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ABSTRACT

The analysis presents a practical method for evaluating the added
mass and damping coefficients of a heaving surface effect ship in unifomm
translation.

The theoretical added mass and damping coefficients and the heave
response show fair agreement with the corresponding experimental values.

Comparisons of the coupled aero-hydrodynamic and uncoupled analytical
results with the experimental data prove that the uncoupled theory, dominant
for a long time, that neglects the free surface effects is an oversimplified
procedure.

The analysis also provides means of estimating the wave elevation of the
free surface, escape area at the stern and the volume which are induced
by a heaving surface-effect ship in uniform translation in otherwise calm
water. Computational procedures have been programmed in FORTRAN IV language
and adapted to the PDP-10 high-speed digital computer.
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Bubble Pressure
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NOMENCLATURE

escape area or area of nozzle throat
escape area at the equilibrium

cushion area

variation of the seal opening area
half length of the pressure patch or wave amplitude
half width of the pressure patch
non-dimensional added mass coefficient
non-dimensional damping coefficient
Froude number

gravitational acceleration

cushion height

J/=T , or the suffix indicating the imaginary component
integer

nozzle flow coefficient or constant
wave number

nominal ship length

integer

added mass

integer

damping factor

integer

pressure

atmospheric pressure

bubble pressure

ambient pressure




discharge

discharge at equilibrium

distance or the suffix indicating the real component
distance

time

ship speed

the wave-induced volume

non-dimensional coefficient of the wave-induced volume
suffix indicating the water

coordinates

heave displacement

non-dimensional coefficient of the escape area

ratio of specific heats

a parameter

the velocity potential
scale ratio
pressure

circular frequency

frequency, ou/g
density of water

density of air

wave elevation

S—




INTRODUCT I ON

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
plenum 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 motion is a
multi-parameter system influenced by the coupled aero- and hydrodynamic
actions of water and air in the plenum which is under a continuous supply
of air through a system of fans and leakage through the peripheral gap.

The analysis when linearized yields the aero-hydrodynamic forces due
tc the forced heaving motion and thus provides the corresponding added mass
and damping force coefficients in waves which is vital information for the
evaluation of particular design characteristics of a ship at the desired
speed and sea state.

The theory has been developed by referring to the works by Kaplan and
Davis,l Doctors,z and Breslin and lees.3 The relevant experimental litera-
ture referenced here are the investigations due to Van Den Brug and Van
Staveren.b Magnuson and wolff.S Fein and Murray,6 Moran, Fein and Rlcci,7

and Frldsma.8'9

Kaplan and Davis' assume that the free surface behaves as a rigid
boundary at constant pressure whereas Doctors and Breslin, et al, assume
that the deformation of water surface participates in the generation of the
bubble pressure in conjunction with the actions of seals and fans, etc. The
second cardinal assumption in the latter worksz’3 is that the deformation of
the wave surface under the oscillatory rectangular pressure patch in uniform
translation be used to display the way in which the motion of the water surface
participates in the determination of the pressure variations in the plenum air.

Doctors deals with the three-dimensional rectangular pressure patch
whereas Breslin and Hires idealize the problem to two-dimensional flow condi-
tions,

*Superior numbers in text matter refer to similarly numbered references listed
at the end of this report.
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The analysis has been developed independently from that of Doctors.2

although along the same lines, leading to expressions for the evaluation of
the wave elevat , ¢scape area and volume, quite different from those re-
ported in Refeicoce 2, In addition, a numerical approach has been developed
valid for the entire range of frequency of practical interest, from very low
to considerably high, in contrast to Doctors' numerical results which are
restricted to the very low frequency regime.

In the dynamic analysis of the airflow phenomena, pressure and volume

changes are assumed as by othersl'3

to occur sufficiently rapidly so that the
adiabatic law qoverns the basic thermodynamic variations in the air cushion.
The cushion pressure is assumed to be spatially uniform which is approximately
valid according to Horan'o and Tsakonas et al.ll Since this work is intended
to be applied to the high length-beam-rat.o sidewalled surface effect shlps.5-7
it assumes also that the leakage of air takes place only at stern seal. The seal
response dynamics are beyond the scope of the present investigation. It
assumes a semi-rigid planing seal which has been the subject of the experi=
mental study of the XR-5 SES Hodal.S

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 applying the perturbation method 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 Froude 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 information for the extrapolation of the

mode|! measurements to the full-scale condition, is also the subject of the

12

present analysis, The scale effect determined in the previous study = in=-

dicates a great dissimilitude in general. The scale effect ratio of the
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pressure of the ship to the model as calculated here shows that the dis~-
similitude is small at low frequency but quite large at higher frequencies.

The present analysis does not include the sidewall hydrodynamic ef-
fects since experiments on the XR-5 5556'7 have shown slight effect of the
sidewalls on added mass and damping.

A series of numerical computations has been done to determine the water
waves, bubble pressure, heave added mass and damping coefficients, 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 induced by the oscillating
pressure at uniform speed in otherwise calm water have been calculated for
the model used by Doctors.2 A computational procedure has been developed
and established for any frequency and speed without limitation. The bubble
pressure, added mass and damping coefficients have been computed for the
XR-5 SES model, with and without incorporating the water elevation, A
remarkable difference has been found between the two groups.

Experimental values6 of the heave added mass and damping coefficients
have been compared with the theoretical results. To study the validity of
the theoratical 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 analytical developments at limiting cases (i.e., high 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
forces is not a valid assumption.

This research was sponsored by the David Taylor Naval Ship Research and
Development Center, General Hydromechanics Research Program, under Contract
NOOO14-77-C-0061, Davidson Laboratory Project 4480/015.
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THE VELOCITY POTENTIAL

The hydrodynamic boundary value problem for a pressure patch oscillating
with constant amplitude and moving on the surface of a deep, incompressible,

ideal fluid can be determined through the velocity potential method.

The right-handed Cartesian coordinate system is set up on the calm

water surface with its vertical z-axis pointing upwards. See Figure la.

This problem is formulated as an unsteady boundary value probleml3’|“ 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

{ n(x.y)e“’t Ixl 2a, Iyl sb

p(x,y,0;t) = st >0

0 Ixl >a, 1yl >b (n

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

= < >
Pux * v&Y * P22 2, R e (2)

0On the free surface the velocity potential ¢ and the surface elevation

¢ = C(x,y;t) satisfy the linearized kinematical and dynamical boundary con-
ditions,

-Ct + ch + wz 1 T z=0, t>( (3)
and
Beglro -ug =0, 20, t>0 (4)

Eliminating { from Eqs.(3) and (4), we have the linearized free sur=
face condition

‘ -
Ppp + U0, = 200+ 99, =5 (UP,~p), 270 , £ >0 (5)

In addition to the above, ¢ and Pe satisfy the condition of being
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initially at rest on the surface

?(x,y,0;0) = ¢, (x,y,0;0) =0 (6)

where @,=0 is valid under the assumption p(x,y,0;0}=0 [Eq. (l)] and on
the bottom

9, =0 , z=am, t>0 %)

In the far field we suppose that: ¢ 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 ¢ which satisfies the above conditions by
employing Fourier transform technique. Define the double Fourier trans=

forms

Fonuzt) == [ T alay,zst)el 000 g, (8)
and inversion

Q(x,y,2it) = 3= T T Fw,u,zit el () gy (9)

Here w and u are the longitudinal and transverse wave numbers and are

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

w = k cos8
u=k siné (10)

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

%oe k¢ = 0 ()
The general solution of the above differential equation is

Ikiz

9 = A(w,u;t)e %+ B(w,u;t)e Ikiz (12)

where A and B are arbitrary constants. By making use of the Fourier
transform of the bottom condition (7), we obtain B=0 . Hence the above

is reduced to

1klz

¢ = A(w,u;t)e (13)
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To determine A, take the Fourier transform of the linearized free surface
condition (5),

% - Cwiy - i20wp, + gp, = 1 (Uw=0) —‘} g (14)
where
fi (w,u) = 2= T.. i I (x,y)e™" (W) gy
- Foan] n(gmertvesulye (15)
b  -a
Substituting ¢ from Eq.(13) in (14) yields
Ap =UWA = i20wA +glk|A= i (UW=0) ‘—Z- ¢t (16)

which by means of the Laplace transform and utilizing the initial condition

A(w,u;0) = At(w.u;O) =0
yields the following solution in the transform plane
(w=0) 1 . |

L(A) = < L( iot
)2WW @q; "y L)

with

q, = i(w +Valkl )
q, = i(w = valk] )
Inversion of the above is given by the convolution integral,

&11 (Uw=0) jt‘ RE ev(A@TW ) (t=1)
(o]

L=£1 2p ygjk|
Equation (17) after integration is substituted in (13) and we have
. eiot 5 i L1 (Yw=0) elk'zL'_el(lM'&nglkl-O)tJ (8)
Lmxl 20 JgTkT U + £ JoTK] =0
6
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The inverse transform of (18) is given by

b a © o
lot | | Iklz+i (wx +uy,)
- d d ﬂ » W -
¢ =e F?{bnf.‘““’i.{mm° (uw=0)
I_.I(Uw + V/glkl =0)t l._ol(u\w-»'/glkl -a)t
( A )dwdu (19)
Uw + Vglk| =0 W = Jglk| =0
where o Sk g
AL 3 (20)

Now the variables (w,u) are transformed into (k,8) by the relation (10),
Replacing the elementary area dwdu with

dwdu = kd0dk (10%)

for the intervals 0 < k S ® , =T < § < T, we have

b a n ® kz+ik in®
o=e Ot L [ ay [ aen (g,m [ do [ ""\IE N s e,
8mp “b -a -t © 9

| - o (Ukcoso+ Vak =0)t | - of (Ukcos® -J/gk =0)t
< )

Ukcos® + v/gk =0 Ukcos® = Jgk =0
‘ n
To fold up the integration interval (=m,n) to (O, ;—), the integral j
is subdivided into four quadrants, g
n -}!/2 ]g }!/2 F
= + + +
J-‘n -1l =-T1/2 o w2
n/2 -1/2 n/2
and each integral is transformed into j‘ . For instance, ‘[ - is
o - )

achieved by setting O=Y=-1 , where Y is a new variable. It follows that

cos0 = =cosY, sind = =sinY,

o n
By replacing Y with © and applying a similar procedure toJ' and j' ;
-1n/2 n/2

we have the following folded form,
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b a n/2 ™
lot i Kk kz
b . 8“’9 [b Ia ¢ g El: { 49

fun t § Jeel®t
Wy Wwa

{(Ukcosa-o)(g“"'x a elkr.) \'l-e

=jwgt

)
+(Ukc030+0) (e-lkr‘ “-'krn)Q_ '-e ma

where

ry = (x=€)cos® + (y=-N)sind

ra = (x=g)cosd = (y=T)sind

}- Ukcos® % y/gk = o
Wa

}- Ukcos® = gk + o
Wy
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STEADY STATE SOLUTION

In Eq.(22), ¢ 1is the solution of unsteady conditions which 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) determine the wave numbers ki from

( wi-o , and 2) take the proper indenting paths in the neighborhood of ki
in the k-plane in order to have the exponentials vanish in time as t = .
The integration paths determined as such are therefore not arbitrary but
strictly bound to derivation of the steady solution and to the roots ki'
2 Solving for the zeros of w, in Eq.(24), namely k;» we have
k i " Tyocosd )2
1 (;I +4N 1+ -—@r--)
k }' 2 . (25a)
; 2 47cos®
L g
k PUr Uocos B L
3, (1 341 - Meeesd )
= g
) E) (268)
! 4 Lu?cos®e
C g
, or
, kI
3 K } = %-kosecae [ 1427 cos® ¥ J/T+bTcose ] (25b)
{ 2
ks
K } = %-kosecae [1-27 cos © T /T=bTcos®  J (26b) 1
L
with :
i w
By ® F T S (26¢)
1] n
It is seen from (25a) that kI and_k2 are positive real and kls k2
for interval 0 £ © s% . It is seen from (26a) that k; and kK,
are positive real and k3sk“ if
; 1 ; EHEEQEQ.: 0
: 9
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and k., and kl, are complex with lmk3<0 and imkh>0 (i.e., kq' complex conjugate
of k ; if
3
3 Lyocos®

: 9
In other words k3 and kl, are positive real in

<0

n
< < -
ec = e = 2 (27)
and complex in the interval
050<0 (28)
E | : where
| s 5
E | g, % eon" (gt (29)

Now we consider the integrals with respect to k in the k-plane.

Since Taylor expansions of k and Jgk in the neighborhood of ki'

up to the first order, are

k = ki + (k=k;) + 0(K?)

