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4.

4.. A BSTRACT

The ana lysis presents a pract ica l method for eva luating the added
mass and dampIng coefficients of a heaving surface effect shi p in unifo rm
t ranslation.

The theoretical added mass and damping coefficients and the heave

response show fair agreement with the corresponding experimental values.

Comparisons of the coup led aero-hydrodynamlc and uncoup led analytica l
results with the experimental data prove that the uncoupled theory, dominant

for a long time, that neglects the free surface effects Is an oversimp lif ied
procedure .

The analysis also provides means of est imating the wave elevation of the
f ree surface , escape area at the stern and the vo lume wh ich are induced
by a heaving surface-effec t shi p in uniform translation In othe rwise calm
water. Computationa l procedures have been programed In FORTRAN IV language

c and adapted to the PDP-lO high-speed di gita l computer.

KEY W ORDS
I

Surface Effect Shi p
Wa ter Waves

Ae ro-hydrodynamic Forces

p Bubb le Pressure
Added Mass

Damping Factor
Heave Response

p -
-

I

iv 
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NOMENCLATURE

A escape area or area of nozzle throat

A0 escape area at the equilibrIum

cushion area

A~ variation of the seal opening area

a half length of the pressure patch or wave amplitude

b half width of the pressure patc h
I
’ Ca non-dimensional added mass coefficient

Cd non-dimens ional damping coefficient

Froude number
I

g gravi tationa l acceleration

h cushIon hei ght

or the suffix Ind icating the Imaginary component

J integer

K nozzle f low coefficient or constant

wave number
.1

I nominal shi p length

.1 integer

H” added mass
C

m Integer

N damping factor

n I nteger
I

P pressure

atmospheric pressure

bubble pressure
I

p0 amb ient pressure

vi 
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Q dIscharge

di scharge at equi l ibr ium

r distance or the suffix Indicating the real component

s distancem

t time

U ship speed

V t1~e wave- Induced vo lume

v non-dimensiona l coefficIent of the wave-Induced volume

w suffix indIcatIng the water

x ,y,z coord inates

z heave disp lacement

non—dimensIonal coefficient of the escape area

V ratio of specIfIc heats

a parameter

cp the veloc ity potentia l
A scale ratio

pressure
a circular frequency
T frequency, aU/g

~‘~w density of water

dens ity of air

C wave elevation

I

I

v i i

_ _ _  _ _
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INTRODUCTION

The analysis Is directed at the problem of finding the effect of the

presence of the water wave upon the bubble (or cushion) pressure in the

p lenum of a surface-effect ship as It Is forced In simple harmonic heaving

motion while translating at constant speed over otherwise calm water.

The surface-effect ship undergoing the above-mentioned mot ion Is a

multi—parameter system influenced by the coupled aero- and hydrodynamlc

actions of water and air In the p lenum wh ich is under a continuous supply

of air through a system of fans and leakage through the perip hera l gap.

The analysis when linearized y ields the aero-hydrodynamic forces due

to the forced heaving motion and thus provi des the corresponding added mass

and damping force coefficients in waves which Is vital information for the

eva l uation of particular desi gn characteristics of a shi p at the des i red

speed and sea state.

The theory has been developed by referring to the works by Kaplan and

Dav s ,1 Doctors,2 and Breslin and Hlres .3 The rel evant experimental litera-

ture referenced here are the investi gations due to Van Den Brug and Van

Staveren 4 Magnuson and Wolff ,5 Fein and Murray,6 Moran , Fein and Ricc i ,7

and Fridsma .8’~

Kap lan and Dav i s1 assume that the free surface behaves as a rigid

boundary at constant pressure whereas Doctors and Bresl in , et al , assume

that the deformation of water surface particIpates in the generation of the

bubb le pressure in conjuncti on wi th the acti ons of seals and fans, etc. The
second cardinal assumption in the latter works2’3 is that the deformation of

the wave surface under the oscillatory rectangular pressure patch In un i form

translation be used to disp lay the way in which the motIon of the water surface
partici pates In the determination of the pressure variations in the plenum air.

Doctors deals with the three-dimensiona l rectangular pressure patch

whereas Breslin and Hires idealize the problem to two-dimens iona l flow cond i-
tions.

*Superlor numbers In text matter refer to similarly numbered references listed
at the end of th~~ report.

1 
-

L - - - ~~~~~~~~~ 
-
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

—--
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The analysis has been developed Independently from that of Doctors,2

although along the same line s , leading to expressions for the evaluation of
the wave ele~-~t • esc~1pe area and volume, quite different from those re-

ported in Ref v4tI ~~t’  .~~. In addition , a numerical approach has been developed

valid for the e t i r e range of frequency of practica l interest , from very low

to cons i derab l~ hit)h , in contrast to Doctors’ numerica l results wh i ch are

r.strictod to the very low frequency regime.

In the dynamic analysIs of the airflow phenomena, pressure and vol ume

changes are assumed as by others 1 3  to occur suffic iently rapidly so that the
adiabatic law governs the basic thermodynamic variation s in the air cushion .

Tb. cusHon pressure is assumed to be spatIally uniform which is approximately

valid according to Moran1° and Tsakonas et al)1 Since this work is intended

to be applied to the hi gh length-beam-ratio sidewalled surface effect shi ps,57

it assumes also that the Ieakagedal r takes place only at stern seal. The seal

response dynamics are beyond the scope of the present Investigation . It

assumes a semi—r igid plan i ng seal which has been the subject of the experl—
mental study of the XR-5 SES Model.5

Following the calculation of the waves due to an oscillatory rectangular

pressure patch in uniform translation , the bubble pressure Is determined . The

linearized equation of bubble pressure in plenum chamber and that of the heav-

Ing displacement are both derived by app ly ing the perturbation m ethod through

the time derivative of the adiabatic law. The asymptotic behavior of the

bubble pressures as the frequency -~ 0 and ~ Is analyzed and discussed with

and without water wave effects.

The motion-induced aero-hydrodynamic forces are calculated from the

bubble pressure distribution on the cushion area as a function of Froudo num-

ber and of reduced frequency. From Its real and Imaginary components, the

added mass and damping coefficients are determined respectively. The

asymptotic behavior of the added mass and damping as the frequency - 0 and

are evaluated and discussed both with and without water wave effects.

The scale effect, essential Info rmation for the extrapolation of the

model measurements to the full-scale condition , is also the subject of the

present analysis. The scale effect determined in the previous study ’2 In-
dicates a great dissimilitude In general. The scale effect ratio of 

the2
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pressure of the shi p to the model as calculated here shows tha t the dis-
simi l i tude is small at low frequency but quite large at higher frequencies.

The present analysis does not Include the sid~wa il hydrodynamic ef-

fects since experiments on the XR-5 SES 6’7 have shown s l i ght effect of the
sidewells on added mass and damping.

A series of numerica l computations has been done to determine the water
waves , bubble pressure , heave added mass and damping coefficient s , scale
effect on bubble pressure , and the heave responses of the XR-5 SES model run-

ning In head waves.

The waves, escape area and volume which are i nduced by the oscillating

pressure at un i form speed In otherwise calm water have been calculated for

the model used by Doctors.2 A computationa l procedure has been developed

and established for any frequency and speed without lim itat ion . The bubble

pressure, added mass and dampi ng coefficients have been computed for the

XR—5 SES mode l , with and without i ncorporatIng the water elevation . A :1
remarkable difference has been found between the two groups.

6Experimenta l va l ues of the heave added mass and damping coefficients
have been compared wkh the theoretical results. To study the validity of

the theoratica l added mass and damping coefficients , the heave response of

the model has been calculated on the assumption that the pitch is restrained ,

using the theoretical added mass and damping factors with the experimentally6

determined static stiffness and heave-exciting forces.

The analytica l developments at limiting cases (i .e., hi gh and low fre-

quencies) have been derived and discussed in detail as well as the results

of the comparison of predictions with measurements. The comparisons of the

results of both the coupled aero-hydrodynamic analysis and the uncoupled

analysis with the results of experiments have shown strongly that omission

of the water waves In calculating the bubble pressure and the hydrodynamic

H forces is not a valid assumption.

This research was sponsored by the David Taylor Nava l Shi p Research and

Development Center , Genera l Hydromechanics Research Program, under Contract

N000Ik-77—C—006l , Davi dson Laboratory Project 14480/015. 
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THE VELOCITY POTENTIAL

The hydrodynamic boundary val ue problem for a pressure patch osc ill ating

with constan t amp litude and moving on the surface of a deep, i ncompressible ,

ideal fluid can be determined through the ve l ocity potential method.

The ri ght—handed Cartesia n coord i nate system is set up on the calm

water surface with its vertical z—axis p o inting upwards . See Fi gure la.

This problem is formulated as an unstead y boundary value prob l em ’3’~~ in

the framework of the linearized conditions .

The pulsating pressure distribution of a rectangular shape on the

calm water surface ,which is a simple harmonic in time , is expressed as

r zi(x ,y)e 1°’ lx i a, ly l ~ bp(x,y,O; t) ~ , t > 0
0 lxi > a, lyl > b (I)

The deformation of water due to the above pressure distribution is

assumed to be small and is represented by the velocity potential ~(x ,y,z;t)

t which is harmonic in space below the free surface; satisfying the d.e.,

z < 0 , t > O  (2)

On the free surface the veloc i ty potential p and the surface elevation

t. C C(x,y;t) satisf y the linearized kinematica l and dynamical boundary con-

ditIons ,

z~O , t>~ (3)

and

z0 , t>O (14)

Eliminat ing C from Eqs.(3) and (4), we have the linearized free sur—

face condition

‘tt + UaCP - 2
~~ xt~ 

gc Up
~~P~

). z 0  • t > 0 (5)

in addition to the above, cp and cp
~ 

satisfy the condition of being

14 
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initially at rest on the surface

q’(x,y,O,O) — cp~(x ,y,0;O) — 
15 

(6)
Li where 

~~~ 
is valid under the assumption p(x,y,O;O).O [Eq.(I)], and on

the bottom
, z — — ~, t > 0  (7)

In the far f i~~ld we suppose that~ p and its first and second deriva—

tives tend to zero for any given time ; in fact, they tend to zero in such

a way that Fourier transforms exist.

Now we seek the form of p wh ich sa t is f ies  the above conditions by
employ i ng Fourier transform techni que. Define the double Fourier trans-

forms

~(w,u,z; t) -i—. J’ J’ cp (xyz;t )e
_I
~~~~~~~

l)dxdy (8)

and i nversion

p(x,y,z;t) = f~ j ’ j ’ ~(w ,u,z;t)e W
~~

J
~
)dwdu (9)

Here w and u are the long i tudina l and transverse wave numbers and are

related to the circular wave number k and the wave angle e by

w k coD8

u k sine (10)

The Fourier transform (8) applied to Eq.(2) yields

j  — k 2~~= O  (11)zz

The general solution of the above differential equation is

p — A(w,u;t)eU~
Z+ B(w,u;t)e~~

k
~~ (12)

where A and B are arbitrary constants. By making use of the Fourier

transform of the bottom condition (7) , we o b t a i n  B 0  . Hence the above

is reduced to

— lklz
A(w,u;t)e 

(13)5
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To determine A, take the rourler transform of the linearized free surface

condition (5),

- I?w~~ - i2Uw
~~ + g

~ 
— 1 (1.1w—u) ~!~- e

i
~

t (114)

where

~i (w,u) 4~ ~ 
Ii (x ,y )e~ 

(wx+uY) dXdy

— 

~~ ~b 
dT~ 

~a 
~‘ (~ ,~)e~~~~~~ lD~~ (IS)

Substituting ~ from Eq. (l3) in (li i) yields

A tt
_U
~w

aA - i2UwA
~ 

+glk$A— I(Uw—~) ~~ e
1
~~ (16)

wh ich by means of the Lap lace transform and u t i l i z i ng  the i n i t i al  condition

A(w,u;O) — A
~
(w,u;O) — 0

yields the following solution in the transform plane

(Uw-a)~T 1 1
____ 

(— — 
— 

) L(e t t
)

2p .Igl kI q—q 1 q q2

with 
____

— l (Uw + .Jg~kI )

q2 i (Uw —~~~tT)

Invers ion of the above is given by the convolution integral ,

A �.:~ 
£11 (Uw—a) 

~ ~~~ e 
£V’~ThT +Uw)( t_ .r)

dT (17)
L—± l 2p 

~~~~~~~~~~ 
a

Equation (17) after Integration Is substituted In (13) and we have

— e~~
t ~ lLfl ( Uw-~i) ~~~~~~~~~~~~~~~~~~~~~~~ (18)
£ *I 2p .J~[kT Uw + L ./g)k~ 0

6

hhA 
_ _ _ _ _ _ _ _
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The inverse transform of (18) Is given by

b a i i  l (
p — e .—;

~
— ,f dT~ ,f d~[I (~ , fl) $ $ —‘— e ~ ° (uw-a)

‘~ P -b -a

, l-.~~~
’ +~/gIki —c)t 1_e i gI kI a)t \

(_. 
___  - ___  

Jdwdu (19)
Uw + A/g IkI - Uw - 19 I1~i - a /

where

y y - T ~ (20)

Now the variables (w,u) are transformed into (k ,9) by the relation (10).

Replac i ng the elementary area dwdu with

dwdu — kd8dk (10’)

for the Intervals 0 ~ k ~ , —n ~ 0 ~ 11, we have

• b a 11 
k kz+ik (x cos0+y sinO )

p — e 
8~~p 

J’
b
dTi J d ~fl (~~Ti) S d e  S dk4~ (Ukcos0— a)e 

0 0

/ i(Ukcos0+ ./~ —a)t — i (lJkcos0 -J~i~ —a)-t \
_ _ _ _ _ _ _ _ _ _ _ _  

C 1 (21)
Ukcos8 + ~~~ ~~~ UkcosO — — a /

To fold up the Integration Interva l (—u ,n) to (0, ~
), the integral 5

is subdivided into four quadrants , —TI

TI -11/2 o 11/2 11
ii - ii + S + S + S
-11 -11 -11/2 o

11/2 —11/2 n/2
and each Integral Is t ransformed Into 5 . For instance ,~~ -. 5 Is

achieved by setting 0—V— u , where V I s a new variable. It follows that

cosO — —cosY , sinO — — sinV

By replacing ‘1 with 0 and app lying a similar procedure to 5 and 5
u/2we have the following folded form,

7 

~~~~~~~ --- -- -~~~~--— —~~~-~ - - - -~~ 
_
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t_.

b a 17/2 . —
p — ~~~ 5 dfl 5 d~ fl (~ ,T~) 5 dO 5 dk~~~ e~~

{(Ukcos0_a)(e I
~~ + e~~~~) 

~l_e~
W1t 

- ~:~~~
t )

— iw3t — Iw4t -

+(UkcosO+0)(e~~~~ +e~~~~ )(— 
1—a 

+ 
1—a 

w4 
) } (22)

V
.

where

r1 — (x— ~)cose + (y—fl)sin0 
I

• (x—~)cosO - (y—T~)sin0 (23)

and I

— Ukcos0 ± - a

• :: } — Ukcos0 ± + a (214)

8
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STEADY STATE SOLUTION 
-

In Eq.(22), p Is the solution of unsteady conditions wh I ch have

been stated at the outset. The next step is to derive the steady state

solution from Eq.(22) by eliminating the time—dependent terms. This is

achieved in the following manner; 1) determ i ne the wave numbers k. from
and 2) take the proper indenting paths in the nei ghborhood of k.

in the k—plane in order to have the esponentials vanish in time as t
The integration paths determined as such are therefore not arbitra ry but
strictly bound to derivation of the steady solution and to the roots k~.

