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Preface

An important vesearch goal in aercspace engineering is to provide

greater sccuracy in wmetheds for predicting the dynamic force:-time

plidkotl

relationships that are associated with the critical design conditions
of a modern flight vehicle., Improvements in the prediction of these
dynamic forces enable an engineer to utilize new lightweight structures
more effectively and to davelop a more optimum structural design., Tae

need for greater accuracy has continued to grow as new Or more severe

lnading envircnments have been encountered and as modern flight

B vehicles have become more flexible.

§ In some of the more critical dynamic problem areas, such as

: problems in aeroelasticity, the flexibility of the structure has long
been recognized as a governing parameter in the theoretical prediction
of force distributions and force-time hiatories. However, in some
other areas research has been sporadic, depending on particular
requirements, and adequate, generalized theories have not been

; developed to account for the effects of structural flexibility. This

is particularly true in the prediction of water-entry impact loads.

Theories which were developed prior to World War II are still used;

these theories cannot accommodate stxuctural flexibility. The

inherent flexibility of advanced gerospace structures can cause i

significant increases in the dynamic loads during water impact which

are not accounted for using the availsble theorxetical prediction

methods.
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This study has attempted to extend oune of the most commonly used
theories for determining water impact loads to include the coupled
interactions of hydrodynauic, inertial and elastic fcrces. Many of
the past theoretical and experimental investigations of water impact
loads, including recent modeling programs by the HASA in developing
the Mercury and Apcllo spacecraft, have been conducted on todies with
spherical lower surfaces. This study has beer limited to simple
gpherically shaped elastic structures. Also, the study has veen
limited to vertical flight paths into the water (no oblique landings).

I am deeply indebted to my thesis advisor, Dr. D. ¥W. Breuer, Head
of the Department of Mechanics at tlie Air Force Institute of Technology,
for his patience and technical guidance thruughout the course of this
study. I would like to express my sincere zppreciation to the members
of my thesis committee, Dr. J. 3. Przemieniecki, Assistant Dezn for
Research and Dr. P. J. Torvik, Associate Professor of Mecuanics at the
Air Force Institute of Technology for their counsel and suggestions.

I also wish to thank Walter J. Mykytow, Assistant for Research and
Technology, Charies E. Thomas, Chief of the Field Measurements Group
and Virgil C. McIntosh, Field Measurements Group, all from the_Vehicle
Dynamics Division., Air Force Flight Dynamics Laboratory for their
assistance during the background investigation and experimental portion

of this study.

Ralph N. Bingman
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Abstract

Theoretizal and experimental investigations were made of the
dynamic respcnse characteristics of a simple elastic structure sub-
jected to water impact loading. The purpose was to determine the
effects of structural flexibility on the resulting dynamic loads and
to see if & simple approximate mathematical technique for predicting
these loads could be developed. In the theoretical portion of the
investigation, water impact acceleration-time histories were computed
for rigid spheres of differeav radii. The rigid body theory was then
modified by considering the flexibility of thin spherical sheils. A
simple equation was developed for epproximating the effective spring
stiffness of the shell. Theoretical acceleration-time histories,
based on the modified thecry, are presented. For the experimental
portion of the investigation, six drop tests were conducted using a
model which incorporated thin aluminum sphexical shell segments on the
lower surface. Shells of 24 inch radius and 0.032, 0.040, 0.030 and
0.080 inch thickness were tested. Qualitative agreement was obtained
between results from the model tezts and the modiiied theorv. The
theoretically predicted acceleration levels averaged 10 percent lower
than the experiwmental values. However, quantitative comparisons of
accelerstion levels are limite? because the experimental moagel had
more degrevs of freedom excitzd than the i~west one which was used in
the approximate theory. ignificant ccupled vibr.tery responses of
the shell and water were predizted by theory end we-.2 observed ir che
experimental results. The predicted vibration sreguencies averaged

20 percent sbove the experiwenteaily cbsarved freruencies.
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WATER IMPAC'T LOADS

ON STRUCTURES

I. Introduction

BRackground

When reccversble missiles, manued reerntry spacecraft, and various
research vehicles land in water, severe dynamic loadings are imposed
on the vehicle structure, Although recent advances in structural tech-
noclogy have enabled the development of efficient lightweight structures
capable of operating in severe loading environments, these structures
are generally elastic and deform under dynamic loadings. The motions
and stresses in a flexible vehicle resulting from watesr impact involve
very complex interactions of hydrodynamic, inertial, and 2lastic forces
Therefore, the design of a vehicle capable of withstanding water entry
impact loads requires careful conmsideration of the dynamic interactions
among these forces.

The published literature containe several theoretical apprvaches
for predicting water impact loads. Past investigators have clasgified
the water entry phenoueron intec three phases based on certain physicel
relaticnships and mathematical treatments involved. These are the
shock-wave phase, the flow line establighment phase, and the guasi-
steady flow phage (with and without a cavity cver the aft portion of
the vehicle). Mosteller (Ref 1:2-8) and Collopy (Ref 2:77-88)have
presented discussions of the various pheses and the theories which

have been developed for eack ghasze. 5

SeaNDTEE
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The shock wave phase is of very short duration (on the order of

50 to 100 microc seconds) and occurs while the line of contact between
the water and the vehicle woves it a velocity greater than that of -

sound. High peak pressures occur at the point of initizl contact which

may result in local damage to the structure. The flow Jine estgbiish-

e IS T

ment phase starts after the initial contact and lasts uantil the flow
about the structure hecomes quasi-steady. The overall forces and

accelerations on the body have beea considered to be most important

(P S THASA MR IR ARSACRIL AL Y ANH 7 & 2 ZORNTIRSIU Susd L icith st i

during this phase. The followlng sections «f this study will be con-

cerned with the flow line establishment phase of the water entry

Vil k4L

phenomenon. The quasi-gteady phase involves the formation and collapse
of a cavity, depending on vehicle geometry, as the vehicle becomes more

completely submerged in the water. Several forces, including bouyancy,

NN

gravity, and drag become importact during this phase, but are not -
considered over the shorter periods of the first two phases.
The most commonly used theory to determine water impact loads
during the flow establishment phase is based on very early work (1929)
by Theodore von Karman (Ref 3). The equations used assume conservation

of momentum of the vehicle mass and a varying mass (virtual mass) of

water which moves beneath the vehicle. Hcwever, in this early work and
in the more recent publications on water impact loads the theoretical

i treatment has been limited to rigid bodies. Because the present analy-

H ticsl methods are limited to predicting rigid body force-time histories,
it has beea necessary fcr the NASA to determine design loads on the
Apollo Command Medule during water impact through experimentation using
models and full scale test vehicles {(Ref 4:1282~1284). The NASA

experimental programs have included teste with rigid and elastically

o
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gcaled mcdels. Results from the NASA programs have demonstrated that

model test data and theoretical analysis ~ompare favorably when the
model 1s rigid. However, xn one program the bottom of the model was
nade flexible., The resulting peak loads at the model center of
gravity were nearly doubled (see Fig. 1). In Ref 4, Benson, of the
Manned Spacecraft lenter, concluded that analysis to accommodate

structural flexibility and oblique landings is nceded to iavestigate

the large numbers of parameters that can occur.

* Cente
" N_/1_mOpEl
A -
ERATION
40 |.Versus
nme |

NON
2 LASTIC

e
/ E
MODEL
24 -ﬁ
N3
\
18 -
y / ANALYSIS-/ N3
T ‘
0 .004 008 012 016 02 .024
TIME, SEC

ACCELERATION, o

Figure 1
Comparison of Model Tests and

Theoretical Analysis

(From Ref 4)
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Purpose and Scope

The purpose of this study is to extend present water impact theory
for the flow line establishment phase to include the effects of &
flexible structure. The extension includes dynamic coupling dbetween
the water pressure (hydrodynamic forces) and the elastic and inertial
forces of the structure. An ovjective of the present study is to see
if a very elementary theoretical model, with two degrees of freedom,
will provide an increase in accuracy in the prediction of dyuamic
responses and loads from water impact.

This study has been limited to wvertical flight paths into water
(no oblique landings) and simple spherically shaped elastic structures.
Since the purpose is8 to increase accuracy in theoretical load predie-
tion methods, parameters invoiving complex structural geometry have,
in the initial study, been minimized. In order to assess the accuracy
of the theoretical methods developed, the study nas incliuded tests
with variations in loadings and flexibility of an elastic model.