" Vg :
Yok = Wgky + (kek;) —N-z-_— (i=1,2,3,4) (30)

we obtain the following expressions in the neighborhood of ki:

i(UklcosMJgk]-o)+i(k-kl) (Ucosb + —5_5-_-_- )

2 J/k
i (UkcosB+ygk=0) = 3 L
i(Ukzcose+Jgk2-o)+i (k-kz) (Ucas® + —“/_9— )

z,,/;:;

i(Uk]cosB-N/g-l?]'-c)H (k-kl)(Ucose - —"E— )
' 2

k
1
i (Ukcos® = y/gk=-0) =

i(Ukzcose-»fg—k;-o)H(k-kz)(Ucose - ;% ) (31)

10
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i(uk cosV+ JEE— +o)+i(k-k3) (Ucosé+ ——'@-—
f?

i (Ukcos 8+ gk +0)

i (Uk, cosO+ ¥/gk, +0)+i(k=k,) (Ucosb+ -—'@—
(0 4 ( J'TJ

i (Uk,cos8~ gk, +0)+i(k=k,) (Ucos6- g
3°°3 9 3 [ 3 cos ; A/@)

n

i (UkcosB= Vgk +a)

)iuk 8= gk, | (keky) (Ucose- —LL- ) (32
(Uk,cos gky, +0)+i(k=k,) (Ucos Zﬁ;)()

From Eqs.(25a) and (26a), we have the positive real root k, for the
interval 0% 6 5 3

&\ T 7

kl 2Ucos®

75 (1 o T )

"/‘; o 2Ucos®

and for the interval Oc S0 5-1%

A T

2Ucos®

\,-\, T - )

2Ucos© ' (34)

=
A

Employing Eqs.(33) and (34), we have

. (33)




g \l 1QUacos()

(kek)) =
2
i (Ukcos6+ gk =o) ~ I
+i2 Jgkz
-i2 Jgkl
i (Ukcos 6= Jg—l: -0) ~ JE 4] ¥ LUocos®
i (k=k,) J (35)
2 2 "/E-Z-
i2 gk
3
i (Ukcosb+ #/gk +a) ~
| 12 vk,
byocos®
9\' V-
=i (k=k;) 2

i (UkcosB= gk +0)~

Lyocos 6
+i(k=k,,) vs ok 9 (36)
2 Vk“

Equation (35) shows that for the interval 0 € © S- the path of integra-

IOt v o'Wt

tion of the terms containing e in Eq.(22) in the complex

k=plane should be deformed above the real axis in the neighboarhood of both

kl and kz in order to have the exponentials in t vanish as t = w. Let

this deformed path be denoted by L,. (See Fig.lb. )  Equation (36) shows that

for the interval 9 s0<s 2 » the path of integration containing the factors
Iw;t w‘t

and e~ in £q.(22) in the complex k=plane should be deformed

above the real axis in the neighborhood of k3 and below the real axis in

the neighborhood of kh in order to have the exponentials in t vanish as

t - o, Let this path be denoted by L, . Equation (24) shows that for the
compiex wave numbers k3 and kh in the interval 0 8 6 < 6., the integration

12

-
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path requires no deformation in order to have the exponentials in t
vanish as t « » ; for the path along the real axis the exponentials vanish
as t ~ @, Let this be denoted by L3 . (See Figure 1b.)

From Eqs. (24),(25a) and (26a), we have the following relations,
k
- 3 VR75 Peos®e (1= - &) = *TKT:T "E'/

| e B
-3 Jk79 Pcos?e e ‘a) 3.]% Kk-k k=k,, ) (37)

Then substituting the above relations in Eq.(22) and omitting the time
factor e tet we have,

‘ b
un?p® o

a
Q= dn j dell (g,m)
-a

n/2 ©
{- f dosec®o f dk Fl(e,k)
") o

%

n/2 ® 9c b
+£ dosec’® [ dk Fo(0,k) + [ dosec®® [ ak Fz(e.k)} (38)
* o ° o
Lz ; L;
where
: . k
F'(e.k) = (Ukcose-o)(ek(z*'r‘)+ek(z*‘r')) K lk \k k - -k ) I

k k
Fz(e.k) = \Ukcose*o)(ek(z-‘r‘)+ek(z'ir°)) k3-L“\kJ% - k-:“) ) (39)

The above ¢ is the ultimate form of the velocity potential for the
steady state oscillation.

13
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SURFACE ELEVATION

The surface elevation at a point on the calm water surface, z=0,

is evaluated by assuming uniform pressure distribution Il = [l (€,7) of

a rectangular shape, omitting the time factor °Iat'

---!.1- y— .lg =
i e 6 S o R (4o)

where the first tem is the static elevation while the remainder represents

the elevation due to the dynamic effect.
Let the velocity potential ¢ in Eq.(38) be written in the follow=-

ing form, omitting the factor i A

with

dn [ dg [ dk(Ukcos@-o)
(o]

[ Ry ']

q’l.'(e)'

-

1

dk (UkcosB=0)

I
v,.,(e)-_z an [ d

ro<~—sg

b a ©
vz.,(e)--g dﬂ_{ dg { dk (UkcosB+0)

L2

b a ©
vz'z(e)-‘{ dn_j.‘ dg { dk (Ukcos 0+0)

L2
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k(z+ir|) k(z+ir2)

e +e

k-kl
k(z+ir‘) k(z+irz)
e +e

k-k2

k(z-irl) k(z-irz)

e +e
k-k3
k(z-lr‘) k(z-‘rz)
e +e
k-k“

ylo®
n/2 R kl k2 -
‘ @ == [ dosec 9(\';:1—-‘9, 1(8) ~ =5 @) ,(9)
o | s s | e #
n/2 < K k3 ( k“ R
> disec” 8 \+—=— ¢ 0) = =%, ,(0)
: £c Kk ¥2,1 kg ¥2,2 /
9c a k3 ku :
+ d0sec™ 8 \T=—— @, ,(0) = ——— @, ,(0) (&41)
£ \k3 kg 931 gk ¥3.2 /

(42)
[cont'd]
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k(z-lr|) k(z-lrz)

b a )
%pr{dnfaj dk (Ukcosd4a) & :%
L3
b a ) k(z-irl) k(z-;rz)
oo kek,
3

where
e (x=€)cos8 + (y=N)sind

r, = (x=E)cos® = (y=T)sin®
The first subscript in Pij denotes the path of integration as identified
in Figure 2 and the second denotes the singular point along the given line
from left to right. To evaluate the integrals systematically, rearrange the
above in the following fom' k(z+|r )

N, l(x ¥:2;0,k)) = f dn I dg f dk (UkcosB=0) < T

S i
W

b k(z+|r2)
II y (X0y,250,k ) = J‘ dﬂ{ dgj‘ dk (Ukcos@=0) <

-l\-.

i

i =9
Jl'l(xtY|z|6'k') Fx' ||.‘

' 9, boy.zitk) = & ", (43a)
| b . - k(z+ir|)

| Il 2(x ¥v:2:8, kz) = f dn-£ dg I dk (Ukcos6=0) -__:E;-

| b k(2+ff2)

{ |‘ Z(X.Y z;0,k ) - : dn I de I dk (Ukcos@=0) < =

L A J\-o

d
J"z(xoYoz'e'kz) - F"" ll 2

: d
J"z(x.y.z;e.kz) il - ';,2 (43b)
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b a ©
lz’,(x.y,z;e,k3) '-f dﬂ-£ dg £ dk (Ukcos8+a) =
',
. b a ® %
Iy, 1 (%:,2308,k;) -_{ dn_ja dg { dk (Ukcos8+0)
g
\ Jo RV EID k) = 2 1
T i FHEY 45y s; 2,]
J' (x,y,2;0,k,) = 3 I
T8 Lot bl usal e N
k b a ® &
1 (%:¥,238,k) --_l]; dn_j dg £ dk (Ukcos 8+0)
=
. b a @ - &
; Iz'z(x,y,z;e.kh) ‘-i dﬂ-£ dg £ dk(Ukcos 6+0)
-
da 2N, Y2708, ) = 2 |
T bk koo e T
{ a :
Jé’z(x)Y9z;etku) - 3; lz’z
b a ® 2
C I3 1 (xsy,258,k3) -4[)‘ d'ﬁ_£ de £ dk (UkcosB+0)
; b a o A
c |3'I(X,Y,Z,e,k3) =-£ dﬂ-£ dg £ dk(UkC059+0)

-t

)
J3'|(x»YvZ;e'k3) o o0 '3'1

' ¥ -'é_ 1
J3"(x,sz'e'k3) 3% '3’1
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k(z-irl)

k-k3

k(z-irz)

k-k3

k(z-ir])

k-kl‘

k(z-irz)

k-kh

k(z-ir])

k-k3

k(z-irz)

k-k3

(43c)

(434d)

(43e)
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& - C k(z-ir‘)

13, 2(%y,230,k,) = [ dn [ dg [ dk(Ukeost+o) S
-b =a o L

k(z-irz)

2(x.y.z ] kh) = I dn f de f dk(Ukcose+0) iy g |
- =a o L

Ead

3
J3'z(xoY-z:9-kh) - 3’; '3'2

3y ezt = g 15, (436)

The integrations in Equations (43a) through (43f) are given in
Appendices A-C. Substituting Eqs.(43a)~(43f) in Eq.(42), and
omitting the same factor as that in (41) we have ¢ in the following form,

. K, : K, .
g { 4Osec™0 [k_l'-'k_z' Cpatyyd - K kg ('l,z“t,z)]

n/2 k
*-f"e“‘ . [.k S (2,0 2,0 " 3-:k “z,z*'i.z)]
C
+ ;c“”‘ s l.k T Us*3,0) - '::u 03,2413, (48
In a similar manner we have \ 3 in the following form:
- -"jzdesec ol (_——r () p* . hoa) - T‘T;z‘_z (J|'2+J;'2)]
“fde“‘ . l.k e Ug g ¢ - k;:u (9g,2%3,9)]
+ }cdesec %9 Lk = (J3 i 3 |) kst:h (J3'2+J§’2)] (45)

Substituting (l J+ 'i .) and (J j+ J! J)(whach are given in Appendices
A, B, C) in the above equatlons (L4) and (hS) » making use of Equation (40) and

17




omitting the static elevation and time factor, the elevation { s

determined in non-dimensional form,

/2

pgl sec®®

m o
1 R i T
s E;:Er{_i 4 STno {k]kz thy =1y

2 (Uk ,cos6-0)2 '
+E‘ (-I)HL W[lz(kl).lz(kl)l}

sec>® ! a R
Uy, (=1

Yy 2
ey 18 (Uktcose+o) g
+j§§ (=N ——E;TE;:EZT- Ly (kyp) = I“(k‘)]}

C

4o sec’® [ o°

s‘.‘_ ' W
sing Uk, (=)

L (Uk ,cos8+0)*
1+L L '
+ 2 (=) R W | i (ky) =t (kl) ]}}
£=3 LN T SR S
where * indicates the complex conjugate , and

8
|'_|; cmz-),(-l)m (]og|5m| + ‘2‘) . smz 0

8 ik,s 3
'z("z)";(“z)'z1(")m e P {Elikgsad =iznf 150 2 0
m=

L=1,2

8 -ik,s ;
' 1 = i2n
lu(ks)-lb(k3).m§l(-l)m e 3 o E|[-'k35m]- 0 » sm 20
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@:
i
¢
£
Fv
i
¥
g

8 ~ik,s
] L :
Wit = B o Ve o8, w0 oo
8 -ik,s .
< m+1 3°m 5 i2m
;:l(-l) e {E|(-|k3$m]- 0 I,sm 20, Rek3> 0
]
lS(k3)-|5(k3) 8 o -ik3smr 0
(0™ ° Mg [-ikys J- o} » 5,2 0, Reky<0 (51)

m=]

8 -ik, s
m+1 L mf . 0
nzi(-]) 5 EIE-'khsm]+i2ﬁ}’sm 2.9 Rekh> 0

1
5ky) =15 (k)= L 3
=N m1 =ik, s "
mZ:I(--l) e o H m*[E,[-lk,*sm]*~ 0}, s, 20, Rek,< 0 (52)
Sp 23S well as the derivations of the above formulas are given in
Appendices A, B, C and D.

The functions (ll-l;),(lz-lz), etc. in (47) to (52) contain sums of
logarithmic functions. It might seem that each function has singularities
at points (a,b), (-a,b), (a,-b) and (-a,-b) where a pair of S vanish (see
Eq.A-5). But one can verify that the function has no singularities when
all the terms are taken together or as one might 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, consider the wave elevation due to a uniformly
moving pressure distribution without oscillation. Then according to &qys.
(25b), (26b) and (26c) we have,

k2=ku=k°sec26 (53)




Hence, Eq.(46) is reduced to
n/2 :
s ',::Ta' ! et {120 104 0 =10 } (530)

and further since llz(kz)-lé(kz)t and l'b(kh)-'a(kh)l are complex con=-
jugates o f each other, the above is expressed in the form

n/2
et o o) secb 8g) . 1Y 2 : b
T ——2“3 £ de -s—m Re ||2(kosec 6) Iz(kosec 9)‘ (53 )
The resultant elevation is the sum of the dynamic and static terms as

shown in Eq.(40). The static pressure Il is discontinuous at |[xl=a .

The value of the discontinuity is defined as
(ta,y) = 3(0(a + 0,y) + O(a - 0,y)] . (54)

Hence, the total non-dimensional elevation is obtained by adding the follow-
ing to the dynamic term (46) or (53b),

{- 7 Ixi=a
static (-1 IxI<a (54a)




ESCAPE AREA AND VOLUME

The escape area A at the stern section and the volume Vy wunder
the plenum area are obtained by integrating the wave elevation ( of Eq.(46).

b
A= [ Cdy
-b
ab
Ve[ ] tdydx (55)
-a -b

Referring to Eq.(46), it is seen that the above integrations have to
use the following component integrals:

For the Escape Area —

b
}(' -I')dy T sin0 \'3“')

; : l . ?
_{\'z“‘z’"z“‘z’)d" " TkpsTne {'('1*'1)+'z("z)*'i("z)1b

b ) ) » p
-{<|“(k‘)-|[‘(kt))dy '-#rn'é {-(n’,‘ﬂ; )+|,,(kz)+|,;(kz)lb (56)

for the Volume —

§ J"“ "u)“v"*":m:?m( +'s)

-a -b “b,-a
a b ' . i : e
.{' .{(lz(kz)'lz(kz))dydx - W{k‘(l +l )+("ﬂ')-\'2(k‘)+|2(k‘))lb,-a
a b A 3
‘ $ 1 ot
d .{(Iu(k‘)-lu(k‘))dydx gy rrrer CRUSTHR B CKTEY th(k‘)ﬂu(k‘))}b‘-.
57
where .
e z
|6 '{dk _:;3_ (.“(!q _0“(88 _'_GN(Sa _eik;‘>
L K .
é - {dk :1-: (-e'kﬁ, + elkse _glks? +°|kse>‘ (58
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‘E These are evaluated in Eq.(A-33) in Appendix A.

