
|
The tenth group, [wasnzv/CTV;3S], is a function of the following five f f
products: .
T
1) EHP/uLin? = )" [Cqvg3s/L3n?) e
1
3) EHPn/uv,d e ()7L [CpSn) ‘
4) ErPné/ug’ = g [eguyend ”
1 -
5) (EmR2 p %] 72« 0732 oqv,ds/ml/2).
The eleventh group, [wasnB/CTV.3S], is a function of the following five : (

products:

1) EHP/pn’L? = [Cqvg35/L5n3) oo
2) mim /Ry 34012 w (opsa?/v, 21/
3) EHPn /pVa = [CrSn A

4) EHPn/og>

(87) [CpVy3sn’] Lo
5 (eirh Y2 e 072y epv,dsml/ 2,

(i




The twelfth group, [waznv/CTVQZS], i1s a function of the following five
products:

i
f 1) Ry/Lan = ") (cqyy28/L7n)
I 2) Rp/uv,? = ©71) [Cpsn]
3 Rph? « (v7%) [Cpvy 28]
4) EHPIJ l/zl(nRT3)1/2 - (\)-1/2) [CTSnll/z
, 5) Rm3ug = (8%) 71 [cqv,2503).
- The thirteenth group, [wa4n2/crv.2s1. is a function of the following five
) products!
1) Ry/L4np = [Cq7,25/L42)
2, o4
: 2) R/ eV, = [CpSn2/V 2]
i 3 (zum 4/ 5 % V2] o (oym?/v, 21174
4 Rph? s 07y [cgv 28]
5) Rpnb/g% = (g7%) [CyVy2sn6].
' The fourteenth group, [vgllz LwW3/2/CTVSZS], is a function of the following
five products:
' D Ryailen Y2 e gl 7 e, 28032
2) Ryghv,> = (a/v) [CpS/V,]
3) Rm3ug? = (g% )1 [Cqv,25n3)
’ o [erpdizgryt) M3 o gy l/3 opsyy, 1t
5) R’ - "% e, 2s).

@Y
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The fifteenth group, (wa3g/CTV8281, is a function of the following five

products:

[ J
RIS TR Y

1) Ry/Ldg - (g~1) [cpv,28/L3] T
2) rg?/pv,® = g% 1cy8/v, ")
3) Rpr/gp = (g )[CTV.Sn]
8 R - o7 (e, 28] Lo
n Ry )T . @HVT (epev, 4 Ll

i q

The sixteanth group, [wazgv/crvn3s].'1n a function of the féllowing five
products!

1) el - wm) 7t 1egv Ys/Ld |
2) exeghv® - (8/%) [C,8/V, ) o
b oumte ety g

6 (R 4 Tg) M4 oTp Voo dy %% V4

5 [ewrd/gr ) 13

8
1/3 1/3
g/2) V3 qegsv,) V3,

S 7
‘e
E )

The seventeenth group, [wach.sslval. is a function of the following four
products:

1 e i’ w7 1o, s)

2) EHB ALY, v"2) 16,9, %1

1/2 1/2l

1) [EHP% 2/ °n] - w72 [ch'3Sn

1/4 (v7g) -l/Q[CT3v.983] 1/4. ? | A

4) [p 41!:14193./u 78]

19




The eighteenth group, [wa7/283/2/CTVsas]’ is a function of the following five

products:

D e1 %25

(8-3/2) [CTV.38/£7/2]
&% [ep8rv )

(87 1egv, %)
o rls¥mm) YT a@d VT e em b V7,

2) errg?pev,’

) 3) EHPn/og’
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Appendix B

Dimensional Analysis

It was assumed that the length of the white-water wake generated by a
vassel moving through the surface of a body of watar could be related by some
nondimensional product of unrelated variables.
were available for the present analysis are listed and defined balow
(foot/pound/second system).