Section II presents a review of present theory for a rigid bedy
entering water and develops additional eguations of motion for the
flexible body. A modified theory 1s presented which considers the
flexibility of a spherical shell. The experimentel part of the study
is presented in Sections III and IV. 1In Section V & ccmparison of
theory and test results is presented. Sections.VI md VII contain
the conclusions of the study and some recommendaticns for future
studies of this nature. Details of the theoreti:al snd experimental

parts of the study are presented in Appendices A turough D.
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IXI. Theoretical Development

Rigid Body Ekntering Water

The fnllowing theory applies to the Flow Line Establishment FPhase.
This phase has been considerecd to be the most critical with respect to

over:1ll forces and accelerations on the body. The equations presented

are from the very early theoretical work of T.von Karman (Ref 3), more
recent work by the NASA (Ref 5) and the summary of governing equations
by Collopy (Ref 2)-

The classical impact theary by von Karman applies tc the vertical
impact of a wedge (Fig. 2(a)) as it strikes a horizontal surface of
water. Let: M = the mass of the body per unit length,

a = the angle of inclination of the undzr surface with
the horizontal,

y = che vertical distance through which the body travels
in time, t? and

2r = 2y cot a = the corresponding breadth of the part of

the body ia the water.

"ll

\q-’
n*

{(a) Wedge (b) Sphere

Figure 2

Geometry for Bodies Entering Water
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During the course of an impact, the momentum lost by the impacting
body is considered as transferred to an imaginary or virtual mass (m*)
of water in contact with the body. The virtual mass of water has a
downward velocity equal to that of the bedy. Hence, the entire initilel
nomentum of the body is assumed to be distributed between the body and
the virtual mass of water; the momentum is constant throughout the impact.

The folilcwing assumptions have been made.

1. Gravity force, bouyant force, friction drag, viscosity, and
surface tension effects are neglected.

2. The body shell 1s rigid and the fluid is incompressible.

3. Momentum is conserved for the system of bedy and water.

The governing equation may be written as
MV, = (M + m¥*) y (2.1)

where Vo is the velocity of the body at the moment of first contact
and y is the velocity at any time, t. Equation (2.1) may be rewritten
as

v

g = 0 (2.2)
1+ m*/M

Von Karman proposed that the virtual mass be taken equal to the mass
of a semicylinder of water having a diameter equal to the instantaneous
width of the body in th: plane of the andisturbed water surface. The

virtual mass per unit length of the wedge may be written ase
1 2 .
nk = 3 rpw (2.3)

vhere p represents the density of the water. If r?2 in equaticn (2.3)

is exprespged in terms of y and & api the resulig are substituced into
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equation (2.2), the following equation is obtained:

; = Yo (2.4)
1+ pﬂzzcotzu
2M

NASA engineers (Ref 5} applied tha above theory {(Equation 2.2) to
three-dimensional bodies with spherical lower surfaces to invrstigate
the water—landing characteristics of reentry czpsules. [t was assumed
that the virtual mase could be taken equal to three-quarters of the
mass of a hemisphere ¢f water having a diameter equal tc the instantan-
eous width of the body in the plane of the undisturbed water surface,
The arbitrary factor of three-quarters was an approximate correction
indicated to be desirable t data from the impact of wedges (Ref &).

For the spherical body, the virtual mass was written as !

f
nt = ('z-) %- pr3 (2.5} .

The body geometry for a sphere entering water is shown in Fig. 2(b}.

The irnstantaneous r4dius r can be expressed in terms of depth y and

radius of the sphere R as

‘¢ 2 1/2
or T = R(ﬁx - xz) (3.8)
R R

and the virtual mass may be written as

ot = mpR3 {2y _ y2\¥? Q.7 2
2 \ r &2} 5

When equation (2.7) is substituted into eguation (2.2}, the velocity

of the spherical body becomes:

»
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‘.

1+“p,_,(_1 X2)3/2

(2.8}

Two importait factors should be pointed out. The first iz that
#7agt “ru (2.2) cen be spplied to any general shape if an expressicn
can be cutained for the appropriate virtual mass and its rate of
cheng= ar the depth of penetration changea. The second factor is that
past lnvearigators of water emtry phenomena have used quite a varviety
of zonetan:s in the expressions for the virtusl mass, even for the case

of a spher2 .ntering water. Refereunce 7 considers the sphere and other

© e i RrpAR 2 A S MM AR YR R ST Y SRR RN SRR

axieymotyically shaped bodies, The virtual mass in each case is con~
sideved as 0.22n (4/3Y pr3, where r 48 the ipgtantanecus radius at tha

surface of the water. Collopy (Ref 2) and Mosteller (Ref 1) quote

43 or?¥ rg 3 very common figure found in murh of the litersture. Lamb
(Ref 8:123-123) indicates that the virtual mazss for a sphersz is N

2/3 mpz”. n this study, the virtual mass will be considersd asz that

indicated by equation (2.7) except where a change is indicated in

fellowing secticae.

» srrsesewn ot

Equation {2.2) ¢ag ke differentiated to sbisin an expression for

the vertiral acceleration., Differentiation of egquation (2.2) results in

v Tfﬁ'@‘f ®E (2.9

since

dnv | du* dy §gﬁ
%4 dy dc

Equation (2.9) can be written

(3) ¥ %* (2.10)

(* *"‘*}
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The force icting on the body cen be written as

Fe M§ .Yy ¥ du*
(l + 2?32 dy
M/

v2.15)

If equation (2.2) is substituted inte equation (Z.11), the force may
te expreseed as

~y2
VS

) dm¥® .
E - - — ‘,2 . lz)
(1 +-§f)! ay

For any particular geometry, the vertical component of averasge pressure
iz equal to the force divided by the instantsneous area of the body in
the plane of the undisturbed water zurface.

The force on a spherical body may be obtained by subztituting

equation (2.7), for the virtual mass, into equation {2.12}. The rate
of change of virtual mass may be wvritten as
dw* _ /3\ moR® /2y . ¥° 1'2(2 'y \
— = bl Sl - R renT,, 20}.3,‘
dy (2) 2(12 RZ} R R‘) ¢
and
20,142
I S AN L A
R YAl -5/ w - %)
Fe R 72 371 3 (2.14)
ﬁ. _l.."-
[1"“ = (F-% }

Iz can be sees from equation {(2.14) that the maxima: force along the
y-axis varies as the square of the wvarvieal contact velocity for &
given radius and mass. Varlations in the force coxrresponding to
changes in the radius and mass are not quite so appareant from
inepection of the equatiom.

When the mass of the body is large compared to the virtuzl mass

of watar (i.e., when = heavy, slender miasile enters the water
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vertically), then the term wpR3/2M is small and the denominator of
equation (2.14) is appronimately equal to 1.0. This approximation
lias been used irequently in the past, but it is not applicable for
a sluat body such as a space capsule.

If equation (2.14) is differentiated with respect to y/R and the

derivative ie set equal to zero, the resulting equation indicates the

depth of penetraticn at which the meximum force occurs. Let the term

“DRB/ZM = C, Then, from disR = 0, the following equation may be

obtained:

R R?

{1 + c(%»g‘}slz] [('1 +§-)2 -(21_12)}

- 9 (1 - -;1)2 (2% - %;)3,2 (2.15) E

Equation (2.15) may be transformed into a transcendental equation in B

terms of the angle ¢ , where ¢ iz shown in Figure 3.

S
)35

Figure 3

(?;Y.-
R

L
%t

Angle §

i (From Ref. 2)

.

The maximem force occurs when

1.8
C sin3¢ l- tan2¢

10
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The foregoing theoretical results are illustrated in Figures 4
through 6. A comparison between theoretical and experimental accelera-
clon time histories for a reentry capsule having & segment of a sphere
as its lower section is shown in Figure 4. These results were cbtained
by the Langle, Research (enter (Ref 5:26). The full scale capsule
characteristics were: Weign: = 2150 lbs, Radius of spherical bottom =
10.5 ft, Base diameter = 7.0 ft, and the Entry velocity, Vo = 30 fps.
Refereace 5 states that the model {1/12 scale) was constructed of fiber
glass and plastic and the construction was as rigid as poszible to
eliminate sacondary wibrations. The base of the full scale capsule
war formed from 1.G0 irch magnesium alloy. In the rheoretical compu-
tations, the expressjon fcr tae virtual mass was as indicated ia
equation (2.7).

Figures 5 and % apply t¢ a small rigid spherc entering water
Figure 5 shows the tneoreti .al time~histories of displacement and
velocity; figure 6 shows the corsresponding acceleration and average
vert! _.al pressure. The body ci.aracteristics ard initial <onditions
were: Weight = 30 1lbs, Radin- = 2 £t, wad Velocity = 20 fos. Threse
characteristics were selected for more detailzd anslyses in the
following section (Fiexible Bodies Entering lJaterjand aiso for the
experimental part of this study {see Section III),.

Theoretical computations for the curves of Figures 5 and b were
made using the AFIT IBRM 1620 Digital Computer. The eguations used,

table of results, and plotted curves for different body characteristics

and jaitisl velocities are presented in Appendix A.

1s
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Flexible Body Entering Water

A basic assumption in the foregoing theory for & rigid body
entering water was that the body and virtual mass of water move with
the same velocity. The forces involved were the inertia force due to
the rigid body and the reaction force due to the acceleration of the
virtual mass of water. This reaction force caused a sudden reduction
in the velocity of the body.