Using Eqs.(46), (56) and (57), and omitting the time factor ewt 2

the non-dimensional escape area and volume are written in the following
forms ;

E = A T |

2 .3 i (Ukl‘cose-cr)a

02 . ' 2‘\ (] ]
Jao 20570 {-'-E-z- (|3+|3)+‘z_,'(-,,| T L=+, (k) +1a0k )] }

/2 39 oy (Ukgosbea)®. '
{de sec’® {k " (|3+|| )+L( -1) m['(llﬂl )+|“(k£)+|“(k‘)]}

9 2
L (Uk jcos0+0)°- . |
do &85 sece (13+ '*+b(l W e [0 )1 (k )+ (k) }
{ i {k =l ) o () RUSTRENCREHC),
(59)
-29--
s m2 4 U L
/2 (uk cose-o)
do sec e 1+l N1+ Kk (1 TR
o sln 0 {k 1k2 e 6) ( : kf(kl-kz) L 4 +|3)+('l+'l)
‘('z(“z)*'i("z))]}
n/2 R L (Uk jcos0+0)? ;
do 3. 8 9 | 'm o o 1+4 k.1 pc V |,s'= &
g o 2 (o T sMe - Z (1 -———-—-k oy RO R
'('h("z)*'l:("z)) ]} {

3 »* b (Uk cose+o) %, 9
j'de -—T“c %o {k:ku('G'””) Z) (ot —r——--z L(l3+|; )+(| +l'%)

sin"© kz (k -klb)
-(.5<k,)+.;(k,,)]}}
(60)

In the above Eqs.(59) and (60), the symbols for the Integral limits have been
omitted,
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Since pairs of s, (Eqs.A-5) vanish at the corner points such as
31-36-0 at x=a, y=b, etc., the logarithmic functions and the exponential
integrals in 'I' l;. |2(kz). etc., become evidently singular at the points.
Examination shows, however, that the sums {-(l +1 )+| (k‘)-u ("z)} .

{ -(1 +l'“)+lh(k )+Ih(kz)} etc., are all bounded at these corner points

and each l3. l;. lg '6 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 {
in Eq.(46).

¥
For the special case O'*O: the escape area at the stern and the volume
under the plenum area are obtained from Eqs.(59) and (60) by using the
conditions (53):

n/2
JM o e l C059
o | 2ﬂ3Lk° { 46 ——5— G |m{ (1 +l‘)+ljz(k sec 6)+|2(k sec O)J}

(61a)
and
n/2
Ve 93V o “a'a ~ Ide C?SG Re{k sec?0(1 +|3)+(| +1 )
o RS Lk o 8 n?
15 (k,sec0) 41 (k_sec e)]}
-b,-a
(61b)

The resultant escape area and the volume are obtained by adding the static
terms to the dynamic terms, (59) to (61b).

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

volume are given in ron-dimensional form by

PgA b
o = L
L Lstatic L
and
- —_PaVv _ hab
vst “L8 g Lﬂ (6|C)

static

where a and b are half-length and beam of the rectangular pressure dis-
tribution and L is a nominal length of the SES or ACV.

“See foonote, p.24. 23
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The asymptotic expression of o« and v for the frequency o= are
obtained from Eq.(59) and Eq.(60), respectively, Since 0-1/2 for O~
in €9.(29), the second integrals in Eqs.(59) and (60) vanish for o-e,
Also, the terms contained in the summation symbols 2 should vanish for
G == due to the expressions for the wave numbers as shown in Eq.(25). The
terms with * in €q.(59) and Eq.(60) are the complex conjugates of those
which are independent of the frequency @ and the speed U .,

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

e sect b
A = e | dD = Im(I,+]}) - =
r ML { sin®® (13 3) L
a, = 0 (62a)
n/2 2
1 sec” 6 Lab
V, = e— d0 =——— Re(l,.+| = ——
LA I sin’e (1g+19) L*
v = 0 . (62b)
where the suffixes r and i indicate the real and imaginary components,

respectively. In the above integrations, the symbols for the integral
limits have been omitted.

From the expressions of o and v , it is seen that they are in phase
with the pressure [l at the frequencies 0=0 and O0-w .,

*lt should be noted that in the limiting cases when 0 =0 or o - @, then
O and T can be interchanged.
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THE RELATIONSHIP BETWEEN BUBBLE PRESSURE AND HEAVE

The air pressure in the plenum of the SES (surface effect ship) is
iot

perturbed by the small vertical oscillatory motion heave ze . The first
order perturbed pressure pbg‘ot which is dynamic and known as b?bble pres-
ot

sure will be obtained by relating it to the first order heave ze in

the following analysis.

Since the volume and pressure changes are assumed to occur rapidly, the

state of air pressure and volume in the plenum is assumed to satisfy the
adiabatic law,

va = const, 63)
where Y 1is the ratio of specific heats which is 1.4 for air. The differ=-

entiation of the above with respect to time t gives

g%nl%g{--o 3 (64)

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

ey 0 &

v = V(o) + 6 V(‘)

where p(O) and v(o) are the pressure and volume in the equilibrium stage
p(') and v(') are the first order perturbed pressure and volume, respec-
tively, and ¢ is a parameter.

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

‘S'T"Yvo ot (66)
where

P(l) *E pb.lot

v(') = vbe‘ot = the perturbed first order volume

p(o) s T total pressure

v(o) -y (67)

o
and
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" air pressure in equilibrium or ambient pressure
P " atmospheric pressure
B the volume in equilibrium

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

P +P
iopy, = =Y °v 2 iov, (68)

o

where wvb is the variation of the volume flux which is positive in the
direction outward normal to the plenum chamber as indicated in Figure lc

and is the sum of the flux normal across air-water interface, plenum ceiling,
fans and seal apertures. The above relation and the normal volume flux have
been used in References 3, 11, 12 which confirm that the use of (68) is
identical to that of the method of momentum change in Reference 1. The normal

1

volune flux ~ has been expressed by the surface integral of the normal velocity

which is derived by the Green's function technique.

1. Over the Air-Water Interface

Equations (60), (61b) and (61c) give the volume due to the water
wave elevation per unit pressure, distributed uniformly over the air-water
interface. Hence, the contribution to the volume flux due to the bubble
pressure is given by

& oy hes
iovy iov o Py (69)

where v is the non-dimensional volume due to wave elevation per unit uniform
pressure over the rectangular patch and P is the water density. The minus
sign indicates the sense of the flow direction.

2. Across the Plenum Ceiling

The variation of the volume flux normal outward to the plenum chamber
across the ceiling, due to its heaving displacement 2, is given by

lovb = +ioAcz (70)

where A is the cushion area or the area of ceiling. The + sign indicates
the sense of the flow direction,
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3. Across the Fan Aperture

The variation of the volume flux which flows into the plenum across
the fan aperture is
3, .
‘Wb il Ep— pb (7')

oQ
where 3;£— is the discharge by fan per unit pressure per pair of fans. The

minus sign in Eq.(71) indicates the sense of the flow direction and n s
the number of pair of fans.

L. Across the Stern-Seal Aperture

The variation of the volume flux flowing outward from the plenum
across the seal aperture in the plenum wall is estimated by applying the per=
turbation procedure to the nozzle discharge equation.

Q=k AV-_pa— (72)

where k is the flow coefficient which varies between 0.6 and 0.8.° Hydro-

dynamic studies have shown that for an ideal fluid passing through a narrow
slit or a circular opening k~ 0.611 which has been experimentally verified.

A is the area of the nozzle throat or seal opening
P is the pressure in the upstream or in the plenum

Py is the pressure at the nozzle or seal and identical to the atmospheric
pressure p,

Pa is the air density
Q is the discharge .

To evaluate the increase of volume flux from its equilibrium condition, we
expand the terms Q, A and Py=Py UP to the first order perturbed terms assum-
ing that the terms are functions of € . Namely, we have the following:

Q ;Qo+ GQ(I) |
Ag= A+ alh) |
Py=P, = P, + ¢ p() (73) |

where Qo' Ao and P, are the zeroth order term, whereas Q(I), A(') and p(l)

*As the '!nozzle'" is formed by the water surface and the seal, the coefficient
k will depend on Froude number and on Reynolds number for small opening
areas, A , as measured at zero speed.’

e bt i ‘ i et S 8 i et =2 -——M




are the first order terms. The first order terms are redesignated by

Wl g gie QY g glet o) - N gt (74)

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

2(py* N LN (' (t))

- - “-5: . ond

Zpo
we have the expression for Q, from which the first order equation is obtained

(75)

in the following form

P (%o
QS-RVT. -T[):pb+As (76)

The variation A of the seal opening area A in (76) is due to heave z
and bubble pressure Py * Namely,

aAs “s 5
“s'a'z"“?p_'“ﬁi Pb )
where

A

3—3 = the rate of change of seal opening due to seal elasticity
per unit heave

9A
2 = the rate of change of seal opening due to seal elasticity
per unit pressure
- - the rate of change of opening due to the wave elevation per
PWd  unit pressure, in way of the stern seal. « is the non-
dimensional escape area which has been given in Eqs.(59),(61a)

(61c), and (62a).

Substituting (77) into (76), we have the following volume flux which flows
outward in the normal direction to the plenum wall across the seal aperture:

2p | /A 3A A
lwb-k\-ﬁ[(-z—g:+gp—s-ait-g-)pb+&—§z] 4 (78)

Thus the itemization of the variation of volume fluxes has been completed.
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The sum of the first order volume fluxes, Egs.(69), (70), (71) and (78),
is now substituted into Eq.(68). Solving for the unknown bubble pressure Py
we have the non-dimensional expression in the following form

P oA_ [2p_:

p—: ‘Y("‘—)( '%'Al“a— p°

z PR T

h I-Y(l-&--pi);-:’-,- -;:—g-r% +-J s-a-p:;—g>]
(79)

X f
where the relation 3;— = - |35_

and vo-Ach have been used, while h

indicates the bubble (or cushion) height. 3
A
The dynamic property of the stern seal 5;3 and 335 is unknown. At

the present stage of investigation, we assume the seal is rigid. This
assumption will evidently simplify the aero-hydrodynamic analysis. In
addition to this, the analysis will be practically applied to the model test
which uses a semi-rigid seal, e.g., in the case of the XR-5 SES model. Refer=-
ence 3 reports the investigation 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,

P P,
;E X1+ ;i)
()
= = (80)
h

3p

] -v( )—[ { +'<Jz:§ (Zpo )H

|f the water wave induced volume v and area « are set equal to zero, the
above relation will represent the bubble pressure due to heave of an air
cushion vehicle above the ground.

Although Eq.(80) is derived by means of perturbation analysis keeping
only the first-order term, two limiting values of the bubble pressure under
extreme conditions can be obtained:

a) When translation velocity U and frequency o approach to zero with
openings closed aft and no fans in operation (closed box), then

)
lim Po _
U=0=3 09" . (81b)
o-0 F

Y AL R AR s A4 T B i S A

Tt
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b) When the heaving vehicle is in translatory motion, U#0, with all
the openings in effect, then when frequency o = 0*

Py
P

;_‘,"[,—;1— -0 with 90° phase lag. (81b)
1)

where the following information has been used, namely, for o = 0 , accord-
ing to (59 to (61):

1) o and v, are negative real constant values

2) @, and v, are linearly proportional to ¢

The above relation is also equally valid for the uncouple& aerodynamic

analysis, namely, for v=0=0 .

It is apparent that the asymptotic expression of the bubble pres-
sure Eq.(80) for o = = is dependent on the behavior of the wave-induced
volume v for o = » on the air-water interface. Since the asymptotic expres-
sion of v , Eq. (62b), is v, =2 negative constant and v, = 0, we have

with water wave effects

’ PN
-YQI )
tim Pb /2 Py’
L (R ’ (823)
ol Pa\ Po 2
1+Y (14--f) —_— |Vr|
P/ Vo P8 111

whereas with no water wave effects,

o B / P
tim b 2 = y(y 4 2) ; (82b)
et h Po

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

*lt should be noted that in the limiting cases when 0 = 0 or o — ®, then
o and T can be interchanged.
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ADDED MASS AND DAMPING COEFFICIENTS
The real and imaginary components of the bubble pressure Eq.(80) are
given by
Y(1 [ p°Q"]
gpb"’d i ( +pa/po)__1-Y(l +p,/p,) Vg | |
h 2 |
= gr Per poQi : |
- .
1 Y(|+pa/p°) = + Y(I+pa/p°) - ?
o o :
3
PQ,
2
Py/P, - [YQuep,/p, 1" 5
z?ﬁ “ : 2 /) (83)
PO, Pol;
| 1¥{Hp /o) == Hv(l,/p)
L : o o
where
! - rﬁ;'
Ql“ = vr L—- + :—;. di -.':— .
P9 P9 Pa
12p_ , A
v o B | f W el NGO, o
4 =9 Rged {n S| * kNG (ZPo s )} (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 ship in translation on the calm water surface. The real and imaginary
components of the force are designated as aero-hydrodynamic inertial and damp-
ing forces from which the added mass M'' and damping factor N are defined
| in the following form,
i Pb Ac
M" = —-r—-—
z
Py Ac
ro— (85)
gz
iot
where the minus sign comes from the Re(pbAce )
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The non-dimensional added mass and damping coefficients of Egs.(85)

can be defined in the following form,

Z M . ¥, N
€ x I_L" ¥ € d -'_—Ul.a (86)
2 pw 2 pw

The added mass M'" and damping factor N for O =0 are derived by
knowing the behavior of the ar. o, v, and v at g~
-,

-

QI.'Q

dvi
B

a|_s<

b sttt ) S S Tty LY (87)

The results are given by

E A°
MY = c
ag~0 0°
AB
c
N == 88
c=0 D (88)
where
|2_p_ P
2] t
D= + k pa sz l I —'“g-
og=0
2p_
E--Y(P*‘P) l ' 4—9_09_'.9' (89)
a g-0 o"O a w

where D is always posit‘ve, whereas E may take positive or negative value,
Thus the damping factor N is always positive and the added mass may be
positive or negative (i.e., the motuon of the vehicle and the added water
mass are in opposite directions).*

Definite signs are obtained when the water wave effects are omitted.

Namely,
oQ

£ 2p
3p

Y
+ k pa

D=n

v
o)

Y(p,*p,)

_E- (90)
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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 g = 0.

