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WAVE-INDUCED MOTIONS OF A LARGE ROCYRET VEMICLE DRIFTING IN A VERTICAL ATTITUDRE

BY J. J. Leendertse

ABSTRACT

Pesults are p.esented of a theoreticsal and experimental laboratory
study of the movements of a large solid-propellant rocket vehicle drift-
ing in a vertical attitude in uniform waves and in the wvave environment
of the open sea. Measuremezts were made of the movement in heave and
pitch of a 1-120 s-~ale model of a 175-ft long vehicle, Experimentally ob-
tained results compared well with those obtained snalytically.

It appears that lieave and pitch are linear functloans of the wave
height and nonlinear functions of the wave frequency. Pitch and surge
are coupled,

On basis of the linear response of tne vehicle to uniform vaves, sta-
tistical features of the response in heave and pitch to ocean waves with

a particular spectrur are calculated.

¥

Engineer, The RAND Corporation, santa Monica; previously hydraulic
research engincer, U.S5. Naval Civil Rugineerisg laborstory, Port Huenene,
Calif,
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1. INTRODUCTION

The object of this study was to determine tne motions of a large
rocket vehicle drifting vertically iz the vave enviromment of the open
gea prior to a seea launch., The waves in this environment (hereinafter
called the "seaway") vary considerably in height, shape, and period, de-
pending on the wind, the water depth, and the wvind-aifected s=a .iim or
fetch,

At present tne best representation of tne seavay can be made by use
0. a mathematical model of a random process, which presents no values of
the environment as a function cf time, but presents statistical values
cuch as sverages and the frequency of Jsccurrence of a certain wvater level.(l-h)
Iz this approach the seaway is taken &s the sum of a large number of uni-
form vave trains, each vith different amplitudes, and the profiles >f the
individual wave trains are assumed to be sine curves according to Alry's
t:‘.eory.(s)

The magnitude of tae amplitudes of tne wave trains end their distri-
bution over a range o frequencies can be calculated by a standard method
{rom the wincd velocity, wind duration, and the fetch.(3) The reault of
such a calculation can be presented in the form of a wave spectrum, which
is a distridbution of tie mean squarcs of wave agplitudes of the seawgy in
8 given {r-orement of the frequeucy over the vave frequencies, Wave spsctra
in the open sea can alno bte obtained directly Iroa records > floating or
sL.ipbcrne vave mcorder:;.(6’7’s)

The stuiy of thc motions >f the vehicle in a sesway described by a

particular spectrum vas mmie in two part:. Ia the rirst part the responses




of the vehicle to uniform wavec with different heights and frequencies wers
studied theoretically and experimentally. For the experimental work, the
mcvements of 1-12C scale models of the vehicle vere measured simultaneously
with the wave in a wave tank (Fig, 1).

In the second part of the study, the responses of the vehicle to sea-
wvays, the latter represented bty mathematical moiels <f the random process
of the ocean surface eievation, w-rc ctudied, and gtatistical features of

the responses to a perticular seawzy were obtained,




W n

1l. THEORY

THEQRY OF MOVEMENTS INDUCED BY UNIFORM WAVES

Ccoeral

The movements of a rocket wvehicle drifting iu a wave environment can
be described by considering the movements of its mass center relative to
a1 rectangular coordinate system. In analogy to the movements of a ship
in a seavay, the movements of tl.e vebicle in its six degrees of freedonm

are taken as follows (Fig. 2):

Leave = vertical motion of the mass ceat-~r

surge = bhorigontal motion of the mass ccater in the direction of
the wvave propagation (drift)

sway = \ucrizontal motion of the mass center normal to the direc-
tion >{ the wave propagation

pitch = angular motion in a vertical plane tirougn the direction
of the wave propagation

roll = angular motion in & vertical plane zormal tc the direction
of tke vave propagation

yav - angular motion around the vertical ads

Since the vehicle studied is symmetrical in any horizoatal cross sec-
tion, ¢ may be ascumed tuat coupling exisis unly vetwveen thé wave train
anc the modes of msovement in the vortical plane through the direction of
wave propagati.u: namely, heave, surge, and pitch,

