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ABS TRACT

In 1974 the Numerical Naval Ship Hydrodynamics
Program was established at the David W. Taylor Naval
Ship Research and Development Center . The objective
of the program is to develop new numerical methods
which can be used to evaluate those hydrod ynamic per-
formance characteristic s which cannot be satisfac-
tor ily predicted by trad itional methods. In this
repor t, the accomplishments during the first
five—year period (1974—1979) are discussed . During
this initial period , the effort was devoted entirely
to naval ship free— surface problems . Several success-
ful methods have been developed for solving fully
three—dimensional ship—motions , ship—wave—res istance
and local—flow problems using linearized free—surface A
boundary conditions . Numerical methods have also
been developed for unsteady and steady two—dimensional
problems where the exact free— surface conditions are
sat isfied . These new numerical methods are more ac-
curate than the conventional computational methods and
they can be used to analyze several naval free—surface
problems which previously could only be investigated
experimentally. It is concluded that the Numerical
Naval Ship Hydrodynamics Program should include con-
sideration of all areas in naval ship hydrodynamics
where it is believed that the app lica tion of advanced
numerical techniques and computers can result in better
solution techinques.

ADMINISTRATIVE INFORMATION

The preparation and pr inting of this report was sponsored by the

Office of Naval Research (ONR—438) under Program Element 6ll53N , Task Area

RRO140302 and by the Independent Research Program at the David W. Taylor

Naval Ship Research and Development Center (DTNSRDC) under Program Element

6ll52N, Task Area ZR 0230101, and Work Units 1552—018 and 1843—015. The

research referred to in this report has been partly sponsored by the two

above—mentioned sources and partl y by the General Hydrod ynamics Research

Program and the Mathematical Sciences Program at DTNSRDC.

INTRODUCTION

Over the last two decades , there have been impressive advancements in

the development of computational methods for predicting ship—hydrod ynamic
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~C: founance characteristics. Many of these computational tools are now

being used routinely in the design of new naval ships and in impr oving the

hydrod ynamic performance of existing ships. However , these existing tools

have some severe limitations since they are based on theories where drastic

approx imations have been applied in order to reduce the computational

effort. New computational methods with superior accuracy are needed in

order to solve many of today ’s chal lenging ship—des ign problems . It is be—

lieved that many of the ship—hydr odynamic problems can be solved more

effec tively by app lying advanced numerical methods rather than by tradi-

tional analytical methods. Numerical methods are defined as methods which

rely heavily on large—scale numerical computations where the governing

differential equations and boundary conditions or governing integral equa-

tions may be solved directly by ,  for examp le , finite difference , finite

element , spec tral , or panel methods. During the last couple of decades

there has been remarkable progress in the general fields of numerical

aerodynamics and hydrodynamics and numer ical methods are now being used

successfully in solving many practical engineering problems . For examp le ,

sophisticated numer ical methods are pThying a large role in the design of

modern fuel—efficient airplanes.

The David W. Taylor Naval Ship Research and Development Center

(DTNSRDC) recognized the demand for advanced numerical methods to pred ict

the hydr odynamic performance characteristics of naval ships and in 1973 a

report entitled “Recommendations for Advancing the Capability in Numerical

Naval Hydrod ynamics at DTNSRDC” was prepared by Salvesen and Schot (NP

l973).* The Navy supported the recommendations stated in this report and

in July 1974 the Numerical Naval Ship Hydrody namics Pr ogram was es tabl ished

at the DTNSRDC . The objective of the program is to develop new numerical

methods which can be used to evaluate hydr odynamic performance characteris-

tics which cannot be satisfactorily pred icted by traditional methods. The

program has been jointly supported by the Office of Naval Research , the

*Blbl iographic items are listed in alphabetical order at the end of
the report. In the text they are identified by author ’s name and year of
publication with NP (Numerical Program) indicating that the work was sup—
por ted by the Numerical ‘ aval Ship Hydr odynamics Program

.2



Naval Sea Systems Command , and DTNSRDC through its Independent Research

Program . In this report , the progr ess on the research carried out under

this program during the five—year period from July 1974 through July 1979

is discussed .

The f irst five years ’ effort in numerical naval ship hydrod ynamics was

devoted to the reexamina tion of inviscid free—surface problems such as the

problems of ship wave resistance and ship motions in waves . These free—

surface problems have a long history of development using classical analysis

which eschews substantial compu tational effor ts and relies on simp lifying

ship—hull boundary conditions and linearized free—surface conditions .

These classical methods have resulted in several useful computer codes

which are in use today for predicting certain ship—hydrodynamic performance

characteristics. However , the classical computational methods have some

severe limitations which grea tly restrict their app lica tion to naval sh ip

design. For example, the strip theory of ship motions (Salvesen et al.,

1970) which has been in use for several years, is inaccurate at high ship

speeds. In strip theory, the complicated three—dimensional hydrodynam ic

problem of a ship advancing in waves is replaced by a summation of simpli-

fied two—dimensional cross—sectional problems . Furthermore , most of the

analytical/computational methods used for predicting wave resistance (see,

for example, Pien and Strom—Tejsen , 1968) cannot be applied for prediction

of the flow in the immediate neighborhood of the ship hull due to approxi-

mat ions used in satisfying the hull boundary conditions. These theories

are also inadequate for predicting the wave resistance of high—speed naval

ships with transom sterns.

In the next section, where the accomp lishments under the Numerical

Naval Ship Hydrodynamics Program are presented , several new numerical

methods are discussed which have accuracy superior to the classical com-

putational methods. For example , a new three—dimensional numerical method

for pred icting ship motions is now being completed (Chang , NP 1977). In

this method , the comp lete three—d imensional oscillatory ship—mot ion prob-

lem , including all forward—speed effects is solved . The only assumptions

made are that the free—surface boundary condition may be linea r ized , and



the ship—hull boundary condition may be satisfied at the mean position of

the ship. An ongoing evaluation of this new method indicates that it pre-

dicts motions accurately even at very high ship speeds. Furthermore , four

different numerical methods for predicting the local flow (i.e., the flow

in the immed iate vicinity of the ship hull) and the wave resistance of ships

advanc ing in calm water have been developed (Bai, NP 1977d; Dawson, NP 1977;

Chang , NP 1977; and Ohring and Telste, NP 1977). All of these methods

satisfy the exact ship—hull boundary condition and hold promise for ac-

curately pred icting the local flow field . It is expected that these

numerical methods will have many useful app lications since accurate predic-

tion of the local flow is important f or solving many hydrodynamic problems

of naval sh ip design.

Some significant results also have been achieved in solving the com-

plicated nonlinear ship—wave problem . Prior to the start of this Numerical

Program , there existed no solution to the exact potential—flow formulation

of any problem involving the free—surface flow past a partly or fully sub-

merged body. During the last five years, several numerical methods have

been developed , which solve the “exact” nonlinear formulation of two—

dimensional problems pertaining to potential flow past bodies in or below

the free surface. The work on the nonlinear two—dimensional problems is

now in the process of being completed and the experience gained in solving

such nonlinear problems is being applied to the fully three—dimensional

nonlinear ship—wave problem .

The DTNSRDC has also played a major role in foster ing an international

community in numerical ship hydrodynamics. The First Numerical Ship Hydro-

dynamics Conference held in Gaithersburg , Md . in October 1975 was initiated

and organized by the DTNSRDC and the Second Numerical Ship Hydrodynamics

Conference held in Berkeley , Calif. in September 1977 was jointly orga nized

by the University of California and the DTNSRDC . Presently, the DTNSRDC is

organizing a Workshop on Ship Wave Resistance Computations to be held in

November 1979 in Washington , D.C. The purpose of the Workshop is to eva Lu—

ate existing computational methods for predicting the wave resistance and

local flow field of ships.
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When the Numerical Naval Ship Hydrodynamics Program was established

f ive years ago , it was decided initially that the technical area covered

by the program would be restricted to ship—wave problems which could be

solved by potential—flow methods. This concentration of effort during the

initial phase of the program has been very effective. It has resulted in

a signif icant advance of the state—of—the—art of the prediction of ship

hydrodynamics. Also , it has demonstrated that numerical approaches can

have superior advantages over the more traditional methods in solving cer-

tain classes of ship hydrodynamics problems. The initial phase of the

program can now be cons idered largely complete. The program now should

include other problem areas in naval ship hydrodynamics where it can be ex—

pected that the development of advanced numerical methods for the solution

of these problems will succeed and where it has been shown that pure analy-

sis and simplified calculations have failed to give adequate solutions.