It is apparent from Eqs.(88), (89) and (90) that the added mass M
and damping factor N at the vanishingly low frequency are proportional
to the cushion area squared and dependent on the contributions by the fan,
seal leakage, wave-induced area and volume and the cushion volume and

ambient pressure which are chosen in the preliminary design 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-dimensional SES against the scale ratio \ =
ship length/model length. |t shows that the scale effect is larger for
the low frequency than for the high frequency.

A similar study can be carried out for the present three-dimensional
SES model.

Since pOQr/vo and poQi/v° in (83) are dimensionless, the scale ef-
fect on the magnitude of the pressure (or the components) can be estimated
by scaling the ambient pressure Po by Apo . For the real component the
ratio of the coefficient for ship and model is

Pb/P //(Pb/P

s hip model

Y\l + p,/\p, )[l-Y(l * Py /\p )per/vo ////

LI-Y(I + pa/kpo)per/v ] LY(I + P, /\p )poQ /v

Y(1 + pa/po>[|-Y(l + pa/po)per/vo]
] . 1’—
[I-Y(l + pa/po)per/vo:\ + LY(I + pa/po)poQi/Vo_]

(9m

Similar expressions can be obtained for the imaginary component as well

as for the resultant magnitude.
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NUMERICAL CALCULATIONS AND DISCUSSION

Water Waves - Elevation, Escape Area and Volume

The model used in Reference 2 has been chosen to compare the analytical
values of wave elevation, escape area at stern and volume on the air-water

interface in the developments of that reference and the present study.

A series of calculations have been carried out for the elevation of
the free surface along the wall y=b at Froude number F,=0.5 for different
values of frequencies T=0, and T=0.2375 and 7=0,2750 which bracket the criti-
cal frequency 7=0,25. The results are shown in Figures 2a and 2b and compare
very favorably with those of Doctors who defines F, = v//hag . Figure 2c is
‘s a comparison of the values of wave elevation of the corner point x/a=-]
and y/b=1 in terms of frequency T, evaluated by the present analysis and by
that of Reference 2. |In the low frequency regime the agreement is excellent,
whereas outside that the discrepancy is quite substantial especially in the
imaginary part of the elevation values.

Similar calculations were carried out for the escape area,@ , at the
stern and the volume, v , on the air-water interface for the entire frequency
range of practical interest. A comparison of the results of both analytical
solutions is shown in Figures 3a and 3b for the escape area coefficient, o ,
and volume coefficient, v , respectively, for a series of frequencies T .

The agreement is rather satisfactory up to T=1.5 except for the real value
of the v coefficient. It is interesting to notice that the value of the
escape area oscillates with T, whereas the volume coefficient v behaves
relatively monotonically. Sudden changes of the values of o and v are
exhibited at the critical T=0,25 as should be expected, Furthermore, it is
interesting to note that as ™0, the imaginary part of both quantities tends
to zero whereas the real parts tend to finite negative values. These limiting
values can be readily obtained from Equations (6la), (61b), and (62a), (62b).
As the frequency approaches higher values, the imaginary parts of a and v
dhnﬁﬁsh showing a trend to zero asymptote, whereas the real components tend
to a negative non-zero asymptote. The non-zero values are less than the
static values of ar--O.ZS and vr--O.ZS. It is apparent, therefore, that
the dynamic values of & and v in Eqs.(62a) and (62b) are positive and their
magnitudes are less than their corresponding static values (Eq.61c).
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Similar calculations have been carried out for XR-5 SES model at
Fn= 0.72, for which extensive experimental work is avallable.5-7 Figure &4
is a sketch of the model and Table | presents its principal particulars,
The results for o and v are exhibited in Figures 5a and 5b versus
the frequency T . The trends of the results of both models are, in
general, similar except that the oscillatory behavior of & has been re-
duced considerably in the second model,.

Bubble Pressures

The values of bubble pressures in the plenum calculated from the ex-
pressions given by Eqs.(80), (81) and (82), for the XR-5 SES model at
Fn=0.72 are graphically exhibited in Figures 6a and 6b for a series of
reduced frequencies T .

Figure 6a shows the values of bubble pressure and phase shift angle
versus T in the presence or absence of water free surface effects. In the
limit as T—0 , the expression given by Eq.(81) shows the pressure ampli-
tude reduces to zero with phase lag of 90 degrees. The pressure amplitude
generally increases as T increases tending to the asymptotic value given
by Eqs.(82a) and (82b) for both cases, with and without the free surface
wave effects.

Figure 6b gives the entire picture of bubble pressure versus T ranging
from zerc to 600. It is seen that the amplitude reaches its asymptote,
Y(1+ pa/po) at 7=200, whereas the phase angle may reach its asymptote at
T=800. It is to be noted, however, that the values of the bubble pressure
in the uncoupled condition (i.e., without water wave effects) are, in general,
much larger than those obtained under the coupled condition. In fact, the
asymptotic value of the former is about thirty times larger than the latter.

Added Mass and Damping Coefficients

The heave added mass and damping coefficients Cyo Cd of the XR-5 SES
model have been calculated and are shown in Figures 7a and 7b. The experi-
mental values6 for the model are also compared with the theoretical values
in Figure 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 values of the coefficients obtained from Eqa.(85)
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and (88) as T—0 are the same for both coupled and uncoupled conditions.

The imaginary part of the bubble pressure from which the dampling factor N

is determined is linearly proportional to the frequency T (or o) at low fre-
quency for both coupled and uncoupled conditions (see Eq.85). The experi=-
mentsb also find this component linearly proportional to the frequency for an
ACV model over the ground. The added mass coefficient is, in general, negative

for the specific model except in a narrow region as indicated in Figure 7a.

The non-dimensional coefficients Ca and Cy diminish as T increases,
As T approaches =, the coefficients tend to vanish for both coupled and un-
coupled conditions (see Figure 7b).

Scale Effect on the Bubble Pressure

The scale effect on the bubble pressure amplitude has been calculated
for the XR-5 SES model at Fo= 0.72, and the results are shown in Figure 8,
It is seen that the scale effect is increasing with increasing frequency at
constant scale ratio A and increases also with A at constant frequency.
The scale effect increases with both increasing frequency and scale ratio. For
instance, the ship pressure at 7T=h,5 is underestimated by 14)% when the model
scale ratio A=10 , which corresponds to about a 133 long-ton ship?

The previous workI2 on the scale effect is concerned with the real com-
ponent of the pressure only. |t shows that the scale effect is larger at low
frequency, a trend which is opposite to the present result. However, it is
to be noted that the analysis of Reference 12 deals with the two-dimensional
theory and hence it is difficult to compare with the present three-dimensional
analysis.

Heave Response

Since the theoretical heave added mass and damping coefficients are
available, the heave response with pitch restrained has been calculated by
utilizing test results for the restoring and exciting forces of the XR-5 SES
model .,

Figure 9a shows the mean line drawn among the experimental values of
the non-dimensional heave exciting force6 versus the non-dimensional encounter
frequency o/L/g . The extrapolation has been made by assuming that the
heave-exciting is identical to the restoring force at zero frequency. The

*These conclusions reached after the set of calculations performed for the
XR-5 SES for given fan charactaristics and discharge should be used with
caution and cannot be generalized before extensive calculations are performed.
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mean line has been cut-off at the frequency beyond which the data are un-
reliable.

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 values, three heave responses have been calculated. Figure 9b
compares the semi-analytical and the experiment-based calculations. The semi-
analytical response is higher than the experiment-based calculation results
due to the fact that the theoretical damping coefficients are lower than the
experimental valuass.

2 The theoretical calculations show a similar trend to that of the heave
with pitch free (x symbols) which is obtained from Reference 7. The natural
pitching frequency of the model is 5 rad/sec. It is seen in Figure 9b that
the theoretical heave at the natural pitching frequency is about 50% of the
heave with pitch free. This kind of characteristic heave response in coupled
and uncoupled conditions for an SES model has been found by Fridsma8’9 at

3 Davidson Laboratory.

Numerical Procedures

The computational work has been carried out at the Stevens Institute Com-
puter Center on the PDOP-10 high-speed digital computer. Program structure
with Flow-Chart of the main subroutine VLLI, program listing and descriptions
of input and output are given in Appendix E.

The exponential integral of complex argument, which is the basic element

in all the analytical expressions, is discussed in detail in Appendix D with
the view to utilizing high-speed digital computers.

Furthermore for convenience in the numerical integration of Eqs.(46)
and (59) to (62), a transformation is introduced to simplify the structure
of the singular behavior at ec (critical point, see Eq.29), and then the
""Lagrange interpolation method'' has been employed for the evaluation of the
finite contribution of the high-order singularity.
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SUMMARY AND CONCLUS IONS

A mathematical model has been developed for the evaluation of the
added mass and damping coefficients of a heaving surface effect ship in
uniform 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 T in the entire range
of practical interest, and also provides 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-10 high-speed digital computer.

The following basic assumptions were made:

. The deformation of the water surface participates 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 translation is used to display the way in which
the motion of the water surface participates in the evaluation of the pressure
variations in the plenum air.

: In the dynamic analysis of the air flow phenomena, pressure and
volume changes are assumed to occur sufficiently rapdily so that the adiabatic
law governs the basic thermodynamic variations in the air cushion,

L4, 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 magnitudes as the heave displacement.

Expressions for the wave elevation, escape area and volume have been

derived and their limiting values at T=0 and T—® have been studied.

The linear equations of bubble pressure and heave motion have been de-
veloped, applying perturbation procedure to the adiabatic law, and their
asymptotic values at T—=0 and T—® have been established.
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A series of numerical calculations 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 restrained.

All the above results have been compared with available experimental

data and their behavior as functions of the frequency discussed.
The following conclusions can be drawn from this investigation;

1. The assumption of a rigid-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 90° phase
lag as T—0, whereas at T=® |t reaches a constant value with 180° phase lag.

3. The added mass and damping factors as T—0 reach asymptotically
finite values whereas as T—® they vanish,

L, The scale effect on the bubble pressure increases with increasing

frequency and scale ratio. (More extensive calculations are needed before
generalizing this.)

5. The present method can be applied to predict the heave response with
restrained pitch motion utilizing experimental values of the restoring and
exciting forces.

6. The added mass and damping 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 general conclusion 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,

4o
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TABLE 1

PRINCIPAL CHARACTERISTICS OF XR-5 SES MODEL

Length overall, ft
Length of bubble, ft
Beam of bubble, ft
Height of bubble, ft
Test displacement, 1b
Nozzle factor

Fan flow rate per
pair of fans, ft°/1b-sec

No. of pairs of fans

Leak area at equilibrium

Froude number

Encounter frequency, rad/sec
Natural pitching frequency, rad/sec

Heave restoring force, 1b/ft
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FIGURE 9a. HEAVE-EXCITING FORCE OF XR-5 SES MODEL AT Fp=0.72
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and damping coefficients
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FIGURE 9b. HEAVE TO WAVE AMPLITUDE RATIO OF XR-5 SES MODEL
AT F, = 0.72
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APPENDIX A
' ) =
CALCULATION OF ll,j' ll,j' Jl,j' J]'J (j=1,2)
Integration of |l ] and I; ] in Egs. (43a) and (43b) with respect to
€ and T yields
kz; iks iks iks iks )
| S T s \e ! -e 2 +e 3 -e 4
1,] sin® 4 k(k-kj)
P o S5%
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where | = 1,2 and
gy = (x cosV + y sinB) = (a cos® + b sind)
s, * (x cos® + y sinB) = (a cos® = b sin®)

cosO + y sinB) + (a cosO® + b sind)

L'
A

L 4
—
x

S, " (x cos® + y sinB) + (a cos® = b sind)
Sg = (x cos® = y sinB) = (a cosd + b sind)

sg ™ (x cos0 = y sin@) = (a cos® = b sin6)

S, = (x cos® = y sinB) + (a cos® + b sind)
sg = (x cos® =y sinB) + (a cos® = b sind) (A=5)
Since
ST A G AT SR
K k-kj ki K kj k=k
| | | GRG0 | |
o) ok B kT kT ek Y
J J J

Equations (A-=1) through (A=W) are expressed in the following forms,
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kz( iks iks iks iks,
N dk L \e ! =@ 2 +6 3 =g '-0)

kl’l

kz( iks iks iks, iks
di & (-e > +e 6 A 8)

l-m €
13 { dk

Integration of l,. l3,

To transform kz + iks‘, kz + iksz, etc., we write
C =xcosb +y sind - iz
C' = X cosb - y sinb =iz
C] = acosB + b sinb

CZ = a cos® - b sind

have

z + s, = i(C=C,) isg = i(6'-C))
z + isz i(C-Cz) isg = i(C"Cz)
z + sy = 1(C+)) is, = i(C'+(,)
z + s, = 1((+C) isg = i(C'+C,)

Substituting the above in l'. 13. l;. l;. we have

[eik(C"c‘) -eiK(C'Cz) ik(C""C]) _e‘k(C*Cz)]

+e

T dk
1,(€) = £ .

UQ‘E%[ ]
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© ik(C'=C,)  Tk(G'=C,) ik(C+C) ik(C
|;(c|) - ‘{‘ _(_1‘_:\_ [_e R 2 o - |+e +Cz)] (A=14)
[e]
ey = & p (A-15)
3 1y

consider the first integral l‘(C). I,(C,) in Eq.(A=12) is analytic
in the lower half plane and Il((,)"O for (= i=. Hence, differentiating

with respect to (, we have

dl o ik(E=Cy)  ik(G-C,)  Tk(CHE,)  TK(CHC,)
-a—c-'- = | j‘dk Le F e & e LA 2] . (A-16)
o

Integration with respect to k is given by

dl

1 | 1 1 1

dg = -(C'C‘ X C-C2 4 C+C| g C+CZ) y (A-'7)

Integrating with respect to ¢ , we have
f C'Cl C»"'C‘
|‘ = -(log _C:E; + log C+C2)# K (A=18)

where K = integration constant.