During the impact period when a flexible body (structure) enters
water, the change in velocity of the wetted surface of the body which
is in contact with the water may be quite different than the change
in velocity at the center of mass of the flexible body. Hence, the
effective velocity of the virtual mass of water, which moves with the
wetted surface of the flexible bady, would also be differemt than the
velocity at the center of mass of the flexible body. The forces
involved now consist of the flexible body inerfial and elastic forces
combined with the reaction force due to the acceleration of the virtual
xnass of water. Furthermorxe, the rate of change in the size of the
virtual mass is a function of the deformed shape of the £flexible body.
For smzll deflections, this may not be an important factor. However,
for large deflections the rate of change in virtusl mass could be
considerably different than that calculated from the originsl shape
of the body (see Figure 27, Appendix A, which ghows the effect on
acceleratica of changing the shell radius).

The problem of a flexible body impacting on water may be treated
approximately in the following manner. <Consider a body with an

elastic spherically shaped shell as the under surface. Tha dynamic

15
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characteristics of the upper structure may become very significant *

P
RN

for a particular type geometry or vehicle. However, in this study,

the upper structure is treated only as a lumped mass at the center of
gravity. When the elagstic shell strikes a horizontal surface of water,
the pressure causes the shell to deflect upward through a distance, 50,
measured from the lower center of the undefor—ed geometry as shown iu

Figure 7.

Water Surface

Figure 7

Flaxible Shell Coordinates During Water Impact

3 Tae principle of conservation of momentum may be applied, as in
the case of a rigid body, except that it is now necessary to consider

two coordinates to account for the velocity of the center of mass and

the velocity of the lower elastic shell., The momentum theorem may be

written as follows:

”» g £ v = 3 k (v = y& o °
MVO HR yl + ¥y (y1 Go) + m (yl )(60) {2.17)

where: .

M = total mase of the body

16
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M = mass of the upper structure and undeformed portilons
R of the chell (rigid mass)

M = ass of the deformed parts of the wetted shell
considered as concentrated at the shell lower center

y, = velocity of the center of mass

= deflection velocity at the lower center of the shell
X = & fraction between 0. and 1.0 which reduces the
center deflection velocity to the mean or effective

velocity of the wetted surface

Since MR + Mg = M, equation (2.17) may be rewritten as
MVO = (M+t) vy, - (M8 + xm*) 60 (2.18)

When the mass distributiqn of the elastic shell is known, the value c¢f
M, can be approximated by assuming a deflection shape and calculating
an equivalent value of mass, concentrated at the lower center, which
would provide approximately the same momentum as the distributed mass
in the deformed part of the shell. However, the distribution of the
virtual mass of water is unknown. The effective velocity of the
virtual mass is between the values of §1 and 92 as shown in Fig. 7.
Since the entire virtual mass is not affected evenly by the center
defle.tion velocity 30 = &1 - §2, an effective deflection velocity -~
x&o has been included in the above equations. This is discussed in
greater detail in Appendix B, where it is shown that che value of X
may be approximately 2/3 or greater based on deflection shapes for tlim
spherical shells.

In the following analyses, equation (2,18) has besen simplified by

assuning that HB is emall compared with the virtual mags m*. At time

t = 0, both Ms and m* = 0, However, immediately after the shell con~

tacts the water, the value of m* increases much fuster than the valiue -

17
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of Ms for a thin shallow sphefical shell. The deformed part of the
shell does not extend appreciably beyond the radius of m* (see Appandix
B). Therefore, the ratio Hg/m* immediately after c¢-~zi-at with the
water is on the order of

M 27RY  hp (structure)
[ -
ok .g r% (water)

where r is defined by equaticn (2.6), R = the shell radius, and h =
the shell thickness. For the following ccnditions:
(Aluminum shell) h = 0.04 inches

v, = 20 ft/sec

W =30 1b

R = 24 irches
the value of Mslm* is approximately 0.13 at time t = 0.00025 seccnds
followiag initial contac: vith the water. Also, in the following
aualyses, au arbitrary value of 1.0 has been used for x. With these
changes, the -onservation of momentum equation may be written as

HVO = (M + m%) y; - m* 60 (2.19)

Rewritten, equation (2.19; beconmes

nk}
Yt w S (2.20)

.

vl‘ o,

1+ 2
A
As a first apgproximation, it is assumed that the virtual mgss and
its rate of change can be computed based on thz undeformed shell
geometry. This spproximation shorld be valid for ¢mail deflections.
Howaver, it iz believed that the virtual maee wculd sctuslly be ip-

creased slightly due to eshell deformations.

i3
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In order to solve equation (2.20) it is necessary to know the
deflection of the shell, as a function of time or depth of penetration,
due to the reaction force of the virtual mass of water. Figure 8,
obtained from Reference 4, shows pressure distributions that were
reasured on a model witbh a spherical bottom during the Apollo water
impact development program. Alchough the pressure is slightly higher
at the outer edge of the wetted under surface than at the center,
not too great an error 1s made in assuming that the reaction force
produces a uniform pressure loading. This assumption of uniform
pressure hae been used in the following section to determine the

approximate spring stiffness for a spherical shell.

330

300 Vertical Oblique

250 Landing ‘:Landiag

PRESSURY 200
LB/INZ

180

N
..

N

100

50

° -000  -nod ) 004 008
e
sec
Figure 8

Typicdl Pressure Pattern Growth

(From Ref 4N
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Spring Stiffness for Shallow Spherical Shell

Reference 9:558-~561 treats the symmetrical bending of shallow
spherical shells (see Fig. 9). When a point load P is applied at the
apex, the deflection of the shell at the point of application of the

load 18 given by (notation as used in Ref 9)

v, = V3 o) 2 (2.21)
4 Eh

where
v = Poisaon's ratio
E = Young's modulus
a + sghell radius (Same a8 R in previous equations)

h = ghell thickness

Figure 9

Shell CGeometry

S e

W‘ %M.




-~ ™ EIWTR RN IS
‘\

GAM/MECH 67-1

When the central lcad P is uniformly dietributed over a circular ares

of & small radiue c, the following results apply at the center of the ;

inaded srea:

)
w = M12Q-V7) Pa 11 Zr () (2.22)
] ° T Eh2| u2 2u §
where
y

= characteristic lenzth for

V1z(1-42) spherical shell

A
dy, (u)

P ) =
4 du

The function ¢; is developed in Ref 9:488-492. Values of ¢; are
tabulated in Ref § for values of the argument, in the case of u, up
to 8.0, Ref 9 states that for values of the argument above 6.0, the

following asymptotic expvession is sufficiently azcurate:

Ui(u, = 2. _u/‘/z_cos "}i‘-f‘\ (2.23)
vV vz s‘) o

In the expression for p = c¢/f, & is a characteristic length for the
shell. The authors state, 'when ¢ as defined above is small compared
with the radius of the edge, this is egquivalent tc the case of a plate
on a very rigid tounictlon. The deflections and the bending moments
at the center of such a sl:ell ere affected very little by the respec-

tive conditions ca the outer edge, wiich only govern the state of the

edge zone of the shell."
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The shell loading conditions for equaticn (2.22) are similar to
those fcr a shell impacting or the surface oif water. Shortly after

the shell strikes the surface, the pressure is distributed over & smell

portion of the saell. Howaver, it should bLe pointed out that static
shell theory is -eing appiied to a dynamic problem. Alsc, the equation

is complicated and it cannot be epplied directly to obtain a closed

D YR,

foxn wolution when values of WL ave significant.

. orief inves“igation was made to determine values of y and y'

A i3

for different values of ¢, a, anc h in equatlion (2.22). For fixed
valaes of ghell radius and chickneas, y is AZrectly prcportional to ¢

(c is the sau~ as r in earlicor equations). If Poisson's ratio is 3

taken as {.3%, vhen

u=1.818 ¢ {2.24)
Ae the shell! penet:iates into the water, ¢ :x.d u iu T 'age in value. It
can be secn from tabulated values of the function y; (Ref 9:493-49%)
that ¢; decreases from plus infinity (u = 0} to zero {(y = 2.67). Then

w; r1eaches a maximum negative value of -0.0213 (p = 3.60) fcllowed by

FHPLIN AT RN A ITMRTALS 4 O MO S e At e e

an increase toward zerc for larger -ralues of y, The function w; does
nct exceed *0.0213 for values of u above apprczimately 2.40. There~
fory, thg function w; in equation (?2.22) is mest significant for tbhe
very small values of c. However, thore is a fairly wide range of

values of « for which ¢! is very small and could be omitted in

equation {2.22) without incroducing serious error in the results.
Table 1 shows how values of u increase with increasinyg values of c for

various values of the product ah. !