It is recommended that all of the following general problem areas in

ship hydrod ynamics should be included in the overall context of numerical

naval sh ip hydr odynamics:

1. Ship wavemaking and v iscous boundary layer interactions.

2. Ship boundary layers and large—scale separated flow , including

vortex shedding .

3. Time—domain large—amplitude ship motions.

4. Nonlinear three—dimensional ship—wave problems.

5. Hydrod ynam ics of ship propulsion.

The application of advanced numerical techniques and computers for

solving the equations of these important naval hydrod ynamics problems

should result in computer—based performance—prediction methods which are

super ior to the current prediction methods. However , this will be a diff i—

cult and challeng ing research effort. In many ship hydrod ynamic problems

the mathematical model is inadequate because the physics of the problem is

poorl y understood . Therefore , a combination of theoretical , experimental,

and numerical research will be needed to achieve successful solution

methods.

5



ACCOMPLI SHMENTS

The main objective of the Numerical Naval Ship Hydrodynamics Program

is to develop effective numerical methods which can be used to predict those

ship hydrod ynamic performance characteristics which cannot be satisfactorily

pred icted by classical methods. The limitations and inaccuracies of the

classical methods , for the ship—wave problem’ chosen during the initial

phase of the Numerical Program , are mainly due to four major assumptions .

Ther e f o r e , the first aim of the Numer ical Program has been to systematically

remove or improve at least some of these four critical assumptions:

1. Small viscous/wave interactions. The interactions between the

viscous effects and the gravity waves are assumed to be small so that

poten tial—flow theory can be used in predicting , for example, ship motions

and wave resistance.

2. Linearization of free—surface condit ions. It is assumed that the

wave slopes of the incoming and the ship—generated waves are sufficiently

small so that the nonlinear free—surface boundary conditions can be re-

placed by the linearized conditions .

3. Hull—form approximation. The exact hull boundary condition is

replaced by some approximate condition and the theories are usually

ca tegor ized accord ing ly. Examp les are thin—ship theory , strip theory , and

slender—bod y th eory.

4. Small amplitude ship mot ions. For ship mo tion problems, it is

assumed that the unsteady body displacements are small so that the hull

boundary condition can be satisfied at the mean position of the ship.

Prior to the start of the Numerical Program , practically all of the

classical methods wh ich wer e used f or pred icting the ship hydrod ynamic

performance characteristics were based on these assumptions. The effort of

the initial phase of the Numerical Program has been concentrated on the

improvement or removal of the last three assumptions.

LINEAR SHIP-WAVE SOLUTIONS

It ~ is decided that in developing the first generation of numerical

~~ methods for solving three—d imensional ship—wave problems , the two 
first6



assumptions cited above should be applied . In other words , potential—flow

theory with linearized free—surface condition should be applied initially .

The effort should be concentrated on improving or removing the last two

assumptions applied to the hull boundary condition.

This decision was made not because viscous interaction effects or non-

linear free—surface effects are less important than the correc t satisfaction

of the hull boundary condition, but because it is much easier to improve

the latter . Furthermore, by satisf ying the exact hull—boundary condition ,

the local flow field can be computed with much better accuracy than by, for

examp le , the conventional thin—ship theory. Accurate predictions of the

local flow field are important in solving many important naval ship design

problems , as, fo r  examp le, bow cavitation , f low separa tion , and inlet/

outlet flows . Accurate information about the local flow field is also a

required input to existing computer codes for pred icting three—dimensional

viscous boundary layers.

Wave Resis tance and Local Flow

The f i r s t  problem which we shall consider is predict ion of the wave

resistance and the local flow field of a ship advancing at constant forward

speed in calm water . Our initial objective has been to develop computa-

tional methods which satisfy the exact hull boundary condition and the

linearized free—surface condition in an ideal fluid . There is good reason

to believe that such an approach will yield accurate local—flow predictions

over most of the hull and also improved wave—resistance predictions .

Four different numerical methods for predicting the wave resistance

and the local flow f ield of a ship advanc ing in calm water have been de-

veloped , all of which satisfy the exact hull boundary condition:

1. The double—model linearization method (Dawson, NP 1977).

2. The Greem ’s function method (Chang , NP 1977).

3. The finite—element method (Bai , NP l977d).

4. The fast direc t matrix solver method (Ohring and Telste , NP 1977).

7



Since detailed descriptions of these methods are included in the Proceed ings

of the Second International Conference on Numerical Ship Hydrodynamics ,

University of Californ ia, Berkeley , September 1977 , we shall d iscuss these

methods only br ief l y here.

In the double—model linearization method of Dawson , the free—surface

boundary condition is linearized with respec t to the double—model velocity

potential. This method is similar to Baba ’s (1977) low—speed method , but

there are distinct and important differ~~ ces between the two methods (see

the discussion by Newman , 1977). /Th~ solution is generated by a source—
density disLLibution o-~ the hMy surface and on the local part of the Un-

disturbed free surface . A typ ical arrangement of the quadrilateral panels

is shown in Figure 1.

Figure 1 — Typical Panel Arrangement (Dawson , NP 1977)

The streamlines along the hull surface ~f a Series- ~O, C8 
0.60 ship

computed by the Dawson numerical method are shown in Figure 2. The upper

part of the figure shows the streamlines for the hull advancing in the

free surface at Froude number , F = 0.35, and the lower part shows the

streamlines for the double model infinite—flow case (F
m 

= 0). he solid

lines numbered 1 through 7 are the computed streamlines , the uppermost

streamline numbered 1 being the wave profile along the hull. The broken

line is the experimentally me~isured wave profile. There is a considerable

difference in the streamline trajectories between the free—surface case

8



STREAML I NES FOR SHIP IN F R E E  SURFACE
(INCLUDING W A V E  EFFECTS )

\ \ —
a / /~

—
~

• •
~

/ ISTILL W A T E R  LINE

STERN VIEW BOW VIEW

STREAMLINES FOR DOUBLE MODEL
(NO WAVE EFFECTS)

STERN VIEW BOW VI EW

Figure  2 — Streamlines on Hull  Surface  of Ser ies 60 Model ,
C
B 

= 0.60 at F~ = 0.35 (Dawson , NP 1979)
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and the double model case. It clearly indicates tha t free—surface effects

are import ii - t for accurate pred ictions of local flow at hull locations

higher than about one—half of t u e ship ’s draf t. The complete evaluation

of the accuracy of these streamlines has not been made , but preliminary

analysis indicates that t hey are reasonable. The ji~ ged nature of the

streamlines shown in Figure 2 is due to the course paneling of the body.

More accurate and smoother streamlines can be obtained by ref ining the

paneling . }luwever , th is will greatly increase the computational expense .

A comparison of wave profiles along the hull surface is presented in

Figure 3 for Froude uurnh& r , F .28. Experimental data together with

0.4 I

— EXPERIMENT —

— — G UI L L OT O N METHOD 1

0 4  I I I
- 10  - 0 6  - 0 2 0.2 0.6 1.0
BOW STERN

2X/ L

Figure 3 — Wave Profile fur Series 60 Model , CB 
0.60 and

F = 0.28 (Dawson, NP 1977)

results obta ined by Guilloton ’s theoretical method and by Dawson ’s

numerical method are shown . The good agreement between the experimental

and the numerical method is encourag ing and is an indication that the

streamlines shown in Figure 2 are also accurate. Thus , Dawson ’s computa-

tional method allows one to trace , apparently for the first time ,

10



reasonably accurate stream lines on surface ships. Adee (1975) has also

presented streamlines for the Series 60 hull including free—surface effec ts ,

but his results seem to be incorrect over the aft pertion of the hull.

The Green ’s func t ion method of Chang (NP 1977) which pred icts the wave

resistance and local flow about a ship is somewhat more traditiona l and

makes use of more anal ytical results. In this method , the free—surface

condition is linear ized about the uniform stream velocity and the body—

boundary condition is satisfied exactly by a distribution of Kelvin wave

sources on the wetted surface of the hull. Again the resulting integral

equation is solved by the panel method . It is believed that Chang ’s and

Dawson ’s methods would g ive practically the same results at high ship

speeds , whereas there may be some noticable differences at low speeds.