Since both |, in (A=12) and the logarithmic terms in (A-18) vanish for
(=i® , we have K=0 .
Hence,
-6 C+C‘\
Iy == log K—c—_—c—z- a—-c—z-) (A=19a)

and
|‘l=-(|og|s‘|+ ion)-(log|53[+ ion) +(log|sz|+ ioﬂ)+(log'su,+ ‘.on), smzo

2=0 ‘ : (A-\Sb)
A similar procedure is applied to I3. I‘ and I;:

C+C] C'Cz
ki ¥ ~i\=¢ o+ ¢, log E—:a-‘- + CZ log a_—c—z-) (A-20a)

Ak




Integration of |

lBl--i[-(x cosf + y sine)ll" +c]l(log|s3|+?n)-(log|s‘|+?ﬂ)l
=0

2=0
+Co 1 (logys, |+.2) =(log]s 1+ 2) 1],
‘ s 20 (A=20b)
m
1= <\l at + lo E::EZQ (A-21a)
1 \ 4 E'-C] g C'+C‘

l; '(‘°9|55|+?n)+('°9ls7‘+?n)'('°g|56|*kgp'('°9|58|+§;)'smz 0 (A=21b)
z=0

Gorlnt ¢'-¢, ¢4,
l3 = —l\‘c I‘ + C‘log W + CZ log ?‘75—2) (A-22a)

l;I- -it(x cosh -y sine)I; +c‘{(log|55|+i%)-(jog|s7'+?n)}
z=0 2=0
*y1(10g)sg)+ 5 =(og|s¢ |+ 5D 1],

5, 20 (A-22b)

1
2 and |2

and rot

we have

I, (A-8) and lé (A=9)are identical with each other in form; therefore it is

necessary to consider the integral

& ik(sl-iz)
e

G| Fepladn
o

— dk ' (A-23)
J
e

Transforming the above by translation

w = k-kj (A=24)

ation

u --iw(s'-iz) . (A=25)
AS
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-IW(Sl-IZ)
ik Sl+k z e Y
G - J j ‘I‘ Tdu . (A-26)
ikjsl+ka
The above is expressed by the exponential integral,l7
ik,s,+k,z
e b e { . ]_ 0 >
G=e EIEkjsl'*lﬁz i2ﬂ} for $;20 (A-27)
Hence for z=0,
- m+l ik:s . 0 >
I, = &21(°') Pl B {E‘[nk Sed = p } for 5. .50 . (A-28)
|'—-283(1‘“+' ikls"'{['k Ja o bp Z0
g™ -1) e Elikgs d - 1o or s < : (A-29)

m=5

where j =1,2 .

CALCULATION OF 1 AND |é

We calculate the following integrals which are used for evaluation
of the volume in Eq.(59):

iksg _iksy)
- )

[+ -] » .
|6 - I g% ekz(e'ksl _ecksa ron
o k
© -~ % i
'5 = I g% ekz(-e'kss +eikse _elksv +e'kse ) (A-30)
ok

The same procedure as that used previously in the Integration of ll’

] | "
'l’ l3 and l3 is used.

The I and lé are similarly expressed in the following form:

16(0) = i B | TK(GG) _gTK(CCa) 1 Tk(GG) _Tk(CHta) ]
o k

(e ] dh [LeTK(E!-0) Lgik(CI=Ca)  Tk(E!) L Tk(CHa)] (g
ok

For En* io | :ﬁ - 0 , and analytic in C and ('.
. A6
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Differentiating l6(C) and Ié(C') three times with respect to
C and ' , and integrating them with respect to k , we have

3

o S R D
!

TERTE VIR G i G s
P A T S PR TSI 4T :

Integration of the above derivatives with respect to { and (' yields each
time a pair of integration constants. The first two pairs of constants
vanish, whereas the last pair results are %(Cla-cza) and =% (Cla-cza).
Hence, the pure constant terms in l6((,) and lé(C') disappear and the I¢
and Ig are finally expressed in the following form:

3
|6| = - %- (xcosO+ysing)? h -(xcose+ysine)c,L<log|s'|+?ﬂ)~Klog|s3|+?n>]

z=0 z=0

+(xcos0+ysind) CZL(Iogl 52|+?n)'(|°9|sl¢|+i()n )]
+ -;- [Cla{(logls‘|+i°" + (log|s3|+Pn)} -

-¢*{(1og)s, )40, )+ (10]5,)+9,)]  for s, 20

|é| = --{%-(xcose-ysine)a |;I -(xcose-ysine)c‘[(loglssl+?r)-<log|s7l+:%)]
z2=0 z=0
+(xcose-ysin6)cz[(logls6|+i?_')-(log|s8|+i9“)]

+ 3 [ {Crog)s5)+,9)109) 55149, )} -

'Cz’{('°9lssl*&)*('°9lsal*&)}]} for % gp . (A=33)

Trram
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APPENDIX 8

l
CALCULATION OF '2:' 2,0° 2 !(z,-| 2 ;j=3,k4)

Integrating P and l'2 L with respect to € and T in (43c) and
(b3d), and making use of (A-5) and (A-6), we have

= U_ + = (,|*-| Yo r——g——g l* (8-1)
L KkjsnnG kjsinacose) 17 ', Jsm cos® 3
' = U [~} i T O, - S K -2
. '\kjsine 5 kjasinecose (=l kjsinecose 3 Lk
v cose o .
JZ.Io- |kjs|n§ \| sind T ikjsine ‘ll (8-3)
' o v (U cosB o ¥ 2)
JZ.I s lkjsunB W *\Tsing * ikjsine) 'y (8-4)
where the % indicates the complex conjugate, and,
© kzk " )
[ ok =
o k—kB .
N\
T (B'S)
“ { @ ekz( "n )
£ dk =
wre
kz, =-iks, =iks, =iks, =iksg
T dk & \-e 5 +e 6 -e 7 ve 8)
° k-k3
Jymf o™ ; 2 (B=~8)
} & ekz( " )
° k-k“
W

B~1
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Integration of 'h and 'h

It is apparent from (B-5) and (B-6) that an evaluation of two
integrals is necessary:

© -ik(s,+iz)
dk i
=] e
o 3
= g N
. -ik(sl+iz) g
Gz = { = e . ‘ (B=7)
-

Transforming G] and GZ by translation,

W=k =k (8-8)
and by rotation

u = iw(s +iz) (8-9)
we have,

2" e-ikjs'+ka'°(51+l2) £ (8-10)

G, -ik; s +kj 2 ’

17
Thus, by applying the formula for exponential integral, we have

-ik,s,+k,2
1 : i2n
G, =e 3 3 lE'[-uk35]+k3z] - '0 ), 5,20
~ik,s,+k, 2
Ul 0
G, =e {E,[-1kys +Kky2) + 1on |4 5,20 (B=11)

Due to the above expressions (B-11), the 1, and 1 in (B-5) and (8-6)

for 2z=0 , are

L

-ik,s s
3N ml : 3 m ¥ |2‘n > 0
s“&h (=1 e lE,[-thSm] “ o1 ¢
, = (B=12)
b b -ik,s
1 L : 0
(m\: (-l)m 3 iEl[-'kkst i i2"1l' *m 20
8 ~ik,s :
it (G e, (-ikgs, ] - M s, 20 }
|. ™~ (8'13) |
b 8 ~ik, s A
.mz_;s T i il {E\L=ikys ] + i‘z’“]. Sy 2 0

o i T e o7 7 S T e =




APPENDIX C

CALCULATION OF INTEGRALS FOR COMPLEX kxkh

We evaluate the integrals '5(kl) and I;(k‘) of the complex argu-
ments in Eqs.(46 , (51) and (52).

Consider
4 -ik(s,+iz)
e
Gy & | dR . —— (c=1)
grla S

where kj"complex, k3- complex conjugate of kk and Imk3< 0. And Rekj 2 0.

Translating and rotating by

w = k-kj and u= iw(s]+iz) (C=2)
we have
iw(s‘+iz)
-u
G * | S— du (c-3)
-nkjs]+ka

For k3, with z=0, we have the following relations:

I f s|> 0,

Re(-!kss' <0

lm(-ikBS') $0 for Re k32 0
| f sl< 0,

Re(-ik3sI >0

Im(-ik3s]) 20 for Re k32 0

Cl
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For k“. with z=0, we have the following relations:
| f 5> 0,

Re(-ikhsl) >0

Im(=ik,s)) S0  for Rek, 20
I f s|<0.

Re(-ik“s‘) <0

-. >
Im( lkbsl) 20 for Rek“ 20

In addition to the above for both k3 and kh with z=0,

Re(is'w) ; 0

Im(is\®) <0 for s 20
Thus, applying formulas of exponential integralsj7\~e have the following
results for z=0,

For Re k3 20
-ik3s‘ 21

e (€ [-ikys,] =

=ik
e 35]{51[-ik3s‘] -

and for

Re k;, 2 0

=ik, s
L7 o 0

-ik, s
47 0
e {E [-ikys,] + 0
Thus for 2=0, the IS and lé are given:

Re k3 2 0

4 -ik :
L (™, 3 [E)[-ikys 1 = 127

0
m=) 0

smz




4 ~ik,s
g = ;E%(-u)m*‘ . A 15'[-ik3sm3 - g frs, 20

for Reku 20

4 -ik, s
oyl 47m i 0
0™ e N e ks T2 s a0

21 & ~ik, s
m+1 4 0
mg(-l) e o iEl["khsm] +.p 1 Sy 2 0

for Rek3 20

8 ~-ik,s
&) (o)™ 3"m e _im
m‘:S( N e {E'[ 'k3sm] 8 b, S
]
| =
5

-ik,s
RES("')m+‘° 2

AV
o

lE,[-ikBst - 8 ks S

for Reku z 0

-y kqsm

-X)S(-\)M'e i

m-
s i
_‘\3 (-l)m'e'” Qsm

m=5

AV?
(=}

1 L=ikyspd + 000, s,

IE,[“kust + 8 fs Sh

AV
o

€3

(c-6)

(c=7)

sdialem.




APPENDIX D

EVALUATION OF EXPONENTIAL INTEGRAL OF COMPLEX ARGUMENT

To calculate the exponential integral of a complex argument E|[-ik£sm]

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

z = -ikgs (D-1)

where kl represents a complex wave number k., or kh and the Sm has

3
been given in Eq.(A=5), Appendix A.

The exponential integral is given by'7
© n_n

E)f2] = =¥~ log 2 -2 -L;-n—;f— (largz| < m) (D-2)
n=| X

Let the above =z be given in polar coordinates

z2=r e'a (0‘3)
it Im(-ikzsm)
with r = l -'klsml , @ = tan mﬂ“y (D=4)
Substituting 2z Eq.(D=3) into Eq.(D-2), we have
E‘[-ikzsm] = -C(r,a) = is(r,a) (D=5)
where
" @™ n n
clr,a) *Y + log r+Z (=1) r' cosno
n-n!
n=]
® L :
S(ra) o+ I (=)} 7 .51nno (D-6)
e n-n!
where Y = 0.5772.
Introducing @ new variable B ,
p=a+m (0=7)
D1
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we have
\ 2" = (-l)n [r"cos B+ i r'sin ngJ (p-8)
Hence, Eq.(D-=5) is given by
A E][‘ikzsmj - -C(".a) ‘55(1’.5) (0-9)
where
@ n a
C(r,B) =Y +logr+ 2 1L{§§§F-
C ) n=|
- rnsinnB
s(r,B) = (B-m) + n§| e 75 s (p-10)
L The exponential integral of a complex argument -ikzsm (kz’kz +k£ )
in Eq.(D-1) approaches the exponential integral of a pure imaginary a:gumént
'iklrsm when kti* 0 (kZi 20):
K. i [ . J = . . . : m
_ kun_.o El -nk!'sm = El[-'ktrsm]= -cr(kzrsm)-n[sl(kﬁrsm)- EJ for k£r>-o,5m> 0
L
(D=11)
where Ci and Si represent the cosine and sine integral, respectively.
\ Evaluation of the exponential integral of pure imaginary argument

is carried out by making use of the standard subroutine '"'SICI" "~ which has
been given in the Scientific Subroutine Package. The program computes the
sine and cosine integrals

$I{n) and Cilx) , x>0

and thus by making use of the above, we compute the exponential integral
" T T
El(ix) = -Ci(x) + i[Si(x) - 5] s X >0

and El(-ix) with x > 0 by the complex conjugate of El(ix).

D2
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Evaluation of Egs.(51) and (52)

Since
-ik s kz.sm =iky %

e om G e r (D-12)

we have

ik s ; KLty .
e El[-ikﬂsm] = -e {[cos(kzrsm)c(r,8)+s|n(k£rsm)S(r,B)]

+il=sin(ky s )C(r,B)+cos(k, s )s(r,B) ]}

(D-13)

3;8
-i2me oo agne ' m[sin(k3rsm)+i cos(k3rsm)] forkir > 0, s, >0
(D-14)

8
i2me = Zne b; m[sin(khrsm)+i cos(qusm)] for k“r'> 0, S < 0
(D=15)

Substituting Eqs.(D-13) to (D-15) in (51) and Gz), one obtains the

expressions for S(kz) it (kz)

-ik,s IZﬂ}

3"m

e {El[-ik3sm] - > S Re lle 520

3

k 21
[cos(k s )C(r B) + snn(k 5 )[5(f,5)+ QJ}

k
g 3 M-sin(ky s )C(r,B)+ cos(k3rsm)[s(r,g)+zgn (D-16)

-|khs
e ™ e, [-ik,s  + .Zn}, s, 20, Rek, >0

kl‘ iSm E [ 0
= -e {cos(k“rsm)c(r,a) + S'n(k“rsm) s(r.8)- ,.J1

kh iSm 0
-ie I-sin(kursm)c(r,8)+ cos(kursm)[s(r,B)— 2nl} (0-17)

D3




R=2040

Since Eq.(D=13) is formally identical to the complex conjugate of
(vor + ivOr) in the Appendix of Reference 19, and since the formula gives
expressions for both small and large r for a rapid numerical calculation,
the expression of the W0r+i¢°r has been used.

For small r, Eq.(D=13) remains unchanged.

For large r, Eq.(D=13) takes the following form

-ik£sm N cosnp
. Sy b
e Elt-'ktsm] = - 2 (n=1)! =i
n=| r
y sinnp
+i‘_) (n-' ! e — r
= ) o (0-18)

where N = truncation number.