U Solving for the zeros of In Eq.(214), namely k~, we have

k1 
~ ~ 

+~~ 1 + 
14UacosO 

)
2

(25a)
“2 14U2cos2D

2k - I , 14(Jacose3 .~ \l + m ~
‘26ak )  a1~ 14U2cos 8

C— g

or
k 1 

_________

c k2 
} = f k sec28 [1÷2 1 cose /1+Lrrcose .3 (25b)

k3 
__________

k4 
} k sec20 [1-21 cosO ./l—4TcosG 3 (26b)

with - 
-

(26c)

It is seen from (25a) that k1 and k2 are positive real and k1~ k2
for interva l 0 ~ 8 It is seen from (26a) that k

3 
and k4

are positive real and k
3~

k4 if

1 
L4UccosO >

9 
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and k
3 and k4 are complex with Imk

3
<0 and Imk4>O (i.e., k4 comp lex conjugate

of k
3) 

if

I _ 14
~~~~

50 <o

In other words k
3 

and k4 are positive real in

(27)

and complex in the interval

O
~~~

8 < e c (28)

where

= ~~~~ (
~~~

) (29)

Now we cons i der the integral s with respect to k in the k—p lane.

Since Taylor expansions of k and ~/ji~ in the nei ghborhood of k
~
,

up to the firs t order , are

k k1 + (k—k.) + 0(k2)

+ (k-k
~) 

‘
~~~~ (i=1 ,2,3,14) (30)

we obtain the following expressions in the nei ghborhood of k.:

i (1Jk1
cos8Iv’~~7—c7)+i(k—k1 )(ucose + )

- 
2~~~~i (Ukcos9+~~i~—a)

i(uk2cose÷J~iç—a)+i(k—k2)(ucose + 
2 
~~~

i(uk1cos8~.J~i~ —-a)+i (k—k1 )(ucose — )
2~~~~i(Ukcos9-~J~~.o)

i(Uk2cosO .J~~~-a)+j(k-k2)(Ucos8 - 
2~Jç 

(3 1 )

10 
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i (Uk3cosO+ .i~ç +a)+i (k-k3) (Ucos$+
i(Ukcos0+ .J~i~ +o) ~ 

3

i(Uk4cosO+ ~~~~ +o)+i(k— k 4)(UcosO+ 
2 ~~~

i (Uk3cosO— ~i~ç +c)+i(k-k3)(Ucos0— 2 .J~i(UkcosO- .j~~ +a)

i (Uk4cos0— ~~~ +a)+i (k—k4) (UcosO— 2 
~~~~~ ) (32)

From Eqs.(25a) and (26a), we have the positive real root k. for the

interva l 0 ~ 8 ~

~1c ~-i +~J’ + 
LêUOCOSO)

k1 = 2UcosO

~~~~ +%Jl+ 4Uacos8 )
.Ic.— = ‘ 332 2UcosO

and for the interval ~ 0 ~

1 - 1- ‘4Uacos8 j
3 2UcosO

r
l+ 44iI )

~~~~~~~~~k4— 2Ucos8 (34)

Emp loy i ng Eqs.(33) and (34), we have

Il

— -- - - —---- -

~

--- - ‘----- - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - --~~~~~~~~~~ 
-



-r~ -~~-~~--~~~~~~~~~ --~ - -‘~ -- - -

R-2O40

+
i (k—k )1 2~/~ç- - -  I (Ukcose+ ~~~ —a) 

—

L. -i2~~~~
i (Ukcose— ~~~ —a) — 

I + 
14UCCOSO

- I i(k—k ) (35)
2~~~~

i2~~~~
I (UkcosO+ */~i~ +a) —

i2~J~~~

~
j
~~j 1 - 14Uacos8

— i (k—k )
2~~~~

i (UkcosO— ~~~ +a)

1 - 4Uacos8
+i(k—k4) (36)

2~~~~

Equation (35) shows that for the interval 0 ~ 0 ~ the path of i-ntegra—
tlon of the terms containing e~~~

t and e~~~
2t in Eq.(22) in the complex

k—p lane should be deformed above the real axis in the nei ghb3rhood of both
k1 and k2 in order to have the exponentlals in t vanish as t ~~. Let
this deformed path be denoted by L 1. (See Fl g.lb.) Equation (36) shows that

for th. interval 8
~ ~ 

8 < , the path of integration containing the factors
e and e in Eq.(22) In the complex k—p lane should be deformed

above the real axis in the nei ghborhood of k
3 

and below the real axis in

the neighborhood of k4 in order to have the exponentiais in t vanish as

t ~~~. Let this path be denoted by L2 . Equation (24) shows that for the

complex wave numbers k
3 

and k4 in the interva l 0 ~ 0 < O~ the integration

_ _ _ _ _ _ __ _ _  J
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path requ i res no deformation in ortler to have the exponentials In t
vanIsh as t -

~~ ~ for the path along the real axis the exponentlals vanish
as t •. Let this be denoted by L3 . (See Fi gure lb.)

F rom Eqs. (24),(25a) and (26a), we have the followin g relatIons ,

- ~~~~~~ U
2cos~$ - - 

k1-k2 ~~~~ 
- 

k2

- ~- %&7~ U
2cos3O (

~~ ~~ 
— k

3
-k4 (k_c 

- 
k-k4
)

Then substituting the above relations In Eq.(22) and om ittin g the time
factor lOt 

we have,

— 
y~3 

dfl j d{fl (~ ,T~)

{.. 5 d8~~s~~8 5 dk F1 (O ,k)

L I
8

d0sec2Q 5 dk F2(0,k) + fd0sec28 5d k  F2(e ,k)J~ (38)

where

r 1 (e ,k) (Ukcos0 .cj) (e1~( i ) ~~ 1(z41 r a) ) k ,~ k \-k, 
- 

Ic2

F2($,k) 
• (Ukcos~~~)(e 

rt)+ok(z-ira)) k
3
_k
4~kk ~~)) (39)

The above p is the ultimate form of the ve l ocity potential for the
s teady state oscI llation .

13 
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SURFAC E ELEVATION

The surface elevation at a point on the calm water surface , z—O ,
Is evaluated by assuming uniform pressure distribution II — j~(~ ,1~) of
a rectangu lar shape , omitting the time factor eløt ,

C — -~~
. + p - .~~ 

p , z0 (40)

where the first term is the static elevation wh i le the remai nder represents
the elevation due to the dynamic effect.

Let the velocity potential p in Eq.(38) be written in the follow-
ing form, omitting the factor el

~
t 11

11/2 •k k -

p — — S dOS.CaO (k
1 —k2 ~~~~~~ k1 —k2

d8sec2O (k
k
~k ~~~~~~ k

3-k4 
~2,2(8))

8c k k
+5 dOsec~O ~%k3

—k4 
p3 1 (0) — k3—k 14 

p3 2 (8)) (141)

wit h b a k(z+ir
1) 

k(z+i r
2)

~~~~~~~~ 
dTi J’ d~ •~

‘ dk (Ukcose—a) 
e 

k—k 1

b k(z+ir 1) k(z+ir 2)
Ip1 2 (O)—~~ dli ,? d~ •f dk(UkcosO-a) e — 

k-k.
L
~

b a — 
k(z— ir 1) k (z— ir 2)

~ dT~ $ d~ 5 dk(Ukcos0+o) e +e

-b —a ~ k k
31.2

b a k(z— 1r 1) k(z— r2)

~2 2
(0)” 5 d~ 5 d~ $ dk(UkcosO+c) e -se (142)

—a k—k 4 [Cont ’d)L2

14
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b a k (z—ir 1) k(z—Ir 2)

~~3 l~~~
” ~ dT~ 5 d~ 5 dk(ijkcosO+o) 

e

— —a o 3
L3

b a k(z—ir 1) k(z—1r 2)

dll- 5 d~ 5 dk(Ukcos8+a) 
e 

k:k 
(42)

13

where
r1 — (x—~)cos0 + (y—li)s~n8

r2 — (x— ~)cosO — (y—TI)sinO

The fi rst subscript In q
~j 

denotes the path of Integration as i dentified

in Figure 2 and the second denotes the singular point along the given line

from left to rig ht. To evaluate the Integrals systematically, rearran ge the
above In the follow i ng form : 

a k(z+ir 1)
l 1 1 (x ,y,z;8,k1) — 5  dT~ $ d~ 5 dk(ljkcosO—a) k—k—b —a a -  I

b a k(z+ir2)

I ; 1 (x ,y,z;e,k,) — $ dll $ d~ $ dk (UkcosO—o) k—k
-b -a a

— 1 1 ,1

J 1 (x,y,z;8,k1) 
— 

~~

_. 
~~ 

(43a)

b a k(z+ir 1)

1 1 2 (x ,y,z;0,k2) — 5 dl~ 5 d~ 5 dk(Ijkcos0—a) e 
k—k-: -: 

~ k(z+1r 2)
I 2 (x ,y, z;0 ,k2) — r dli 5 d~ 5 dk(Ukcos8—a) e 

k—k—b —a o 2

— 
~~~ 

1 1 2

J; ,2 x.y,z;e ,k2 — 
~~ I ; 2  (L.3b)

15 
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b a k (z—ir 1)

1 2 1(x ,y,z ;O ,k3) — 5 d’fl ,f d~ 5 dk(Ukcos0+a) e k—k
—b —a a 3

b a k (z—ir 2)

I~ 1 (x ,y z;8,k
3) 

= 5 dfl 5 d~ 5 dk(IjkcosO+a) e k—k
—b —a 0 3

~~A 
1 2 1

J~~1 (x ,y,z;8,k
3) ~~A 

I
~~ l (43c)

b a k(z—ir 1)

I 2,2(x,y,z;0
,k4) 

= 5 dfl 5 d~ 5 dk(UkcosO+c) k—k
—i, -a o 14

b a k(z—ir2)

I 2(x ,y,z;O ,k4) =~~~ d11 5 d~~5 dk(Ukcos8+o) 
e 

k—k4

= 
~~~ 

1~~~

= 1 2 2  
(43d)

b a k(z— ir 1)

1 3 1 (x ,y,z;8,k
3) 

= 5 dl~ 5 d~ 5 dk(Ukcos8+a) e k—k
—b —a 0 3

b a k(z ir 2)

I 1 (x ,y,z;8,k
3
) = 5 dl~ 5 d~ 5 dk(UkcosO+a) 

e 
k-k

—b —a 0 3

j
3 1 (x ,y,z ;0 ,k3) = 1 3, 1

.~~~~— I i 
(43e)

16
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b a —‘ 
k(z—ir 1)

1
3 2

(x ,y,z;0,k4) — 5 dT~ 5 d~ ~

‘ dk(UkcosO-+a) e k.~k —‘ —b —a 0 4

b a ~o k(z— ir2)
I 2(x ,y,z;8,k4) — $ dli 5 d~ 5 dk(Ukcos9+a) e k—k

-b -a 0 4

J31 2(*,y,z0 ,k4) —
~~~~-- ~~~

J 2(x ,y,z;0,k4) ~~ I;~~ (43f)

The integrations in Equations (Li3a) through (43f) are given in
Append i ces A—C . Substituting Eqs.(143a)— (43f) in Eq.(42), and

omitting the same factor as that in (41) we have p in the following form,

— - $ d e s e c 3 e [k1~~2 ~
‘1 ,1~

’
~~ I~ 

- krk2 
(I l 2+1 1 2~]

11/2 k k
+ $ d8sec2O [k

3—~4 
(1 2 l~~2 ~ 

— k3—k4 
(I z z -s-I

~~z)]

+ 5 dOsec3O Lk 3 —~4 (1 3 l+1 ~
) — k3—k4 

(1 3 2+1; 2)] (44)

In a similar manne r we have p,~ in the following form:

- 5 dOsec2O Lk 1~2 ~~~~~~~~~ - k1 -k2 
(J 1 2 +J 2)]

+ d8sec20 Lk3~ 
(J 2 1 +J~~1) - k

3
k4 

(J
2 2 +42 )]

- k Ic
+ 5 d8sec30 Lk324 (J3 ~~ ~ 

— k
3
—k4 

(~3 2 +~~2)] (45)

Substituting (I. .+ (~ .) and (J. .+ J,~ .)(which are g iven i n  Append i cesI ,J i ,J i ,J i ,j
A , B, C) in the above equations (414) and (45) , making use of Equation (40) and

17
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omitt ing the sta t ic  elevation and time factor , the elevation C is

determined in non -d imens i onal form ,

- 4~ U4~~
8 stn8 {k1 k2 

- I )

2 (Uk cos8—a)2

£a1 kz(k 1
_k
2) 

L1 2(kL
)_1

~
(1c1)J}

dO :~~:
8 
{k~~

-
~ 

(I
s —I i )

l+L (Uk cos8+o)2
(- 1) 

kL(k3
_k
4) 

[I4(k2) 
— Ih (k1)]}

r ~~ 
S ec3B 5 0 I ‘ — i+ sinG ~k k4 

‘ 1 1 ‘

+L (-l)~~~ ~~~

8

~~
_ [i

5
(k L) - l

~~
(kz)]}
! 

(46)

where * ind i cates the complex conjugate , and

l
~~

l j 
rn=I 

I m I  ~~~~~ 
‘ 

~m ~ 
0 

0 
- 

(47)

l 2(kL
)_I

2(k z)~~ .J (1)
m+l e £ m {E [i kS ] i 2T1J ’~~m ~

m 1

£ = 1,2 (48)

I 4(k3) l ~
(k3)=~~~

(_l)m+l e 
k
3
5
m{El [ i k 3

sm
J_ i

~~}, 5m 
- (149)

18 -
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l4(k4) I ~ (k4) = ~ (_1)m+l e 
kksm{E [_ i k s J + ~~~} 5m ~ (50)

m 1

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
> ~~, Rek~> 0

I (k )— I ’(k)=
~ 3 ~ 

�~~(_l)
m
~

l e 3 m{E
l
[_ ik

3
smJ 

~~ 
S~~ 0, Rek3

< 0 (51)

8 i k S r

m=l~~~ 
1E l~~~~4

5mj+i 2Tt}~
Sm ~ 0, Rek4

> 0

8

m~Y l e ~~45m~~~
_ ik 4Sm]+ ~ 5

m ~ 0, Rek4< 0 (52)

s as well as the derivations of the above formulas are ~i ven inm
Appendices A , B, C and D. -

The functions (1 1 -1 ) , (1 2—1 2), etc . in (147) to (52) contain sums of

logarithmic functions. It mi ght seem that each function has s~ngu Jar it~es

at points (a ,b), (—a ,b), (a,—b) and (—a ,—b) where a pair of s vanish (see

Eq.A—5). But one can verif y that the function has no singularities when

all the terms are taken together or as one mig ht also put it , any singu—

larities in the individual terms are cancelled due to the alternating

series . Thus , the solution is regular everywhere .

As a special case , conside r the wave elevation due to a uniformly

moving pressure distribution withou t oscil lation . Then according to ~~~
(25b), (26b) and (26c) we have ,

1 = 0 , k1=k3
=0

k2=k4=k sec20 (53) 

I1 ~~~~~~~~~~ 
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Hence, Eq.(146) is reduced to

— — 
17/2 

~ {l2
(k2)-I~ (k2)+i4(k4)-s~ (k4)} (53’)

and furthe r since I l 2(k2)-I~ (k 2)I and (I4(k4)—i~
(k4fl are complex con-

jugates of each othe r , the above is expressed In the form

— - _.L . $ d O  
~~~ 