Figure 4 shows a comparison of the wave—resistance coefficient of a Wigley

~
c EXPERIMENTS >

MICHELLTH IN. SHIP THEORY
LOW-SPEED THEORY BA BA . 1977 1

- • NUMERICAL METH0 D)DAWSOI .j, Np 1977) —

NUMERICAL METHOD (CHAN G . NP 1977)

U. ‘C’ 0
I- 3 _  -/ / r\o~:,O

2 - (\ / / 0
0 • -

U £f ~~-’ ‘—f~~ / 0

1’ /0
0 \~~

4
~•

1 -  r\ /I~
\ho -

S

o I I I
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FROUDE NUMBER , F~ = U/\ gL

Figure 4 — Compar ison of Calculated and Measured Wave Resistance
of Wigley Darabol ic Form (Baba , 1977)

11



parabolic hull obtained by various methods as a func tion of the Froude

number. Some preliminary numerical results obtained by Dawson and by Chang

are compared in this f igure with experimental data and the wave resistance

results obtained by Michell’s thin—ship theory and by Baba ’s low—speed

theory . The wave resistance computation of i,)awson and Chang agree fairly

well with the experimental data , whereas Baba ’s theory is fairl y accurate

only in the low speed range and the Michell theory only in the high speed

range. Note that the wave resistance as here defined cannot be measured

experimentally. The experimental data given in Figure 4 have been obtained

by subtrac ting the flat p late resistance and an estimated form drag from

the total measured drag. These preliminary results of Dawson and Chang

are very encourag ing and indicate that further development of these com-

putational methods will be rewarding .

The methods of Chang and Dawson first determine the trim and sinkage

of the ship and then solve the flow problem for the actual tn :: and sinkage

condition. Furthermore , In both these methods , the transom—stern body—

bout~dary condition is modeled accuratel y. These are all important factors

in pred icting the wave resistance of high—speed transom—stern ships (F >

0.35). Since these factors are nit considered accurately by the existing

classical methods , and since most naval ships ar e h igh—speed ships with

transom sterns , it is- expected tha t Chang ’s method and Dawson ’s method

will be useful for many naval—ship app lications.

The next two methods for treating the wave—resistance problem make a

clear break with the past and solve the partial differential field equation

by numerical methods. Bai (NP l977d) developed a localized finite—element

method for the flow past a ship in a canal or towing tank. In this method ,

finite—element computations are only performed in a localized domain sur-

round ing the ship,  the doma in D
0 

in Figure Sa. In the other domains ,

and D
2 

in Figure 5a , the veloc it ; potential is represented by a finite sum

of eigenfunctions (or (reen ’s functions) which satisfy the Laplace equation

and the free—surface , wall , and bottom conditions. In this method the ship

is advancing in a c hannel with vertical side walls and a flat bottom ;

12
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Figure 5a — The Three Subdivided Figure Sb - Wave Resistance of a
Fluid Domaims for the Localized Wigley Parabolic Ship in a Canal

Finite—Element Method

Figu r e 5 — Wav e Res istance Computed by Localized
Finite—Element Method (Bai, NP l977d)

however , the method can also be applied to the problem of a ship advanc ing

in open water if the walls and the bottom are placed at a sufficiently

large distance away from the ship although in such a case the computational

expense would be very large.

A typ ical wave resistance obtained by Bai ’s method is shown in

Figure Sb. Bai ’s finite—element method has been used here to investigate

blockage effects due to the finite d imensions of ship—model tanks (Bai,

NP 1978b and NP 1979). A very significant result has been found ; namely ,

that the main difference in the total resistance coefficient measured at

high values of Froude number in a large and a small towing tank is pri-

maril y due to the difference in the wave resistances computed for the two

tanks. As a result of this finding , a new mean—speed correc tion formula

due to blockage has been proposed (Bai, NP l978b).

The fourth method for solving the wave—resistance problem (Ohr ing and

Telste , NP 1977) treats the time dependent problem of a ship which , fo r

example, may be accelerating from rest to some given steady speed . This

method will be discussed in a separate section on Transient Ship—Wave

13



Solutions where we shall see that this method pred icts the steady—state

condition as well as the transient conditions with good accuracy in a

relatively small amount of computer time.

Small Ampl itude Ship Motions

Computer programs which are based on strip theory of ship motions have

been used the last decade for pred icting the motion and sea loads of naval

ships; see, for examp le, Salvesen et al. (1970).* In the strip theorc’, the

three—d imensional ship hydr odynamics problem is rep laced by a summation of

two—d imensiona l sectional problems and the forward—speed effects are only

satisfied approximately. The strip—theory approach gives good results for

heav e, pitch , and roll motions in moderate seas and moderate ship speeds

for most conventiona l hull forms ; however , the method gives inadequate

results for low frequencies , higher ship speeds, local pressure distribu-

tions, and for the sway and yaw motions . The forward speed limitation is

the most severe restriction for naval applications.

Chang (NP 1977) has developed a new three—dimensional numerical method

for pred icting ship motions which selves the comp lete three—dimensional

hydrodynamics problem and satisfies correctly all forward speed effects.

The hy d rod ynamic problem is solved by distributing three—dimensional

oscillaLing Kelvin sources (which satisfy the linearized free—surface

boundary condition) on the wetted hull surface. The strength of these

singularities is obtained by solving the hull boundary condition . It is

assumed tha t the ship motions are small enough that the hull boundary

condition can be satisfied at the mean position of the hull. Some pre—

liminar ; computations of added—mass and damp ing coefficients obtained by

Chang ’s three—d imensional method for a Series 60 model with block coeffi-

cient , CB 
0.70 are shown in Figures 6a and 6b. The added—mass and damping

coefficients , next to the exciting forces , are the most important hydro—

dynamic ingredients needed in pred icting ship motions and wave induced

Loads. Figure 6a shows the added—mass and damp ing coef ficients for pitch

*Ship responses in irregular waves can be computed easily from the
re~~i1ar—wave responses by use of well—established linear superposition
p r r i n e d u r e s .
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me t iona as a junction of frequency of encounter for the Series 60 model at

zero forward speed . Results obtained experimentall y,  by str ip theory and

b’: Chang ’s method are presented in the figure. It can be seen that Chang ’s

three—d imensional numer ical method agrees well with the experimental results

throug :out the frequency range, whereas the strip—theory results onl y

agree veil with the experimental values in the high—frequency range. In

Fi~pire 6b the added—mass coefficients for yaw motions are shown for the

same Series 60 model at zero forvard speed and at forward—speed Froude

number , Fn 
= 0.20. It can be seen in this figure that at zero forward

speed both str ip theory and Chang ’s method have trends similar ‘ o the ex—

nerimental results; whereas, for Froude number F = 0.20, o ni ;  Chang ’s

method shows the same trend as the experimental data. These results and

similar re-jults seem to ind icate that bhang ’s method can predict the hydro—

dynamic coefficients used in predicting ship mo t ions with better ac~~~racy

than the strip theory. A complete evaluation of the ship motions pred icted

by this method is in pracress.

Another advance in the area of ship motions - :as resulted from

Cha pman ’s (NP 1975) numerical work. He has show’ that by applyinp slender—

bod y t:ieor :, the three—dimensional problem of a ~iii p oscillating in the

late ral modes of motion (sway and yaw) can be reduced to a series of

transient unsteady two—d imensional flow problems in the transverse plane.

He developed a finite—d ifference numerical method for solving the resulting

unsteady two—d imensional free—surface flow proble::~ in the cross—flow plane.

For the purpose of evaluating the method , it has been applied to a flat

plate for which expe’imerital and ~tri p-thco r .- results were available.