Integration of Eqs. 46, 59 and GO

Integration with respect to 0 in (46) (59) and (60) has been carried

out numerically by employing the trapezoidal rule. For the singular behavior

which appears in the neighborhood of 0 = g , a change of variable, adopted

in Reference 2, has beer employed for convenience.

sinb

coseo

8! =

which gives

@' -0 for 8 = 0

0! - » for § = =

2

indicating the singular behavior has been shifted to 8' = ® at which the

integrand tends to zero.

For the integration with respect to ©' , the upper limit has been
truncated at 77 as being sufficient. ‘

In the neighborhood of the critical point Gc » however, when the =
values nearly satisfy the relation (29), singular behavior occurs also

when k, =k, *0as it is seen from Eq. (26b) :

D4
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1 |
iE3 % “h kosecaeJl - breos®

(1 = 4t cos@®) =0 for 0= Oc

18
In these cases the Lagrange interpolation method has been employed.
The integration has been assumed to have the form

0 +28
| = CJ _ﬂigl. d0
(0-8)°
ec-as c

where 8 = 0,00033 has been finally adopted and M(9) = (O-OC)3. [ Integrand
of Eq. (46) or (59) or (60)].

05
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APPENDIX E
| FLOW DIAGRAM AND PROGRAM SYSTEM

With the following input,

IN_PROGRAM IN TEXT

TU P = reduced frequency

FAN l;%il = fan discharge rate for a pair of fans
SK K = nozzle flow factor

ROW Py = water density

SELA Ao = seal leakage at the equilibrium
BH h = cushion height

DS A = displacement

XNF n = number of pair of fans

SL L = nominal ship length

S8 B = nominal ship beam

A a = half cushion length

B b = half cushion width

FN F, = Froude number

one obtains the following results:

RV L real part of the volume coefficient
v L imaginary part of the volume coefficient
RA R real part of the escape area coefficient
1A o - imaginary part of the escape area coefficient
P
AMP ;E % = amplitude of the bubble pressure coefficient
o
PHA p?g;e = phase lag of the bubble pressure |
ADM ca = added mass coefficient
DAM by ™ damping coefficient

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

El
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FLOW DIAGRAM (SUBROUTINE VLLI)

] < __START

DEFINE VALUES

' Do 1 |
- 17=1,2 . |

RESET

Do 2
NST=1,6

SET INTEGRAL
LIMIT VALUE

Do 3
1=1, ILIMIT,
‘ CALL ALV >

ENTRY A

INTEGRATION PART
DETAILS ON
FOLLOWING PAGE

Q

IF (ITST = 1)

NST=NST + 4
YE
-
| >
‘ RETURN S <ip=2>
_ N

CALCULATE
ZC,ZS

ﬁ:ﬁ

RETURN

E2
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(:7 ENTRY A )

TU=0

NO

e

SET ARGUMENTS

TEST
NST

NST = 1 NST = 2,3

CALL YTEX1(S1,1) CALL YTEX2(S3,3)

CALL YTEX1(S2,2) CALL YTEX2(Sk,k4)

YES

CALL YTEX2{S3,3)

CALL YTEX2(Sk4,L)

NST = 4,5,6

CALL KMVL
(OR CALL KMP)

CALL YTEX3(S3R)

ALL_YTEX3 (S4R)

E3

T —
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PROGRAM SYSTEM

CoMP

PR S ————

VLLI

EL4

ALV
| KMP
- KMVL
i
—  YTEXI sict™
YTEX2 sic1™
| YTEX3 sic1™
”*
- COEF | IBM SSP
SUBROUTINE
1 coer 2
1 coeF 3
=1 VFX




APPENDIX E
(Cont'd)

INPUT OUTPUT SAMPLE




RUN ACVF

DEFINITIONS

\ REAL FART VOLUME
[MAGE FART VOLUME
REAL FART ESCAFE AREA
IMAGE FART ESCAFE AREA
RUBLE FRESSURE AMFLITUDE
BUELE FRESSURE FHASE
ADDED MALS COEFFICIENT
DAMPING COEFICIENT

FrO INFUT FAN» SRy ROW e SELA» BHy DS » XKNF
0.03 0465 1.94 0,333 0.72 298, 2.

> INFUT SLySReA s Ry FN
13.83 2.12 6.915 1.06 0.72

#> INFUT TU» IF ANY. OTHERWISE KEY IN =-1.
10.

TU = 10.00 RV : =Q.073 1V = 0,001
RA ~Q.064 1A : Q. 003
AMEF= 8439  FHA= =L a8 1SS
ADM= =, 2813E-02 DAM= J2L77E-0L

&> INFUT TUs IF ANY. OTHERWISE KEY IN —=1.
“10

END OF EXECUTION




JURTR———————————

R-2040

i g b e

APPENDIX E

(cont'd)

PROGRAM LISTING

Rt S O 3 i ' R i i B AN Vot

e e faa

e




00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
22600
02700
02800
02900
03000
03100
03200
03300
/

03400
03500
03600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04600
04700
04800
04900
05000
05100
05200
05300
05400

ECEC MAIN FRUGRAM FOR COMFUTIOM OF YOLUM FLUX AND
ELEE ESCAFE AREA OF ACY HEAVING IN UNIFORM STREMM
geece IN ADDITION CALCULATE BUEBLE FRESSUREy ALDDED MASS
gcee AND DAMFING COEFFICIENTS
CCECEEEEECCCEECECCECECCCECECEEECEEECCCEECEECECEECCECECECL L
FROGRAM COMF
COMMON /V1/SLySEBrARyFNITUYEFSIyGAMyBTA
COMMON /V2/BETZT1yZT2yZT3yZT4
COMMON /V3/ ALFLlyALF2yALF3yALFAYyNST12yNSTLSy ILM
COMMON /VA/NTSLyNTS2yNTS3yKTLyRKT2yKT3sRKTL2yKTL3
COMMON /C1l/ EFS(3)yGAR(3)
LATA EFS/.001y.00015,.0001/yGAR/ 403325y ,01LLy.0L1/
DATA BTAyZTLvZT2yZT39ZTA4/ 4059 .04y 06y .192./
DATA ALFLyALF2yNTSL1yNTS2yNTS3yRTL/ 40335 .05920920930910/
IATA GAMAYFAYROAYG/1.452048,90,00237+32,2
ALF3=ZT3
ALF4=2T4
RT2=NTE2
KT3=NTS3
{3 o % SL. NOMINAL SHIF LENGTH
CEGEC SR NOMINAL SHIF BEAM
GECEE A HALF CUSHION LENGTH
CeCe E HALF CUSION WIDTH
EECE FiN FROUD NUMERER
gece FAN = FAN DISCHARGE RATE FOR FAIR OF rﬁNb
L 313 XNF = NUMERER OF FAIR OF FANS
[ i SELA = SEAL LEAKAGE AT THE EQUILIEBRIUM
coee EH = BURLE HEIGHT
CECE ROW = WATER DENSITY
cece DS = LDISFLACEMENT
GLECCEECCECCLECECECCEECEECCECEECECT RBEEEECCEREEEELECECERY
TYFE 4600
4600 FORMAT(’ >»»> DEFINITIONS‘/‘ RV = REAL FART VOLUME‘

A

IMAGE FART VOLUNME’/
REAL FART ESCAFE AREA‘/
IMAGE FART ESCAFE AREA‘/
RURLE FRESSURE AMFLITULE’/
BURLE FRESSURE FHASE’/
= ADDED MASS COEFFICIENT’/
’ 1AaM= DAMFING COEFICIENT’/)
TYFE 300
FORMAT (’ wx INFUT FANsSKyROWySELAy BHy DSy XNF 7))
ACCEFT 100yFANrbhrROW19ELArBH1DS:XNF
TYFE 400
FORMAT(’ sx INFUT SLySBrAsEYFN’)
ACCEFT 100,SLsSEsArEsFN
EL=2.XA
BE=2.%RE
CONTINUE
TYPE 3500
FORMATC 7 »2 INPUT TUs IF ANY. QTHERWISE KEY IN =1.7)
ACCEFT 100»TU
IF(TU.LT.0.) CALL EXIT
FORMAT (7F)

Honoion
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05500
05600
{ 05700
05800
05900
06000
06100
06200
{ 06300
06400
046500
046400

06700
06800

¢ 06900
- 07000
Q07100
07200
07300
07400
07500
07400

' 07700
07800
07900
08000
08100
08200
08300
08400
08500
084600
08700
08800
08900
09000
09100
09200
09300
09400
09500
094600
09700
09800
09900
10000

[ S

o e

R-2040

VR=Q

VI=0Q,

CALL VLLI(VURyVIys1)

AL=0.

AR=Q ,

CALL VLLIC(AI»AR»2)

IF(TU.EQ.Q.2) GOTO 20

SF=FNXSQRT (BLXG)

SIG=TUXG/SF.

SIG2=8IGXSIG

FC=8K/SI1G

BL2=RILXRL

CA=RLXER

VOL=CAXEH

FO=DS/CA

FOVO=FO/V0OL

FCTOR=F0O/BHXCA

COF = G¥ROWKEL2XEL

COP= o SXROWXSFXRRL2

Cl=GAMAX (Ll ..+FA/FD)

C2=8QRT (2 XFO/ROA)

C3=SQART (2« XFOXROAN)

CaA=RL2/ROW/G

CO=RL/AROW/G

QR=VRXCA+FCXATXCEXC2

QI=VIKCA-FCXARKCHKC2HFUXSELA/C3HEXNFXFAN/S LG

DLAQR=FOVOXQR

DLQT=FOVOXQL

FR=CL=CLXDLAR) XX24 COLXDLATL Y Xk

FER=~C1X (L ~CLXDLAR) /PR

FRI=-CLXCLXDLQI/FR

ADMC=FEBERXFCTOR/8IG2/COF

LAMC=-FRBIXFCTOR/S516G/COF

AMP=SRRT (FRRXFRRAFRIKFRL)

FHAS=ATAN2(FRIyFRR)IXS7 298577

TYFE 200y TUsVRyVIsARyALy ONF ¢ FHAS y ALME » DAMT

FORMAT (22X " TU = “FB.2:7 RV = “FlO«dr® IV =?F1l0W3/
15X2’ RA = ‘F10.3y’ IA ='F10.3/

15Xy’ AMF= ‘F10.3y’ FHA= “F10.3/

15Xy ¢ ADM= ‘E10.4y 7 DAM= ‘E10.4/7)

GOTO 10

AMF =0,

FHAS=-90,

TYFE 200 TU»VRyVIrARyALyAMFyFHAS

GOTO 10

END

E9




00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
028500
024600
02700
02800
02900
03000
03100
03200
03300
03400
03500
Q03400
03700
03800
03900
04000

04100

04200
04300
04400

. 04500

04500
04700
04800
04900
05000
05100
05200
05300
05400
05500

cccc

ccccC
cccc

SUEFROGRAr FOR COMFUTATION OF

VOLUME FLUX» IF IF = 1

ESCAFE AREAy IF IF = 2

SUBRROUTINE VLLICZC»ZSyIF)

DIMENSION THR(3) y THL(3) yFRR(3) yFIR(3) yFRLC(3) yFIL(3)
COMMON/MYTEX/ SM(&)

DIMENSION ZCC(2) yZ8S(2)»FTR(3) 2FTIC(3)
COMMON/LOG/C1»C2yR1¥R2

COMMON /VL1/SLySByAsByFNy TUYEFSLyGAMYBTA

COMMON /V2/BETyZT1yZT292ZT392T4

COMMON /V3/ALFLyALF2yALF3»yALFAyNTSL12yNTSL13y Il

COMMON /VA/NTSLyNTS2yNTS3yRTLyRKT2yNTIsRTL2yKTLS

COMMON /CF1/ TVU»S51,52,53y54,56C2»56CO»NSTyFOTyCity SNy SN
COMMON /CFLl1/ SKOS»TTM»TM

COMMON /CF2/ EF(A)SEI(Q) yEFD(A) yEIDCA) yEFR(Ay8) yEFL (49 8)
COMMON /C1/ EFS8S(3)»GAR(3)

DATA X119X44yX1G5/71Ler144,,3185./

- ZCC(1)=0.,

ZCC(2)=0.
288(2)=0.,
Z88(1)=0.
P=3,14159

TP=2 %P

F2=FXP
SL2=SLXSL
SHSL =, SXSE/SL
ABL2=4  XAXE/SL2
G=32.2

SLMN=77
BLF=0.000333
EFSI=EFSS (IF)
GAM=GAR(IF)
EET=GAM

LF=3

LF1=LP+1

X=—A

Y=E-EFSI
GAM3=3 . XGAM
KT12=KT1+KT2
KT13=KT12+KT3
RMA=SLMN-EET=ZT LXK (KT1~1)=ZT2XKT2-ZTIKKT3
MOO=RMA/ZTA4
RME=MOOXZT4
DELTA=RMA~RME
KT14=KT13+M00 3
KT15=KT14+1
NTS12=NTS1+NTS2
NTS13=NTS12+NTS83
IF(TU.LT..25) GO TO 127
GC=1./(4,XTU)

TCR=ACOS (GC)
TUCR=SIN(TCR) /COS (TCR) %2
EFS=LFKRLF
RTA=SLMN-TUCR-EFS~ALF 1X (NTSL=1)~ALF2XNTS2=ALF 3XNTS3
LO=RTA/ALFA4

EI0




RTE=LOYALF 4
DELTE=RTA-RTE
NTE14=NTSL3+L0
NTSLS=NTSL4+1
RA=TVCR-EFS-GANM3
LQr=RA/BTA

RE=LAMKETA

DEL=RA-RR

LaMLi=LQMt1
SMA=TUCR-BET-ZT1X(KT1=1)=-ZT2XRKT2-ZT3IXNT3
LOO=SMA/ZT4

SME=LO0OXZT4
DELTC=8MA-5ME=-, 005
LT14=RT13+L.00
LT15=LT14+1

ITST=2

KRTL118=RTL1S
IF(TVCR.GT.774) IT8T=]
IF(TVCRWLE«684) ITET=Q
IFCITSTLWEQ.2) RTLLIS=LTLY
CONTINUE
SFC=14/ (180 XBLFXK2)
SFCC=1./0180 . XGAMYX2)
SF=FNXSQRT (GXSL)
SIG=TUXG/SF

SIE2=516%X2

SF2=8F%%2

FN2:=FNXX2

SGC2=G/5F2
FOT=4,XF2XSF2%X5L2
IFCIFJEQ.Q)Y FOF=FLT/SL
FCTR=FNXX4/ (2. %XF2)
IF(IFGER.Q) FUTR=2KF2XSL
‘IT’ STANDS FOR CONTR REFET OF INTGR FOR X=-XI1GIVES RSUL

DO 1 IT=1,2

ET3=0.,

CTa=0,

SII=0,

SIR=0,

ZCl""O .