Re 1 1 2(k0
5eC20) - I~ (k0sec’0) I . (53b)

The resultant elevation is the sum of the dynamic and static terms as

shown in Eq.(1sO). The static pressure fl is discontinuous at IxI— a

The value of the discontinu ity is defined as

I1(±a,y) — .~-[fl(±a + 0,y) + fl(±a - 0,y)3 . (54)

Hence, the total non-dimens i ona l elevation k obtained by add i ng the follow-

ing to the dynamic term (146) or (53b),

x I a

static ( —  1 IxI<a (54a)

20 
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ESCAPE AREA AND VOLUME

The escipe area A at the stern section and the vol ume V under

the p enum area are obtained by integrating the wave elevation C of Eq.(46).

b
A R J ’ Cdy

-b

V — 5$  ~dydx ( 55)
— a- b

I 
- 

Referring to Eq.(46), It Is seen that the above integrations have to

use the following component integra ls :

For the Escape Area —

L 
-
- b

• 
J’(i 1 -~~)dy 

r _
~~~~

(\I
3+I~)

J\I2(k~)-l~ (k~))dy - Ik
~
ine ~

-(I l+I;)+I2(k L)+l~ (kL)}

~(I4
kL

)_l ,~
kL))dy ik~~inO {-(I J+I;

’
~
)+I4(kL)+l~

(kL)} (56)

For the Volume —

a b
I s(11 -I;)dydx — - cososine (

~
6
~
’
~~b ,_a

j 
~(I 2

(k
~
)-i;(kL))dydx k~~siflecoso

{L 13 t 3 (1 I 1 , 1 2 kL 1 2 kz~~~b ,

~ ~(I4
(kL)-l~

(k
~
))dydx —

(5 7)
where

6 • ,fdk !.J_ (e~~~1 _e~
I
~
5a +eik53 _e~~~6)

I~ J’dk 4~ 
(_e 1k

~a + 01ks6 4~i kse)

- ~~- — ~~~~~~~
-- —----.--- —-- • -

~~~~~ 

- .
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These are evaluated in Eq .(A-33) in Appendix A.

Using Eqs.(46), (56) and (57), and omitting the time factor e~~
t

the non—dimensional escape area and volume are written in the following
forms:

IlL 1+~~u~L

11/2 3 2 (Uk cosO—a)2

,fde 2 {k~~2 ~~~~~~~~~~~ kL
3(kl~

k2) 
[-(I l+I;)+I2(kL)+I~

(k
~)]}

~ :;:~ {k;4 
I;+I~~~+ ~l)

l+L

-j ~ 
~~~~ 

{
~~~4 

( I~-
+I;~)+~~~(~ l)1+L (

2

[-(I~+I i*)+I (k )+I
i
(k )]}J

(59.)

1

~1a 4TI~U~L
3

11/2 14 2 2 (Uk cosO—a)2 -

5de 
::2: {k~k2 

(1~~ 1~).~~)(_1) 1+L 
k~3(k1

..k
2) 

LkL I 3+I ;+I l+I
~~

_

-(I2 kL +I
~~

kL))]}

11/2 14 (Uk cose+a)a
+ 

~~~~ 
~~~~~~~~~~~~~~~~~~~~ kL

3 (k
3
_k
4)

-(I4 kL +I,~ kL)]}

+ 5do S~~~C~~~O 

{k;4 
I
~+Ir)

-
~~~

(-1) l+L 

~:~~~~~~

)
Lk L( i + i ~~)+(i’~+i 

1*
) -

_ (I
S
kL +I;(kL)]} }

(60)

In the above Eqs.(59) and (60), the symbols for the integra l limi ts have been
omitted .

22
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Since pa i rs of 5m (Eqs.A— 5) vanish at the corner points such as

5l 56 0 at x—a , y—b , etc., the logarithmic functions and the exponential

Integrals in I I ’, I (k ), etc., become evidently singular at the points.

Exam nati on shows, however, that the sums {—(l ,+i )+I2(kL)+l~
(kL)} ‘

etc., are all bounded at these corner points

and each l
3~ I ,  I~ , I~ is bounded as well at these corner points.

The regularity of the above expressions in Eqs.(59) and (60) are the ex-
pected results which derive from the integration of the regular function C
in  Eq.(46).

For the special case O ’0,~ the escape area at the stern and the vol ume
under the plenum area are obtained from Eqs.(59) and (60) by using the

conditions (53) :

_ _ _ _ _  - 
2~~Lk0 

$dO C~~~S~~~ Im {~(I 1+I )+~~2(k secaO)+I (k sec~8)~~

(61 a)

and

~ 
PgV 

- -  
1 cosO 

Refk sec2O (I +i ’)+(i +I
l )_

Il L2 2T12L2k2 ~ 
sin2O 0 3 3 1 1

o-0 0
b,aL I 2(k0sec2O)+I~ (k0sec2O)]}
-b ,-a

(61b)

The resultant escape area and the volume are obtained by adding the static

terms to the dynamic terms, (59) to (6lb) .

UsIn g Eq.(54), the static escape area at the stern and the static

volume are given In ron-dimensiona l form by

- 
pqA _ b

st IlLstat ic  I

and

v — .-
~~~~~~~~ (61c)St flL2static

where a and b are half-lengt h and beam of the rectangular pressure dis-

tribution and L is a nomina l length of the SES or ACV .

*See foonote , p.24. 
23
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The asymptotic expression of c~ and v for the frequency a_~_* are
obtai ned f rom Eq.(59) and Eq.(60), respective l y. Since 0-’ 11/2 for ~~~~~
In Eq.(29), the second integrals In Eqs.(59) and (60) vanish for ~~~ .
Also , the terms contained in the summation symbols ~ should van ish for
a -~~~~ due to the expressions for the wave numbers as shown in Eq.(25). The
terms with * in Eq.(59) and Eq.(60) are the complex conjugates of those
wh i ch are Independen t of the frequency a and the speed U

In view of the above remarks, we have the asymptotic expression of
the resultant ~ and v for 0-’ o~

17/2
- 

211~I. 
S dO 

~~~~~~~~~ 

Im( i 3+I~~ 
-

0 (62a)

V
r 

— 

2llaL
a 5 dO :~: 

Re(I6+I~) - 
4ab

v 1 • 0 . (62b)

where the suf f ixes r and i Ind i cate the real and Imag i nary components,
respectively. In the above integration s , the symbols for the integra l
limit s have been omitted.

From the express ions of ~ and v , it is seen that they are in phase
w ith the pressure TI at the frequencies C 0  and a-~~

should be noted tha t In the limitin g cases when a -~~ 0 or a-’ ., thena and I can be interchanged .

24



- -
R-20140

THE RELAT I ONSHIP BETWEEN BUBBLE PRESSURE AND HEAVE

The air pressure In the plenum of the SES (surface effect shi p) is

perturbed by the small vertical oscillatory motion heave ze~~
t . The f i rs t

order perturbed pressure p e~~
t which Is dynamic and known as bubble pres-

sure will he obta i ned by relating It to the first order heave ze in

the following analysis.

S i nce the vol ume and pressure changes are assumed to occur rapid ly, the
state of air pressure and volume In the plenum is assumed to satisfy the
adiabatic law ,

pv~
’ 
— const. (63)

where V is the ratio of specific heats wh i ch is 1.4 for air. The differ—

entiatlon of the above with respect to time t gives

(61+)

Expanding p and v In the foregoing up to the first order , we
have

• ~(O) + ~ ~
( I )  

(65)
v v ~°~~+ c v ~~

where and v(0) are the pressure and volume in the equilibrium stage

p~~ and v~~ are the first order perturbed pressure and vol ume, rospec-

tively, and € is a parameter.

Substituting Eq.(65) into (64) and collecting the first terms only,

we then have
~ (1) (0) ~ ( I )

V 
~
(0) (66)

where
(1) lot

~

- vW — vbe~~
t 
• the perturbed first order volume

~ ~a 
— total pressure

— v0 (67)

and
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p0 — air pressure in equiIibritm~ or ambient pressure

— a tmospher i c pressure

v0 — the volume in equilibrium

Thus, Cq.(66) is written with omission of the time factor in the following

form
p +p

v iav b (68)

where iCV
b 

is the variation of the volume flux wh i ch is positive in the

direction outward norma l to the plenum chamber as Indicated in Fi gure Ic

and is the sum of the flux norma l across air—water interface , plenum ceilin g, 
- e

fans and seal apertures. The above relation and the norma l vol ume flux have

been used In References 3,11 , 12 wh i ch confirm that the use of (68) Is

identica l to that of the method of momentum change In Reference I. The normal

volume f1ux~ has been expressed by the surface inteyra l of the normal veloc i ty

wh i ch is derived by the Green ’s function technique .

I. Over the Air—W ater Interface

Equations (60), (6lb) and (6Ic) give the volume due to the water

wave elevation per unit pressure, distributed uniforml y over the air-water

interface , Hence , the contribution to the volume flux due to the bubble

pressure is given by

1
~~
’b — -la y  

~~ ~b 
(69)

where v Is the non-dimensional vol ume due to wave elevation per unit un i form

pressure over the rectangular patch and Is the water dens i ty. The minus

si gn ind i cates the sense of the flow direction .

2. Across the Plenum Ce iling

The var iation of the volume flux norma l outward to the p lenum chamber
across the cefling, due to Its heaving disp lacement z , is g iven by

Iav b — (70)

where A
~ 

Is the cushion area or the area of ceiling . The + si gn indicates

the sense of the flow direction ,
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3. Across the Fan Aperture

The variation of the vol ume flux wh i ch flows Into the plenum across

the fan aperture Is

~Qf- ‘1
~~~~~ b (7 1 )

àQfwhere is the discharge by fan per unit pressure per pair of fans. The

minus si gn in Eq.(7l) indicates the sense of the flow direction and n is

the number of pair of fans.

4. Across the Stern-Sea l Aperture

The variation of the volume flux flowing outward from the p l enum
across the seal aperture in the plenum wall is estimated by app lying the per-

turbation procedure to the nozzle discharge equation .

12 (p 1 —p2)
— Q = k A ~J p (72)

I a

where k is the flow coefficient wh ich varies between 0.6 and 0.8.* Hydro-
dynamic studies have shown that for an i dea l fluid passing through a narrow
slit or a circular opening k 0.6ll wh i ch has been experimentally verified.

A is the area of the nozzle throat or seal opening

p1 is the pressure in the upstream or in the plenum

is the pressure at the nozzle or seal and i dentica l to the atmospheric
pressure 

~a

Is the air dens i ty

Q Is the discharge

To evaluate the increase of vol ume flux from Its equilibrium condition , we

expand the terms Q, A and p 1-p2 up to the first order perturbed terms assum-

ing that the terms are functions of € . Namely, we have the following :

Q = Q 0 + e Q ~~
A5 — A0 + €

(73)

where %, A0 and p are the zeroth order term, whereas QW , ~~~ and ~(l)

*As the “nozzl e” is formed by the water surface and the sea l , the coefficient
k will depend on Froude number and on Reynolds number for small open i ng
areas , A , as measured at zero speed.3
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are the fIrs t order terms. The firs t order terms are redesignated by

A~
’
~ • A5e~

1t 
~ 

• ~i5e
i
~~ ~,( l )  — 

~b
e (74)

Substituting (73) into (72) and making use of the following expansion

_________  — 4~ 
(I + )

we have the expression for Q, from wh i ch the firs t order equation is obtained

in the fol lowing form

— k4-~
2 (

~ ~
b + A

5) 
(76)

The var i ati on A
~ 

of the sea l opening area A In (76) is due to heave z

and bubble pressure 
~b 

• Namely,

I?*
A5 - z 

~~~~~~~~~~~~~~~ 

- 
~ 

(77)

where

— the rate of change of sea l open i ng due to seal elasticity
per uni t heave

aA
— the rate of change of seal opening due to sea l elasticity

per unit pressure

-a —k.— — the rate of change of opening due to the wave elevation per
P~9 un it pressure, in way of the stern seal, a Is the non—

dimens i onal escape area which has been g i ven in Eqs.(59),(6la)
(6lc) , an’I (62a).

Substituting (77) into (76), we have the following vol ume flux wh ich flows

outward in the normal direction to the plenum wall across the seal aperture:

iaVb _ k _ [ (
~~~~

+
~~

_ _ a
Tj)Pb

+
~~rZ] 

(78)

Thus the te&zatlon of the variation of volume fluxes has been completed.

_ 
- - - 
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The sum of the first order volume fluxes , Eqs.(69), (70), (71) and (78),
Is now substituted Into Eq.(68). Solving for the unknown bubble pressure

we have the non-di mensiona l expression In the following form

I ~a’~ ( I k ~~s 1~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- (79)

~Qf 
ôQfwhere the relation ~~ — — - ~~~— and Vo~

Ach have been used , while h

indicates the bubble (or cushion) he i ght.