For the purpose 01 unalysis tie vehicle is spproximated by a series

0% cylinders of different dimensions, as shown in Pig. 3, and {s assumec

1o be driftiag vith zerce speeu in a3 unifcrm wvave tradn,




The vave profile is approximated by e sine curve, and tne watcr par-
ticles are sssumed to describe circular or elliptical orbits, dependiryg
on the vavelength-depth ra\tios.(g)

The origin of the coordinate system tuat will be used to describe the
waves and the movements of the vehicle is taken 2t the still-water level
in the axis of the series of cylinders. The X add. 13 taken positive in
Lue airection or the wave propagstion, and the Z ais is vertical, anc
positive upward,

The horizontal and vertical displacements of & particle from its mean

position located at a distance z under the still-water surface are

cosli k{(d+2

i, = A kS ein (kx - <t - ¢) (1)
sinh k{d-+z) . . /'~
. = A Toaoa - coe (&x - et - €) )

wvhere

£, = boriroutsl disnlacement =0 a perticle

2]

= vertical displacement Lf a particle

A = smplitude o7 the vave, vhichk i equal to hall the
vave height H

v o= 2

A = wave lengtl

s = circular frequency (= 2r T)
¢ -~ phese angle

t = time

I ¢ wave poric

2 = weter depin
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Heave

Considered {nitielly in this analysis are tre movements of cne of thLe
Cyiinders of the vehicle. It {s assumed that the presence of the sec-
tions of the vehicle in tne fluids duwis ot change the original pressure
distribution in the wvave, according to the so-called Froude-Xrylov hypo-
theais‘(lo)

If Z {s the upvard displacement of the mass center of the section,
tre equation of mot’:n can be wvritten in the manner presented by Hilaonll
for the movemeut of ships in regular wvaves as

1

- u "
F. (p) + S “nz + M (
n n

ooy Yy
- " ) - A.[ [ .
n 4d o n n
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where, for the particular section

F_ (p) = total vertical upwvard force frog the vave [ressures cn
n the herizontal pianes of the section

5 = total connecticn force vith other cylinders

ol = mags of the section

M' = added mAass in Leaving moticn {nth ;lane)

F = gignifica L cross section of the section

> = density of water
g = acceleration due to Jravity

- = averaze cf tre verti~al vellocity C7 t:.e water on the nth ;.are

«

w = average o7 trhe ve,ll%a’ acceleration of trhe water on tre nth
r.iane

The first terz on tre rigrt sitle cf BEq ' ,reseuts the (nertia ‘crce due t¢
tre gsection itsel’, tre ge~cnd ter:z sxIATiIles t:e (nf.ience Cf tte surrcund-

[P SN

‘ng waler. The terz M rregsents e so-caiiel adleld =ass, " assxciated

. 3y 4 ~ +* - - ° » *
With cre trangition ©f the ntr gecticn Y- tre n e Lthosectior.




P-23%5

6.
The third term {s a damping term. The damping is due to the frictional
resistence of the wetted esurface, the generation ol eddles, and the
. (14,15)
generution ¢f waves with the vehicle center as thelr origin. Gen-

erally the dampicg force 1s a quadratic fuaction of the veiocity, tut fol-

(10)

lowing ttz metkhod used for investigation of ship motions, a lineariza-
tion is used. The effect of the damping as a whole will be discussed later.
The vertical velocity wn and the vertical ac:eleration &n arc obtalned
by averaging the particle velocities in the considered planes a® the transi-
tion of the gectlons,
Since the norizontal dimensions of the sections are small compared to

the wavelength, the quantitites Wn and Qn may be taken aos the vertical

particle velocity and acceleration in the center,

dn_ Aw sinh k(d + 2 - D)
W et = - ~ sin (wt + ¢) (4)
n t sinh kd
z = 2-D
n
N2 £ sinh k(d + 2 - D)
* T = {
WoxE s1oh K4 cos{ut + ) (5)
a4t
2 = Z-D
¢

where
Dn = distance between the still water level and the average level of
the hottom of Lhe section,
Since the displacements (Z) are geterally small, compared to (4 - Dn)’
E uwations (&) ana (5) reduce to

sinh x(d - sn)

Wy oA sinh kd sin(ut + ¢) (4a)

. . 8inh k(d - Dn)
v A — Y EE cos{wt + €) | (5a)

!‘,-—*~——-.,~ . . L B . L v - -
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For the voaicle as a vhole, the linearized equaticns of vertical motion

berome

n=i . D=k . n=l .