Figure 7 shows the sway added—mass coeffic ient as a function of frequency

of oscillation for three Froude numbers , F = 0.lc , 0.43, and 0.96. It can
n

be seen tha t the results of Chapman ’s numer ical method agree well with ex—

per iment-., whereas the results of the conventional strip theory do not

agree well with the experimental results. Althoug h Chapman ’s method for

pred ict ing sway and yaw hvdrodynarnic characteristic s makes somewhat more

dro tic approximations than Chang ’s method , it does give satisfactory

16



EXPERIMENTAL NUMERICAL STRIP
DATA METHOD THEORY

- F,, - - - - -

4 0.160

048 0

0.96 0 - - - - -

—1.2 1 I I I I
0 1 2 3 4 0  1 2 3 4 0  1 2 3 4

FREQUENCY

Figure 7 — Flat Plate Sway Added—Mass Coefficients (Chapman, NP 1975)

results with less computational effort. In some cases it may be even more

accurate than Chang ’s (NP 1977) method because Chapman ’s method accounts

for some nonlinear free—surface effects.

Most computationa l methods for predicting the free—surface hydro-

dynamics of air—cushion vehicles (ACV) treat only the case of a constant

pressure distribu tion moving over the water . However , the ambient wave

field and resulting vehicle motions cause the cushion pressure of an ACV

to vary with time. Therefore, Haussling and Van Eseltine (NP 1978) de-

veloped a new method for computing the three—dimensional flow for a moving

time—dependent pressure distribution . This method exploits another numeri-

cal technique in which Fourier series are used to represent the flow field .

Haussling and Van Eseltine have found tha t this method may be applied

successfully to a large variety of unsteady free—surface pressure problems .

For the two—d imensional case, it has been shown analytically that there

17
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exists a critical combination of cushion oscillation frequency and forward

speed for which the resistance becomes inf inite. Haussling and Van Eseltine

showed numerically that for the three—dimensiona l case , upstream waves are

generated at similar critical combinations of frequency and forward speed ;

hosever , the wave resistance remains finite. Figure 8a shows the computed

in—p hase wave elevations generated by a rectangular pressure distribution

advanc ing in calm water with the pressure oscillating at the critical fre-

quency for this particular speed , Fn 
= 0.40. In this figure one clearly

can see the computed upstream waves generated at this critical frequency.

Figure 8b shows the computed in— phase resistance as a function of the fre-

quency of the pressure oscillations for three forward speed ca-hoc (Froude
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Figure 8a — In—Phase Wave Elevations Figure 8b — In—Phase Resistanc e
for  c~ = 0.625 and F = 0.40 for Three Froude Numbersn

F i~~ure 8 — In—Phase Wave Elevations and Resistance for Oscillating
Pressure Distribution (Haussling and Van Eseltine, NP 1978)

number , F = 0.4, 0.5, and 1.0). It can be seen in Figure 8b that at the

cr itical frequency depicted in Figure 8a (w = 0.625 and F = 0.40) the re—

s is tance is large but finite. An important part of the finding of Haussling

and Van Esel t ine is that the increased resistance at the critical frequenc y
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diminishes wi th  increasing Froude numbers.  Therefore , for  hi g h—speed ACV ,

this  cr i t ica l  f requency problem is not as important as may have been be-

lieved prev iously.

There are many practical problems of the motion of a body in or near

the free surface for which the added—mass and damp ing coeff icients may be

approximated by their zero—frequency values. For example, ocean platforms

and buoys usually have extremely low natural response frequenc ies in both

heave and p itch. For such problems Bai (NP 1977b) extended his finite—

element method (Bai, 1972) to predict zero—frequency motion coefficients

of axisyinmetric bodies piercing the free surface. Figure 9 shows computed

results for prolate spheroids. In Figure 9a a schematic diagram of the
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Figure 9a — Schematic Diagram of Figure 9b — Zero—Frequency Added—Mass
Finite—Element Meshes Coefficients

Figure 9 — Added—Mass Coefficients for Prolate Spheroids
(Bai, NP 1977b)

finite—element mesh can be seen and in Figure 9b the zero—frequency p itch

added—mass coeff icients are shown as a function of the prolate spher oid’ s

length—to—width ratio , b/a . Results obtained by the finite—element method

and by strip theory are given in Figure 9b and it can be seen that for
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small values of b/a , there ~1s a considerable differenc e between the added—

mass coefficients predicted by the two methods.

Further app lications of Bai ’s finite—element etilod are the calcula-

tion of the added—mass and damp ing coefficients and the exciting forces OS

a function of frequency of four axisyinmetric ocean platforms (Ba i, NP 1976),

and the investigation of the effec t of finite depth on the zero— and

i n f i n i t e — f r e q u e n c y  added—mass coefficient of bodies oscillating near tank

boundaries (Bai, NP l977c).

Transien t Ship—Wave Solutions

Prior to the start of the Numerical Program no computational methods

existed for predicting the free—surface flow about a ship undergoing un-

steady forward motions. The computer codes existing prior to 1974 for

solv ing ship—wave problems were restricted to cases where the ship has con-

stant speed and/or harmonic motions. Recently, a numerical finite—

d if f e rence scheme was developed by Ohring (NP 1975) which solves the

hydr ody nam ic problem of a ship accelerating along a straight path in a

channel of calm water . A fast direct matrix solver has been used by

Ohring to reduce the computational time involved in solving the Laplace

equation at each gr id point at each time interval. In Ohring ’s method the

body boundary condition is satisfied at the exact body loca tion , and the

free—surface condition is linearized .

Typ ical results using Ohring ’s method for a ship hull accelerating

abruptly from rest to a constant speed are presented in Figures 10, 11,

and 12 (Obr ing and Telste, NP 1977). In Figure 10, the free-surface con-

tours are shown for three time steps (t 0.6, 1.2, and 2.4) generated by

a Wigley parabolic ship hull accelerating from rest at t = 0 to a constant

forward speed of F 0.503. At time t = 2.4 the flow in the immediate
n

neighborhood of the ship hull has almost reached St —state conditions.

Figur e 11 shows , for two differen t cases, the wave resistanc e coefficien t

C
R 
as a func tion of time for the Wigley hull abrup tly accelerating in the

first case from rest to constant speed F = 0.32 and in the second case ,

f rom res t to constant speed F~ 0.45. At the higher sh ip spe ed F
n 

= 0.45,
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the wave resistance approaches the steady—state value rapidly, whereas  at

the  lower speed , F = 0.32, the wave res is tance osci l lates about the  stead y—

state value. Note tha t the dotted lines shown in Figure 11 are the steady—

state wave—resistance c o e f f i c i e n t s  computed by conventional t h i n — s h i p

theory. The results of Ohring and Telste show , in general , that local

stead y — s t a t e  condi t ions are rapidly reached at high Froude numbers values ,

whereas , at low Froude numbers the wave—resistance continues to oscillate

for the time periods investigated . Figure 12 shows the wave prof iles along

the Wigley hu1l for the case of abrupt acceleration from rest to constant

speed , F = 0.385. Results computed by Ohr ing and Telste are shown in

Fi gure 12 at two t ime steps (t = 2.1 and t = 3.9) for which local steady—

state conditions have almost been reached . It can ~e seen in Figure 12

that the unsteady numerical results agree fairly well with the stead y—

state wave—profile predicted by conventional, thin—ship theory (the dotted

line shown in Figure 12). Even though the steady—state wave resistance

and local flow may be accurately pr ed icted by this method , the main objec-

tive of this transient method is not to solve the steady—state problem but

to solve the more general unsteady problems .

Figure 13 shows another interesting problem solved by Ohr ing ’s method:

a surface effect ship (SES) accelera ting from rest. The SES is represented

-7

Figure 13 — Free—Surface Elevations for Accelerating
Surface Effect Ship (Unpubl ished )
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by a pressure distribution between two thin plates. This result seems to

indicate  tha t the f low is nearly two—dimensional  between the two p lates and

that three—d imensional effects dominate the free—surface disturbance only

behind the body. Since these are preliminary results for only one particu-

lar case, no general conclusion should be drawn from this initial investi-

gation with regard to the free—sur ace flow past an SES. But these results

do show the power of these new numer ical methods in obtaining solut ions of

hydrod ynamic problems which were beyond the capability of conventional

methods of analysis.

Ship Maneuvering

At the present t ime, ship maneuvering characteristics cannot be pre-

dicted by any purely computational method . The time—domain computer simu-

lation methods now in use at the DTNSRDC for estimating ship maneuver ing

characteristics utilize several experimentally obtained coefficients.