D Ly
2) Ly
N By
4) Dy
5) 8
6)

N b
8) Dp
9 v,
10) n
11) EHP
12) Ryp
13) n
14) g
15) u
16) o

White-water wake length

Vassal waterline length

Vessel waterline beam

Midsection draft

Wetted surface area

Displacement volume

Propeller diametaer

Propaller tip to surface clearance
Vessal Velocity

Propellar ravolutions per second
Vessel effactive horsepower
Total resistance

Propulsive efficiency
Gravitational acceleration
Absolute viscosity of seawater
Mass density of sgsawater

The significant variables that

(L)
(L)

(L)

(L)

(1?)
(Ld)

(L)

(L)
(L/T)
(/T
(ML2/13)
(ML/T2)

(L/T2)
(M/LT)
/13y

The complete dimensional analysis procedures will ba outlined throughout
the remainder of this Appendix. The variablas Lwl' Bwl’ le' 81/2. v1/3 ' Dp
and Dp will be represented by L in the analysis.
that will be used are mass (M), length (L) and time (T). The maximum number
of individual dimensionless parameters that could be formed with the given
variables are listed below,
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b,

1) EHP V, n L

a b c
w273 ety 1Y) L. 010r°
a = 0 b = =] c = |
[.I_..n/v.] Dimensionless group 1

2) EHP V, g L

a b c
273 (el ert?y b e w001
a = 0 b = =2 e = 1

[_I_.._ glv.zl Dimensionless group 2

3) EHP Vo u L _
b c

a
i3 ety ettty L oe w0101°
a = =] b = 2 e = ]
(V.zu L /ERP) Dimensionless group 3
or -1
(2v 550) [CT V. S/E]
4) EHP Vv, Lop
a b ¢ NS
T RNt B I AN R s N . _j
am ~] b w3 ¢ = 2 ffj ~
[V. p EZ/EHP] Dimensionless group 4
or -1 2 |
(2¢550)) " e, 8/L°] I
5) Rp V, n L uﬁn‘u 1
6) Rp Vg 8 L sane as 2 e
.
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.‘

i.-l

Ry Vyu L

2t
[MLT ] [LT ) (ML T ] L =20
a8 = =1 b ] c =]
[V. u E/RT] dimensionlass group 7

or -l
(2v) " (C,y 8 V /L]

8) Rp Vg Lo

& b
TIC RS IR L. 2t I TR AL &
e m-l ba2 c¢o=2

[V.2 p EZIRT] Dimensionless group 8

=1 2
(2) [C.r 8/L")
9w Vv, nl same as !
10) uVg g L same as 2
1) Ve o L
a b c
nu”irtdy el ) L. 001
a = =] b =1 e w ]
[V. p L/n] Dimensionless group 11
or

[V. _[.-_/‘1] Reynolds number

12) p Vo0 L same as 1l

13) p V, L g same as 2

14) EHP L n g
u27-3)" [1]° [1711° Lr-? @ woLoqe
¢ =0 bw-l coe= =2

[g/nzl._] Dimensionless group 14

i
Lﬁmﬂ

]
' - {-.4‘
.4
R |
R |




=
3 .
\'.
;
-
.
3
v .
n
-
a
\
b

15) EHP L n u

a b c
AL A T C B IR Tt B R A
a = «] b =3 ¢ = 2
2.3

(un L /EHP] Dimensionless group 1§
or
(350" 1o, v s/n’L’)

16) EHP L n o

a b c
mlr=3) ) rTh wet? e 001

am =1 bwl ¢ =}

e n3 ES/EHP] Dimensionless group 16
or

(2¢530) "' fc, V.38/n3 L%)

a b c
mer™?) (e 17l me?rt? e w01
a = =] b e =] g = =]
[El-ll?/lt.,r L n) Dimensionlaess group 17
or -1
(550) [V./n L]
18) Ry L n g same as 14

19) Ry L n u

-2 LR B T 0.0
(MLT “} (L] (1" '] ML T e M°1°T

a = =] b=2 ¢=]]