t F (p) vr6 = E} +N" Z- Z M W - L KR W +N8 2Z+ 8
=l d " Z¢ o o % Kt

where
Mt = U Mn = total mass of the vehicle
M" = total sdded mess of the vehicle
X = linearized damping coefficient of the nth section
N = I Nz

t n
external vertical restraining force of the wehicle

Le2)
s

The total vertical upward force on the horizomtsl planes of the sec-
tion are calculated from the pressures &t the depths of these plenes, The

preseure (p) at a depth z is

cosh k§z+d1

P = P,-PBZ*+pEA T cos(wt + ¢) (N

wvhere Py ™ staospheric pressure

As the planes are swall compared to the wavelength, the pressures

on them are assumed to be uniform and equal to the pressure in the center

cf a plane,
D=l
The force I F_ (p) producing the heaving motion of the vehicle
n=l n
(Fig. 3) is
n=l n=b
L F () = = (p- Pz =z -0 (A, - AL,y) (&)
n=l “n 6=l n

where An = horigontal cross-gectional area of tue nth section
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8.
n<l
Using Eqs. (7) md (8), tbe force L F, (=) 18 determined as
li=1 "n ’
n.h o A n:u
\ = \ - - - Z
L F, (p) =0 & V. -0 ghA 2+ EBE%‘EE L (A An+l) cosh k(d - D_ + )
n=1 “p n=1
(9)
vhere 7t = total displacement of the vehicle.
If the vehicle 18 not restrained (Sr = 0), then
pEgV, =M & (10)
Since the displacements (Z) are small, it may be asgumed thet
cosh k(d = D+ Z) = cosh k(4 - Dn) (11)

The use of Eqs. (9), (10), and (11) in Eq. (6) reﬁults in

n=4 . n=k
(M, +M" )2 +N Z+o0ghA 2= °F M W+F N W
t zt zt 1 n=1 zn R Zn n
o=l
o g A cos{wt + €) . . c
+ b nEl (An An+1) cosh k(a Dn) (12)

Equation (12) is in the form of the equation of motion of a linear
damped mass-spring system. The mass in this system, used as an analogue
(Fig. u), consists of the mass of the vehicle Mt and the so-called added
mass M;t, which conveniently may be imagined as an amount of water that is
moving together with the vehicle. The damping force ' the system is the
linearized drag of the vehicle when moving vertically in water without the
disturbance of *+he waves. The restoring force of the system ie the resort-
ing force due to buoyancy, which is equal to the weight of the displaced

water for any given vertical displacement of the vehicle from its free-

floating conditicn.
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9.
The excitation of this analogous system 1s represented by “he term
on the right side of Eq. (12). The last cerm on the right side represents
the excitstion by the pressure variations cf the wave on the horizontal
planes of the vehicle; the second term on the right side represents the
excitation by the flow of the water eround the body in the verticsl di-
rection (drag). The first term on the right side is difficult to visual-
ize, In essence, it represen.s an inertia excitaticn, which is the added
mess times the acceleration of the water particles at the horizontal planes.

All three terms asre perjodic forces wit: the frequency of the weve. (/

\'_‘\

It will be noted from Egs. (4), (5), and (12) that these periodic forces

are not ail in phece with the wave, The magnitude of the tc+tal perioédic
force and its phase angle relative to the wave can te calculated by a
vectorial summation of the three components of the excitation. Consequently,

the excitation may be expressed as

n=)4 [1=L‘ n:u
TOM § o+ oz N W +08Acos(ut+ ¢y (A -A_ ) cosh k(d - D)
Z_ n 2 ol cosh kd n n+l n
n=1 n n=1 n n=1
= F, . co8 (wt + € + Q) (13)
where Fex = perlodic excitation of the analogous system
(¢ = phasge angle

It will be noted that the magnitude of the pressure teru in Equation
(12) an2 (13) is dependent on the wave frequencies as it conmstitutes the
sun of the pressures on four surfaces, Because of decreasing pressures
with increasing depths, the total force can te zero for a particular wave

frequency.
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10.

If no wave action is present, the right side of Eq. (12) becomes zero.
(Mt+M;).Z..+Nz.§.+ogAlZ=O (14)
t t
Equation (14) presents the decaying motions in heave of the vehicle in
still water after the vehicle has been displaced from its equilidrium
position.