Ther efo r e, one objective of the Numerical Program has been to develop not

onl y purely computationa l methods for predicting ship maneuvering charac-

teristics , but also to develop numt~rical methods for predicting the hydro—

dynamic coefficients needed for the time—domain simulation of ship

maneuvering .

Haussling and Van Eseltine (NP l976a) have developed a method for

an alyzing the local flow field and the hydrodynamic forces and moments on

an ACV performing any prescribed maneuver in calm water or in some given

sea condition. In this method , the ACV is represen ted by a specified pres-

sure distribution which may be a function of time. The potential flow

probl em is solved in a completely confined fluid doma in so that Fourier

series representation of the potentia l can be used . The final results in-

clude the wave resistance , side force , yawing moment , total power , wave

eleva tions , and local flow field .

Sample results obtained by the method of Haussling and Van Eseltine

are presented in Fi gures 14 and 15. Figure 14 shows the wave contours for

an ACV performing a turn in otherwise calm water , whereas Figure 15 shows

the yawing moment exerted on the ACV and the power expended by the ACV as
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functions of time for the case of an ACV moving over a disturbed sea. It

is anticipated that this numerical method will have many useful app lica-

tions since it treats the very general case of an ACV moving with orbit rar ;

trajectories in a specified sea condition.

The lateral stability characteristics of a body depend pr imaril; on

i ts out l ine, so that a vertical flat plate is a useful model of a maneuver-

ing monohull , strut , or surface effect ship. For th is reason Chapman (NP

1976a) has developed a method for pred icting the flow past vertical yawed

surface pierc ing plates advancing at constant speed . Figure 16 shows the

compu ted free—surface disturbance generated by a yawed p late. The three—

dimensional  problem is solved by appl ying the same slender—body approxima-

t ions as discussed for Chapman ’s (NP 1975) ship—motion work and solving the

resulting two—dimensional initial—value problem by a finite—difference

meth od. Chapman (NP l976a) developed separate numerical methods for linear ,

second—order , and nonlinear f r e e — s u r f a c e  conditions. Results for the side—

force coeffic ient are shown in Figure 17 where , in the upper right corner ,

the grid system for the nonlinear method is shown .
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Chapman (1577) also conducted exper iments in order to evaluate the

accuracy of this method. Figure 18a shows exper imental free—surface eleva-

tion contours for a flat plate with a 5—degree angle of attack advancing

at 6 knots. These free—surface contours were measured by stereographic

photogrammetry. A comparison between experimental and theoretical results

for a longitud inal wave cut is presented in Figure l8b , where it can be

seen that the agreement is good. Chapman ’s results show that the measured

values of side force, yaw moment , and roll moment also agree well with

resul ts  obtained b y his numerical  method.

Large—Ampl itude Ship Motions

In l inear  shi p—motion theories , it is assumed not only tha t the  f r e e —

sur face  condi t ions  can be l inearized , but  also tha t the shi p d i sp lacements
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Figure 18 — Free—Surface Elevations for Yawed Plate (Chapman , 1977)

are small relative to the ship dimensions. The exact body—boundary con-

dition then can be approximated by satisfying it at the mean position of

the hull. However , shi p motions cannot always be assumed to be small. In

fact , they can be on the order of magnitude of the ship dimensions even in

typ ically moderate sea conditions.

Figure 19 shows computed bow mot ions  of a des t royer  hull in head waves

(Salvesen , NP 1978). These results indicate that the bow displacement is

nearly equal to the ship draft for waves with a height—t o—length ratio

HP of only 0.013. Since the maximum value of H/A for nonbreaking waves

is almost  ten times th is  value (Salvesen and von Kerczek , NP l976a), one

may expec t that the assumption of small bow disp lacements is violated

during a large por tion of the ship ’s opera ting life.
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Fi gure 19 — Bow Mot ion of Destroyer Hull in Sinusoidal ~‘.av with
Wavelengt : , A = l.20L, Wave Height , H/A 0.13, and Froude

Number , F = 0.35 (Salvesen , N1~ 1978)

Therefore , another goal of the Numerical Program is to develop new

numer ica l  methods  which can pred ic t lar ~~e amp l i t ude  ship mot ions . This is

a very comp licated nonlinear problem where linearization cannot , in general ,

be applied to the boundary conditions at the hull or at the free surface.

However , if it is assumed tha t the frequency of the ship motions is suffi-

ciently small ,* and that the slope of the inc ident waves is fairl y small ,

then it may be valid to linearize the free—surface conditions even for

large body disp lacements. One must realize though that this low—frequency

assumption will greatly restrict the class of practical ship—motion prob-

lems which can be solved by such methods. But there are many important

ship—motion problem s in which the oscillation frequency is low. Examp 1c:~
are the ship motions in following and quartering seas, roll motions in

beam seas, and p itch and heave in long head waves .

As a start on develop ing such a low—frequency ship—motion theory,

Chapman (NP 1979) has developed a two—dimensiona l, large—amp litude , time-

doma in method with a linearized free—surface condition . A spectr.il repre—

sen t a t i on  of the wave field combined with a source distribution over the

entire bod y, as shown in Figure 20, is used . The wave field is represented

by two ser ies which are both harmonic in space and time. The coefficients

*Note tha t when the frequency io small, th~ slope of the body—
generated waves will also be small.
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INACTIVE SEGMENTS
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_ _ _ _ _ _ _ _ _ _  

SU~~~2CE

SEGMENT S SEGMENT END POINTS
FIXED ON BODY

Fi gure 20 — Body Segments for Large—Amp litude Body—D isplacement
Computations (Chapman, NP 1979)

of thes e serie— , and the strengths of the submerged source segments on the

body are updated at each time step . There are no restric tions with regard

to the body disp lacement other thar~ that the motions must he so slow that

they onl y result in small free—surface disturbances. For examp le , the

upper part of the body (the deck) may become completely submerged . An

app lication of this method is the analysis of capsizing problems .

Figures 21 and 22 show results computed by Chapman for the wedge—

entry problem . In Fi 4ure 21 , the computed pressure distributions on the

wetted -, I l r f a c e  of two wedges with -
~ = 5— and 15—degree apex ang les , re—

-- pec tively, are shown at one time step . Theoretical results for the wedge

w ith ,. -= 0 degree are shown for comparison. Figure 21 shows the effec t of

wedge angle on the pressure. The larger the wedge ang le, the higher the

;~re-~-.Ire along the side of the wedge. The free—surface elevations at

t hree t ime, steps are shown in Fi gure 22 for a wedge with half angle, ~~
-

15 (I€-gr 

NONLINEAR TWO—DI~1ENSIONAI. SOLUTIONI;

A maj r d i f f i c u l t y  in solving ship—wave problems is t h a t  ‘he  f r e e —

surface b ollrldi r ; conditions ar not only nonlinear , but t i l e’ . must  he
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LOCATION ALONG WETTED SURFACE OF WEDGE

Fi~ riro 21 — Pressure Distribution on Wetted Surface of Wedge
Entering Free Surface (Chapma n, NP 1978)

t = 0 4  t= 0 .6 t = 0 8

Figure  22 — Free—Surface Elevations for Wedge Entry,
Half—Ang le , ‘

, = 150 (Chapman , NP 1979)

satisfied at the actual location of the free surface which is a priori un—

known and must be found as part of the solution . Classical analytical

techni ques attempt to overcome this problem by building up perturbation so—

l’ir ions about a known free surface (the uniform stream). Such techn iques

are descr ibed by Salvesen (1969).
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Part of the effort in the Nuroerical Pr~~;ram was devoted to research on

numerical methods jr’ which the nonlinea r implicit equations are solved di-

rectly. This was considered to be an immense task for three—dimensional

problems so that initial efforts were confined to two—dimensional nonlinear

free—surface problems. Hopefully, the exf:erienc e gained from the two—

dirriensional problems would provide a guide to the solution of the three—

d imensional problems.

Steady Body—Wav e Problems

The steady nonlinear problem of uniform flow past a disturbance may

be solved by two approaches: (1) it may be solved in the time domain as

an initial—value problem advancing toward steady—state conditions , and (2)

it may be solved a-~ a steady—state problem in which an assumed free—surface

shape is iterated until the free—surface conditions are satisfied . In this

sect ion we shall discuss first the stead y—state iteration approach. The

initial—value approach will be discussed in the next section on unstead y

problems.