The dynamic property of the stern seal 
~~~~ 

and is unknown. At

the present stage of i nvesti gation , we assume the seal is rig id. This

assumption will evidently simplify the aero—hydrodynamic analysis. In

addition to this , the ana l ysis will be practically applied to the model test

wh ich uses a semi-ri gid seal , e.g., in the case of the XR—5 SES model. Refer-

ence 3 reports the I nvesti gation of the seal stiffness on the aero—hydro—

dynamic bubble pressure of a SES model.

The above assumption reduces the expression of the bubble pressure to

the following form,

__ 

-~~l + ~~~)p0 ° (80)

I ~~~~~~~~~~~~~~~~~~~~~~~~~ 
+ k4_

~
2.
(t

_ a.
~
b
~
)}]

If the water wave i nduced volume v and area a are set equa l to zero, the
above relation will represent the bubble pressure due to heave of an air

cushion vehicle above the ground.

A l though Eq.(80) is derived by means of perturbation analysis keepi ng
only the firs t-order term , two limiting va l ues of the bubble pressure under

extreme conditions can be obtained :

a) When translation velocity U and f requency a approach to zero wi th
openings closed aft and no fans In operation (closed box), then

JL’~ 
~
‘O

a-.O ~ç
29
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b) When the heaving vehicle is in transiatory motion, U�0, with all

the openings in effect, then when frequency a 0*

0 -‘ o with 90° phase lag. (81b)

where the following information has been used, namely, for a -
~~ 0 , a~cord-

ing to (59) to (61):

I) ar and V
r 
are negative real constant values

2) ai and v 1 are linearly proportiona l to a

The above relation is also equally valid for the uncoupled aerodynamic

analysis , namely, for v=o 0 .

It is apparent that the asymptotic expression of the bubble pres—

sure Eq.(80) for a -. ~ is dependent on the behavior of the wave—induced

volume v for a -. ~ on the air-water interface. Since the asymptotic expres-

sion of v , Eq. (62b) , is = a negative constant and v~ 0 , we have

with water wave effects

_
~ çi +— )p 1  p ’

l l m~~~~/!. , (82a)
a-’~ p0/h / 

~~ ~o L2l +V 1÷ — ) — —1vp v p g  r

whereas with no water wave effects,

u r n  “b/ E = -~(i + . (82b)
h p0

Both limiting values of pressure signatures show a 180—degree phase lag.

should be noted that in the limiting cases when a-’ 0 or a -. ~~, then
a and I can be interchanged.

30
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ADDED MASS AND DAMPING COEFFICIENTS

The real and i maginary components of the bubble pressure Eq.(80) are

g i ven by

-
; I P Q

_____ = 

_V (l+pa/po)L1 V (l + pa”po~ 
o r

z/h r 
[l V(l+pa/Po) 

!c~rJ +[Y(l+Pa/Po) 
~~~

]

2

~ ~b’~o~ — 

- [Y(I+pa/P 
~

Z/h 
1[ l

~
Y(l+Pa/P

~
) 
PoQr] +[~~I+P /P 

P0Q~
]

Z (83)

- I where

Q = v + a ~~~~ 

- 

-
r r a I p

~,,
g

• v , + 

~~~ 

+ k~~~~ ~~~~~ 
- 

~~ 
)} (84)

The integration of the bubble pressure (83) over the cushion area

yields the aero-hydrodynamic force due to heaving motion of a surface

effect sh i p In translation on the calm water surface. The real and imag inary

components of the force are desi gnated as aero—hydrodynamic inert ial and damp-

ing forces from which the added mass H” and damp ing factor N are def i ned

in the following form,
Pb 
~~ii” —

o3z

~b 
A
~I (85)

a z
I at

where the minus sign comes from the Re(pbACe ).
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The non-dimens i ona l added mass and damping coefficients of Eqs.(85)
can be defined In the followin g form ,1

H’’ Ii
C ; C (86)a 

L3 d
2 w 2 w”

The added mass H” and damp i ng fac tor N for a — 0 are derived by
knowi ng the behavIor of the a,., a~ y

r and v~ at a — 0

a1 da.
~~~~~~.L > 0

v. dv.

• v = _ I v rI ; a -1a 1

The results are given by

E A 2
- :  M~’ — 

c
aa— 0 D

Aa

N (88)a - O  D

where

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
a—O

E • - 

~~~~~ 

- I” rI p.~,g 
+ ~~ k~~—~~ ~~ (89)

a~~~O
where D is always positive, whereas E may take positive or negative va l ue.
Thus the damping factor 14 is always positive and the added mass may be
positive or negative (i .e., the motion of the vehicle and the added water
mass are in oppos i te dIrections).4

Definite si gns are obtained when the water wave effects are omitted .
Namely,

— 
ôQfD — n + k~~—~—

c
E -  ° (90)V (p +p )
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From Eqs .(90) we have always the negative added mass and positive damping
factor for the SES without water wave effects or ground effect machine
at a -‘ C). 

-

It is apparen t from Eqs.(88), (89) and (90) that the added mass M”
and damp ing factor N at the vani shing ly low frequency are proportional
to the cushion area squared and dependent on the contributions by the fan ,
seal leakage, wave- i nduced area and volume and the cushion vol ume and
ambient pressure which are chosen in the preliminary des i gn stage.
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SCALE EFFECT ON ThE BUBBLE PRESSURE

Reference 12 presents the scale effect on the real component of the

bubble pressure in the two-dimens i onal SES aga i nst the scale ratio X —

shi p length/mode l length. It shows tha t the scale effect is larger for

the low frequency than for the hi gh frequency .

A similar study can be carried out for the present three-dimensiona l

SES model.

Since 
~o~r”o and p Q 1 /v in (83) are dimensionless , the scale ef-

fect on the magnitude of the pressure (or the comoonents) can be estimated

by scaling the ambient pressure p0 by Xp~ . For the rea l component the

ratio of the coefficient for shi p and model is

- P
b
/P

O~ J b ”~o~
~~zIh

Jr “ ~~2/h /~.ship model

— 

‘Y~ 1 + ~a~~o)LI~ 1I + 

~a~~o~o~r”ol
L~’0 + 

~a ~o o~r”~o] 
+ ~Y (l + p8/Xp0)p0Qj/v0]

V~ l + Pahl)o)[l~~’0 
+ 

~~~~~~~~~~~~~~
- (9 1 )

[l_V (l + 

~a’~o~
po~r”o] + [v(i +

Sim ilar expressions can be obtained for the imag inary component as well

as for the resultant magn i tude.

34

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~.-— .--~~~- - ~~~~~~~~~~~~  J



- - - - - -V--~~~~~~~~—-—~~~—~~-••-V - - - - 
~~~~~~~~ 

-
~~ 

- - - -

2040

NUMERICAL CALCULATIONS AND DISCUSSION

W a t e r  Waves - Elevatio n , Escape Area and Volume

The mode l used In Reference 2 has been chosen to compare the analytical

values of wave elevat ion , escape area at stern and vol ume on the air-water

Interface in the deve l opments of that reference and the present study .

A series of cal culations have been carrIed out for the elevation of

the free surface along the wall y—b at Froude number F~~O.5 for different

values of frequencies 1—0, and r—O.2375 and r0 .2750 which bracket the criti-

cal frequency 1—0.25. The results are show n in Fi gures 2a and 2b and compare

~‘ery favorably with those of Doctors who defines F~ — ~~~~~~ Fi gure 2c is

a comparison of the va)ues of wave elevation of the corner point x/a—-l

and y/b 1 in terms of frequency w , eva l uated by the present analysis and by

that of Reference 2. In the low frequency reg ime the agreement is excellent ,

whereas outside that the discrepancy is quite substantial especiall y in the

imag inary part of the elevation va l ues.

Similar calculations were carried out for the escape area,a , at the

stern and the vo l ume , v , on tk’ air-water interface for the entire frequency

range of practical interest. A comparison of the results of both analytical

solutions is shown in Fi gures 3a and 3b for the escape area coefficient , a

and vo l ume coefficien t, v , respectivel y, for a series of frequencies T

The agreement is rdther satisfactory up t o r l . 5  except for the rea l value

of the v coefficient. It is Interesting to not i ce that the value of the

escape area oscillates with 1, whereas the volume coeffic ient v behaves

relatively monoton i cally. Sudden changes of the values of a and v are

exhibited at the critica l r—O .25 as should be expected. Furthermore , it is

Interesting to note that as r—0 , the Imaginary part of both quantities tend~
to zero whereas the rea l parts tend to finite negative va l ues. These limiting

va l ues can be readil y obtained from Equations (6la) , (6lb) , and (62a), (62b).

As the frequency approaches higher va l ues, the imag inary parts of a and v

diminish showi ng a trend to zero asymptote , whereas the real components tend

to a negative non-zero asymptote. The non-zero va l ues are less than the

static values of ar~~
O.2S and vr

_O
~
2S
~ 

It is apparent , therefore , that

the dynamic va l ues of a and v in Eqs.(62a) and (62b) are positive and their

magnItudes are less than their corresponding static va l ues (Eq.6lc) .
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Similar calculations have been carried out for XR-5 SES mode l at

Fn 0.72 , for which extensive experimental work Is ava ilable. 5 7  Fi gure 4
is a sketch of the model and Table I presents Its prInc i pal particulars .
The results for a and v are exhibited in Fi gures 5a and Sb versus
the frequency T The trends of the results of both models are , in

genera l , similar except that the oscil latory behavior of a has been re-
duced considerably in the second model.

Bubbl e Pressur es

The values of bubble pressures in the plenum calculated from the cx-
pressions given by Eqs.(80), (81) and (82), for the XR—5 SES model at

Fn O.72 are graphically exhibited In Fi gures 6a and 6b for a series of

reduced frequenc i os i

Fi gure 6a shows the values of bubble pressure and phase shift ang le

versus I in the presence or absence of water free surface effects . In the

limit as T-’O , the expression gi ven by Eq.(8l) shows the pressure ampli-

tude reduces to zero with phase lag of 90 degrees. The pressure amplitude

generall y increases as I increases tending to the asymptotic value g i ven
by Eqs.(82a) and (82b) for both cases , with and without the free surface

wave effects.

Fi gure 6b g i ves the entire p icture of bubble pressure versus T rang ing
from zero to 600. It is seen that the amplitude reaches its asymptote ,

‘((1+ 
~a”~o~ 

at 1—200 , whereas the phase angle may reach Its asymptote at
,- ‘ 800. It is to be noted , however , that the va l ues of the bubble pressure

in the uncoupled condition (i .e., withou t water wave effects) are , in genera l .
much larger than those obtained under the coupled condition . In fact , the

asymptotic va l ue of the former is about thirty t imes larger than the latter.

Added Mass and DampIng Coefficients

The heave added mass and damping coefficients Ca~ 
Cd of the XR-5 SES

model have been ca l culated and are shown in  F i gures 7a and 7b. The experi-

mental va l ues6 for the model are also compared with the theoretical va l ues

in Fi gure 7a. Both results show the same trend and the experimental damping

coefficients agree better with the present theory when wave effects are taken

into account. The asymptotic va l ues of the coefficients obtained from Eqa.(85)

36
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and (88) as 1-’ 0 are the same for both coup led and uncoup led conditions.
The imaginary part of the bubble pressure from which the damp ling factor N
is determined is lInearly proportional to the frequency I (or a) at low fre— 4quency for both coup led and uncoupled conditions (see Eq.85). The experi- I)

ments4 also find this component linear ly proportiona l to the frequency for an
ACV model over the ground. The added mass coefficien t Is , in genera l , negative
for the specific model except in a narrow region as indicated in Figure 7a.

The non-dimensional coefficients Ca and Cd diminish as I increases.
As I approaches , the coefficients tend to vanish for both coupled and un-
coupled conditions (see Fi gure 7b).

Sca le Effect on the Bubble Pressure

The scale effect on the bubble pressure amp litude has been calculated
for the XR— 5 SES mode) at F~— 0.72, and the results are shown In Fi gure 8.
It Is seen that the scale effect is increas i ng with Increas i ng frequency at
constant scale ratio ~. and increases also wi th X at constant frequency.
The scale effect increases with both inc reasi ng frequency and scale ratio. For
ins tance, the shi p pressure at i—4.5 Is underestimated by 14% when the model

*scale ratio X 1 0  , which corresponds to about a 133 long-ton shi p.
12The previous work on the scale effec t is concerned with the rea l com-

ponent of the pressure only. It shows that the scale effect is large r at low
f requency , a trend wh i ch is opposi te to the present result . However, it is
to be noted that the analysi s of Reference 12 deals with the two-dimens i ona l
theory and hence it Is di fficult to compare with the present three-dimensiona l
analys is.

Heave Response

Since the theoretica l heave added mass and damping coeff icients a re
available , the heave response with pitch restra i ned has been calculated by
utilizing test results6 for the restorIng and exciting forces of the XR-5 SES
mode I.

Figure 9a shows the - mean line drawn among the experimental va l ues of
the non-dimens i ona l heave excit ing force6 versus the non-dimensiona l encounter
frequency GJ[7~ . The extrapolation has been made by assuming that the
heave-exciting Is identical to the restoring force at zero frequency. The

*These conclus ions reached after the set of calculations performed for the
XR-S SES for g iven fan characterIstIcs and discharge should be used withcaution and cannot be generalized before extens i ve calcula tions are performed, 
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mean line has been cut-off at the frequency beyond which the data are un-

rel iable.

The experimental added mass and dampIng coefficients have been obtained

from the three test points indicated in Figures 18 and 19 of Reference 6.

Using these va lues , three heave responses have been calculated . Fi gure 9b

compares the semi-analyt ical and the experiment-based calculations . The semi-

analytica l response is higher than the experiment-based calculation results

due to the fact that the theoretica l damping coefficients are lower than the

experimental va l ues.

The theoretical calculations show a similar trend to that of the heave

with p i tch free (x symbols) wh i ch is obta i ned from Reference 7. The natural

pitching frequency of the model is 5 rad/sec. It is seen in Fi gure 9b that
the theoretical heave at the natura l pitch i ng frequency is about 50X, of the

heave with p i tch free. This kind of characteristic heave response in coupled

- - 

an d uncou p l ed conditions for an SES model has been found by Fridsma8’~ at

Dav i dson Laboratory.

Numerical Procedures

The computationa l work has been carried out at the Stevens Institute Com-

puter Center on the PDP-lO high-speed di gita l computer. Program structure

with Flow—Chart of the main subroutine VLL I , program listing and descriptions

of Input and output are g i ven in Appendix E.

The exponential integra l of complex argument , which is the basic element

In all the analytica l expressions , is discussed in detail in Appendix D with

the view to utilizing hi gh-speed di gita l computers.

Furthermore for convenience in the numerica l integration of Eqs.(46)

and (59) to (62), a transformation is introduced to simplify the structure

of the singular behavior at O~ (critica l point , see Eq.29), and then the
“Lagrange interpolation method” has been employed for the evaluation of the

finite contribution of the hi gh-order singularity.

I.
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SUMI4ARY AND CONCLUS I ONS

A mathematical model has been developed for the eva l uation of the

added mass and dam p Ing coefficients of a heav i ng surfac e eff ec t shi p in

un iform translation on a calm water surface.

The analysis furnishes the variation of bubble pressure in the plenum - 

-and Its scale effect In terms of reduced frequency 1 in the entire range

of practica l interest , and also prov i des information on the wave elevation

of the free surface, the escape area at the stern and the volume on the air -

water interface .

A program has been written in FORTRAN IV language and applied to the

PDP—lO high-speed di gita l computer.

The following basic assumptions were made:

1 . The deformation of the water surface partici pates in the generation

of the bubble pressure in conjunction with the action of seals and fans.

2. The deformation of the free surface under the oscillatory rectangu-

lar pressure patch in uniform translatioó is used to display the way in which

the motion of the water surface partici pates In the evaluation of the pressure

variations in the plenum air.

3. In the dynamic analysis of the air flow phenomena, pressure and

volume changes are assumed to occur sufficiently rapd lly so that the adiabatic

law governs the basic thermodynamic variations In the air cushion .

4. The bubble (or cushion) pressure is assumed to be spatially homo-

geneous.

5. The leakage of the air takes place only at fan and stern apertures .

6. The perturbed (or bubble ) pressure and air volume have the same order

of magn i tudes as the heave disp lacement.

Expressions for the wave elevation , escape area and vol ume have been

derived and their limiting values at T-’O and I-’~ have been stud i ed.

The linear equations of bubble pressure and heave mot ion have been de-

veloped , apply ing perturbation procedure to the ad i abatic law , and their

asymptotIc values at T-0 and I-. have been established .

) 
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A series of numerical ca l culations for the SES model have been carried

out for the wave elevation , escape area, volume, bubble pressure , added mass,
damping factor, the scale effect on the bubble pressure and the heave response
with pitch restra i ned .

All the above results have been compared with available experimenta l

data and their behavior as functions of the frequency discussed .

The following conclusions can be drawn from this investi gation :

1. The assumption of a ri gid-free surface Is not valid . Considerable

differences have been observed with and without the free surface waves .

2. The bubble pressure in the plenum has zero amplitude with 900 phase
lag as I-0, whereas at r-~~ it reaches a constant value with 1800 phase lag.

3. The added mass and damp ing factors as i—0 reach asymptotically

finite va lues whereas as T-’~ they vanish.

4. The scale effect on the bubble pressure increases with increasing

frequency and scale ratio. (Mo re extens i ve calculations are needed before
generalizing thIs.)

5. The pre3ent method can be applied to predict the heave response with

restra i ned pitch motion utilizing experimental va l ues of the restoring and

exciting forces.

6. The added mass and damp ing factor compare favorably with the experi-

mental data. Unfortunately a very limited number of experiments are at present

available and before more experiments are conducted , no genera l concl usion as

to the accuracy of the theoretical prediction can be drawn.

It is expected that the present method can be extended to calculate

1) the heave exciting force of a captive SES model uniformly running in head
regular waves and 2) the heave restoring force acting on an SES model in

uniform translation .

40 
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TABLE 1

PR I NCIPAL CHARACTERISTICS OF XR—5 SES MODEL

Length overall , ft LOA 15.58

Length of bubble , ft L 13.83

Beam of bubble , ft b • 2.12

Hei ght of bubble , ft h 0.72

Test displacement, lb A • 298

Nozzle factor k — 0.65

Fan flow rate per 
~Q /~ 0 03pair of fans, ft5/lb—sec ~

No. of pa i rs of fans n 2

Leak area at equilibrium A~~
0)

hhI 0.333

Froude number F~ — 0.72

Encounter frequency, rad/sec We — ~~~ 22

Natura l p itching frequency, rad/sec —

Heave restoring force, lb/ft B — 1350

_ _ _  _ __ _~~~_ _ _
~~
__ I_ _ _ _±_ _

~~
_ _ _ .~~~~~~~~~~
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Ref .L6J
— 

[) Regular Wave Technique

— 

0 Transient Wave Technique

100 —