22




TR MR " S ———" . i A . i i T

TR ACANNRISE PRI

GAM/MECH 67~1

Table I

Calculated Vaiues of the Parameter u

Projected Radius Product of Pacameter
of the Applied Shell Radius
Uniform Load and Thickness
c axh 1]
.5000 .5000 1.2854
.5000 1.0000 .908S
.5000 1.50600 7421
.5000 2,0000 .6427
.5000 2.5000 .5749
1.0000 ,5000 2.5708
1.0000 1.0000 1.8178
1.0000 1.5000 1.4843
1.0000 2.0006 1.2854
1.0000 2.5000 1.1497
2.0000 .5000 5.1416
2.00C0 1,0000 3.6357
2.0000 1.5060 2.9685
2,0000 2.0000 2.5708
2.0000 2.5000 2.2994
4.0000 .5000 10.2833
4.0000 1.0000 7.2714
4.,0000 1.5000 5.9370
4.0000 2.00C0 5,1416
4.0000 2.5000 4.5986
8.0000 .5000 20,5665
8.0000 1.0000 14.5427
8.0000 1.5000 11.8741
8.0000 2.0000 10.2833
8.0000 2,5000 2.1976

23
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1f it is assumed that W; in equatiun (2,22} 1is equal to rero,
the resulting equation is much simpler and the deflecticn at the center
of the lo.ded area can be written as

2
W, = -8 (2.23)

° w4 Eh *

Since P/vc? is the vertical comsonent of the pressur:z acting on the
shell, equation (2.25) can be written
5, = & {2.26)
Eh
where 60 =w, o= shell deflection at the center of the applied load
R = a = shell radius

P = average applied pressure

Equation (2.26) is an aepproximate expression for the ghell deflec-
tion which applies only for a uniform pressure which is distributed .
over a sufficiently large area such that w; can be neglected. The
applicability of equation (2.26) to obtain the shell spring stiffness

for use in the water impact problem was checked in two ways. First,

values of u and $; were calculated for a structure with a spherical
under surface entering water. The following parameters were used:
Shell radius, K = 24 in
Weight s W= 30 1b
Shell thicknees, h = .03 in, .04 in; .0S in
Contact veliocity, Vo = 20 fps
Medulus of elasticity, E = 10.5 x 106 psi

The depth of penetration, ¥y radius of the applied pressure, c,

acceleration. and pressure were calculated using the equations pre-

viocusly developed for a rigid body. vaicalations were performed on the

24
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AFIT IBM 1620 digital computer for time increments of 0.00025 seconds.

e areia %z e o A

The value of the ratio of the second term to the first term im the
brackets of equation (2.22) was determined as a measure of the errcr

1f the term involving w; 1s neglected. 1In other words:

E = 2 ERROR = 100 }'—;-J ¥, (w)

* v

’ When p was lesz than 6.0, values of w; were obtained from Table 84,
Ref 9. However, when u was greater than 6.0, w; wasg calculated using
equation (2.23}. Results of this analysis are shown in Table II. The
function ¢L is quite small, even after the first time increment of
.0002% seconds, and it 18 observed that the error in neglecting w;

! should not exceed approximately 12 percent. The negative sign in

Table II for E indicates that the calculated values cf 60 are low

using the 2pproximate equation (2.26) Deflections for the shell with

thickeess, h, equal to .04 inches are shown in Table II for the firat

ten At time increments.

o Ve anvmmaacs n 0w e e e s

The second check on equation (2.26) was to compare the deflections
cbtained from this equation with those obtained using matrix tech-
H niquesa. Reference 10 presents a technique for analyzing axisymmetrical
shell structures subjected to general loading conditions, using the
Metrix Diasplacement Method. Structures are idealized by truncated
conical ghell elzments and circular flat plate elements, joined
together at nodal circles. A computer program to sclve the matrix

equations 1s availabie in Fortran IV language for the IBM 7094 cowputer

at Wright-Patterson AFB. For the present problem, a spherical shelil

segment with a 24 inch radius and a 24 inch base choxd was anulyzed.
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Table II

Data for the Evaluation of Shell Deflections

Time Deptii Radius Parameter Pgramster ERROR Shell
of of Deflection
Penatration Xloading

t Y1 c M $; E §

(sec) (i) {in) 2 (i)

0 0 0 0 - 0
0.00025 C.0600 1,696 3.15 ~0.,0172 ~ 8.5 0.104
00050 JA1v4 2,352 4.44 - ,0163 ~11.4 .092
00075 ~1785 2.917 5.41 - 0074 - 6.4 .075
.00190 .2352 3.352 6.22 - .0030 - 2,0 .063

. ; . ¢y (2)

.00125 2912 3.728 6.92 -".0000 - 0.0 .053
.00i50 .3458 4,080 7.55 .0000 0.0 .046
GG175 .3991 4,359 8.09 0000 0.0 .040
.002¢C0 4510 4.631 5.59 .0000 0.0 034
.00225 .5015 4.881 9.06 .0000 c.0 .030
.00250 «5507 5.112 9.48 .0000 0.0 027

(i) ~ Where only zeros are shown, the value of y, was less than .0C05.

(2) - Where only zeros are shown, the value of E was less than 0.5%.

26
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The shell segment was considered as fixed at the outer edge. The
shell segment was divided into 12 elements, for purposes of analysis,

- and the applied pressures were calculated using the equations pre-~

sented in this study for varicus depths of penetration. A comparison
of results is presented ir Table III; the angles used are shown in

Fig. 10.

.

Figure 10

Shell Edgze Support and Loading For
k ' Calculation of Deflections by Matrix Methods

27 :
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Tsble III shows that defiections calculatedé using equation (2.26)
compare favorably with thoge from the matrix displacement method. As
a mptter of interest, critical buckliing pressures were slgo calculated

using classical theory for the condition of uniform pressure over a

. sphere and the resulis are shown in Table IIJ together with the cal-

culated buckliing pressures using the matrix displacement method of

Ref 10, These results were considered in the model design and testing
part of the present study. From small deflection theory, as summarized
in Ref 11, the average stress, 0, of a spherical shell at the critical
buckling preesgure is defined by

o = DR 2.27
o ( )]

the buckling stress may also be expressed by
G » —ED/B (2.28)
3 (1-v?)
For Poisson's ratio of 0.3, the expression for critical buckling

pressure of a apherical shell becomes

").2
p =1.21 E & (2.29)
cr ?\2

Equation (2.29) was used for the theoretical buckling values shown in
Takle III. If the above expression for critical buckling prezsure,
equation (2.29), is substituted into equation (2.26), the felluwiag
expression is obtained for the limiting deflection which would not
exceed the allowable buckling deflection

6, = 1.21h (2.30)

Equation (2.26) can be used to de#ine a spring atiffness for a

sphericel shell. The equation can be rewritten in terms of the force,
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P, (seec Eq. 2.25) as

-

§ w . ED (2.31)
71c?E h

If the spring stiffress, K, is defined as

K= E. {2.32)

So
then, by substituting equation (2.31) inte 2cuetica (7,32}, the
expression for X becomes
22
g = T Eh e (2.3
82

The epring stiffness is s furiction of the projected lvading radius c.

For small daflections, c can be expressed in terms of y, and R (se2

Eqg. 2.5) and K can be expressed as

2
K= % Eh <2y1 yl) (2.34)
- o—- Coo X2
R R

It gnhould be noted that equation (2.34) 1is not valid when ¥; is neer
zero. In this case, a value for K can be obtained from equation (2.21)
wvhich applies for a concentrated load (¢ = 0). From the above
definition of K and Equation (2.21) which defines the deflection when

¢ = 0, the ewpression for X is
K 1B et seresornnraae (2-35)

Pigure 11 shows the theoretical spring stiffaess as developed
from the preceding equations for an aluminum shell entering water with
the following shell ‘characteristics: R = 24 in, h = 0.04, E = 10,5 x
106 poi. The transition from equeticn (2.21) to equation (2.22) is

shown for small vaules of ¥y the effects of $; were considared in the

30
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calculation of 6 It cen be seen that a linear extension of X cal-

*
D

culated from Eq (2.26) deviates only slightly from the more axact

curve, even for tre very small values of y;. The epring rate would -
become softer Zor large values of y, due to the second term (-yzlﬁa)

in equation (2.34). However, this &¢ffect would normally be beyond

the depths of interest in the water Lupact problem,

Solution of Differential Equations by the Dunge-Kutta Method
The equationg of motion rreviously develope. for the flexihle
shell structure entering water are repeated below us

MV, = My, +w* (y, - 50;; (2.36)

§ = P/K (2.37)
Equations (2.36) sud (2.37) may el30 be written in terms of the

coordinate y, (see Fig. 7; as

W= My o+t 3, (2.58)
and

whare, as bafore, it is assumed thst the shell deflection velocity
is equal to 30 &1l alorg the wetted under surface. If equation (2.38)
is differentiasted with respect to time, the following expression is

obtained for the body inertial and hydrodynamic reaction forces:

G =My, +mty, + i, (2.40)
or

My, = m* ¥, + oty (2.41) .
Equation {2.41) repressnots the appropriate expresaion fer the force