A numerical method has been devsloped which solves the exact non-

linear potential—flow problem for two—dimensional fry d rofoils , and free—

surface pressure distributions advancing at uniform speed in otherwise

undisturbed water of finite depth. The Laplace equation is approximated

by a five-point finite difference equation in a field bounded by an assumed

free—-cirface shape wrr ic h is systematically corrected until the free—surface

conditions are satisfied . The upstream inf inity condition is app lied at a

distance of about one wavelength in front of the body by requiring that the

f low be uniform and have a horizontal free surface there. Because the

problem is steady 1nd because the upstream boundary condition does not

admi t waves propagating upstream , the downstream closure condition is

.~tisf led by simp ly assuming the proper roa~~s flux out of the reg ion at a

finite distance downstream of the disturbance. This downstream closure

condition has been sh., wrl to work well and it has been found to affect the

accuracy of the computations up to a distance of less than half a wave—

length in front of the section where it is app lied . Computations have
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shown tha t  the  downstream cond i t ion  can be app lied as close as onl y one and

one— iatf wavelengths behind the bod y with no discernable effect on the com-

puted forces. Von Kerczek and Salvesen (NP 1974) demonstrated tha t this

iteration scheme converges to a steady solution with per iodic waves down-

stream of the disturbance. Comparisons between the nonlinear numerical

results and second—order perturbation theory show reasonable agreement .

The finite difference grid system and the location of the submerged vortex ,

which was used to simulate a hydrofo il in this case , is schematically shown

in Figure 23. In this first investigation , the results , which were only

for moderatel y steep waves, showed encou rag ing trends and that the method

is effective .

f l I  5 4 3 2 1

Figure 23 — Finite Difference Grid for Submerged Vortex Case
(Salvesen and von Kerczek, NP l976a)

Von Kerczek and Salvesen have used this finite—difference method in

the investigation of several important nonlinear aspects of free—surface

flow past two—d imensional disturbances. They have demonstrated that the

method can solve problems which are highly nonlinear and with wave steep—

messes near that for which waves are observed to break. For most of the

cases inves tigated , they have found good agreement between the numerical

results obtained by solving the complete nonlinear problem and third—order

perturbation theory results. Furthermore , these investigations have shown

tha t for subcritical shallow—water n ow some of the nonlinear free—surface
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effects are very sensitive to depth. In the following paragraphs some

sample results obtained by von Kerczek and Salvesen will be discussed .

Figure 24 shows the wave resistance as a function of vortex circula-

t ion predicted both by the numerical finite—difference method and by first— ,

second- , and third—order perturbation theory (Salvesen and von Kerczek . NP

14 
I

0 NONL I NEAR / / I
12 - NUMERICAL / ~~ / H
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VORTEX STRENGTH

E-i gure 2h — Wa~ e Resistance as a Function of the Strength
of Submerge~1 Vort ex Advancing at Constant Speed

(Salvesen and von KercLek , NP l976a)

1976a). The agreement between third—order theory and numerical results is

remarkable even for the larger vortex strengths where the steepnesses of

the generated waves are close to the breaking limit. The results presented

in Fi gure 24 are for positive vortex circulation. For negative circulation

strengtus , Salvesen and von Kerczek found that the perturbation theory did

not ;I~ ree well with their numerical results. A considerable amount of ex-

perimentation with the numerical rethod and the perturba t ion theory, and
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also evidence obtained from calculations obtained by other investigators

using perturbation theory, led Salvesen and von Kerczek to conclude tha t

numerical results are correct and that the accuracy of perturba t ion theory

is not only a function of wave steepness but also depends on the type of

disturbance.

Salvesen and von Kerczek (NP 1975) have demonstrated that their nu-

merical iteration method pred icts with good accuracy the wave resistance

and the waves genera ted by a hydrofoil moving at a fixed submergence with

uni ferm speed . Figure 25 shows the shape of the foil that was used as a

test case and the finite—difference grid system that was used in their

calculations. A series of experiments in a towing tank was conducted with

this hydrofoil and Figure 26 shows a photograph of one test result. The

~~~~~
su: A

~~~~~~
v A T IoN

1
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Figure 25 — Finite Difference Grid Figure 26 — Experiment for Foil Ad—
System for Submerged Foil vancing at U = 3.38 ft/sec

(Salvesen and von (Salvesen and von Kerczek ,
Kerczek , NP 1975) NP 1975)

free—surface elevations pred icted by linear theory and the numerical method ,

and those obtained experimentally are compared in Figure 27. It is seen

that the numerical results obtained by solving t h e comp lete nonlinear prob—

lem agree well with the experimental results whereas there are larger

33



0_ b - —

o.o~ 

____________________________________

LOCATION
I I

-3.0 -2.0 - 10 0 .1 .0
HORIZONTAL DISTANCE RELATIVE TO TRA I LIN G EDGE OF BO DY (ft)

Figure 27 — Comparison of Experimental, Theoretical, and Numerical
Free—Surface Elevations for Submerged Foil Advanc ing at U = 3.18

ft/sec (Salvesen and von Kerczek, NP 1975)

discrepancies between the linear theory predictions and the experimental

results. Linear theory underpredicts the wave amplitudes and overpredicts

the wavelengths .

The same numerical method has been used to investigate some nonlinear

aspects of subcritical shallow—water flow (Salvesert and von Kerczek, NP

1978). This investigation reveals that some nonlinear free—surface effects

are very sensitive to depth.  For examp le , linear theory predicts  that  the

d i f fe rence  in wavelength for infinite depth and the wavelength for finite

depth equal to half the infinite—depth wavelength is less than one-half of

a percent. However , the fifth—order perturbation results and the results

of von Kerczek and Salvesen’s numerical method given in Figure 28 show

that due to nonlinear effects, this d if f e r ence in waveleng th can be as

large as 5 percent if the waves have a wave—hei gh t—to—waveleng th  ra t io

H/A = 0.10. This is an important result since nonlinear numerical compu-

tations for finite depth are often evaluated by comparing them with

i n f in i t e—dep th  per turbat ion resul ts .
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Figure 28 — Nonlinear Change in Wavelength as a Function of Wave
Height H for Depth—to—Wavelength Ratio 0.50

(Salvesen and von Kerczek, NP 1978)

Figure 29 shows some other important nonlinear finite—depth effects

which were clarif led using the numer ical method of von Kerczek and Salvesen .

In this figure, free—surface elevations computed by Salvesen and von

Kerczek (NP 1978) are presented for steady flow past a vortex with four

d i f f e r e n t  c i rculat ion s t rengths .  The dep th—to—waveleng th  ra t io  is 0, 160

and corresponds to shallow but subcritical flow. The upstream rise in the

free—surface level due to nonlinear blockage effec t is clearly noticeable.

The lowering of the mean depth of the downstream waves can also be seen .

Experimental results obtained by Salvesen and von Kerczek (NP 1978) seem

to verify that this raising and lowering of the free—surface level can be

pred icted to within 15—percent accuracy by Benjamin’s (1970) second—order

theory. For the particular case presented in Figure 29, we note that the

wavelength increases with increasing d isturbance strength. This is oppo—

s i t e  to the deep—water case where the wavelength always decreases with
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Figure 29 — Wave Elevations Computed by Nonlinear Numerical Method
for Submerged Vortex with Different Strengths T Advancing

at Constant Speed in Undisturbed Finite—Depth Water
(Salvesen and von Kerczek , NP 1978)

increasing disturbance strength. These results provide further useful in-

formation concerning the nature of free—surface flow that will be important

to efforts in the numerical modeling of the ship—wave problem .

In a stud y of the nonlinear effects for free—surface pressure dis-

turbances advancing with constant speed on the free surface (i.e., a model

of the ACV),  von Kerczek and Salvesen (NP 1977) show the interesting result

that “the main effects of nonlinearities of the (pressure) problem are due

to changes in the  phasing (increase of the distance) between the front and

rear portion of the local free—surface deflection.” This can clearly be

seen in Figure 30 where free—surface elevations are shown for two values

of the pressure  coef f i c ien t  C = 0.80 and C = 1.60. Here , C = 100 p/pgL.