~~~~~ Extrapolat ion

_ _ _ _ _ _ _ _ _ _

frequency a

FI GURE 9.. HEAVE-EXCITING FORCE OF XR-5 SES MODEL AT F~~O.72

X Experimental Ref.[53
1.0 pitch free.

~~~~ —-0—- Calculation using

8 — ~ experimental information0. 
~
L
L~,’. 

X only Ref .[6];p l tch restra i ned

‘r~ \ x _-. Calculation usingO.i, — 
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— and damp ing coefficients
\ x. with experimental restoring

O.Ze A and heave-exciting forces;
— X pitch restra i ned.
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-
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frequency ~ (rad/sec)

FI GURE 9b. HEAVE TO WAVE AMPL I TUDE RATIO OF XR-5 SES MODEL
AT F~ • 0.72
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APPE ND I X A

CALCULATION OF I~ . I . , J 1 - , J’ • (i—I .2),J ,J ,i l ,j

Integrat ion of I~ . and I in Eqs.(43a) and (L43b) with respect to

~ and Tl y ield s

____ 

kz~ iks 1 iks 2 iks
3 

iks
4)

— si~ e ~ 
dk e e 

k(k..k~) 
-e

C e~~ . 
II 

)
+ . dk (A-l)sin8cos8 k

2
(k— k.)

.A-.
I’

kz1 iks
5 

iks6 iks
7 

iks8U ~ e \—e +e -e +e II I — . I dk—stn 9 k(k—k.)

kz ii )
- 

C 
Sak

e 
(A-2)S I O OC O S Ø  ka (k_k.)

J

Differentiation of I . (A—i) and I • (A—2) with respect to x y ields
& ,J ,J

kz iks iks iks iks2 3 L4U cos~ 
$ dk e ‘e —e +e —e

1 ,j I sIne k_k~

_ _  

cx~~~~~~kz( ii )
- . dk e 

k(k—k~) 
(A—3)

kzd iks iks iks iks5 6 7 8
• IJ cosO 

$ dk e -e +e -e +e
I ,J I sInO k—k

in kz~ 
I I  )

+ S?I.O O S ~ 
dk e 

k(k_k
j) 

. 

(A— L i)

Al
V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~- -- - - -~~ - ---—
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whore J • 1 ,2 dfld

• (x cost) + y sinO) — (a ~osO + b ~.inU)

• (x cost) -s y sinO ) — (a c:osO - b sint))

53 
— (x cos~ + y sine) + (a LosQ + b sinO)

— (x cosO + y sint)) + (a cost) — b sint))

— 
5

5 
— (x cosO - y sin t ) ) — (a co~t~ + b sint))

______ 

s6 • (x cost) — y sinO ) — (a cjS() — h ~I nO)

_____ 57 — (x cosO — y sinO) + (a cost) + b sinG)

• (x co~a~ — y sinG ) + (a cosO — b ~.l n0) (A—5)

Since

I 1 1  I 1
kck~k~) t4

~~~
j
~~~

k

~

(k-k

~

) 
- 

L~ 

- + _J.~ _L_ (A-6)

Equa t ions (A—i) t I1t-oLIt1h (A—Li) ~re expressed in t h~ toil t~~ I n~ I o m i s

‘ i ii L~ .ln e kj~s~nOcosO) 
( I ,~

I 2) 
- 

kjsinUcosU 
1 3

I LI ci I II i + ——) ( I
’
—I ) + --——

k
1
si nt ) k~ sinOcost ) 

2 k jsinOcost) 
3

.J •
~ 

—--  I + 
(Li cost) 

— 
0 )

I .) Ik
1
sinU I 

~kin8 Ikjsirit3 / 2

i I U t o s  ii C IJ 1 1~~ — •i-r—
~T;~ 

I I + 

~ isin (i~~ik~slflu ) 1 2 (A—i)

• kz(
, 

lks 1 Iks ? lks
3 

Iks
Li)

where I
~ 

— dk ~~— 
C e 

k

— )
1

2 
•J’ dk k~k~ 

A2 

— 

l Cont ’dJ 

- -.~~~—— --.-~~~~~--- -——- -—— -
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• kz11’. 
iks 1 iks 2 iks

3 
iks

Li)
1 3 

— j dk 
C C -e 

~
-
~: 

—e 
(A—8)

o k

kz( iks
5 

iks6 iks
7 

iks
8)

I; — dk e -e +e 
k 

+e

in kz(~, )
I~ —j’ dk e k_k

s

in kz(
’. 

“ )
I; — dk e (A—9):1

Integration of ~~ 1 31 I ;~ ~

To transform kz + iks 1, kz + iks 2, etc., we w rite

~ x cost )+y sin t ) — i z

C ’ ” c c o s 9 - y s i n 9 — iz

= a cost) + b sint )

— a cost) - b sine (A — b )

and we have

+ is
1 

= i (C—C 1) , z + is
5 

— i ( C 1
~~ C

i
)

z + s~ = i (C—C 2) Z + —

z + i s
3 
= i (C+C 1) , z + i s

7 i (C’+C 1) 
-

Z + i (C+C2) , z + is8 — i (C ’ +C2) (A—l i)

Substituting the above in I~~, 1 3t I~ , I , we have

dk ik (C—C 1) iK(~ —C2) ik(C+C 1) i k(C+C2)1 1 (C) — 
-.

~~
- [e -e +e -e 

J 
(A-12)

1 3(C) 
I I  

] 
(A—l3)

A3 
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1k ik (C’-C 1) 
ik(C’—C2) 

ik(~~
I +~~ 1) 

ik(CI +C2)
-e +e (A~ ILi)

s dk L I I  

~ 
(A— 15)

Consider the firs t integral I
~
(C) . t~~(C) in Eq.(A— I 2) is analytic

in  the l ower h a l f  p lan e and I l (C) ’ 
0 for ~~4’ I . Hence , dif ferenti ating

w ith respect to C1 we have

dI 1 
lk(C-C 1) ik (C—C 2) ik(C+C 1) ik(C+C2)

I J’ dk Le 
-e +e -e 

] 

. (A-l6)

Integ ration w ith respect to k is g ive n by

d1 1 
___ 

1 1 1
- c~ 2 + - çç ) . (A- li)

In tegrating with respect to ~ , 
we have

I 
= -(log 

~~~~~~ 

+ log 
~~~~~~~~ 

K (A- 18)

where K integra tion constant.

Since both I~ in (A-l2) and the l ogarithm ic terms in (A-iS) van i s h  for

we have K— O

Hence ,

C-C 1 C+C~-
— - b og 

~~~~~~~~ ~+c~
) (A—19 a)

and

I i~
=-(bog I s i (+ 

.~ )_ (1ogIs 3 (+ ~fl)+(logls 2j+ ~fl
)+(iog

~
sLiI+ 9~)~ Sm~~

0

z0 (A-19b)

A sim ilar procedure is applied to I
3~ 

I and

C+C 1 C-C2
$
3 

— -1t~—C I
~ 

+ C1 log 
~~~~~~~~~ 

+ log C+C2
) (A—20a)

( 

-
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cost) + y sin9) I 1 [+C 1 L (1 o~ Is 3I+P~)~~
(1o9ls 1l+ 9 )I

+C2R1ogIs2j+1~,)— (1ogIs 4I+ .~ fl),
- 

S~~~~~ 0 (A-20b)

— —~ iog + log ‘‘+ç

2
) (A-21a)

I 1  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 (A 21b)
z0

C ’ — C C’ ~I - -iL-C’ I + C 1 bog + C2 log 
~~~~ 

(A-22a)

cost) -y sin8)I
1 
+C l t (bog (s 5I+ j~

)_ (bo gIs 7I+9~
) }

z 0 z=O

5m ~ 0 (A—nb)
Integrat ion of 1 2 and

~ 2 
(A—B) and I~ (A—9)are identical with each other in form ; therefore it is

necessary to consider the integral

ik (s
1 —iz ) -

G — j  k—k dk (A—23)
o j

Transform i ng the above by translation

w — k_k~ (A_ 2Le)

and rotation

u —iw(s 1 — iz) , (A—25)

we have

A5 - 
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,k.s1+k z -u
G = ~ -~ — do . (A—26)

1k si+kz

The above is expressed by the exponential integral ,17

i k s + k z -
G e ~ ~ {E1[~.k~s1 - .4- k~z]_ 1~~~

1.J 
for 

~~ 
0 (A—27)

Hence for z=O,

1 2 
= E

1
(_l)m+l 

e
i k

J
sm {Ei L i kjsmJ 

- 

~~ } 
for 5m (A-28)

= ( I )  e~~J
Sm 
{E1

[ik~ s J - .
~~~

]‘ for S
m ~~~ 0 - (A-29)

(. where j = 1 ,2

CALCULATI ON OF 1 6 AND

I
We ca l cula te the following integrals which are used for eva l uation

of the volume in Eq.(59)

16 ~ ~~ 
ekZ(e

fl
~~i _e~

k52 ~~iks3 _e
~~~4)

I~ S ~~ ~~~~~~~~ 
~~iks6 _e~

k57 +e~~
5e 

) 
(A—30)

The same procedure as that used prev i ously i n the Integration of

I ;, 1
3 

and I is used .