The motions of the vehicle in uniform waves with a particular height
and period can be calculated with Eq. (12) 1f the dimensions and the zddad
mass and damping terus are knowa.

For bodies with a simple geometry, e.z., spheres or cylinders, values

(
(12,13) The added mass of

of the added mass can be calculated by theory.
more complicated quies is generally determined from mcdel experiments in
still water by use of Egq. (lh), or--in the case of ships--is calculated
from graphs which are based on model experiments. Since the added mass
M;t can be obtained from such & simple experimert, no attempt has been
made to derive an analytical value,

The added-mass terms M; may possibly be estimated in proportinﬁ to
the areas at the transition gf the sectlons frem M; .

No damping coefficients were found in the avaiiable literature for
bodies with a shape similar to the vehicle teing considered. By means
of a simple test and use of Eq. (14), 3 value of the linearized damping
coefficient Nzt due to viscous and wave-gererating effects could be ot-
tained for the vehicle model when moving in 1ts natural frequency. This

value, rowever, may devia‘e consideratlv from the prototype values, due

to d1fferences in Raynolds nuthers.
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11.
However, since EqQ. (12) represents a damped linear system, the value
of damping coefficients is materially unimportant for the calculation of
the response for motions with a frequency ahbcve twice the natural frequency
of the system.
, (16)
Studies bty Keuligan and Carpenter for cylinders and plates and

(17)

Harleman and Shapiro for spheres indicate tzat for large objects the
drag forces are small compared with tre inertia forces, and in many cases
may be dieregarded,
Consequently, for frequenclies above twice the natural frequency, Ej.
{12) is reduced to
n=4

(M +M )Z+pgA 2= M W
t N 1 n-1 Zn

=k
%
n=1

. DB A cos(wt + ¢€) &

cosh kd (An - An+1) cosh k(d - Dn) (15)

The steady state solution of Eq. (15) is

-~ l 1 A " .v
4 o= '—2‘ * ) &A r MZ W
w 1l n=l n
l - (;—)
o]
p €A cos(wt + ¢) n=b ’ :
+ YT " (An - An+l) cosh k{d - Dn) (16)
p=1l .
where
o g Al
wo * \Mt + M; )
t

v_—_. Py - R L v . —— - et w e e ae
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Pitch snd Surge

In the following analyses it is assumed that the vehicle consists of
& series of coupled cylinders, each vith a different length and dismeter.
Fext, it 1s sssumed that the horizontal displacement of each cross scc-
tion of & cylinder is equal to the displacement of its cemter,

Using the same coordinate system as is used for the unalysis of the
hesving motion, and considering the mass center of the vehicle, the equa-

tions of the surge X and pitch ¢ are expressed by

n=h ( co n=k . v " .
I P (p) = X - & M (U -Xx-¢ ) -
pel *n ut psl *n O n
p=b . -
1/2 n;s:“1 CypL R (un -X- £ $) (17
n=4 . n=4 . o ¢ N
I F (Pt = I¢ - T M £ (U -X-2f §)-
al n psl p TR n
n=l . -2
1/2 ¢ Ca Pl R I (un -X-f é) (18)
nml
vhere
X = horizontal displacement of the mass center
i = horizontal velocity of the mass center
.X. = horizontal acceleration of the mass center

4
n

pass inertie moment of the wvehicle around its mase center

f = distance between the mass center of & cylinder snd the mass
center of the wvehicle

¢ < angular displacement of the long axis of the vehicle

; = angular velocity of the long axis of the wehicle

———— o~ e~ L
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13,
= angular acceleration of the long axis of the vehicle
= metacenter helght
= cylinder number

= added mass of a cylinder moving horizontally

total horizontal forcc from the wave pressure on a cylinder

= mass Of a cylinder moving horizontally

= length of a cylinder

= radius of a cylinder

= mean horizontal velocity of the water mass displaced by a cylinder

mean horizontal acceleration of the water mass displaced by a
cylinder

mean velocity Un and the mean acceleration én are defined as

—_—

[a)
R xR -y  z-=D
s~ n ~ n ~ n-l ag
1 ' ' z .
2 ST dz dx dy (19)
n
n s ~ 2—
-Rn X = «R -y z = Dn
ol 2 -
,?n f = \Rn -y zZ = Za-1 azg
—35 2‘ .« dz dx dv (20)
aR ot
n A -
-Rn X = - .Rn -y z = Dn

or ore cylinder, the tctal wave pregsure may be written

g . - . e~ - - "