[u Ezn/RT] Dimeneionless group 19
or
-1 2 2
(2v) [C.r Vn 8/L n]
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20) w L n EHP

a b o] .
el e T ome?rt? - w0
aw -1l bw =3 ¢=m =2
IEHP/uﬁanzl Dimensionless group 20
or

<zvsso)'1[cT v.sslkanzl

21) w Lng same as 1l
22) w L np
a b (3
TRkt SRR T AN T S R R AL P
aw =]l Hhew2 ¢ =)
[p n Ezlu] Dimensionless group 22
or
-1 2
(v) " [alLl]
23) p L' n Ry
a b C
L™ (e (Tl MerT? e w001
a4 =]l bm=f ¢cw =2
[RT/p n2 &41 Dimensionless group 23
or
-] 2 2 4
(2) [CT Vu S/n L)
26) o Lng Same as 14
25) EHP L g Rp
a b ¢

e2173) (L) qrt?y owmrt? - voor®

a8 = =1 b= 1/2 cm™}i/2
[RT Ellz 31/2 /EHP] Dimensnionless group 25
or

<5so)'1[v./(s Lyt/?

]

8t




_.l
\

.

-t

26) EHP L u Ry

a b c .
el o ety owert? - MOLor°

a4 = =1/2 b=« ])/2 ¢==1/2

[R,rz/(ll-lP Lu )]1/2 Dimensionless group 26
or
(sso/2) ' ? 1o v s/nitl?

27) EHP L o R,

a b e
[MLZT'31 (L) [ML-al MLT "2
a=-2/3 bwm2/3 ¢c==1/3

1/3

- ¥°101°

[RT3/(p 32 EHPZ) )| Dimensionlaess group 27
or (5302/2)1/3 [c'r B/azllls
28) u _I.‘.. R'I‘ EHP
8 b ¢
mu it mert?) w00
a = 1 b = | ¢ = =2
{u l..- EHP/RTZ] Dimansionless Ratio 28
or
(850/2v) [C_ VvV s8/L]
T » -
29} u _L_g RT
a b [
Tkt SR T S RIS % it D % BT A
s = = ] b = = 3/2 c = = 1/2
[RT/(u2 _I_.3 3)1/2] o Dimensionless group 29
or -1
1/2 2 3/2
CTRA RN U VA
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30) uw L Rpop
a b 1 .
R A IR L A R A I R Vs A ot
4 = =2 b =90 c = ]
[RT p/u2] Dimensionless group 30
or
2 ! 2
»
(v ) [CT V. 8]
- 31) p L Ry EHP
a b ¢
3 2 2 =3 0.0._0

(ML) (L] (MLT ‘] ML e ¥O%107
am1/2 bwl ¢cw« 3/2

[91/2 L EHP/Rrs/zl . Dimensionless group 31
or
(ss0r2'?) [ % gt/ %)
32) p L g Ry
a b ¢
L) L (et wert? e W00 .
an =] buw<=3 ¢cma] ;;
[RT/D 33 g) Dimensionless group 32 3ﬁfi
or s 1
-1 2 3 .|
(2g) [CT v, S/L") .
33) uw L g EHP
1 -1t b 2% 2 .3 I
(ML TN () LYy MrfrT? e w0 -
a = =1 b w2 ¢ = <]
[EHP/u 32 gl .o Dimensionless group 33
or
-1 3 2 .!”"fJ
(2¢(3550) g v) [v,”8 ¢ /L"] :
o
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b
34) w L EHP p
» 1 -1 b 2 -3 ° 3
i 2 At S S £ TN £70 At M WS AR Vo A e
o a8 = =~-3/2 bw=]}1/2 ¢c=1/2
. 2 3 1/2
g (p L EHP/ u ") Dimensionless group 34
or
(2¢s50)v ) ~1/2 [c,8 v.3 L) t/2
33) o L g EHP
a b [
) o et w0t
A w el Hhmwa=17/2 ¢cw=3/2
[EHP/p £7/2 33/2] Dimensionless group 35
or -]
(2¢330)5%/3 e, v.ss/n7’21
36) u L go
a b c
Tl SRR NS Y SRR AL AL
a » =] b = 3/2 c = 1/2
(e 33/2 gllz/u] Dimensionless group 36
°F1/2 3/2