ZSI-:O'

D0 2 NST=1+4
IF(NST.EQ.1+.ORNST.EQ.6) GOTO 2216
IFCITST.GE.1) GOTO 2
CONTINUE

IF(NSTWEQs1) TVU=RET
IF(NSTWEQ.2) TU=BLF+TVCR
IF(NSTWEQ+3) TU=TUCR+EFSHRET
IF(NST.EQ.4) TU=TUCR-EFS
IF(NSTLEQWS) TU=GAM
IF(NSTWEQ.8) TU=TULDEL-GAM
IF(NST.EQe6«ANDJITSTWGES 1) TV=GAM
IF(NSTWEQ.2) THR(1)=TVY
IF(NST.EQe4) THL(L)=TV
IF(NSTWEQ.1) ILM=RTLS




11200
11300
11400
11500
11600

11700

11800
11900
12000
12100
12200
12300
12400
12500
12600
12700
12800
12900
13000
13100
13200
13300
13400
13500
13400
13700
13800
13200
14000
14100
14200
14300
14400
14500
14600
14700
14800
14900
15000
15100
15200
15300
15400
15500
15600
15700
15800
15900
16000

16100 .

16200
16300
16400
16500
16600
16700
16800

R=-2040

IF(NST.EQ.3) ILM=NTS15

IF(NSTLWEQ.S) IL.M=3
IF(NSTEQ6ANDITSTLEQ.0) ILi=LQii1
IF(NST+EQeb+AND s ITSTWGE 1) ILM=KTLLS
00 3 I=1sILM

IN=I+1

CALL COEFL(TUW)

IFCIFLWEQ.D2) CSN=CSN/SGC2/CN
IFCIFVEQL2) SGCO=SGECOXCN
FUTSG=FRTXSGCO

CONT INUE

§21=52-61

543=54-53

R1=XKCN+YXSN

R2=XXCN-Y %S

Cl=AKCON+EKSN

C2=AXCN-EXSi

SM(L)=R1-C1

SM(2)=R1-C2

SM(3)=R1+C1

SM(4)=R14+C2

SM(5)=R2-C1

SM(&)=R2~-C2

SM(7)=R2+C1

SM(8)=R2+0C2

CALL ALVCIF»QLsQ2,Q3,Q42Q5+Q8)
IF(TULER.O) GO TO 100

S515=51%%2

S25=52%%2

§35=53K%2

545=84%%2

S1R=516%51

S20=826%ks2

53Q=535%63

54N=545%54

F3=8I62/(S51%x82)

FC33=F3
Fa=(SFXS1XCN-SIG) X2/ (-S1Q%S21)
FS=(SFXS2XCN-816) XX2/ (-S2Q%521)
Fl=-S0C0OX(SIG~SFXS1XCN) X¥2/(515%821)
F2=SGCOX(SIG-SPXS2KON) XX2/ (S5284821)
IF(TU.LE,.25) GOTO 1231

IF(NST.GE+ 4+ ORNSTEQe L UORSA3. LT+ LE=-7) GOTO 123
FC3=8IG2/(53%54)
FCA=(SPYS3IXONESIG) kk2/ (~830%543)
FCS=(SFXSAKCNESIG) XK2/ (~540%543)
IFCIPWERW2)  F3=SOCOX(SIOHSFXSIKCN) X2/ (S35X543)
IFCIFWER2) FA=-SGCOXK(SIGHSPXSARUN)I XK/ (S45%543)
IFCIFWERQ.2) FCA=-SIB2%S8GCO/ (83%54)
CONTINUE

IFCIFWEQ.2) FC3=SIG2%86CO/(51%82)
IF(NSTWEQe2.0RNSTLEQ.3) GOTO 19
IF(NST.GE.4) GOTOD 33

CALL YTEX1(Sly1+EPRyEFI)

CALL YTEXL(S2y2vEPRYEFIT)
IFCTULLE .+ 25) GOTO &6

£l




AD-A070 886

UNCLASSIFIED

STEVENS INST OF TECH HOBOKEN N J DAVIDSON LAB F/6 13/10
ADDED MASS AND DAMPING OF THE HEAVING SURFACE EFFECT SHIP IN UN==ETC(U)
DEC 78 C H KIMe S TSAKONAS NO0014=77=C=0061
SIT=DL=78-9-2040 NL
e o2 END
.-w— 8_79

DoC




16200
L7000
17100
17200
17300
17400
17500
17600
17700
17800
17200
18000
18100
18200
18300
18400
18500
18500
18700
18800
18900
12000
12100
19200
192300
192400
19500
12500
12700
19800
19900
20000
20100
20200
20300
20400
20500
20600
20700
20800
20900
21000
21100

21200

2130¢
21400
21500
21600
21700
21800
21900
22000
22100
22200
22300
22400

223500

133

12

191

335
336

R-2040

OELAC=UELTA

CALL COEF2(L»2)

IFCIF.EQ.2) GOTO L33

CALL VFX(F3sFAsFSyQLyQ2v05,04,U5r 06y Lr 29 CLrY5L)
GOTO 305

CONT [NUE

YOL=F LR CEF (L) HFERFD L) ) HF26 CER (20 HEFDC2 )
YS1=F1ACEICLIFETOC L) ) FF2X(EL(2)$EIDC2))
YCL=YCL-{(FL4+F 2 X0L+FC3403

YS1=YS L~ (F1+F2) XkQ24FC34Q4

YO1=YCLKFOT

YSL=YSLKFDT

GOTO 305

CALL YTEX2(S3s3EPR(EFD)

CALL YTEX2(S4s4»EFRSEFI)

CALL COEF2(354)

IFCIFLWEQ.2) GaTo 191

CALL UFX(FC3sFCasFUS»QLr Q2039 04y Q5 Q6 93y 4r 7L ¥S1)
GOTO 192

CONTINUE
YC1=F34CERC3)HEFDC3) ) +F AKX CEF () +EFT(4))
YS1=F3k (EI(3)FELDC3) ) HFAKCET (A) +EIDCA))
YC7=~(F3+F4) %01 +F %03 :

Y§7=(F34F4) KQ2-FCAXQ4

YC1=(YCL+YC7)KFOT

YSL=(YSL+YS7IKFDT

CONTINUE

IF(NST.ER.3) GOTO 506

FRRCD) =YCLKCTHR (1) -TUCIR ) X&3
FIRCI)=YSLKCTHRCI ) =TVCR ) %k3

ALF=RLF

GOTO 306

CONTINUE

DELAC=DELTE

GOTO 305

Tii=-TH

CTU=THAXO .5

S3R=SKOSKTTH

S41=SK05KCTU

S54R=83K

S531=-547T

IFCIFCEQR.R) GOTO 335

CALL KMUL (SARyS4TySIGySFyCNyFILy FI2y FOSZy FI4Ry FRAT)
GOTO 336

CALL KMF(SAR,S4IySGCOrSIGsSFyOUNyFRLyFK2yACy RIY)
CONTINUE

CALL YTEX3(S3RsS3Ls3+EFR,EFID)

CALL YTEX3(S4RsS4Ls4sEFREFL)

CALL COEF2(3,4)

IF(IF.EQ.2) GOTO 337

YC3=FIARK CEF (3) +EFDC3 7 HEF (4) +EFD(4) ) =FDATK (T (3)
FEIDCE)~ETCAY~EID(4))

YS3=FDARK(ET (Z)4ETNCIHET (A HETD (4 ) +FDATK CEF (3)
FEFD(3)=EF(4) =EFD(A) )

TC8= (FOLAKQL+FD2KA3HFI3H05)

Y685 (-F L KA2=F 2k Q4-F 03 4Q46 )

YCL=(YC3+YCR) XFDTEG

E13




22800
22700
22800
22900
23000
23100
23200
23300
23400
23500
23500
23700
23800
23200
249000
24100
24200
24300
29400
24500
24500
24700
24800
24900
2U000
25100
28200
25300
29400
25500
29400
Q25700
29800
25900
26000
26100
26200
26300
26400
26500
285600
26700
26800
24900
27000
27100
27200
27300
27400
279500
274600
272700
27800
Q27900
28000
28100
28200

337

333

Loy

665

R=20L0

(HL=CYHI+YOER))XFDTLHG

LUTY 338

YC3=AUXCEFCI)HEFD(3) )~ROXCEL (S »+ELDCS) )+
AUXCERFCA) FEFDCD D) ik cE L Ca) b tear )

YSH3=ROXKCEFCI) CEFPD S ) FACKCET(3) HEINCI) )

“BOXCEPCAYFEPDCA) ) LAUXCEL () HEIDRCA ) 2

YC8m=-FRKLIXQLEFRIXQS

YH3=FNLXQ2=FRN2XQA

YO1=(YRI+YCB)XFDT

YS1=(YBSEYSB)XFDT

CONT LNULE

IF(NST«GE«+S) GOTO %08

FRLCI)=YOLIXCTHLCT)) ~TVCR )X RS

FILCI)=YSLIXCTHLCID) ~VVER ) X%3

AL F=RUF

GUTY 306

CONT INUIE

IFC TSV G LY 809 T 139

IFCNSTEQaé) GOTH L1348

THRCT) =8TNCTV) Xx3

FTRCT =Y OALXTHRCTI)

FTICI)=YSIXTHR(I)

ALE =GAM

agoarog 308

CONT LNUE

L AC =11

GO0 305

CONT ENUE

IFCITST Qe L)Y DELAC=DELTA

AFCETRT sle2) RELSG=RRLTE

usoTy 3o

COMPUTATION OF U=FLX FOR TUR.2% IN RELOW

CONT UNUE

CALL YTEX2(SI»I3rEFRyEF]T)

CALL YTEXQ2(S4y4sERRERL)

CAHll. COEF2CLeA)

LELAC=0ELTA

IFCIPFCEQ:D) GOTOD &6H

YUL=FAXCERCLDYHFERDCL)) ) =FEXCERC2Y FEFOC)))

YO1=FAXCELCL)HEIDNCL) ) =FEX(EL(2)HETIDC))

YCQ=4FCAXCEF (I HERPDCI) ) =FUSXCEF (A +EFDCD )

YORetFCAKCEI (I HEIDC3) ) «FUSKX(EL CAYHETDCA )

YOL=YU Lt (=FAa+FS) XQLEC=FAXSLHEFSEEE2) XQ3+F 3508

YHLI=YSLH(=FA+FS) XQ2+ (=FAXSLHEHXRE D) Q4 +F I ko

YOQeYC2E (~FCAHFCH) XQL+ (~FCAXGIHFCHREA ) XQIHFC IS

YHQ2YEA= (=FCA+FCH ) XQQ= ( ~FCAXEIHFCERGA ) XQ4-F LI kQe

YCLl=(YCL+YCRDIXFDTSH

YS1=(YSL+YSQRIXFDTEEG

GOTO 30%

CONTINULE

YO1=FIX(ERCLYHEFDCLY)IHFIRCERP (R HFERDC) )

YS1l=FiXCEICL)FEIRNC L) ) HFIRCELI () HEIDRCR))

YOQ=F3X(EFCI)HFERPDCI) ) FFAX(ERCA) +EFDCA))

YOQ2FIXRC(ETCI)HEINCI)) ) HFARCETCA))HEIDCA))

YOLaYU L= (FL+F2)XRQLHFEIXQS

YOl YSLl=(FL+FIRAISHEFCIXQA

YEL2YCQ-(FI+FA)XQLEFCAXQS

El4
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28300
28400
28500
28600
28700
28900
28900
22000
29100
20200
29300
29400
29500
29600
29700
29800
29900
30000
30100
30200
30300
30400
30500
30600
30700
30800
30900
31000
31100
31200
31300
31400
31500
31600
21700
31800
31900
32000
32100
32200
32300
32400
32500
32600
32700
32800
32900
33000
33100
33200
33300
33400
33500
33600

100
€

305

306

791

=~ tJ

YS2=YS24(F34HF ) k0 2=FCAkQA

YCL=(YCL+YCRIXFDT

YSL=(YSLHYS2) kF LT

GOTY 309

CONT INULE

CAL OF VLL FOR TAU=0.