P in the above ejuatione. The left hand aide of ervation (2.41) may

Ty
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be substituted for P in equation (2.37). Also, the right hend side
of equation (2.41) may be substituted for P in equation (2.59). The

resulting sets of differential equationg may then be written as

* .
y +8%3
g (2.42)
1+
M
v K
¥y, = ~=86 (2.43)
1 ” s}
and
. M >
V2= o (Vo =) (2.44)
. l - .
¥, = ;;* [K (yl - yz) - p* yz] {2.45)

The above sets of equations may be rearranged, and through
substitutions, a third order nomlinear diftereatial equation may be
obtained. However, ian this study the soluticns werc obtained using
the Runge-Kutta method for sclving simultaneous diffarential
equations. A program 1s gvailible at AFIT (AFIT AID PROGRAM 236)
fcr obtaining solutions on the digita: computer., The standard ald
program was modified slightly fur the preseat stuCy in ovder to
obtain desired quantities such as acceleration, force, and pressurs
during each computer run. The Runge-Kutta program is discussed

briefly in Appendix B, Equatiors 72.42) and (2.43) were used for the

33
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analyses in this study with the appropriate expressions for m* and K as
functions of . However, equuxticns (2.4%) and (2.45) were also pro-
grammed and run on the computex for the 0.04 thick chell to verify that
the same snell deflection time-history would b= obtained from either
set of equatior3. The results agreed well; varistions in resulce were
generally less than one percent at each At time interval. The small
differcvnces obtained are dne to the integration scheme used in the
Runge~Kutta method.

Figures 12 through 14 ghow theoretical result: for a spherical
structure with the following characterist.cs impacting on water:

Radius = 24 in, weight = 30 1b, shell thicknesgs = (.04 ine and contact
velscity = 20 fps. Avcendix B presents the equations used and addi-
tioual results from shells of different thickness.

The curves in Figures 12 and 13 show a comparison between the
rigid body and flexible pody velocities and accelerations. Figure 14
compares the dynsmic deflection-time history with the corresponding
shell deflections obtaired y.om the rigid body pressurn-time history.
Since tlie equations for the flexible body do not contain any damping,
the oscillations {nduced by the infitial impact coanaltioins de not decay.
To chack the effacts of adding damping, a viscous damping term was
added to cauation (2.43). The damping force was made proportional to
toth ;o and the pro’c¢~ted wetted area. The resulting equation may be

expresged a8

- K35
M

50 (2.46)

7 0

|

-

vhere ¢ fa the damping coefficient. . was considered to be a function

%L y» in a manver similar :o K. A4An average damping ratio L= c/ccr of

&pproz.imately .0375 critical damping for the first cycle of osciilation
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shown in Figure 14 produced the cnanges in the daflection time~history
that are shown in Figure 15, As mentioned above, the value of ¢
increased with time and Jepth of penetration. The damping ratdo used
was likely abouve that which would be realized in aciual situations.
However, no further investigations of damping were made ii: the rresent
study. ‘

It is interesting tc note that the frequency of the czcillavions

Bk B AT B e, 5 R ANERE R OIS, 5PN A I o Sk inten e mie =

in Figure 14 increases with time. This change in frequency is rather
complex corresponding co the changes in the shell syring rate and to
the changes in the wvirtual mass or water. The behavior of the systenm,
consisting of the sitructural mass and virtual mass, appears to be
similar to ths two degree of freedom system shown in Figure 16. The

center ¢of mass moves from the gtructural mags toward the virtual mars.

M
’{yl
Center of Hass K
n* Y3
\
Figure 156
Model of Two Dagree
of Freedom System
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When the virtual mass is equal to the structural mass, the center of

mass is mid-way between the two and the effective spring rate is equal

to 2K. For the curve in Figure 14 the two masses were equal vhen the
depth of penetration, ¥ys was equal to 0,114 ft, The natural freguency
cf the system at this point was calculated to be 314 cps. The average
frequency of oscillation at this point in Figure 14 was found to be

312 cps. Over an interval of 0.0622 seconds, the frequency changed from
300 cps to 251 cps. These frequencies were obtained from the plctted
Jeflection—~time history.

As previously indicated, equations (2.42) znd (2.43) were used in
this study to obtain the time histories of reaponse shown in Figures
12 through 14. The velocity and acceleration ~urves correspond to the
motion at the center of mass. The deflection-time history presented
correspornds to the relative deflection between the c.g. and the center
of the shell lower surface. Although the successive oscillations of
the relative deflection remain fairly constant in amplitude after the
initial impact (without damping), the successive cscillations in
velocity and acceleration at the c.g. increase in amplitude over
several cycles of oscillation. It is considered that this effect is
due to the downward shift in the center of masec of the system in com~
bination with the requiremeant for conaervation of momentum of the
total system (structural masa and virtual mass). However, wore
complete studies of the system using equations (2.44) and {(2.45) are

needed for a complete underztandiag of the overall responses and

accelerations of the sysateu.

40
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The Runge -Kutts format that was used to enable evaluating the
relative deflection from squations (2.44) and (2.45) is presented in
Appendix B. Time did vot permit 2 moxe complete study of the lower
surface (and virtual maes) reeponses and sccelerations. Appendix B
also contains additionsl discusnion of the c.g. acceleration and a
figure which showa tae acaeleration-time history for a thick shell

over a loager time period.
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ITI. Experimental Apparatus and Yrocedure

Model Design ana Instrumentation

As mentioned in the introduction, experiments were conducted to
enable an evaluation of the theory develoned in Section II for water-
landing impact acceleraticns on flexible bodies. A sketch of the
dynaric model that was constructed and tesgted in shown in Figurs 17.
Figure 18 is a photograph of the actual test mcdel. The model was
made of aluminum and it consisted ~f three basic parts: (1) a thin
upper cylinder, 24 inches ip diameter and 24 inches high, with a
closed top, (2) a 1/2 inch thick plate, 24 inches in diameter, with
cut-outs to facilitate instailing response measuring instruments, sand
(3) a thin lower sphericai shell segment with the shell radius and
chord equal to 24 inches. The upper cylinder functioned only as a
reans for suspending the model and for attaching guides aiong tuo
sides to prevent tumbling during the model decent into the water.
a stiffener and eye bolt were fastened tu the top for raising the
model. The pzimary weight of the model was the aluminum plate, It
was inteunded that this secticn be fairly rigid. The upper cylinder
sud the lower shell were fastened to vertical and beveled edges of
the plate. Four sphericzl shells werz formed by the Sheet HMetsl
Branch, Directorats of Malatenance, WPAF3 by pressing sheet aluminum
into 2 mold. The shells were formed from 2024 aluminum; they were
bardened to approximately T4 after foiming* The nowminal ghell thick-
nesses were ,032, .040, .050, and .080 inches. The model weight was
29,75 ibs with the .080 inch thick shell installed. In oxder to keep

the total weight nearly constant ducing the rests, additional weight

42
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- Electrical
Release ’(’“‘ Guide Cables

Cylinder “*\\ ‘

Plate — ¥ ;
2
Spherical i
Shell i
Shell ;
. Accelerometer ?
P 24 gn ~————
ud 48 1in .

[/ Tank

i
t
¢

*  Water Level

B 36 in
& [ 1

£ 30 1in

] ;

o

RN &
BATEMT

Flgure 17

Sketch of the Water Impact Test Set-'lp
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GAM/MECH 67-1 : g
was added to the plate wher the 0.40 in thick shell was installed to E
keep the oversll weight at 29,75 lbs. The added weight was not changed
during testing with the .032 in and .00 in thick shells. The model
weight was 29.4 1b and 30.2 1lbs with the .032 in apd .05C in thick

shells respectively.

Tvro accelerometers were located in the model to measure impact
accelerations. One accelerometer was locat2d approximately one inch
above the center of the 1/2 inch plate or a stiff bracket to measure
¢.g. accelerations. It was origimally intended that shelil deflections
wouid be measured .sing strain gages mounted on a thin curved column
that was fastened to the sheli and protruded through an op2ning in the
plate tn & bracket abeve the plate. Hence, the c.g. accelerometer was
mouvnted avove this column bracket. However, the strain gage column
was nant calibrated in time for the tasts and a second accelerometer
wag therzfore mounted at the center ¢f the shell tc seavure the shell

sccelerations.