The 1 6 and are similarly expressed in the following form :

1 6(C) — ~~ [e~’~~
C
~~
1) _e~

k
~~~~~ +e

1
~~

C4-C
~.
) _e 1

~~~
4-C
~~]

~~ [_e~~~
C’~~i) +e~k~~’

_C
~ _e i

~~C’ +C~ +e~~~C’ +~2)] (A-3l)

For ~s ’ l~~ ~~ ~ and analyt ic in C and C’ .
$
6 A6 

-
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Different iating 1 6(C) and l~ (C’) three times with respect to

C and C’ , and Integrating them wIth respect to k , we have

3d I 6 
_ _ _  _ _ _  _ _ _  _ _ _

dC3 
— 

~~~l 
- 
C-Ca 

+ C+C1 
-

d3I~ 1 
_____ _____ ______ _ _  - - C’ -C~ 

+ C’ -C2 
- 

~~~
‘+

~~~~ 

+ ( A 3 2)

Integration of the above derivative s with respect to C and C’ yields each

time a pair of integration constants. The first two pa i rs of constants

van i sh , whereas the las t pa i r resul ts are ~~(C
l
2 _ C

2
2
) and - -

~~ 
(C 1~

_ C
2
a).

Hence, the pure constant terms in 1 6(C) and I
~ (C’) 

disappea r and the 
~6

and I~, are finafly expressed In the following fo rm:

1
61 

— — .
~j 

(xcost)+ysi nG)~ I
l l ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Z0 z 0

+(xcost)+ysln6)C2[(loyls2j+P~
)_
~, 
bogIs LiI +P,~

)]
+ ~ [Cj2{(log~s1J+~~)+ (1og~s3J+~~)} -

~~2 {(
b09I52J~ PTT)+(109I5LiI4-?TT)}] for Sm~~~

O

l
~ I - _ {~~(xcos9_ysint))a I 1  

_ (xcosO-ys I ne)C,[(log~s51+~~~_ç1og)s71+ 1~ )]
z0 z0

+(xcosO_ys i n6)C2[(bog1 s61+ 1
t~)_ (log1s8~+1g)]

+ 
~
. [c,2{(log,551+ Io).l(logIS7,+p )} - -

-

_C
2a{(logIs61+ 1 (logts 8I+ 1~ )}]~ for S

m ~~ 0 . (A-33)
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APPENDIX B

CALC ULATION OF 1
2 z ’  

I
~~~~2

P J2,~~~ J
~~L (

~*l
,2 ;j_ 3 ,Le)

Integrat ing 
~2 ~ 

and with respect to ~ and TI in (Li3c) and

(Li3d) , and making use of (A—5) and (A-6) , we have

1 2 L  (k .sint ) 
+ 

~~sin8cosO ) 
(I 1 —% 4

)+ k~s1n~cosO l
3 

(s— i )

1 2 L  
4
~k sin8 

+ 

k
J
2

SI~~ GC;;-~
) (i~~

-I
~
) - k~~~~6 6  

(8-2)

C U cost) a

~2,L 
— ikjsinB 

I I 
— 

~.I sint ) + ik~sinO ) 1 Li (8~ 3)

C ~ (U cost) 0

J — + ‘  + ‘ I  B—4
2,L ik .sin8 ‘I \~ sint ) ik.sinO/ Li

J J

where the ~ indicates the complex conjugate, and ,

in e(~~~ ___________________

$ dk k—k -

0 3

( “I (B—5)
in kzt

e ’

0

S dk e~~ ’.—e~~~~ +e ~~
6 

~~~~~ +e~~~~
81

( s— 6)
• kz(
J’ dk e 

k—k0

B—i 
-

-J
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Integration of and

It is apparent from (B—5) and (8—6 ) that an evaluation of two

integrals is necessary :

dk — ik(s 1 -f iz)C l — S k-k e
o 3

-r~

in —ik(s +iz)
G2 — $  k— k e • (B 7)

0 Li

Transforming C1 and C2 by translation ,

w k — k .  (B-8)

and by rotation

u — iw(s 1+iz) (B—9)

we have,

iin(s +iz)
— ik.s +k z 1 —u

— e ~ $ !~~
_ du (B-b )

C2 — i k~s1+k~z

Thus , by apply ing the formula for exponentia l inte gral~~we have

— i k s + k z -
a C

1 
e ~ ~ 1E 1[—ik 3

s1+k3
z] — ~~~~ ,

—ik s +k z
C

2 
e 

ii 1 L1 
LE 1

[_ ikLisl +kLiz) + j 2n ~~‘ ~~i~~
° (B-il )

Due to the above expressions (B-Il) , the and l~ i n (B—5) and (&-6)

for  z 0 , are

I~ m~
’l 
(..1)

m.~i e~~
k
3
5m 

~EiI:—ik3
sm) — ‘ 

5m ~ 0

I — - (8—12)Li 
t
m~i ( J ) m+b e~~~~

m 
IE l

[_ ik LiSmJ + i~~~~~~’ 
5m 0

8 — ik s

~~~ 
(1)

m+1 e 3 m 
~E [i k s 3  — 

1 2TT
1 ‘~m~~ 

o

I ‘ — 
(6—13)

Li 

m~5 
(_ l)hT*

1 
e
’Ym 

tE i k s J  + S 0
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APPENDIX C

CALCULATION OF INTEGRALS FOR COMPLEX k3, kk

We evaluate the integrals I
5
(kz) and l;(kL) of the comp l ex argu-

ments In Eqs.(L16 , (51) and (52).

Cons ider .

—i k(s 1 4-iz)

G3 
— 5 dk 

e 
k-k 

— (c— i)
2

— where k~~~com~iex 1 k
3 

complex conjugate of kLi and Imk
3

-~ 0. And Rek~ ~ 0.

Translating and rotating by

w = k—k . and u iw (s 1 +iz) (C—2)

we have
iin (s +iz)

G3 

I 
L....du (C—3)

_ i k
js 1+kjz

For k3, with z—O , we have the following relations :

If s > 0,
1

Re(-1k
3
s1) 

< 0

Im(— ik
3
s

1) ~ 0 for Re k
3~ 

0

~•I if 0,

Re(— 1k3
s1) > 0

Im(- ik
3
s1) ~ 0 for Re k

3~ 
0

F - 

— _ • __
~~~~t -- -

~~~~~~~ — --- - -
~~~~~~~ 
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For k
~
, with z0 , we have the follo~ ing relations :

if s1 > 0,

Re(-ikLisl) > 0

Im(_ ik Lis)) ~ 0 for RekLi ~ 0

If

Re(.
~
ik
~
si) 

< 0

Im(_ ikLisl) ~ 0 for RekLi ~ 0

In addition to the above for both k
3 and kLi with z0 ,

Re(i~ 1in) — 0

Im (is 1.) ~ 0 for s 1 ~ 0
C Thus , applying formulas of exponential integrals ,17 we have the following

results for v-O,

For Re k
3~~~

0
C

-ik s
e 1

1E 1 [— ik 3
s1 J — ‘

~~~ 
} , s

1 ~ 0

~ 
e
_ Ik

35 h
IE l

[_i k
3
sl J 

- 
0 ‘ 

~l ~ 0 (c-Li)
and for -

Re k4 ~

— ik s -
e 1 {E 1 [— ik4s1] + I 0

3
e {E l [— ikLis l 3 + 0 s1 ~ 0 (C—5)

Thus for z0 , the 1
5 

and I~ are g i ven :

Re k
3~~~

O

(_ 1)m hi e~~
k
35m 1E 1E— ik S 3 — 

1 2T1 I sr n 1  m m 
(Cont’d)

C2r
b 
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1
5 m~i U

~~
’ e

Ik
3
Sm 

I E L  3 - ~ ~~
‘ 5m ~

for Rek4~~~O 
-

L 

m~l
1)
~~~ 

e~~~~
m 

lE l L~
Ik LiSm J ~~~~ ~

e
1
~~~

m 
l~~~~Li~m

3 + 
~ ~~

‘ 5m ~ 0 (c 6)

for Rek
3~~~

O

- 
i 2TT~ Sm ~ 0

3 m j E 1 [— i k
3
s J  — 

~ 
}
~ Sm ~ 0

for RekLi~~~O

-

~~~ ..y(1)m+i~~~ L i m  i t E i k j  + 
12TT 1’ Sm ~ 0

8 — ik sLi m 
IE )

[_ ikLiSmJ + S
m 0 (c 7)

C3
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APPEN[)IX D

EVA LUATION OF EXPONENTIAL I NTEGRAL OF COMPLEX ARGUMENT

To calculate the exponential i n tegra l  of a comp lex argument E l
L_
~
k
LSm
]

as given in Eqs.(51) and (52), we put

2 — — ik~~ (D— l)

whe re k~ represents a complex wave number k
3 

or k4 and the has

been given in Eq. (A—5), Appendix A.

The exponential integra l is given by17

E 1[z] — — ‘Y— log z —
~~~~ 

(~arg z~ < i i) (D—2)
n—i

Let the above z be g i ven in polar coordinates

ic~z r e  (0—3)

— 
Im(—ik s )

with r — _
~
k
L
S
m I ~ 

= tan Re(_ik jsm) 
(D—4)

Substi tuting z Eq.(D—3) into Eq.(D—2), we have

E i
[_ik

L
Sm] = —C (r,~ ) — iS(r ,o’) (0—5)

where

C(r,~ ) = V + log r +~~~ t—l)~~ r~ cosn~
n— i

• S(r,o’) — o~ + �:; ())n r~~s i nno  
(0—6)

n i  n~n.

where V = 0.5772.

Introduc i ng a new variable 8

~ a + T I  (0-7)

01

- - - -- -

~

- —---

~
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we have

n n n • nz = (—1) [r cos n8 + s r -s i n  n~~J (D—8)

Hence, Eq.(D—5) is  g iven by

E I
L_ I kLSmJ = —C(r ,~) —iS(r ,B) (D—9)

where

C(r,8) = V + log r + ~~~~ 
r”cos nA

n=I

S(r,~) = (s-n) + 

n~ l 

r~s i n n B  (D-i o)

The exponential integral of a complex argument _ I k
L
Sm (kL=kL +kL )

i n Eq. (D—i) approaches the exponential integra l of a pure imaginary argum~nt
-ik L S  when kL~~ 

0 (k~. ~ 0):

E 1
[~~ik~S~ J = E

l
[_
~
kL 5

m
]= _Ci (k

L S
m

_ i [Si (k
~~

sm
)_ 

~J for k
Lr

> O
~
Sm> 0

( 0— 1 1)

where Ci and Si represent the cosine and sine integra l , respec tively.

Evalua tion of the exponential integral of pure imag i na ry argumen t

is carried out by making use of the standard subroutine “SI CI” 6 which has

been given in the Scientific Subroutine Package. The program computes the

Sine and cosine integrals -

Si(x) and Ci(x) , x > 0

and thus by mak i ng use of the above, we compute the exponential integral

E1 (ix) — —Ci(x) + i[Si(x) — -~
] , x > 0

and E 1 (-ix) wi th x > 0 by the complex conjugate of E1 (ix) .

D2 

~~~ 
~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -
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Evaluat ion of Eqs.(51) and (52)

Since

— ik s k~ s —1 k $
L rn 

~ 
m Lr me = e  e (D—l2)

we have
— ik s kL•s

e 
L m 

E i
[_ ik

L
s 3 = —e m

+i[_ sin(k L s )C(r,B)-i-cos(k $ )S ( r,8)]}
r m Lr m

(0—13)

— 1 k s k3•s
— 1 21re 3 m = —211e m[$~fl(k3 S)+~ COs(k3 S)] for k3 > o~ 5m > o

(D— l 1-i)
- 

and

— i k s kLi s
i2 rre m 

= 2ne ~ 
m
{S~ fl(k S )+i cos(k14 s)] for kLi > 0, Sm < 0

(D- 15)

Subst itutin g Eqs.(D—13) to ( D — 1 5) in ( 5 1 )  and ( 5 2) ,  one obtains the

expressions for I 5(kL) — l
~
(kL) 

-

— i k s
e ~ m tE [ .k J — 

‘ 
5m ~ 0 , Re k

3 > 0

= _e
k3i 5m {cos(k3 .sm)C(r ,~) + sin (k

3
sm)[S(r,8)+ 

2~ T
]1

— i e ~‘ m I_ sin(k
3

sm) C ( r ,B).,. cos(k3r sm)[S(r,8)+
2
~
]I (D—l6)

_ Ik
LiSm 0

e 1E i
[_Ik LiSm] + 1 21T 1, S

m ~ 0 , Re k Li > 0

~e~~~~
m
tcos(kLi s )C(r ,8) + sin (k,4 sm)[S(r,8)_ IJI

kLi S

—ie m
1 i (k )C( B)+ cos(kLi sm)[5(r,B)_ 2?T] 1 (D— l7)

03

L 
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Since Eq.(D—i3) i~. form ally icIe ’ntic al to the complex conjugate of
+ i~~~~) in the Appendix of Reference 19, and Since the formula g ives - 

H

expressions for both small and larg1- r for a rapi d numerical cal culation ,
the expression of the 4’or~~~0r 

has been used.

For small r , Eq .(D— 13) remai I1~ unc h,inqed .
For barge r. Eq .(D—l 3) t ,kv~ t he  fo l bow inq  form

-ik~s111 
E 1 [-i k~s ]  — - ~~ (n-i) 

COs fl b

n 1  r

N • H
+1 �J (n— I) ! s i n n Ø  

(D— 18)
n—I r

where N — truncation number.

int egration of Eqs. Li6~~59 and (iO

lnte qration with respec t to 0 in (1+6) (59) and (60) has been carr ied

out numerIcally by employ ing the trapezo idal rule. For the singular behav oi-

wHch appea rs in the neI ghborhood of 0 — , a cha nge of var i abl e, adopted
in Reference 2, has beep omp loyed for convenience.

e’ 2cos 0

which g ives

El’ -. 0 for 0 -s 0

-~ • for 0 ~

i ndIcatIn g the singular behavior has been shifted to 0’ • at which the

Integrand tends to zero.

For the IntegratIon with respec t to 0’ , the upper l im I t  has been

truncated at 77 as being sufficient.

In the neI ghborhood of the critical point 0c however , when the ¶

v at~~~ nearl y s a t i~ fy the relation (29), sin gular behavior occurs also

wP~~~ k3 
— • 0 •-i-. It Is seen from Eq. (26b) :
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1 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

k
3 

- k
4 

— - 

k sec20f[~~4rcos9

(1 - Lir cos O) -. 0 for 0 -.

In these cases the Lagrange interpo lat ion method
l8 

has been employed .

The integratIon has been assumed to have the form

— 
°c~~~ M(9)_ dO

0~—28

where 6 — 0.00033 has been finally adopted and M (e) — (0
~

Elc)
3
• [Integrand

of Eq. (1+6) or (59) or (60)].
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APPENDIX E
FLOW DIAGRAM AND PROGRAM SYSTEM

With the following Input ,

IN PROGRAM IN TEXT

TU T reduced frequency

~QfFAN fan discharge rate for a pair of fans

SI( k nozzle flow factor

ROW = water dens i ty

SELA A
0 seal leakage at the equilib rium

BH h = cushion he igh t

DS displacement

XNF n = number of pair of fans

SL L = nom i nal shi p length

SB B — nomi nal ship beam

A a half cush i on length

B b ha l f  cush i on w i d th

= Froude number

one obta i ns the following results :

RV V r = real part of the vol ume coefficient

IV v 1 = imaginary part of the volume coefficient

RA 
~r 

rea l part of the escape area coefficient

IA o~ = imaginary part of the escape area coefficient

P 1
(2 AMP _.~~/!~ = amplitude of the bubble pressure coefficient

phase 
— phase bag of the bubble pressure

ADM Ca added mass coefficient

DAM Cd — damp i ng coefficient

Appendix E includes three sections : Flow Diagram and Program System for
Subroutine VLL I , INPUT-OUTPUT SAMPLE and PROGRAM LISTING.

El

_ _ _ _ _ _ _ _ _ _  _ _  -~~
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FLOW DIAGRAM (SUBROUTINE VILI)

~~~F I N E VALU~S

\ir=4/~~
RESET

\~~ T=I ,6/

[EMIT VALUE ]

~~~~ DO 
1
3 

_\

~~
~~I ’ l ,  ILIMIT/

EICALL ALVII~
ENTRY A

I NTEGRATION PA~~1DETA I LS ON
FOLLOWIN G PAGE

[~ Th~~T� I )NST NST + Li

TU ~ .25 
YES

2

— 2>

~~~~~~~~~TE 

ii



~
W!