P-2365

1k,
,Bn ,Pn-‘
' ro
= ‘ | ! - dz
Fxn(p) ¢ | (p -p,)
. - ’ N
- = -\/ =
Rn ) Dn x Rn Yy
an-l .
-J A 2
D = \ R.. -
n x y
wvhere the wave pressure p is given by
cosh k§z+d2 A _
P = pa- pEZ*+*p A ~osh kd cos(w t + €) (22)

Evaluation of the integrals in Eg. {21) by use of Eqs. (20) end (22) glves

with some approximation

n=b n=i .
v o

£ F (p)= L o7 U, (23)

n=] n n=1
n:u n:)-& .

r I v e TN - lo,

z‘ Fx (p) ‘n L o7 2 U =¥z 24 ¢ (24)
n=l n n=1

where

\ R - ¢~ Y
By use cf Eq. [2%) in Eq. ,.7) and Eq. .2%) ir Eq. (13), ani dy lioear-

1zing the damping terms, the equations Of Totlons =ay te expressed b

[ 2 [ ] - . L]
‘

M «M" )X +N X< L M £ 6. ¥ N £ ¢

L X, X, o X n . X n
- 19 L~ a n Nia o
N=- . ri=s
T LN « W ) ; - - '\ ;':)r)
o) X 0 X <

8}
]
P




13.

. e n-_h 5 D=l ) .. neh .

(1 +1") ¢+ nil an t P+ Mg 2y $+ n:l uxn £.X + n:l nxn t X

n=4 . n=l
i nfl (p Vn ' Mxn) fn Un ' n:l an fn Un (26)
viiere N = damping term of the nth section in surge
n
M;t = total adued mass in surge

I" = added-mass inertia moment

It wvill be noted that Eq. (25) (pitch equation) represents a damped
mass-spring system. The excitation of this system is coupled wvith the
movement in surge.

Following the theoretical derivations used for tae heave and again
cisregarding the dreg excitation, the equations of motion for frequencies

larger than twice the natural frequency in pitch are

.0 Dd& .o n-}0 .
(M, + M" ) x + M f p o= Y (pV_ +N')U (27)
vt p=l % B n=1 a oxtom
. . a=h .
I ) g : IR A = 2 - M) £ 23
(z ") p +Hsg my 6 TN X (w2, - M ) 2 U (22)
n n=l o}

The solution for pitch s

ams,
A ad " 3 .
Db . n;l uxn ‘s ne4 .
W ' - < "
Xw(ova*’ix)fndn M + M (an+H)Un
n=l n X, n=1 n
) = (29)
D=l A
XK' ¢
5 > p=l “a nA
( © - ) I+ - (N . M" )
4 b 4
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The added nass for a cylinder accelerated in s direction normal to

(12,13)

its axis is equal to the water mass displaced by 1it. Since for

coall angular movemsnts each section of the vehicle 18 accelsrsted in a
direction vhich is approximately in the directiom of its axis, it may
be assumed that I = I",

For vehicles vith a relatively even distribution of mass, tne static

moment of the added mass around the center of gravity of the wehicle is

IM £ = Lp@ f =20 (39)

In this particular case, the solution for pitch (EqQ. (29)) reduces to

£(an+H;)fnUn L9 t U
6 - n . r°n'n (31)
72 - 3 ke
(un—u)(I+I) (cbn-w)I
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THRORY OF MOVEMENTS INDUCED BY A SEBAWAY

In order to describe the movements of the vehicle in & seewsy, terms
of preactical significance to the user have to be selected. At present,
descriptions of coxplex movements are generally given in statistizal val-
ues of the movement; to conform vith this prectice, this method of expres-
sion has been used berein,.