Water Impact Test Set-lip
The test set-up used is showr in Fig. 17. Vertical cables 1/16
in, in diameter were used to keep the modcl approximately vertical

during free fall. The model wras raised by a means of a rope and a

pully mounted to the ceiling in the test laboratory. &n electrically
operated releass hcok, obtained £rom a conventional impacting testing

machine, was used for releasing the model. The water tank used was

Figure 17.

constructed of wood and fibevglzss; the tank Jimenstions ave shown in
1
A%
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Degcription of Acceleration Measuring Equipmeat

A block diagram of the test instrumentation is shown in Figure 19.
Figure 20 shows a photograph of the instrumentation as it wag set up
during the test program. FPiezoelectric type accelerometers were used;
the signals from the accelerometers were transmitted through cables
to amplifying and recording equipment. Also, the accelerometer signals
were transmitted to an oscillcscope where the signals were subtracted.
The difference in the signals was transmitted through a frzguency
analyzer, where a double integration was performed, and thence to the
recorder. The purpose of this step was to provide a means for record-
ing the shell deflection relative to the c.g. of the model. The
system was calibrated first with the accelerometer signals in phase;
the strength of the signals was balanced to provide a zero difference
at the input to the oscilloscope. Then the accelerometers were mounted
on the calibrator 180 degrees out of phase to enable obtaining a
calibration for the relative deflection. The resonant frequency of
the accelerometers was 28 XC, or higher, eand the frequency response
was flat (within 5 percent) to 5 KC. However, the linearity of the
overall system was much more limited. Filters were used to signifi-
cantly reduce the signals at frequencles of vibration above 1000 cps.
The overall system was linear (withix 22 percent)} to about 800 cps. A
detailed list of the instrumentation characteristics is preseated in

Appendix D.

Test Procedure

Tegta were conducted at vercical contact velocities of adbout

10 feet per second snd 20 fe2t per second. The contact velocities

46
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were obtained during the tests by using a high speed motion-picture
camera. Figuvre 21 shows an enlargement of two {rames from the high

speed camera coverage of drop numher Z. These two frames show the

model before and after contact with the water. The model was raised
and released from heights necessary to obtain the desired contact

velocities based on calculated free-fall distances. Six drop tests 2
were made; the test conditions for each drop are shown in Table IV.

During the test program, several changes were required in the

PUrIIARYS

instrumentation. Accelerometers were changed to reduce the output
signals by a factor of approximately 4. Filters were installed and
gain settings on the accelerometer amplifiers were reduced to the
lowest settinge possible. These changes required several intermediate
equipment recalibrations. A f£inal calibration was also performed to
verify that all changes had been properly recorded.

Drops numbera 1, 2, and 3 were made primarily to chevk the
instrurentation, The filters that were used in the instrumentation
were installed between drops 2 and 3. Therefore, the previous des~
cription of the equipment was applicatle for drops 3 through 6.

Records obtained from the first 3 drops were not analyzed.

49
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Figure 21 .

Experimental Model Before and After
Contact with the Water During Drop Test
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Table 1V
Water Impact Model Test Conditions

Drop Contact Velocity Shell Model

No. Camera Free Fall Thickness Weight
(Est.)

(ft/sec; : (in} {(1b)
1 - 20 0.040 29.75
2 20.8 20 0.040 29.75

3 9.0 - 0.032 29.4

4 9.8 10 0.032 29.4

5 9.8 10 0.050 30.2
6 9.8 10 0.080 29.75
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IV. Experimental Results and Discussion

Data Reduction Procedure

Past investigators of water impact loads have presented their
experimental results iu terms of the rigid body acceleration-time
histories. Very little inforuxtion is available on experiments with
flexible structures. Reference 12 describes an experimental program
wherein complex scale models (1/4.5 scale) ware designed and tested to
determine the structural responses of the Apollo Command Module to
vater impact. In . le Apollo modeling program, a large number of high
frequency vibratio..s were excited during impact and the experimental
acceleration records obtained could not be reduced until the accelera-
tion measuring system was modified to limit the system to a flat
response from 0 - 600 cps. The data obtained were smoothed using a
least-squares, 10th orxder polynomial and the resulting curves were pre-
sented in terms of the rigid body acceleration-time histories. The
accelerations exhibited some oscillations, with positive and negative
values, after the smoothing. The maximum sensitivity of the accelera-
tion measuring system used in the experiments of Reference 12, express-

ed in terms of trace defleciion ¢n thke oscillograph record for unit

acceleration input, was about 0.03 inches/g.
In the present study, the experimental model was much less com-~

plicated than that of Reference 12 and it was hoped that any high

structural responses would be at frequencies considerably above the
frequency range of interest. However, this was not the case; the
structural responses are discussel in the following section. Also it

was considered that visual data reduction would be required in order to
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obtain the transient, oscillatory components of response for comparison
with the results obtained from the theoretical model.
Data from drop tests 1 and 2 ‘could not be analyzed because of high

frequency vibrations. Electrical filters were then placed in the

acceleration measuring system to obtain a system which was flat to

about 800 cps (see Section III). This change produced a more accept-

N e -

able record for the c.g. acceleration during drop test number 3, but
the record for the lower shell acceleration was overlouded indicating

, that the signal from this accelerometer was much too high. For sub-
sequent testing (drops 4, 5, and 6), the overall sensitivity of the

' acceleration measuring system was reduced to 0.0125 inches/g. However,

: records for the lower accelerometer continued to be overloaded at

. apprcximately 210g for the first 3 to 5 cycles of response.

The overload=d condition for the lower (shell) accelerometer
produced umacc2ptable results for integration to obtain the relative
deflection of the lower shell. The final data reduction from drops
4, 5, and 6 consisted of the following:

(1) Response frequencies were obtained from both accelerometer

traces. The accuracy with which oscillatory frequencies could be

determined was tatisfactory. The oscillograph was operated at a paper
speed of 80 inches per second during testing and timing lines were one
milli-second apart.

(2) Acceleration levels were obtained from the c.g. acceleration
records. However, in order to obtain data which could be compared with

the theoretical results it was necessary tc perform a visual harmonic

] . analysis of the records to remove structural responses corresponding to

the additional degrees of freedom (natural frequencies of vibration) in

53
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the test model. There are inaccuracies involved in making an harmonic
analysis of a transient type response. However, the accuracy is
considered to be within * 20 percent. Figure 22 shows a tracing of the
complex waveform from drop test number 5 and indicates the steps that
were taken to determine the frequencies and amplitudecs of the accelera-
tion components. Figure 23 shows the reproduced compiex wave which
was obtained by adding three componeats with an assumed griginal phase
relationship. This step vas taken to check the adequacy of the data
reduction procedure. The overall peak amplitude of the synthesized
wave was t 10 percent less than the original wave. Tracings of the
original records for drop tests 4, 5, and 6 are contained in

Appendix C.
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1.4 ip
[
.~ .01 Seci™* Tracing of Complex Waveform
n
. H
i
Low Frequency Component
120 cps
20.31 in. Amplitude
24,8 Peak g
’ﬂ‘\ Estimated Mean Value of Transient Pulse
: ¥/ +0.22 in. Amplitude
\ik 17.6 Peak g
‘;
n
'1
I
iy I High Frequency Component
: ‘i‘ ,l: f}‘ 330 cps
- ! \ 20.21 in. Amplitude
1! WA 16.8 Peak g
1! Y]
1)
u
L
Note: Drop No. 5 c.g. Accelerometer
0.05 inch thick shell
V° = 9.8 ft/sec
Figure 22
- Data Reduction Procedure
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Model Natural Frequencies of Vibration

Some of the important model natural frequencies of vibration were
obtained by tapping on the structure at various locatione and record-
ing the output from the accelerometers. This type of frequency survey
was considerod necessary in order that osgcillatory frequencies which

occurzed during drop testing could be properly evaluated. The results

of the frequency survey are presented in Table V. The model was

Table V

Water Impact Model Natural Frequencies of Vibration

Frequency Component and Mode
(cps)
340 Incal vertical bending mode of .032 inch
thick shell and lower accelerometer
525 Local vertical bending mode of .050 inch
thick shell and lower accelerometer
) 835 Local vertical bending mode of .080 inch
thick shell and lower accelerometer
1500 Vertical bending mode involving c. g. accel~
erometer and bracket
140 Coupled vertical response of plate and
700 upper structure

located above the water for this survey. The shell bending frequencies

presented involve the local arez of the shell near the lower accelero-~

meter. The corresponding vibrations obtained during the drop tests
(witn the model in the water)} were at lower .cequencies. The vertical
bending response of the c.g. accelerometer and bracket was not present

. in the test data in view of the filters used. With the lower shells

removed, the plate and upper structure of the model exhibited a
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coupled response with low damping st spproxiwately 150 and 700 cps.
During the tests, with the lower st~1l fastened to the piate, high
responses were obtained at frequencies of 1135 eps, 120 cps, and 133 cps
corresponding with the inszrallation of 0.032, 0.050, and 0.080 inch
thick shells respectively. A frequency of approximately 700 cps was
also observed in the test data with the 0.032 inch thick shell

installed.