_~ _ 
~~~~~~~~~~~~~ ‘1

R-20k0

C~~~ENTRY A

YES iu=o

NO

SET ARG UMENTS

TEST
NST

NST = 1 
1NST = 2,3 NST = k,5,6

E~
52

~1 
_ _ _ _ _ _ _ _ _ _  

~~ ~~~~~~~~~~~~~

CALL YTEX2(S3~~5j
CALL YTEX2(SL,,L,)~

I 
_ _  _ _

E3 
-
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PROGRAM SYSTEM

- ~~~~ALV 1 ¶

KMP

KMVL

- __f
~~~

r- si ci~
I

COMP 

~~ 

VLL I YTEX2 J f ~~~ 1
-1 

— YTEX3

COEF I *IBM SSP

I SUBROUTINE

J~~~~~1

C

ELi 

VFX

— ~~~— -~—~~
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APPENDIX E
(Con t ‘d)

INPUT OUTPUT SAMPLE

L

I E5

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  - - - - --
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RUN ACVF

>> DEFINITIONS
r~v R[:AL PA RT V OLIJ ME
[V [MAGE F-A Rr Vt)LIJIIE
RA REAL PAR r ESCAPE AREA
IA = IMAGE PA RT ESCAPE AREA

— AMP= BUBLE PRESSURE AMPLITUDE
PHA— iMJE~LE PRESSURE PHASE
A [IM= ADDED r1A~iS COEFFI C IENT
DAM= DAMPING coEF.[CIEN r

INPUT FAN,SK,R IJWpSELA , ~H,DS ,XNF
0.03 0.63 1.94 0.333 0.72 29w. 2.

INPUT SL,SB,A ,D,FN
13.83 2.12 6.915 1.06 0.72

>> INPUT TU, IF ANY. OTHERWISE I~EY IN —1 .
10. S

TU = 10.00 RV -
~~ - -0.073 IV

RA - —0 . 06 4  [A  =

AMP -~ ~J.’l39 FUA— ---1h ~i.1:3o28LJE---02 OAil= • 2.1 ?!E—O.t

:::- > INPUT TU, IF ANY. OTHERWI SE I~EY IN — 1.
—1.

END OF EXECUTION

I (

C -

_ _ _ _ _  

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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- APPENDIX E
- (Cont’d)

PROGRAM LIST ING

1.. -

- ~~~

-
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00100 CCCC MAIN FRUGRAM FOR COMFUTIO~l OF VOLUM FLUX AND
00200 CCCC ESCAPE AREA OF AC’) HEAVING IN UNIFORM STREAM
00300 CCCC IN ADD IT ION CALCULATE BUBLE PRESSURE, ADDED MASS
00400 CCCC AND D AMPING COEFFICIEN TS
00500 CCCCCCCCCCCCCCCCCCCCCCCC CC CCCCCC CCCCCCCCCCCCCCCCCC CCCC CCCCCC CCCC
00600 PROGRAM COMP
00700 COMMON ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L 
00800 COMMON /V2/BET~ZT1~ ZT2~ZT3~ZT400900 COMMON /V3/ ALFi~ ALF2,ALF3,ALF4~ NSr12,NST13,ILM
01000 COMMON /V4/NTS1,NTS2,NTS3,KT1,KT2,fcr3,Kr12,Ku13

• 01100 COMMON id! EPS (3)~~GAB (3)• 01200 [‘AlA EFS/•001~~.0001~~.0001/~GAB!,03325,.011,,01i/
01300 BATh BTA~ ZT1,ZT2~ ZT3,ZT4/,05, .04, .06, .1,2./
01400 DATA A LFirALF2~ NTSi~~NTS2~ NTS3,KT 1/ .033,.05,20,20,30,i0/
01500 DATA GAMA ,PA ,ROA~ G/1.4~ 2048.~~0.00237,32.2/
01600 ALF3=ZT3
01700 ALF4=ZT4
01800 KT2-=NTS2
01900 KT3-=NTS3
02000 CCCC EL = NOMINAL SHIP LENGTH
02100 CCCC SB = NOMINAL SHIP BEAM
02200 CCCC A = HALF CUSHION LENGTH

H 02300 CCCC B = HALF CUS I ON WIDTH
02400 CCCC FN = FROUE’ NUMBER -

02500 CCCC FAN = FAN DISCHARGE RATE FOR PAIR OF FANS

~)2600 CCCC XNF = NUMBER OF PAIR OF FANS
02700 CCCC SELA = SEAL LEAKAGE AT THE EQU I L I B R I U M
02800 CCCC RH = BUBLE HEIGHT
02900 CCCC ROW = WATER DENSITY
03000 CCCC [‘S = DI SPLA CEMENT
03100 CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC
03200 TYPE 600
03300 600 FORMAT (’ >::~ DEFINITIONS’!’ RV = REAL PART VOLUME ’
/

03400 1 ‘ IV = IMAGE. FART VOLUME’!
03500 2 ‘ RA = REAL FA RT ESCA F E A REA ’/
03600 3 ‘ - IA = IMA GE PART ESCAPE AREA ’!

L 03700 4 ‘ AMP= BUBLE PRESSURE AMPLITUDE’/
03800 5 ‘ PHA= RUBLE PRESSURE PHASE’!
03900 6 ‘ ADM= ADDED MASS COEFFICIENT’!
04000 7 ‘ E’AM= DAMPING COEFICIENT’/ )
04 100 - TY PE 300
04200 300 FORMAT (’ :::.:> INPUT FAN~ S K , ROW ~ SELA ,BH,DS~ XNF ’)
04300 ACCEPT 100,FANrSK,ROW,SELA,BH,DS~ XNF
04400 TYFE 400
04500 400 FORMAT (’ :>> INPUT SL,SB,A,B,FW’)
04600 ACCEFT 100~SL~SB ’A~B~ FN
04700 BL=2.*A -

04800 BB=2,*B
04900 10 CONTINUE
05000 TYPE 500
05100 500 FORMArY ::: :: - INPUT TU, IF ANY. OTHERWISE KEI IN — 1. ’)
05200 ACCEPT i00,TU
05300 IF(TU.LT.0.) CALL EXIT
05400 100 FORMAT (7F) 

-

E8

~~~~~~~~~~~~~~~ --— - _ —~~~
----

~~~~~--~~~~~~
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05500 VR~ 0.05600 VI=0,
05700 CALL VLLI(VR,VI,i)
05800 AI=0,

05900 AR=0.
06000 CALL VLLI(AI,AR ,2)
06100 IF(TU.EQ.0.) oo ro 20
06200 SF=FN*SQRT (BL*G)
06300 SIG=TU*G/SP.
06400 SIG2=SIG*SIG
06500 FC=SK/SIc3

• 06600 BL2~:BL*BL• 06700 CA-=BL*13R
06800 VOLI~CA~¼DH
06900 PO~ DS/CO
07000 POVO:=PO/ VOL
07100 rcroR=Po/BH*CA
07200 CUF= • 5*ROW*BL2*GL
07300 COP— .S*ROW*SP*EtL2
07400 Ci=GAMA* (1.+PA/PO)

L 07500 C2=SQRT (2.*PO/ROA
07600 C3=SQ RT (2 ,* PO* ROA )
07700 C4=BL2/ ROW/G
07800 C5 =BL/ROW/G
07900 OR=VR*C4+FC*A I*C5*C2
08000 UI VI *04 — FC *A R*CS *02 +FC* SELA/ 03 +XN F*FAN/S I 0
08100 [,LOR=POVO*OR
08200 t’LUI=POVO*OI
08300 FB= r~1,—C1*tlLQR)**2+ Ci*BLoI **2
08400 PBR=- - -C i* ( : L .- -C1*DLOR)/ PB

08500 FL~I=—C 1*C1*DLQI/PB08600 ADMC=PBR*FCTOR/S 1G2/COF
08700 DAMC=--PBI *FCTOR/S 1(3/COP
08800 AMP=SQRT(PBR*PBRf-PBI*PBfl
08900 PHAS=ATAN2 (PB I , ERR) *57 • 29577
09000 TYPE 200 ,T U,V R,V I ,AR~ A:[,imP,pHAs ,AoMc,DAiiC
09100 200 FORMAT (2X,’TU = ‘F8.2 , ’ RV ‘F10,3, ’ IV = ‘Fi0.3/
09200 1 ISX,’ RA = ‘F10.3, ’ IA = ‘F10.3/
09300 2 1EX,’ AMP= ‘Fi0.3, ’ PHA= ‘F10,3/
09400 3 i5X~~’ ADft= ‘Ei0.4, ’ t’Aui= ‘E10.4 !)

09500 GOTO 10
09600 20 AMP=0,
09700 PHAS=—90.
09800 TYPE 200,TU,VR,VIrAR~AI,AMP,PHAS
09900 6010 10
10000 END
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R-2040

00100 CCCC SURPROGRArI FOR COIiPUTATION OF
00200 CCCC VOLUME FLUX , IF IP I
00300 CCCC ESCAPE APEA, IF II 2
00400 SUBROUTINE VLLI (ZC,ZS~ IP)00500 DIMENSION rHR’~3),rHL (3),FRR(3),FIR(3),FRL (3~~,FIL(3)00600 COMMON/HYTEX/ SM(~~)00700 DIMENSION Z C C (2 ) , ;~SS( 2 ) , F T R(3 ) , F r I( 3 )
00800 COMMON/LOO!C1,C2,RIpR2

L 00900 COMMON /Vi !SLvSB,A,D,FN,rU,EpsI,OAII,BTA
01000 COMMON /V2!BET,ZTI ,ZT2,ZT3,ZT4

- 

- 01100 COMMON /V3/ALF1,ALF2,ALF3,nLF4,Nrst:~,I~urs1:~, iL ,i
01200 COMMON /V4!NTS1,NTS2,NTS3,KT1,Kr2,NT3,Kr12,l~~13
01300 COMMON /CF1/ TV,S1,S2,S3,S-4,SGC2pSGCO,NST,FDT,CN,Sr~.CSN
01400 COMMON !CFI1/ sKo5,TrM,m
01500 COMMON !CF2! EP(4),EI(-4),EPO(4),EID(4),EFR (4,8),Ep[(,l,8)
01600 COMMON /C1! EPSS(3)~ GAB (3)
01700 [‘AlA X1i,X44,X:L5/11.,144.,315./
01800 - ZCC(1)=0.
01900 ZCC(2)=0.
02000 ZSS(2)=0.

L 02100 ZSS(1)=0.
02200 P=3,14159
02300 TP=2,*P
02400 P2=P*P
02500 SL2=SL*SL
02600 SBSL= .5*SB!SL
02700 ABL2=4,*A*B!SL2
02800 G—~52.202900 SLMN=77.
03000 BLF=0.000333
03100 EPSI=EPSS(IP)
03200 GA M=GAB ( IP)
03300 DET=GAM
03400 LP=3
03500 LP1=LP+1
03600 X=—A
03700 Y B—EPSI
03800 6AM3=3.*GAM
03900 KT12=IsT 1+KT2
04000 KT13=KT12+KT3
04100 RMA=SLMN—BET—ZT1* (KT1—1)—ZT2*KT2—ZT3*KT3
04200 MO0=RMA !ZT4
04300 RMB=MOO*ZT4
04400 DELTA :=RMA—RM B

- 04500 KT14=KT13+MOO
04600 KT1S=KT14+1
04700 NTS 12=NTS1+NTS2 

-

04800 NTS13=NTS12+NTS3
04900 IF(TU.LT..25) GO TO 127
05000 GC=1./ (4.*TU )
05100 TCR=ACOS (GC )
05200 TVCR=SIN (TCR)/COS (TCR)**2
05300 EPS=LP*BLF
05400 RTA=SLMN-TVCR-EPS—ALF 1* ( NTS [—1 I —ALF2*NTS2—ALF3*rl rs3
05500 LO=RTA/ALF4

ElO
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05600 R [B-~LO*.ALF405700 DELT Ls— RTA- - RT B
05800 NTS 1~ —~NTS13+LO
05900 N rsls r=t1 rsi.4.f I
06000 RA=TVCR—EPS—0AM 3
06100 LQul=RA/RTA
06200 RD~ LOM*BTA06300 DEL=RA--RD
06400 LCIMI=LQM+1
06500 StIA=TVCR- LiET—2ri* (KT i—I )—zT2*Kr2—z13 i((\r3
06600 LOU =SIIA/ZT4
06700 SMB-too*zr4
06800 L’ELTC~ SMA---SjiB- .OO5
06900 Lr14=Kr13-f Loo
07000 LTIS=LTI4+1
07100 ITSf=2
07200 - KTI15:~Krth
07300 INTV CR,6r .77,)  ITST =J.
07400 IF(TV CR. LE,66 .)  [TST=0
07500 IF( ITST .EO .2)  KT lib— LT 15
07600 127 coNr.[NuE
07700 SFC~ 1./(i80,*DLF**2)07800 SFCC=i . / ( 1 8 0 .*t 3 A M * *2)
07900 SP=FN*SQRT G*6L
08000 S:(c;~ TU*G!SP08100 S102=SIG**2
08200 SP2-~SP**2

08300 — FN2— FN**2
08400 S002=G/6P2
08500 FC r=4. ~J.:•2’ 3p2~~~~7
08600 IF( [P,EQ,2) FCT=FCT/SL
08700 FCrR=FN** -4/ 2,*P2
08800 IF IF:. • EU • 2 FCrR~ 2 • *P2*SL
08900 C ‘IT’ STANDS FOR CONTR REPET OF :[NTGR FOR X :-X GIYES RSUL
I
09000 [‘0 1 IT=1,2
09100 CT3=0.
09200 014=0.
09300 SII=0.
09400 SIR=O,
09500 ZC1=0.
09600 ZS1=0.
09700 [‘0 2 NST 1,6
09800 IF NST.EQ.1.OR,NST.E0.6 6010 2216