The calculation method of significant values of responses of systems
subjected to random or complex excitations was dsveloped by electrical

engineers for use ir random ncise ana.lyses(w)

and vas more recently ap-
rlied to the calculation of ship movemants in & sw.(k)

The bas’: requirement fop the applicability of the method is that
the response of the considered systez be linear to the excitation. If
the method i{s applied to the analogous linear system of the vehicle, as
described earlier in connection with Pig. &4, then the responses of the
venicle to @ sum of uniform vave trains -- wuich are sssumed to be mov-
g in one direction -- are equal to the suz c? the vehicle responses of
the irdividual cooponents,

Since the responses of the vehicle in uniforx vave trains can de de-
rermined by theory or bty mode. experiments, the complex movemsnts excited
bv vaves vith a certain spectrun can bde obttained by msans of the following
procedure, vhich is {ll_streted in FPig. 5.

Por all frequencies of the considered wave spectrum, the value of the
nean square of the wave amglitudes per tunit of vave frequency -- called
spectral dengity of the waves -- (s zultiplied by the corresponding square

of the ratio of response tO save azplitude, and the results are plotted as

AL

17.
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F)
>

the spectral dunsity of the rasponse, In mathematical terms, the procedure

is generaliy written as follovs:
2
6.(0) = 8§ (w) {T(m)]
vhere Sr(w) = spectral density at frequency w of the response
8 (o) = spectral deneity at frequency w of the waves

w

[T;»)i 2 . sguare of the ratio of response to wave amplitude at
) frequency w of the wave enviroament

Omce the spectrum of the movement in study has been obtained, an in-
tegration of the spectrum results in a single number E, which represents
the energy of the movement, If the spectrum is relsatively narrow, the
average amplitudes of tae movement can be expressed in terms of the eneryy

E, as shown ir Teble I.

Table 1
RESPONBE-AMPLITUIE {(A) AND RESPONSX-ENERGY (E) RELATIONS
(Based on Ref. 3, after Ref, 1)

Average-Response-Amplitude Data

Average amplitiie of all responses A;:SP = 0.886 VE

Aversge smplitude of the 1/3 highest A;jgp = 1,416 \[;

Average amplitude of the 1/10 highest A{:::g = 1.800 Ve

Greatest-Response-Amplitud= Probability Data

Number of Nine times out of ten, tue hlgnest mmplitude of the
cycles (N) respanse out of a series of N cycles 1s bLatween
20 1.5 /B and 2.k /B
100 1.88 VE 2,75 VE
500 n.26 VE 3,03
1000 2.41 JE 3.1k B

Ncte; The total devialicas of the respoase from sinimmm to madiuun
are twice the values of the amplitudes i the table
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TEST FACILITIES ARD PROCEDURRS

The experimental investigations were performed in a wvater-vave tank
100 ft long, 4 f¢ high, and 2 ft wide,

At one end of the tank, wvaves could be generated by a bulkhead-type
weve generator, A gravel besmch with a 1-10 slope at the other end of the
tank was installed to absorb the generated waves and to reduce the genera-
tion of stanuing waves,

The vehicle models used in the experimental investigation were wooden
models, 17 % in, long-and 1% in. in dismeter, representing a 1-120 scale
model of a million-pound solid-propellaut rocket vehicle, 175 £t long and
12 % ft irn dismeter,

The movemsnts of one of the models were sensed by use of two displace.
ment gages (Pig. 0). Each gage consisted of a thin wire soldered to two
very thin bress plates, one locsted vertically, the other horitontally.
Strain gages were mounted on these plates. Movements of the ends of the
vires (arms) of the displacement gagee induced strains in the strain gages,
which were amplified by carrier amplifiers and recorded simultaneously with
the output of e resistence-type water-level recorder in a high-speed
oscillograph,

It was considered that the displacement gszges did not restrain the
rodel in its orbital movements, since the rorces necessary to displace the
end of the gages were insignificant (approximately 50 mg per inch deviation).

The movemsuts of the model during experinanﬁhl test runs were recorded
from the moment the {irst wvave reached the model until obvious irregulari-

ties due to> standing waves were generated in the tank,
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Tu obtain information sbout the charscteristics of the wehicle in
free heave and in free pitch, the model was displaced vertically and hori-
rontally and suddenly released arter each displacement, The movemcnts were
recorded until they had decsyed to insignificant levels. |