CALL YTEX1(S2y2sEFRIEFRT)

CALL COEF2(¢2y2)

YO L=CHNYFCTRIFCTRFOTX CERF C2)Y FEFD 2 =52%08-Q 1)
IFCIFWEQ.2) YSLI=CONKFDYXCEL (D) HETID(2) ~02)
IF( [F'QED' | YC'.—OQ

DELAC=DELTA

CONTITNUE

IFCIEQel sORGIER,ILM) YCL=0.5%YC1L
IFCIVEQeL ORI EQ.ILM) YSL=0.5%YS 1
IFCLLEQeL) ALF=RET

IFCLEQeL e ANDLITOTLEQeO ANDNST JEQe ) ALF=DEL
ZCL=ZC1 +YCLXALF

ZH1=Z51+YSLXALF

NSTL=NST

ALF=ALFCCINYNSTLyDELACY LTST)

TU=TU+ALF

IF(NSTWEQ.2) THR(I+LY =TV

IF(NSTWEQeq4) THLCIH+L)=TV

CONT INUE

FORMAT(2X s 2ELQ 4 4)

TRCTULE O 35) GUTO 11
IF(NSTWEQeSICTI=SFCUNC=XLLXF TR I EXAAKRF TR ) =X LSRFTIRCL Y
IF(NSTWEQeEICTA=SFOUKCXLLXFTLC3) b xaaXETIC20~X1SXFTICL))
IF(NSTNE.&)Y GOTO 2

SIRL=XLLX(FRL (L) ~FRIR(3))

SIRD=-XAAK(FRL(2) ~FRRC2) )
SIRI=X15K(FRLCI)=FRR(L)Y )
SIR=SFCX(SIRL+SIR2ESIRS)
SITL=X11XKC(FIL(LY~FIRCE))
SII2==XAAX(FIL(2)=FIR(2))
SIIZ=X1S5K(FIL(3)~-FIRC(L))

S1I=5FCX(SITI+SII24+5T1TI3)
CONTINUE

ZC=(ZCLHSIRFCTI) /FCT
Z8=(ZSLHSTIHCTA) AFCT
IFCTULERVO W o AND TP EQ.2) Z8=ZS1/FUTR

X==X
ZCCITY=2ZC0
Z88(1T)=28
IFCIFLWEQ.2) GOTO 99
CONTINUE

CONT INUE

LO=CZCLLAY-ZC0C L) )RR, ~ARLY
L9=(Z8B(2)Y~Z88 (L) ) %2,

IF (IFEQv ) Z85%Z5-3REL
IF(IFEQe2) Z0=-ZC-ARL2
RETURN

END

E15




00100
00200
00300
00400
00500
00600
00700
00800
00900
01000
01100
01200
01300
01400
01500
01600
01700
01800
01900
02000
02100
02200
02300
02400
02500
02600
02700
02800
02900
03000
03100
03200
03300
03400
03500
034600
03700
03800
03900
04000
04100
04200
04300
04400
04500
04400
04700
04800
04900
05000
05100
05200
05300
05400
05500

£ I

31

R=2040

SUBROUTINE KMF(S4FtySALySGCOySIGrHF yCilsFNLyFIZ,
ACy DD

FORMAT (SHEL12.4)

KX=2 4 kG kSTGRCN

SIG2=5TGKk2
G QRN

S4I2=¢
XY2=84R2+5412

XF=2, X54R

XY 4=XY2%%2

FR2=-S6COXSTIGE2/XY2

AN (GFXSARXCNAS LG ) Kk2—- (SFXSATKCIND xX2
BE=2 X (SFXSARKCN4S LG ) KSFPXS4LXCN
D=2 XkS4TX(54R2-5412)
CC=4 s ¥GARKEATL2

CCOD=CCXX2+DDkk2
AC=(ANXCC-BEXDD) /CCONXSGCOY

BD==- (BRXCCHAAXDD ) ZCCLINKSGCD
FR1=2,XAC

RETURN

ENT

SUBROUTINE ALVYCIFyQLyQ2yQ3,Q4,Q5yQ6)
COMMON/MYTEX/ SM(8)

DIMENSTON a5M8) »AL(8Y yGL(B)
COMMON/L.OG/TLyC209R1L 2 R2
QLl=RECIL+IL0) v Q2=TMCILATLI) v Q3=RECI34+I30) y Q=1 I3+13100)
QE=RECI24+ION) yQ&=IMC(IP+I?0)
FI=3.1415%

) 1 M=1+8

ASMIM)=ARBS(SM (M) )

IFCASH(M))Y 39394

AL (M) =aAlL0G (ASHM (M) )

60 T 1

CONTINUE

CONTINUE

AFL==AL (L) +AL(2)~-ALL(3) +AL(4)
AF2=AL (S)-AaL (&) +AlL(7)-AL (8)
AF=AFL1+AF2

AF3=AL(3)-AL (1)

AFA=AL(2)-AL(4)

AFS=AL(S)-AL.(7)

AF&6=AL(8)-AL.(8)

00 31 K=1,8

IF(SM(K) +LTe0+s) GL(K)=FI
IF(SM(R) «GE«Q4) GL(K)=0Q.
CONTINUE

AQL=61(3)-G1(1)

AR2=01(2)~-531(4)

AR3=G1(3)~-G1(7)

ARA=GL(3)-G1(&)
SII1=~G1C(124061¢2)=-G1<(3)+G1¢4)
SII1D=61(S5)~G1(6)+GL(7) ~G1(8)
Q2=STIT14S51II1D
SII3=RIXAFL1-CLXAF3~C2XAF4
SLI30=R2XAF2~C1LKAFES-C2XAF6
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05600
05700
05800
059200
06000
06100
046200
06300
06400
06500
06600
06700
046800
))

069200
Q7000
07100
07200
07300
07400
07500
07600
07700
07800
079200
08000
08100
08200
08300
08400
08500
08600

08800
08900
09000
092100
0?2200
09300
09400
09500
09600
09700
09800
09900
10000
10100
10200
10300
10400
10500
10600
10700
10800
10900

08700

)=

R=-20k0

Qa=8II3+6T1I3D

QL=AF

SRIZ=-RLLSTLLIHCLAAQLHC2 AN
SRISD=-RAXSLIILINGCLXAQI+CLIXANA

QI=SRIZ+HRTAN

IF(IF.EQ.2) RETURN

SRP=—  GXRLOKDKAPL -RIXCLX (AL (1) =A1 (3) ) tRAKC2E ALV ) =0l (4
JH0 GRCLAXXQINCAL (L) HAL (3 ) ) ~Q « BHC2HE2N(AL(2)4+AL D) )

SI?=- SARIKKSKESLIL-RIKCLR(GLLL)I~GLCE))
FRIXC2K(GL(2)-GL1(4) ) +0 SACLAKRZKCOLCLIFOL(I) )~ ORC2RRD L
(BLC2Y+BL(4))

SRPD=~0 s SRRDKADKAP2ER2KC LK (AL (S ) =ALLL7) ) ~R2KC 2 Al
(6)-AL(8)) -0 GRCLXKX2X (AL (H)IHAL (7)) )+ SXC2RK2K (AL CH bl 8

SION=~ SARDIKK2HSTIYIIDHER2KC LK (GL(H) =L (7)) ~R2¥C2X (G L(S)
~51(8))~0.GRCIRR2¥C(BL(B)FOLC7) )+ ERC2XX2X(CLCHI+GL(8) 2
Q=GR +SRPD
QAEe=SI24¢512n

RETURN
END

SUBROUTEINE RMVL(SARySALySLGySFyCNy ALy A2y NSy ANdrND)
COMFUTES COEF OF KOMFLEX WaVE NUARERS
AL=F0L s A2=FD2y A3I=F DIy A4=FDAR y AG=F 0 L
SLIO2=HSTGX%X2

SF2=8F%Xx2

UN2=ONXK2

X=HaR

Y=G41

XQu XXX

X3 =X 2% X

Y=Y X2

Y3=Y2XY

Y4=YIKY

XY2=X24Y2

XY2P=XY2X%2

XY3F=XY2%%x3

XZ=XY2%2 %X

XY=3,XX2-Y2

A=SFKSTGXCN

B=GF2XCN2

Um=—=& ¢« XX2XKY2+2 4 XY 4

V= KYKX T -8 o XKXXKYI

(NESWE S SAEAVE $ 38

G (SPXXXONFS0) XKD~ (SFXYXCN) X2
H=2 o X (SPRXKCNES TG ) XSF XY KON
A3=G162/XY2

Ad= (GXULHXV) /W

A= COXV=-HXU) /W

A== s K (AAXXHAGKY)

Al==2, XA4

RETURN

END

SUBRDUTINE YTEXL(SKsKyEFRyEFL)
COMMON/MYTEX/ SMD)

DIMENSTION EPFRCAy3) vEFLCAY)
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11000
11100
11200
11300
11400
11500
11600
11700
11800
11900
12000
12100
12200
12300
12400
L2500
12600
127200
12800
12900
13000
13100
13200
13300
13400
L3500
13500
13700
13800
L3900
14000
L4100
14200
14300
14400
14500
L4&00
14700
14800
14900
15000
15100
15200
15300
15400
15500
15600
15700
15800
15200
16000
16100
16200
16300
15400

12
13
14

132
13

19

18

11

R=2040

FORMAT( 22Xy’ CrSsCISI’/4)
FORMATCLIOEL2,. 8)
FORMAT(/Z2Xy ‘SKM* /)
P=3,14159

TR=PX2 .

D0 & M=1L48

SR ARS CENXSP(M) )

C=C0S (BRM)

S=0INC(HBRM)

CALL SICICSI»CIySKM)
IFCEMIMY) 72,89
EFR(R o M) =~CXCI~5%SI - TFES
EFI(KeM)=SKCI-CXSI -~ TPxC
GO TO &

CONT INUE

GO TQ &
EFRC(Ky M) =-CXCI~GXS T
EFIC(RsM)=-SXCIHCXS I

CONTY INUE
FAORMAYT (/33X “SINGULAR /)
KRETURN

END

SUBRUUTINE YTEXZ2(SReRyEFRyEFT)
CORMONZMYTEX/, SM(8)
DIMENSTON EFR(A»3) v EFPLCY )
FORMATC(Z2Xy “CeSsCLy81%27)
FORMATCOLOELL . )

FORMAT (/2X» 'SKM* /)

Fe3e 14159

TR=2 4 XP

N0 & M=l.8
ORMH=ARS(HRXEM M) )

C=C08 (8K

SR INCSRM)

CAkl SICI(SIyClIrSKMY
IF(EMIMY)Y Z+8 » 9
EFR{Ks M) =~CXCI~S5XS1
EFI(NsM)=-SXCIH+CXSI
IFIR«EQ«9) GO TO 1%

GO TO &

CONY INUE

GO TO &
EFROKsMY=EPFRINy M) ~SXTF
EFI(K/M)=EFT(KeM)+CXTP
sl TR &
EFR(NyM)=-CXCI-5XS1I
EFT(KyM)=8XCI~-CXS1I
IF(N.EQ.3) GO TO 18

GO 10O &
EFR(Ny M) =EFR(KNy M) =TFXS
EFI(RyM)=ERI(Ky M) ~TFXC
CONT [NULE
FORMAT (/72X “SINGL /)
RETURN

END
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) R=2040
! 186500 SUBROUT INE YTEX3 (SR SLyNyEFRYEFL
16800 DINENSION LEFR(A yEPICA»)
L6700 CUMMUONZMYTEX, SMuy)
14800 b FORMATCLXy LOGLO )
15900 F=3.14159
L7000 TR=FX2,
L7100 IT=0
17200 IF(RJEQe4 . AND.SRGT04) IT=3
‘?300 [F('\ol:uoJbl’\NUoS’\IOGIak)u) ll‘“l
1 7400 DO &0 M=1,8
L7500 IF(SMI{M)EQ.Q0¢) GO TO &0
17600 X==GRXSOM(M)
12700 XYm==X
L7800 Y=G L kEM (M)
L7900 X=X ¥
| 18000 Y2=YX¥2
i 18100 AX=ARS (X)
, 18200 BA=(X2+Y2)XX0.:5
| 18300 C=00% (aX)
| 18400 §=SINTAX)
18500 IFCY.GE«80.) Y=80.
18600 IF(Y.LEQ"‘UO; ) Y"""‘SO.
13700 E=EXP(Y)
18800 BR=RA
13900 AT=ATAND (X Y)
L2000 BRU=AT +F
12100 IF(SR.ER.«Os ) RC=F
{12200 BRE=0.,
1R300 15 (RN IR
194900 IF(RA~&+) 28+ 30930
12500 <8 o=l
12600 - BUO=RDARERCOS CFLOAT CMNMD SR
192700 BE=BREFBRBXSINCFLQAT (MM XL
12800 BE=HRRBAXFLOAT (MM ZFLOOT CeMme L) $x2)
L9900 MMM L
20000 IF(RR.GT.0.1E-5XRA) GO TOQ 25
20100 BR=(0 077 AL0G CRA)Y +ED)
{ 20200 . RE=(RE+AT)
20300 GO TO 2
20400 30 DO 31 MM=1,9
20500 BO=GBRHCOS (FLOAT CiM) XBC) A RR
20600 BE=BE+SIN(FLOAT (MM XBU )Y SR
20700 BE=UAXBR/FLOAT (MM)
L 20800 31 CONT INUE
20900 26 CONT INUE
21000 IF{(SR.EQ.O) GD TO &9
21100 GAS= FRXEXS
21200 GAC=THFXEXC
21300 IF(RA~&¢) 700727277
A8 21400 IFCBA~&4) 709 727y 77
21500 70 GA=EX(UXC(=RIDHFSTON(S y XY 2N (=RBE D))
21500 GREEXC=STONCS p XYIXC=RIND X C=BED)
21700 Ir”\QL.()‘\}OAN["SHaﬂ l'.\.‘. ol'\N['oSN(ﬂ) QG lbooo )
21800 IF('\Q&l}o.soﬂNnoSRoﬁ)~00 CONU L HMUM 2 .lJro\.‘)o )
21900 IF AN AEQe A ANDSRaBT VO o ANDSMUM) LT o0 )
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P

e o -

22000
22100
22200
22300
22400
22500
22600
22700
22800
22900
23000
23100
23200
23300
23400
23500
23400
23700
23800
23900
24000
24100
24200

77

93

?4

69

80

60
99

R-2040

IF(RVEQe A AND SR GT 00 o ANDLSM M) o LT 00 ) GE=GRAGAC

GO TO 80

IFCITWEQ. L ANDSH(M) JGT.0.) GO
IFCITLEQ 3 AND.SH(MI JLT.0.) GO

GO TO 24
CA==-RBD-EXTFXS
GR=BE-EXTF4C
GO TO 8O
GhA=-BO-EXTFXS
GR=RE+EXTFXC
Gi) TO 80
CA=—RL

Ch=RE

GO TO 80

CONT INUE
GA=—~EXRID
GR=0 .,
EFR(KyM)=GA
EFL(NyM)=0GR
CONTINUE
FORMAT (/2Xy "SINFULAR’ /)
RETURN

ENI!
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