CRAr PR A

37) EHP V, n g

a b [
2™ el rtY) wrt? e w00
a =0 b e -1 ¢ = =1

ls/V. n) Dimensionless group 37
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38)

EHP Vs nyu

2 -3 * 1 ° ¢ 1 <1
(MLéT™7) (LTt (T ML T e M0101°
a = =] b = 3 e » =]

(u VISIEHP n) Dimensionless group 38

or

(2(550)\»)'1[0T 8 n]
39) EHP Vg n oo
a b e
me2rd ety et owmm? . 0010
& = =] b =3 C w =2,
(o V'S/EHP nzl Dimensionless group 39
or
-1 2 2
(2¢350)) [y 8 n7/V "]
40) Rp V, n g same as 37
41) RT V' 1
s b [
T R R IR £ X ST € Sk RV Akt L R P L
a = -] b = 2 c = =]
[u V.2/RT n) Dimensionless group 4!
or _,
(2v) [CT 8§ nj
102) RT V. noe
a b ¢
R R C R IR R AL
& m =] b = 4 e n =2
4 2
{p V. /RT n | Dimensionlass group 42
or
-1 2 2
(2) [CT S v /V. ]
43) g Vynop suma as 37
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44) p V.nu

3. ° 1 b 1° 1.-1 0

| (ML™°] (LT ) (T ] MLTTT e MLt
| a = =] b = =2 c = ]

fu n/V.2 p) Dimensionless group 44
- or

2 -
| via/v )
,; 43) g Vg n u same as 3?7
i 46) u v, g EHP
' b [

ity ettty rert? wlet? e 001

e = -] b = =4 c =] .
i (EHP g/u V.A] Dimensionless group 46

or

(g/2 v 330) [¢C, Slv.l

i 47) w V. p EHP b E;:;;
' * ¢ QN
e~ letly ety ety me?rtd . w0r01° SR
aw =2 b = =] c =) {ﬁfﬂj
I (EHP p/u2 V.] Dimensionless group 47 {1_ 4
| or -1
2 2
(2¢s50)v ") [c, v,= sl
- 48) EHP g V, p Lo
a b (]
mer™d ert?) ety omt? e w0101°
a = =1 bw =2 . ¢ =7

(p V.7/EHP 32] Dimensionlesse group 48 Lo

01‘2 4
(g“72¢550)) (c, 8/v "]

- —v——v—‘r‘r'( T Te.
R ‘.
-
1




.

T
1 -1.° 1 ® 2. © -2 o -
ML” TT] (LT ] (LT 4] MLT Y = M%Lo1°
| a = ~] b = -_3 c = 1
o [RT g/u V'al Dimensionless group 49
8 or i

(g/2v) [CT s/v']

» 50) u V. - R.r Same as 30

51y » V. g RT :" !
a b [ . _f'_!
™2 el et wmert? e w010 R

a w -] b = =6 c = 2

[R,r gzlp V.6] Dimensionless group 51
or

2 4
(g /2) ICT S/V. )

52) » V. g M
a b e K

™3y ety et ot oe w00r ;
a=-1 ba==-3 cw=l N
(u g/p V'S] Dimensionless group 52 :~__'
or

-1 3
(vg) [V. 1

53) Rp n g EHP

a b c
ML) 7Yy ety we?rt? e w010r°
a = = P = | e .m =]
{EHP n/RT g] Dimensionless group 53 . |
or -1 .
(550) (v' n/g]