Note that in this particular case the nonlinear effects are so dominating

tha t the doubl ing of the pressure coe f f i c i en t s  from C 0.8 to C = 1.6
p p

resul ts  in onl y a very  slight increase of the wave heig ht (and hence wave—

resistance) a l thoug h the  amp l i tude of the local dis turbance is almost

exactly doubled .
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Figure 30 — Free—Surface Elevations for  Pressure
Disturbance wi th  C = 0.80 and C = 1.60 andp p

Advancing at F = u/ /j1 = 0.357 with Depth
D/L = 0 .43  (von Kerczek and Salvesen ,

NP 1977)

Probably one of the most important findings of the above cited studies

of two—dimensional nonlinear waves generated by a traveling obstacle is

the fact that third—order perturbation theory agrees fairly well in most

cases with numerical results. In only one case——negative vortex circula-

tion (Salvesen and von Kerczek, NP l976a)—— is the discrepancy substantial

between third—order theory and the numerical results. In all of the other

cases investiga ted , the agreement between the numer ical and third—order

predictions is good even for waves with steepness close to the steepness

for  which waves are observed to break.  Fur thermore , in a recent paper ,

Doctors and Dagan (1979) have compared results obtained by their new third—

order finite—depth per turbation method as well as three other perturbation

methods with the  numer ical resul ts  of von Kerczek and Salvesen (NP 1977) .

For flow past two—d imensional free—surface pressure d is t r ibut ions  the

th i rd—order  per turbat ion  and one of the other per turbat ion theories g ive

satisfactory agreement with the von Kerczek—Salvesen numerical results.

This is very encouraging since the success of perturbation theory for two—

dimensional problem s is an indication tha t a per turbat ion  theory may also

predict  accurately the nonlinear aspects of the comp lete three—dimensional

ship—wave problem . Perturbation methods have many advantages over com-

pletely numerical schemes which satisfy the exact free—surface boundary
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condi t ions . One advantage of the perturbation methods is the much shorter

computation t ime, but probably more important is the fact that all of the

numerical methods includ ing the unsteady methods we shall discuss in the

next section , have severe difficulties with numerical convergence in the

case of very steep waves. We feel , therefore, that a third—order pertur-

bation approach may ultimately be a useful practical solution method for

the nonlinear ship—wave problem .

Unst eady Body—Wav e Problems

A considerable effort has been concentrated on numerical solutions of

the initial—value problem of a two—dimensional body starting from rest with

arbitrary motion. Ideal flu id is assumed and the exact free—surface con-

ditions are satisfied . In the initial—value unsteady problem method one

can obtain solutions for both the transient phase of the body motion and

the steady pha se by letting the time advance to appropriate values.

Haussling, Van Eseltine , and Coleman have developed some efficient numerical

methods f or solving several interesting unsteady nonlinear free—surface

problems. We shall briefly d iscuss these encourag ing results.

The first successful numer ical method developed by Rausslirig and Van

Eseltine (NP 1974) solves the problem of a pressure distribution moving

with unsteady motion over the free surface. A finite—difference method is

used to advance the solution in time while simultaneously solving the

Laplace field equations by a spectral (Fourier series) method . The results

of their method are encourag ing and clearl y show that the waves have the

character of nonlinear Stokes waves with a shortening of the wavelength as

predicted by third—order theory. However , to improve the versatility of

the method , Haussling and Van Eseltine (NP 1975) changed to a finite-

difference method of solving the Laplace equation. With this method they

obtained good agreement with the spectral method.

In a further development of the Haussling—Van Eseltine finite—

difference method of solving unstead y problems, Haussl ing and Coleman (NP

1977) developed a finite—difference technique with boundary—fitted coordi-

nates. This method can be applied to problem s of the unsteady mot ion of
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cy linders on or beneath the free surface and possibly may also be extended

to three—dimensional bodies . For the case of a submerged circular cylinder ,

the time—dependent physical reg ion shown in Figure 31 is transformed into

an H—shaped computation reg ion. Since the geometry of the flow reg ion is

not known in advance, but is part of the solution , the transforma tion must

be computed simultaneously with the flow field at each time step. Some

numerical instability difficulties were encountered with this method , but

they were overcome by a numerical filtering procedure.
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Fi gure  31 — The Boundary—Fit ted  Coordinate System for  the
Translating Cylinder (Haussling and Coleman , NP 1979)

As an example of some results that can be obtained by the Haussling—

Coleman method , Figure 32 shows some free—surface elevations behind a

submerged circular cylinder started from rest at three values of time after

the start of the motions . The results of solving both the nonlinear and

linear problems with the Haussling—Coleman method are given in the fi gur e

which show that the nonlinear free—surface effects may be significant for

this case. As another interesting example of the power of this method

we show an application of this boundary—fitted coordinate-system method to

the problem of a submerged cy linder in swa y motion in F igure  33.
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Haussl ing and Van Esel t ine (NP l976b) have also developed a f i n i t e —

d i f f e r e n c e  method fo r  solving two—dimensional  unstead y planing—bod y

pr .oblems. The shape and loca t ion  of the bod y are speci f ied  and the  t ime-

dependent wetted length is computed . The method has been app lied success-

f u l l y to p laning bodies wi th  both sharp  and smooth t r a i l i n g  ed ges.  The

evolution of the free—surface for a translating body with a smooth trailing

edge is shown in Figure 34. In these computations , the fr ee—surface con-

ditions are linearized; however , the method has been extended (Haussling ,
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Figure 34 — Evolution of Free Surface for Planing Body with Smooth
Tra il ing Edge (Haussling and Van Eseltine, NP l976h)

NP 1979) and used in a study of the nonlinear effects of two—dimensional

stern waves as shown in Figure 35. From this study Haussling concludes

that “ f o r  draft—based Froude numbers (F
m
) less than three the nonlinear

e f f e c t s  can be signif icant .” Present ly a code fo r  solving the three—

dimensiona l t ransom—ste rn  wave problem is being prepared . We expect that

this study will reveal some of the unknown aspects of the flow past transom

sterns. It is very important in solving the wave—resistance problem for
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Figure 35 — Linear and Nonlinear Waves behind a Transom Stern
at  F = 3 and F 4 (Haussling , NP 1979)n n

high— speed ~ransom-stern ships that the conditions at the trailing edge be

-atisfied acc~ir~~ el y. Small errors at the transom can result in error in

the p red ic ted  t r i m  which  may have large effects on the  res i s tance .  We

believe tha t one can achieve accurate modeling of the flow near the transom

~.Lern  using numerical methods.

As already stated , the initia l—value approach is a useful method for

solving sI:eady-s tate nonlinear ship—wave problems. However , most investi—

ga to r s  us ing the initial-value approach have encountered difficulties in

obtaining steady—state conditions with steep nonbreaking waves. Haussling

and h ieman (NI’ 1977) have obtained stead y—state conditions with wave

~teepnesses a p p r o x i m a t e l y  80 percen t  of the  steepness at which waves are

observed to break.  For steeper waves , the i r  method encounters  d i f f i c u l t i e s

vit h regard to numerical stability it such ari early time step that  a wave

t r a i n  has not yet  been developed behind the  f i r s t  wave crest  a f t  of the

bod y. F i gure 16 shows the wave profile obtained by linear theory and the
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~igur e 3/~ — Nonlinear Unstead y Free—Surface Elevat i- n for
Translating Cylinder Compared with Linear Stead y—Stat e

Results (Haussling and Coleman , ~P 1977)

unstead y profile obtained by the nonlinear numerical method of Haussling

and Coleman a t  t he  last t ime s tep  b e f o r e  the  c o m p u t a t i o n s  broke down due

to numerical instability. Haussling and Coleman state that after this

ti.me step , “ f e a t u r e s  develop which  cannot be adequa te l y handled by t i e

numerical scheme.” Whether such features have anything to do with physical

reality has not vet been determined and requires much experimental and

numerical study.

One of the critical problems with the unstead y approach is tha t even

if a steady—state condition with nonbreaking waves exists , an ni.teady

n u m e r i c a l  method may fail because of the presence of wave breaking during

the transient period . Model—tank experiments have shown that there are

— tead y—state conditions with stable nonbreaking waves that can only be

obtained by accelerating the bod y through intermed iate conditions where

wave breaking is p r e s e n t .  Fi gure  37 shows the  r e su l t s  f rom an exper iment

conducted in a 40—foo t tank having a two—by—two—foot cross section (Salvesen

and von i.e rczek , NP 1i76b) . A submerged foil which spanned the width of

the  tank  was used as the  wave genera to r , as shown p r e v i o u s l y  in Fi gure  26 .