— 
09900 IF(ITST,GE.I) GOTO 2
10000 2216 CONTINUE
10100 IF(NST.EQ.1) TV=BE f
:10200 IF(NST.E0.2) TV=BLF+TVCR
10300 IF( NST.EU • 3) Tv-~ rVcR-fEPs +RET
10400 IF ( NSr • EQ • 4) rV=rvcR—EPs
10500 IF(NST.E0.5) TV-=GAM
10600 IF ( NSr • EU • 6) TV=TV-Ft’EL-- t3AM
10700 IF(Nsr.E:o.6.AND.ITsT,oE.i) TV :GAil
:10800 IFcNSr .EQ .2) rHR (1 =TV
10900 IF(NSr.I::O.4 THL (.t)=TV
1 1000 IFCNsr .Ea.1) ILM KTI5
11100

E l l  

- - - _
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11200 IF (NST.E0.2.OR.NS1 .EQ. 4) ILH=3
11300 IFthSr .EQ.3 ILM -ursis
11400 Il.:(Nsr.Eo.5) ILM : 3
11500 IF(I~ST.EQ.6.AND, I FST,EU.0) ILii-~L0ii:L
:11600 IF(NST.EG.6.ANE’.IT ST.GE.l) ILii—KT115
11700 [‘0 3 [ 1,ILM
11800 IN=I+1
11900 CALL COEF:1(TU )
:12000 IF( LP.EQ . 2) CSN=CSN !SGC.2/C N
12100 IF( IP.E0.2)  S(3C0=SUCU*CN
12200 Fti rSG-~FDr*SGCO
12300 122 CONTINUE

• 12400 62 1=S2—S1
• 12500 643=94-53 -

12600 - R1~~~
;
~CN+Y*SN

12700 R2=X *CN-Y*SN
- 

L 12800 Ci~ A*CN-fR*S3N
12900 C2=A*CN--B*SN
13000 SM (.L)=R1-Ci
13100 6H 2 =Ri—02
13200 SM(3)-=R1+C1
13300 SM (4)=R1-fC2
13400 SM(5)=R2—Ci
13500 SM (6)=R2—C2
13600 SM (7)—R2+C1
13700 SM(8)=R2+C2
13000 CAL L ALV (  IPrQI ~O2rU 3~ U4~ O6~ U6)
13900 IF(TU .EO,0. ) GO TO :100
14000 S:tS=S 1**2
14100 626=S2**2
14200 S36=63-k*2
14300 S4S=S4**2
14400 S:L0:~SiS*S1
14500 S20=S26*52 ~~[4600 S3Q~S3S*S3
14700 6411=545*94
14800 F3:SIG2/ (S1*S2)
14900 FC33=F3
1S000 F4=(SP*S1*CN—5IG )**2 !(--S1u~~ 2 .L )
15100 F5=(SP*52*CN—SIG)**2i(-520*621)
15200 F1=-SGCO*(SIG--SP*S:1*CN)**2! (SiS~ 321)
15300 F2-=SGCO*(SIG—SP*52*CN)**2!(62S*52:1)
15400 IF (TU.LE•.25) GOTO 1231
15500 I F( N S T . G E. 4 .O R , NS T . E0 . 1 .O R . 54 3 , LF . . LE — 7  t3OTO 12:3
15600 1231 FC3=SIG2!(S3*S-4 )
15700 FC4= (SP*63*CN+SIG ) * *2 / (—63c ~*s43
15800 FC5= ( SP*S4*CN+SIG)**2/ ( —940*5-43)
15900 IF( IP.E0 • 2) F3=SGCO*(:31G+SP*63*CN) **2/(535*S 43)
16000 IF IP.E0.2) F4= — SGCO * i.6:[G+SP*s-4 *~ N **2 !¼s4s*S43
16100 . IF( IP.EQ.2) FC4=—SIG2*SGCO/t53 *S-4 )
16200 123 CONTINUE
16300 IF(IP.EQ,2) FC3=SIG2*SGCO/ (S1*S2)
16400 IF(NST.E0.2.OR.NST.EQ.3) ooro 19
16500 IF (Nsr,GE .-4) GOTO 33
[6600 CALL yrEx l s1,1,EPR,EPI)
:L6700 CALL ‘ tT EX I(S2 ,2~ EPRrEP I
:16800 IF (rU.LE. .23) (3010 66

£12 
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Fr AD AO1O 886 STEVENS INST OF TECH HOBOKEN N 4 DAVIDSON LAB F/S 13/10 N

ADDED MASS AND DAMPING OF THE HEAVING SURFACE EFFECT SHIP IN UN-.—ETC(U)
DEC 78 C H KIM . S TSAKONAS N0001k—77—c—0061UNCLASSIFIED SIT DL 78~ 9~ 2Ol4 O ML

2~~ 2 END
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16900 L’ IT LAC u[P _ IA
17000 CñLL cOr :F2c1 ,2 )
17100 t E( IP,E0 ,2 )  130 T 0 ~.33
17200 CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~17300 G OT O 30~17400 133 CONI.[NUE
17500 Y C1~~F1. EF 1)+ EFi .t i i FF2~~~EF 2 ,•fEI~Lt’~2 ; )
:17600 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
17700 ‘(C L =ICI— (F1+F 1+FC.S . ;’. t13
:17800 YSI=YS1 — ( i i  FF21 ~02+FC3~ 0f
17900 Y C 1=YC I* FUF
16000 YS.L YSI*FUT
18100 GOT O 30~18200 19 CALL Y r Ex 2 ( s 3~ 3~ EPR,~.:P I)
.18300 CALL YT EX2 ( S4 .’4~ EPR,EPI)
.18400 CAI. L CO EF2(3 ,4 )
.18500 IF (IF ,EQ,2) GQTO L91
18600 CAL L ~‘r,~~Fc3~ n I ~J~~01 

.
~ ~~~~ i,O5,(~o,~~~v 4 ,  Yt_ 1 , i~~1)

18700 Goro 192
:18800 191 CONTINUE
.18900 YC1~~F3.~ ( E t ~~ 3 ) + E P E ’( 3 )  ~+F4* E F 4 f E . ’~’~i19000 YS 1~~F 3* ( E I(3 ) f E I L’ 3 ) + F ’~

; EI(4 ) • f EII,(4~~19 100 YC7~ — ( F3+F4 > *01 +FC4~ O3
19200 Y SY= (F3+F4 ) *02-FCI*04
19300 Y C L = (YC 1+Y C7 ) * FOT
19400 Y S 1 = ( Y ~5 1+Y S7) *Ft ’ T
19500 192 COi’.JTINUE
19600 IF( NST.EO.3 )  6010 506
19700 FRR . I )

~~YC i *C r I I F ( I )--TV CR .i3
19800
19900 ALF=BLF
20000 GO f iJ 306
20100 506 CONTINUE
20200 I’ELAC=:c’ELTB
20300 6010 305
20400 33
20500 CTu: T~1**o,5
20600 93R:~SK05;~TT M
20700 S4I:~SKO 5*CTU
20900 S4R~ 83R
20900 g3I:~_S4.i
2 1000 IF(IP.E0.2) 6010 335
21100 CALL K~ VL (S4R,S4I,SI6,SP,CN,FI)i,EEi2,Fti3,FLi4R,F~)4i)21200 GOT O 336
2130C 335 CALL ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
21400 336 CONTINUE
21500 CALL YTEX3 (S3R,s3I,3~ EPR~.EF’I)
21600 CALL YTEX3(S4R,S4I,~~vEPR,EPI>
21700 CALL COEF2 (3,4)
21800 IF(IP.EQ.2) GOTO 337
21900 YC3::~FD.4R*(EP(3)+EPtI(3,+EP (4)+EPLI(4))—FD4I* (EI,.3)
22000 1 fEID (3)—EI(4)—EID (.4)
22100 ‘1S3~ Ft’4R* EI 3 +Ett ’3+EI 4 + E I D 4 + F ~’4I* EP~ 3.’
22200 1 +EPtI (3 ) —E P (4 ) —EPL’ ( 4 ) >
22300 •((‘

~~~ rOi*o1 •FFti2. 3f•FA ~3;~~I5>
22400 isa~ 

( - i~i.~ 1 *‘~2—Fi :’2*Q4—Fr ’3 .~o6 )
22~ 00 . YC i~~~YC3 •fYCt3 ~~~FC’rSG

F13
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20300 ~~~~~~-: i~~~2 F ( I ~ I I- 4 i~t — - I -  C~l F- WI
28400
28500 I Y ~i I fY S 2 ) - ~IL I 1
2t~600 (~

) It ) ~~~28700 100 couniNul.:
28000 C cet L OF UL I I 1) 1 I 

s
i~ I

21)900 CñLI_ Y F E X I  C ~-~2 p 2 , 1 1 k  p I F - i
C~ I L  d iLl : . 2~ 2

29100 ~ t ; t - c S N - F - l C i R F I - C i  ~t i ’ I- * ’. t. I - k  I I L I i l .)., ~
) .H- I I ’ ~~~U L )

2~~200 I[~~L I .[O . 2 )  ~~; I -  C~; t - u ) - ~ ( L I k . ? HF - i I u t 2 ,  L i
29300 1. 1 F • iL ii * 2 ) Y C .1 — 0 •
29400 LuLl ~ C I I I  1.
29500 30~ ‘:uNIlrIJL
29600 [Fl 1.I- t~ .L . ( ) k . [ . l i ~~. ILt1 ) T i 2 1 :k) .~ ,Ii~~~t
2~~700 IF( [ F t~~. I .0k I I U It Ii) ‘t 1 0 ~ > 1
29800 [I • I. U • I) ~‘iI. I: 

-
~~~~ I

29900 ~l [ * L i 1 . i .u~~J (I . I1 F b I. l L U , u , ñ i~lli ,N~~~i • LU , o )  (
~Lr t ILL.

.30000 .:~; L~~~~ It  ~ t; t~~t.
30100

4.- 30200 N S T 1 - - i~ J 1
30300 nLF -- ‘iIJ~C~ I N , N S I 1 P D E L ñ C Y I I ~fl30400 306 TV IV 4-A LE
30500 IF u. ~-~ ; ~ • ~~ * 

2 )  TI 1k 1 f I)  I V
30600 rI~ .N’~~ .[:th4) TI - Il _ k i i i>  = iv
30700 3 C I) N tLNI . IIL
30800 9’~’i 1 0RMn1 c 2 X , . ’ L L 0 . 4 .~
30900 IL. U.Ll ..0.. .2L ) L ; U I O  LI
.31000 I F k N~M • L U .~5 ) t L t - . > I CC~~( • - - -~ I .L - Fl 1I~ i~~~~l - i t - I I ~ 1 2 ) - -- \ L ~~c t I- :~~t~~~.31100 II ( N ~J I  • L U ,~~) C T 4  ~l C - * ( — X . I I’ F ’ l t [ ¼ i ) l X ’ H --

~I I  1 4 .  ) \ f t’~~I I :i k . I ) )
.31 200 TV C NS 1 • ‘~L • ô ‘ GO it) 2
31300 Sik.L -- - X l  1* u.FRL .1 ) - -Fki~ ( 3)
31400 S IL 2~ —X 4 t ~. ERL C 2) ~~t - RR 2 ) )
.51500 SIR. ~15 FI-<L :3 -•- Ftd~~ U -

.31600 ~;t I : - --
~;Fc ~k i RI- f ~3 iR2FSik .~~31700

31800 S[i :? X 4 4 F I L 4 . 2 ) - — j L R ~. 2 ) )
31900 S i i 3- -~X L 5 * ( F I L ( f l - — F L R (  .1) )
32000 S L I S F C *( S I I I + S 1 I 2 - I - ~~I I 3 )
3210 0 2 C O N T I N U E
32200 11 . L ’ --(

~- .t;tfsIk-4 •cr .3)/rL l
32300 Z~~~~Z SI - f S [ iF t 2 t 4 ) ,~V C l
324 00 [I T U.EQ,0 ,.Ai’ i lu, [ F . L U . 2)  LS~~~~~L/ l - L I k
32500
32600 Z C c ( 1 r )~~Zl:
32700 Z sa ( n) - -

~Zs
32800 I F( iF . EU . 2)  GO FO 99
32900 1 C O N r [ N I J E
33000 99 CONTINuE
33100
33200
33300 t F~ tp.i:o..~ z~;:~~ .; -~)1-~ )I. .
.33400 IF~~ i I - . E C ~.2 )  ZC~~— Zd- -- i iL i L . . .~3350 0 RETURN
33600 NE’
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00100 StiL~I:0U11NE KhF(SA II ; : ,541 ,SGCO ,SIG ,~~I: ,~~j.J,g :j~~[ ,FI’.~~,
00200 1 AC,Eu[’)
00300 3 F ORiIAT (6L  12. ~ 

)
00400 .~x - - 2 • .F~5l:*S.I I3.~CN
00500 t31t3 -2=S [t I **2
00600 ¶ 4I .2~ S4R* ~2
00700 S4 .(2 31i.i< ;

~2
00800 XY 2~:S4 R2 FS~~.L2
00900 X P=2 ,*54R
01000 XY 4 :XY2* ~~2
01100 FI\2~’ —SG co*s : i ’32/xY2
01200 AA - :  C SI *S~1k*CN f-S:[ G ) ~~ 2— . sI~ - ; 4  i*Cr~ 

) **2
01300 ~ I-_ i - - ~~ • * Csr--*s4R*CN+L•;Io ~~~~~~~~~~~
01400 LIL ,-2 ,*641 * (54 R2 ._ S412 )
01500 CC~~4 • *S4R:~S~

) 12
01600 CCL’ ti -CC**2+L’ D*- E2
01700 AC~~(AA * C C- — E u B *D D ) / C C L i Li *St3 CO
01800 Bf~~-— C DI~*CC+AA*LID ) /CCDEI*SGCO
01900 FN1=2.~~AC
02000 RETURN
02100 ENE’
02200 suDRou r : [NE AI _ V (  IF ,u~i i12~ ü3,i~4 ,O5 ,i ~6)
02300 CC) i’ IMt]N/HYTEX/ Sil C U)
02400 Li .[ i’1ENSION ASM ( 13 ) , A L C 8 )  r O I C O )
02500 COMht:)N/LOG/Ci,C2 ,R1~~R2
02o00 C c~i ~I-~E :t :1 II .i Li ) ~~~ zi:r~ I .14- Il Lu) , O3~ RE C13+ :[3L1 U-4~— Ih I ~ -f ~ 3U ,
02700 C fl~ :~:FE 19+19 1) ) ,i~6=Ih ( 19-F :19L1 )
02800
02900 00 :1 M~ I.
03000 A S M ( h ) ~:ABS ( S~i ( i 1) )
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