]
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54) Rp n u EHP

a b ¢ .
T R B DL e B T T Ak S SE A
I a = =3/2 b = ~=1/2 ¢ = 1/2
; 1/2 3 1/2
[EHP u /(n RT ) ] Dimensionless group 54
" or
: (550/¢2v)?) [n ¢, T
- 55) u n p EHE
a b c
- el eth et wme?etd e w010r°
. a =~ 5/2 bwawl/2 ¢=3/2
' 23, 5,2
3 [ EHP®p 7 /1 “n) Dimensionless group 55
- or -1
3 (v3/2¢ss0y2)  1e. v 2smt’?
" T s
56)RTHD EHP
a b ¢

ner~?y) ety ety milirt? e w0101°

a = = 5/4 b =~ 2/4 ¢ = 1/4
1/4 . S/4 n1/2

[ EHP o /RT ] Dimensionless group 56 _;
°F , 16 A
550 [cT S n/2v ] g
57) u n g EHP
1 -1 ° P 2. °© 2_-3 oo

ML T (1Tt (LTl Mt - MOt

a = -1 b = 4 ¢ = =3 .

4 3 '
[EHP n /u g ] . Dimensionless group 57
or
-1
(2v(350)g7) (c. v > sn’]
T s L
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58) ¢ n g EHP

-3 ° -1.° 2 ¢ 2 -3
ML”7] (1t )] (LT 4] ML - w0t
a = =] b » 7 c =u =5
[EXP n7/p 351 Dimensionless group S8
or’
s, 7! 3 7
(2¢55)g°) [Cp v,” 8 0]
59) u n g R,r
a b ¢
et Y rt? mert? e W10t
a = =] b = 3 c m =2
[RT n3/u gzl Dimensionless group 59
or -1
2 2 3
(2g°v) [c, s L ]
60) uw nop R,r Sames as 30
6l) p n g RT .
a b ¢ -
e et ) wmert? e WO ]
A=<=l b=6 = =4 |
[RT n6/34 o] Dimensionless group 6l
or
4 "1 2 6
(2g) [Cp 8V, 5~ 0] 4
X |
62) p n g u 1
a b S - ;
L3 el et wetirt! . wOror° . a
a w =] P = 3 c = =2 ?
3,2
(W n /p g 1 Dimensionlesa group 62
or :
2 3 ‘
v/g ) [n’] . e
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63) u g RT EHP

a b c
1

ot et partl it e w01
a = 1/3 b=~ 1/3 c = = 4/3
3 1/3
[ BHP” u/g R, ] Dimensionless group 63
or
sso (g/2v) /% e, sy 1t/3
T s
64) p g EHP RT
a b e
me3) ertd e?rt?) omert? e W00
a = - 1/7 b= 2/7 c = = 6/7
7 2 6 1/7
[R,r g /EHP p] Dimensionless group 64
or
1/7 1/7
2 4
((550)6 g /2) [cT 8/V ]
s
63) v g EHP p
a b e
TRl SLTTRNTY S M T S R Ak PR VLP AP L
a == 17/4 bw « 1/4 e = 3/4
4 3,7 174
[p~ EHP /u  g] Dimensionless group 65
or - 174 1/4
3 3 9 3 3
(€2)7(550)" v  g) (v~ 87 ¢c.7]
[} T
66) u g Rr ] Same us 30
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M sum T Hqﬁ.iqji\ﬁil.q. VM! . T -. - -
o A, L -
@ 2 Y ) iy 3 i e, @, ®;
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Naval Research Laboratory
Technical Library
Research Reports Section

DATE: February 9, 2004

FROM.: Mary Templeman, Code 5596.3

TO: Code 7200 Lee Rickard

C: Tina Smallwood, Code 1221.1/9 ”7// / /ﬁ 7/
SUBJ: Review of NRL Report

Dear Sir/Madam:

Please review NRL Memo Report 5335 for:

Possible Distribution Statement C)’\Mﬁ{, To \Aq
O Possible Change in Classification

Mary Tem?leman

you,
(202)767-3425
marvt@library.nrl.navy.mil

The subject report can be:

IE/ Changed to Distribution A (Unlimited)
O Changed to Classification
O Other:
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