To check on the results obtained vith the displacement gages, photo-
graphic observations wvere made with a second model, This model was
equipped vith tvo small light bulbs, one at the head and one at the tail.
Power to these bulbs vas supplied by means of two wires 0.005 in, diameter,
(These wires were considered not to restrain the moticuns of the model.) By
acans of a mechanically operated switch, the light bulbs flashed on for
0.02 sec every 0,15 sec, By means of simple elsctrical circuits, the flashes
and the tims of exposure of the photogrsphic film in the camera were recorded
vhich was located ncar the model. The ccale on the photographs was obtained

by use of vhite wire grids placed at both sides of the tank (Fig. 1).
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I111. RESULTS

UNIFORM WAVR TRAIRS

Experimental Results

Pigures 7 and 8 present all experimental results as functions »f the
wave frequency. (Theoretical results , which will be treated later in this
report, are plotted for comparison.) PMigure 7 shows the rasulte of all
Jata anslysesg for heave, The data are prusented as plots of the ratios of
iouble heave amplitude to wave height (Bh/H), vhich equals the ratio of
hceve amplitude to wave emplitude (%/A) as a function of the wave frequency
and period. It will be noted that the ratios increase with a decrease in
Jrequency.

Figure 8 shows the results of all deta analyses of the maximum sngular
Jeviations (pitch) from the vertical. The data smue presented as plots of
the retic of the maximum anguler deviation in minutes of arc to the wave
helght in tenths of an inch as a functicn of the wave frequency. The cor-
responding prototype frequencies and periods are indicated at the top of
tue greph, The prototype ratios are expressed ag the maximum angular devie-
tion in minutes of arc to the vave height ner foot.

Figure 9 presents the vesulte of a photographic observation. The shut-
ter of the camera wvas opened for approximately one second., The time of the
uvpeuing was recorded by the oscillogrepa, together with the tims of the
lipght flashes oo the aead and tail of the model, The outprt of the wave
recorder was also recorded. The positions of the head and tail of tae
mocal cen be identified iu the photograph, which 1s reproduced in Fig. 3,

In >rder to snovw the positi_.s of the vehicle in more detail, the positione
-7 the head anu tail ere enlarged ten times, e1 linas are drawn represent-

inz the movements of the long axis, enlarged ten times.
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Ko msesurements were made of swey, yaw, and roll. Visual observations
of the movements of the vehicls in uniform vaves in the wveve tank indicated
that these motions were negligible.

Within the range of thes wvave heights used in the experimental inves-
tigations equivalent to 3- to 7-ft-high vaves for the prototype, the re-
sponses of the modsl in heave and pitch were significantly linear with the
wvave height, For exmmple, it is estimated that the experimentally obtained
ratio of heave to vave height for a wave height of 6 ft in prototype is ep-

proximately 10 per cent smaller than the ratio for a wvave height of 3 ft

in the prototype.

Theoretical Results

The added mass for ° cese calculations was determined dy use of the
results of a modsl test in still wvater. In this test, the model wvas dis-
placed vertically and relsased., The following decaying motions were meas-
ured and, by use of Bq. (15), the added mess calculsted.

The results of the calculations for the heaving motion were obtained
by use of Bq. (16a). The experimental results presented in Pig. 7 pertain
to vehicle-model movements in a water depth of 2.68 ft (prototype 320 £t ).
Since the particle motions of waves with a length largsr than twice the
vater depth are affected by the bottom, the response in dcep water (4 > 1/2)
vill dsviate from the responss at a dapth of 2.68 ft (prototype 320 ft).

The results of the theoretical study of the heave are in good sgree-
ment with the results of the 'tuta oade in the wvave tank. The maximum de-
viation of the theoretical valuss from the aversge values obtained by ex-

periments is approximately 20 per cent.
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The results of the calculation for pitch for the model were mede by
use of Bq. (29) and plotted in Fig. 8. The =alcilaiions vere made by using
tue experimentally determined natural freq.ency in pitch. Again the theore-

tical results are in fair agreement with ‘he experimental results.