The shaded reg ion in Figure 37 ind icates the combined conditions of

foil suhmergen e and speed f o r  which  breaking occurred . The numbers  nex t

to each point in the figure give the maximum slopes measured at the first

cr e . t ~ of unh r ceii waves. The inc eption of wave breaking is affected by the

.~~c e l e ra t i o n  of tHe foil ef re breaking occurs .  The left— and right—ha nd
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Fi gure 37 — Wave Breaking as a Function of Foil Submergence and
Speed (Salvesen and von Kerczek, NP l976b)

parts of the dotted lines in Figure 37, whic h we shall refer to as the

Lwer and upper speed l imi t s  fo r  nonbreaking waves , have been obtained by

two different acceleration pattern ;. For the lower speed limits, the foil

was accelerated very slowly until breaking occurred , whereas for the upper

speed limits , the foil was accelerated rap idly to a speed somewhat higher

than the Limitin g speeds; then after uniform nonbreaking waves had formed

behind the foil, it was slowly decelerated until breaking occurred . Thus,

the breaking conditions were always obtained by approaching them from an

estIbl ish ed stable condition . These experimental results seem to indicate

t ; at  there are steady—state conditions that cannot be obtained by acceler-

ating the body from re4t without wave breaking occurring at intermed iate

stages and , therefore , it seems l ikely tha t any numer ical scheme modeling

such cases would also have to break down at some intermediate time step .
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Th i5 wave—breaking problem may be avo ided by use of any of the follow-

ing initial—value approaches . For the two—dimensional case of a submerged

bod y as investigated by 1-{aussling and Coleman (NT 1977 and NP 1979), one

could , f o r  exa mp le , let the starting condition be the uniform flow past a

deeply—submerged body and then slowly decrease the submergence until the

des ired conditLn is reached . One could also let the starting condition be

the uniiorm flow past an infinitesimally thin bod y, and then sl ou l ; increase

the th ickness of the body. Such an approach would be app licable to bo th

two— and three—d imensional bodies. However , these approaches have the dis-

advantage that the geometry of the problem would change with each time step .

Therefore , a better approach may be to consider the body as a porous med ium .

One would start with uniform flow , going comp letely thr oug h the body and

then , in the tine doma in, change the body—boundary condition so that less

and less f l uid goe s through the bod y until it finally becomes a solid body.

We stress again the belief that initial—value approaches may have the

potential for solving steady ship—wave problems with steep nonlinear waves.

Presently, a study is being performed to demonstrate that the unsteady

approach can advance for a suff iciently long per iod of time so that a uni-

form wave train is formed downstream of the disturbance with steepness

close to the wave—breaking limit. The accuracy of the steep- ave results

obta ined by the unsteady approach will be evaluated by comparing them with

results obtained by steady—state per turbation theory and nonlinear steady—

state numerical methods.

CONCLUDING REMARKS

The research conducted under the Numerical  Naval Ship Hy drod ynamics

Program has yielded numerical methods for solving several ship—wave prob-

lems which could not have been solved five years ago. Nor can they be

solved today by the traditional nonnumerical methods. The problems for

wh ich we mow have successful  potential—flow solution methods can be grouped

into five areas:
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1. The shi p—wave resistance and local flow problem with linearized

~ree-surtace cond~~t ions and cxJct body boundary cond itions; Dawson (NP

1977), Chang ~NP 1977), Bai (NP l977d), Ohr ing and Telste (NP 1977).

2. The full .  th re~ -dim~nsiunal ship motion problem with linearized

free—surf i .e ~ond it ions and the hull boundary condition satisfied at the

mean pos ition; Chang (NP 1977).

3. The ewe ; t nonlinea r two—dimensional steady—st ate body—wave prob—

ion ; Salve sen and von Kerczek (NP 1978).

The exact  nonlinear two-dimensional un-4teady body—wave problem

r — derltel y steep ~aves; Haussline and Coleman (NP 1979).

5 . The large amp l i t u d e  two-dimensional body motion problem with

exact body boundary condition anO linearized free—surface conditions;

~..naprnan (NP 1979).

Si gnificant advances have also been made on several other imp ortant

problems as discussed in the main text. However , only in the above stated

areas can we consider that research is , in general, comp lete and further

refinements and vaUdation should be transferred to the development phase.

During the first five—year phase of the Numerical Program the emphas is

has been on ship—wave problem s whic h can be solved by potential—flow

theory. We believe that the research effort in this area should be con-

tinued and that the most important unsolved potential—flow ship—wave prob-

lems are:

1. The nonlinear three—dimensional ship—wave resis tance and local

(l w  ; reblem .

2 .  The large amp litude ship—motion problem .

T1I. - xperience 5ained from the nonlinear two—dimensional research

;ee~ s o Indicat e tha t a useful and immed iate solution method fo r  the non—

linea r ~a.’-resistance problem may be obtained by a perturbation method .

I ~ r e .’mmended that work be cont inued in this area and on the develop—

u~ iterat ion methods which satisfy the exact free—surface conditions.

in t o e  l itter ~~ is e , one can expect severe difficulties with numerical in—

.~t i biiitv r c;i0t s with relativel y steep wave slopes. Furthermore ,
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methods should be d eveloped for analyzing cases with extreme nonlinear

e f f e c ts as , for example, wave breaking and spray. The energy dissipation

due to such e f f e c t s  is an important  aspect of the total resistance problem

for most high— speed naval ships.

The comp lete nonlinear large amp l i tude ship—motion problem is extremely

diff icult and complex. In addition to the difficulties involved with

satisfying the nonlinear free—surface conditions, the hull boundary condi-

tions must be satisfied at each time step at the actual location of the

wetted hull surface. For the comp lete nonlinear case, it is necessary

first to develop successful two—dimensional methods. For the three—

dimensional case, one may first attempt to solve the low—frequency case,

since the f r e e — s u r f a c e  condit ions can be linearized when the f requency  is

sufficiently low. Many of the important practical ship motion problems ,

as for examp le, the roll motions and the general motions in quartering and

following seas, are low—frequency problems .

A useful fact to be aware of is that most of the important nonlinear

effects assoc iated with the ship wave problem occur only in local domains

near the body . The most important nonlinear effects might be solved

satisfactorily by applying nonlinear methods only in local doma ins and then

matching these solutions to the far field which may be solved by some

linear solution technique.

As already stated , the Numerical Naval Ship Hyorodynamics Program has

concentrated its efforts so far on ship—wave problems which can be solved

by potential—flow theory. This initial phase can be consider ed largely

comp lete. The Numer ical Program should now expand its effort and include

other problem s in the  following areas of ship hydrodynamics:

1. Ship wave making and viscous boundary layer in te rac t ion .

2. Ship boundary layers  and large—scale separated f low , including

vortex shedding .

3. Hydrodynamics of ship propulsion.

it is believed tha t the application of advanced numer ical techniques and

computers  to these o the r  impor tan t  areas of naval hydrod ynam ics may be as
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reward ing as their app lication has been to ship—wave problems. However ,

for most of the unsolved pr oblems within the three above stated areas, we

do not have as w e l l— d e f i t , e d  mathemat ica l  models as we have for  ship—wave

problems. 1he refore , the development of successful numerical methods for

solving these problems will require theoretical and experimental research

in addition to the numerical work.

In a recent paper , Tulin (1978) discusses the future role of the corn--

puter relative to model experiments with regard to the prediction of ship

hydrod ynamic pe r fo rmanc e cha r a c t e r i s t i c s .  He asked several of the model

tank di rec to rs  the  fol lowing quest ion : “Which old (model tank)  tasks  wil l

be taken over by computers?” The answer given by Dr. W. E. Cummins deserves

some attention. He stated simply:  “Most of them.” It is not hard to

agree with this view consider ing the technical accomp lishments over the

last couple of decades and what can be expected within the next one or

two decades. However , we must be aware that Dr. Cummins ’ prediction about

the future role of computers can only become a reality if adequate support

is given to the implementation of the research results. The implementation

is a challenging task in itself and has not been given sufficient attention

in the past .
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