Measured Impact Acceierations

Appendix € presents tabulated results from the data reduction.
These results ave summarized briefly in the following.

lower Shell Accelerations. The acceleration responses at the
centers of each shell were predominantly in narrow frequency bands
whichk changed for each shell thickness. There were freguency compon-
ents present in the shell vibrations during the early parts of the
impact responses which could not be obtained by visual reduction
because of the high levels of response at the shell vibration fre-
quencies. 1In each test record, the frequency of the shell oscillations
could be cbserved on the trace correspoading to the acceleration at
the center of mass. Hewever, in the cace of the model with 0.032 inch
thick shell, the predominant shell osciilation frequency could not be
obtained immediately following impact due to the very complex nature
of the response. Also, for this test, there was an additional response
frequency at approximateiy 700 cps in the record which prevanted
obtaining quantitative results from a visual type analysis. Therefore,
coapiete data reduction was not attempted for the test results from

the model with the 9.032 inch thick shelli. The shell vibration
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{icyueucies Ior cthe medels with 9.050 and 0.080 inch thick shells were
cbtained as average frequencies over the firet few cycles following
impact. The vibration frequency for the model with the 0.032 inch
thick shell was obtzined approximately 0.060 - 0.080 seconds after

impact. The predominant response frequencies were:

Model Configuration Shell Vibraiion Frequency
0.032 inch shell 276 cps
0.050 iach shell 330 cps
0.080 inck shell 400 cps

Since the shells were in the water, the response frequencies indicated
sbove necessarily involved oscillation of some water along with the
shell structure. The shell oscillations showed low damping after the
first few cycles of vibration. The actual peak accelerations could
not bz obtained since the records were overioaded during the first few

cycles of response.

Center of Gravity Acceleratiorns. The acceleration at the model

c.g. for each test involved significant nscillatory components super-
imposed on the transient rigid body type of response. The phase
relationships among the various components were different with the
different shells installed on the model. Hence, there was very little
correlation in the overall peak responses at any particular time after
impact. The peak accelerations obtained were:

Model Confizuration Peak Accelerations

0.032 inch shell +59.2 peak g oversll at 0.026 seconds
after impact

-66.0 peak g overall at 0.03 seconds
after impact
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Mndel Configuration Peak Accelerations

0.050 inch shell +63.5 peak g overall at 0.003 seconds
after impact

0.080 inch shell +50.0 peak g overall at 0.002 seconds
after impact

The above overail peak responsesz were significantly affected by
structural vibrations in the 115 cps - 133 cps frequency range. In
view of this, it was necessary to remove these responses by harmonic
analyses as previcusly indicated. The amplitudes of response at 120
cps and 133 cpe were removed from the overall recorded c. g. accelera-
tion-time histories for the test results with the 0.050 and 0.080 inch
thick shelle respectively. The test resuits for the model with the
0.032 inch thick shell were not analyzed in this manner. The result-

ing peak accelerations for tests 5 and 6 were:

Model Configuration Peak Acceleration
0.05C¢ inch shell 34g
0.080 inch shell 28g

Rigid Body Type Accelerations. The peak value of the transient

rigid body type response {over the first 0.02 seconds) was obtained
during the data reduction for comparison with results from the rigid
body theory in Section II. The pesk experimental value of this re-
sponse for the contact velocity of approximately 10 ft/second,
averaged over drops 4, 3, and 6, was 18.1g. This peak value was
estimated to occur at 0.08Z ~ 0.003 seconds after initial contact with
the water. The shape of the rigid body type acceleration-time history
could not be accurately obtained. The estimated shape was previously

shown in Figure 23.
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V. Comparison of Theoretical and Experimental Results

ATV ETRTN IPEE Ry

- Prior to a discussion of impact accelerations, it should be noted
that the peak pressure on the model with the 9,040 inch thick shell
was predicted to be 87.9 psi at a contact velocity of 20 ft/sec based

on the flexible body theory of Section II {See Appendix B, Table IX).

The theorestical pressure-time history indicated that the applied

% pressure would exceed the calculated critical buckling pressure
(35.3 psi) for a short time of ..out 1.5 millfi-seconds. The first two
dzops were conducted at contact velocities of approximately 20 ft/sec.
After the first drop, there were very slight waves in the lower

§ section of the 0.040 shell. After the second drop, this same shell
had a large permanent buckle approximately 0.75 inches deep. Subse-

- quent testing was conducted at the reduced contact velocity of 10 ft/
gec. No further buckling was encountered although the shell accelera-
tions were considerably higher than expected.

After the experimental program was completed, a very cursory
theoretical analysis was conducted to determine the magnitude of the
lower shell accelerations based on equations (2.44) and (2.45) 1in
Section II, It was found that the shell accelerations could be

several time higher than the c.g. accelerations. Further work with

these equations would be desirable in view of the fact that the
experimental results showed chat the shell accelerations exceeded 200g.
Although this study did not cover the shock wave phase of the
water impact phenomena the shock wave pressure on the lower shell
would be, by theory, on the order of pcVo where ¢ = the velocity of

sound in water (5800 ft/sec). For p = 1.94 slugs/ft3 and VQ = 10 ft/

F | 61
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sec, the pressure would be (equations from References 1 and 2)
p = pcVo = 647 1b/in?

The duration of this high pressure would be given by

Rvo -6
t = == = (0,435 x 107" seconds

2¢2
where R is the radius of the shell. Alsu; since the water in the test
tank was approximately 2.5 feet deep, a shock #uive would have traveled
to the bottom of the tank and returned to the top in approximately one
milii~second. The effects, if any, which these factors produced on
the experimental results are unknown.

The following sections will present a comparison of the theoret-
ical and experimental ascceleration-time histories tha£ were obtained
in this study. First, & comparison will be made of important response
frequencies and then a comparison will be made of the acceleration

levels.

Comparison of Response Frequencies

The theoretical acceleration-time history for a flexible body
{see Section II) indicates that the center of mass will undergo an
oscillatory response superimposed on the rigid body type of accelera-
tion-time history. Theoretically predicted frequencies of oscillation
were cbtained by plotting the acceleration data from the computer for
the mathematical models with 0.032, 0.050 and 0.08C inch thick shells.
For each cenfiguration, the theoretical frequency changes with time;
in the following discussion the frequency will be conslidered as the
average frequency which occurs during the first few cycles. Therefore,
the simple theoretical model predicts only one frequency or mode of

response for each configuration.
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The experimental results indicate significant oscillatory

responses at more tnan one frequency because of the large number of
degrees of freedom in the experimental model. However, there was a
significant frequency of oscillation in the test results for each

test configuration which did not correspond to a& natural frequency

of vibration with the model suspended above the water. For tests

with the 0.050 and 0.080 inch thick shells, tkis frequency was the
predominant response frequency for the lower shell immediately after
the shell contacted th water. Responses at the same frequencies, were
‘ also observed at lower acceleration levels at the model c.g. Table VI
{ compares these experimental frequencies with the theoretically predict-
ed c.g. response frequencies. It can be seen that the theoretical

i frequencies are about 11 to 25 percent higher than the experimental
frequencies. The theoreticsal frequencies are controlled by the mass

of the body and also by the approximations for che shell gpring rate
and the virtual mass of water. There areirsufficient experimental data
from the present study to enable separate evaluations of the validity

of the approximations.

Table VI

Comparison of Coupled Structural-Water Frequencies of Vibration
Obtained from Theoretical and Experimental Investigations

Model Configuration Theoretical Vibration Experimental Vibration

(Sheill Thickness) Frequency Freguency
in cps cps
) 0.032 308 276

0.050 400 330

§
0.080 500 400
63
. ISR




GAM/MECH 67-1

Comparison of Acceleration Levels

Section IV described the dsta reduction procedure that was used
for the model c.g. acceleration records and presented peak acceleration
ievels obtained from the experiments. Responses at 120 cps and 133 cps
were removed from the experimental acceleration~time history data for
the 0.050 and 0.080 inch thick shell configurations respectively to
enable a quantitative comparison of theoretical and experimental
results. The resulting acceleration-time histories for the first 0.005
seconds following initial contact with the water are shown in Figures
24 .and 25 for the 0.050 and 0.080 inch thick shell configurations.

it is observed that at time t = 0, the experimental curvez
start out approximately 180 Jegrees out of phase from the theoretical
curves. This negative peak (actually a positive downward acceleration)
vas observed in the test records for all the different shell configura-
tione. Therefore, the experimental data have been plotted with the
same initial phesse relationships that were obtained from the tests.
However, in the harmonic analysis of the data and in the removal of
compenents, it was necessary to assume phase relationships among the
frequency components in each record. Therefore, the phasiag in the
experimental data following cime t = 0 is subject to error. This
possible error in phasing did not appear to significancly affect the
peak accelerations. The experimental acceleration time-histories
showp in Pigures 24 and 25 exhibit peask values which are about the
same as the sums of the individual components,

The reason for the initial downward acceleration at the model
c.g., a5 shown in the experimental data, is not entirely known. 1In

the experimental model, the shells were fastened to beveled edges of

b4
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an aluminum plate and thz c.g. accelercmeter was mounted on a stiff
bracket at the center of the plate. It is beliewved that the strong
initial upward impact load at the outer edge of the plate cause& the
piate to bend with an initial downward motion at the center of the
plate.