Scaway - Theoretical Results

As an illustration of the applicstion of spectrum calculations, the
results for heave and pitch of the ,rototype vahicle acted upon by nonuni-
form waves in deep water are prosented :n Table II. A fully arisen sea in-
duced by wind epeeds of 20 kn was selected as a typlcal sesway. Thias vave
eavironment reprecents cunditioms for a Sea State 4 (Hydrographic Office
Scale) without swells,

The calculction3 were made by use of the results of the theoretical
study of heave of vic venicle in uniform deep-water waves (Fig. 7) and
the results of tre experizeatal study for pitch (Pig. 8). Figure 10 pre-
gents the calculations according to the pattern presented in Fig, 6 for

the vehicle movement in heave,




Tedle 2

RESULTS OF CALCUIATIONS FOR HEAVE AND PITCH
1N A FULLY ARISEN SEA

Charecteristic
Statistical
Yalue

Averege

Aversge 1/7
highest
(significant)

Aversge 1/10
highe st

In sorias‘of 1000
cycles, 9 times
out of 10 the
highest values
is between

Fully Arisen See with
Wind Speed of 20 kn

(Sea State k)
Heave Piteh
( doudle (maximm devie-
axplitude, ft) tion from the
vertical, min
of arc)
08w
1.3 | 8
1.7 t 100

2.2 - 2.9 ; 10 - 1P

®Jor a fully arisen sea vith a vind speed of 20 ku, the
respective time for 1000 cycles is approximately 2 :_ hr,

T-2355
2k,
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IV, DISCUSSION

It appears from Figs. 7 and 8 that the experimental resulis are in
fairly good agreemecat with the theoretical results. Discrepand es may
be explained by the approximations made in the derivations of the formu-
las used and 1in the accuracy of the measurements. A higher accuracy will
te ottained by considering the movements of the two-dimensional (horizontal)
flow around cylindrical sections of the vehicle with & very small hcight(dz).(gj)
Since the particle motions in shallow water (prototype wave periods
larger than 1l sec) are affected by the bottom, the crtits are ellipti-
cal rather than circular: consequently, the movements of the vehicle in
shallow water deviate fromn the movement in deep water, which is i1llustrated
by the heaving motion in Fig. 7.
Since the particle motions near the surface are larger than those at
2 great dept:b and the excitations are related to the volumes and their
accompnaying added messes (Eqs. (13) and {29)), a reduction of the dimen-
sions near “he surface will tend to reduce the movemerts,
Smaller dimensions at the water line will aleo generall; decrease
tne frequency of free heave and pitch, and the chance for resonance with
lov-frequency coaponents of the wave spectra will te reduced. 3Since long
and slender veniclies, as investigated, have a low damping, waves with fre-
quen  es close tc the freguency of free heave aay induce excegssive movements.,
Conseguentl, swells, which are waves generated 3t & conaideratle dis-
tance frox the pcin: cf ctservatian, may induce the msalor heaving mciion
for larsge vericles,
Juch movemernwe can te Zecreased Yy increasing the daxping., This can
re g2.c3piiched Yy ipstalling herizon-oal piates or fins ~n tio outer aur-

face o the velicle, preferably close to the tall end. In addition <c an
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increase in damping, such plates also will incresse the added mass, and
consequantly a favoreble lower frequency in free heave vill be obtained.

The sppliocation of the derived formulaes for heave and pitch is per-
mitted for frequencies larger than twice the frequsncies of free heave
and pitch, Thus, in the case of the studied vehicle, spectra caleculations
as presented in Pig. 10 must be limited to seamwmys which contain no fre-
quency componente lower than twice the .freqtmcy of free heave (periods
larger thar. 3 sec).

In the spectra calculations it is assumed that all waves are propa-
gating in one direction., In reality, however, waves are gemsrated in dif-
ferent directions, but generally a very small part of the wave energy is
in vaves vhich make a significent angle (larger than approximately 15 de-
grees) from the main direction.(’) Because of the mmall horizontal di-
mensione of the vehicle, the heave vill not be affected by directional
effects; the pitch, however, is dspendsnt on the directional componeatc
of the spectrum,

It sesns possidble to determine the movements of a vehicle in ccean
vaves by calculating the responsss at the differest directions of the
spectrum and a vectorial addition of the cocgonents thus obtained. Since
the spread of the main vave direction (s relstively small, the sproad of

the responses is small and its effect can be disregarded.




V. CONCLUSIONS

The movemants in heave and pitch of a la-ge rocket wvehicla drifting
in a vertical attitude in uniforr waves can be calculated by means of ine
thecry presented in this paper if the periods of ths vaves are shorter
than half the periods of free heave and pitch. The resulte of such cal-
culations for uniform waves can be used for the calculation of the fre-
qiency of occurrence of certain levels of the heave and pitch recpomse of

the vehicls to a sesmway vith a given wvave spectrum.
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