Theoretical acceleration-time histories for V, = 10 ft/sec,

R = 24 inches, and W = 30 1bs, which correspond approximately to the
test conditions. are shown in Figures 24 and 25 for the first 0.005
seconds following initial contact with the water. The total time
interval over which the theoretical results could be considered valid
may be beyond 0.005 seconds, but the theory used did not consider
several forces, including bouyancy, which wcild limit the range over
which the theoretical results would be valid.

The peak values of acceleration from the experimental acceleration~
time histories are compared below with the peak theoretical values
which occurred during the 0,002 - 0.004 second time interval following
time t = 0., The average of the theoretical pezk values was approxi-

mately 10 percent below the average of the experimenial peak values.

Model Corfiguration Theoretical Peak Experimental Peak
Acceleration Acceleration
0.050 inch ghell 29¢g 34g
0.080 inch shell 2€.5g 28g

The theoretically predicted rigid body acceleration-time history

for V0 = 10 ft/sec, R = 24 inches, and W = 30 1b is shown in Figure 26.

[

A& peak value of 14.38g occurred 0.003 seconds after contact with the
water., The average value of the peak rigid tody type acceleration

(18.1g) which was obt:iined from the expzriments is also shown in

67
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Figure 26. The peak experimental value was estimated to occur at
0.002 to 0.003 seconds after contact with the water. Although peak
experimental values obtained from the data reduction ranged only from
16g to 20.8g, a wider range of possible error is shown in Figure 26
by the dashed linesg. Figure 26 also shows the first peaks in the
theoretical acceleration-time histories for the center of mass of
flexible structures. These curves illustrate the manner in which a
change of spring stiffness in the theoretical model will cause
corresponding changes in levels and frequencies of the dynamic

responses.
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VI. Conclusions

1. The theoretical developments of Section II for a flexible
structure provide a means for predicting dynamic interactions among
inertial, elastic and hydrodynamic forces during water impact. How-
ever, the present theoretical model is relatively simple and considers
only the flexibility of spherical shell structures. The applicability
of the theory to more realistic complex structures would require
additional study.

2. Dynamic magnifications of response and acceleration st the
center of mass, associated with the flexibility cof the spherical under
surface, are predicted by the theoretical model. Since actual struc-
tures are flexible, it is believed that the theoretical model developed
in this study provides more accurate predictions of acceleration than
the rigid body thecry. Measured and predicted accelerations assoclated
with flexible 0.05G and 0.080 inch thick shells were on the order of
30g whereas the predicted peak acceleration from rigid body theory was
approximately i14g. This study was limited primarily to the prediction
of relative deflections of the spherical shell and the acceleratioms
of the center of mass., Additfional studies of the acceleration of the
lower shell and virtual mass of water are required for a complete
understanding of the theoretical model.

3. Qualitative aspects of the theoretical and experimental
results compa~e favorably. Ome of the more significant aspects of the
results was that predicted coupled responses of the flexible body and
a virtual mass of water were alsc observed in the experimental results.

This qualitetive correlation of results suggests thaé the simple theory
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presented in Section II may provide an scceptsble apprcach for future
theoretical developments which are applicable to more complex systeus.
4, TIa general, the experimental and theoretical reesults compare
favofébly on a quantitative basis. The theoretically predicted
response frequencies were approximately 20 percent higher than the
experimental values., The theoretically predicted acceleration levels
for the flexible bodies were about 10 percent lower then the cxperi-
mentally obtained values. However, the larger number of degrecs of
freedom in the experimental model, and the attendant complications in
the data reduction, limit the accuracy of a quantitative comparison of
acceleration levels. Additional test results with an improved model
ars needed for a more accurate comparison of results and for future

improvements in the theory.
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VII. Recommendations

The following recopmendations ;re presented:

1. The snalyses should be extended to exsmine scceleratiop-time
histories from equations (2.44) and (2.45) using the Rimge-Kutis
method presented in Appendix B.

2. Additiomal testing should be conducted with 2 modified model,
perhaps with a fiberglass upper section, which is quite stiff, to
obtain better experimental data which can be compared directly with

theorecical results.

3. Results from the theoretical model should be checked on a
quantitative basis and an evaluation should be made of the validity of
the approximations in the theory.

4, The theory developed in Section II should be extended fto cover
other structural shapes. Also, an extension of the theory jato matrix
form would enable the prediction of impact loads in more complex

structural configurationms.
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Appendix A

Theoretical Data on Rigid Body Water Impact Loads

Method of Analysis

For the Rigid Body studies, equation (2.8) was programmed on the
1620 digital computer using finite difference techniques. Equation

(2.8) is repeated below:

'
y = L4 (2.8)
y 1+1‘2.3.3(_2.}:-12)3/2

24 \ R R?

The At time increment uged was 0.00025 seconds for the first ten
time intervals. This time increment was then increased to 0.00050

seconds for the second ten time intervals. Larger time intervals of

0.001 and G.002 seconds were also used for the later stages of motion -
of a rigid body since rates of changes were not very large.
Table VII shows an example of the theoretical data obtained.
Normally, the programs were run for 46 time increments. The radius of
the sphere, R, weight, W, and initial (contact) velocity, Vo, were

input data for the computer program. The constant for the virtual

mass to structural mass ratio was

C= TpgR? (A.1)
Vil

where pg = 62.5 1b/ft3
in addition to obtaining velocity increments, as defined by equation

(2.8), the output included the following:

Sin ¢ = (.2%.. g)i"z (A.2) "
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Ay = Svi - )'ri+1 (expressed as positive)
Acceleration (g) = Ay/(4it x 32.2)
Foxce = W x Acceleration (g)
Pressure = Force /{144 x n x (R sin ¢)2]
The input data for Table VII was:
R = 2 ft
W = 30 1b

Vo = 20 ft/sec
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Summary of Theoretical Data

Table ViIl presents a summary of theoretical data for the rigid
sphere entering water, Results were obtained from computer runs for
8 variations f{n the input data. The values of peak acceleration and
force presented correspond to the maximum values obtained from the
computer output sheets. The values of pressure presented correspond
to the first At time interval since these were the highest values
obtained for rigid bodies.

The peak accelerations presented in Table VIII are also shown in
Figure 27 along with a basic curve for R = 20 ft/sec, W - 30 1b, and
Vo = 20 ft/sec. Two of the three input variables always correspond to
those for the basic curve. The value of the third variable is indi-
cated in Figure 27.

If curves were plotted for each of the 8 variations in input,
the general shape of each acceleratiorn-time history would be similar
to the basic curve shown except that the peak acceleration would occur
at the respective point indicated in Figure 27. Curves have been
added to show trends due to separate changes in the three variables.
These data were obtained in the present study prisarily as an aid for
the selection of model weight and shell radius for the experimental

part of the study.
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Effects of Changing the Virtual Mass

In the foregoing discussion, the constant in the analytical
exprcssion for the virtual mass to structural mass ratio was
c= 1P gR
W
Yowever, much of the literature on water impact loads considers the

constant as

. 40 g R
¢ 3w

For ths following conditioms:
R= 2 ft
W= 301b
pg= 62.51b/ft?3
the values uf these constants are:

C= 26.18

C1 = 22,22

An additlonal computer run was made {V, = 20 ft/sec) using the
value C1 in the expressioa for the virtual mass. The resulting accel-
eration~time history is shown in Fig 28. The peak acceleration wae

reduced by 10.5 percent as a result of this change in the constant.
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Appendix B

Theoretical Data on Flexible Body Water Impact Loads

Deflections of Thin Spherical Shell Segments

In Section II, the momentum ocquation (2.18) contained the
fraction, x, which reduced the shell center deflection velocity to some
effective vertical velocity over the deflected portion of the shell.
Figure 29 shows approximate deflection shapes for a thin aluminum shell
segment 0.040 inch thick which were obtained from the Matrix Analysis
Program of Reference 10, The shell geometry and loading angle ¢ were
shown in Section II, Figure 10 and the shell center deflections were
presented in Table III for variouvs applied pressures. For the deflec-
tions shown in Figure 29, the applied pressure was 100 psi in each
case; these deflections correspond to linear theory only (no buckling
wag considered). It can be seen that the shell deformation is fairly
local (i.e. it does not extend appreciabiy beyond the edge of the
applied load).

An approximate value for the average deflection over the area of
the applied pressure loading mar be obtained from the following
simpiifying assumptions:

Assume the deflectioa varies linearly from 60 at the center to
§,/2 at the =dg2 of the applied loading. Then the deflection along the
projected radius lgs axpressed by

8(r} » (1 -5 5
2r o

and

) o
&{area) = %—111- [ 2028, (2 - %)dx (8.1)
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2 2
8(area) = 260 [ .z ]
Z 2 6

S§(area) = —%—- 60

Other analytical expressions for the average deflectior. .erhaps more
exact, could be developed based on the deflection shapes indicated in
Figure 29, However, the deflection shape under dynamic loading may

also be different than the curves of Figure 29 which apply for static

loading.

S A G ym— S——

The Runge-Kutta Method

The Runge-Kutta program sclves a set of first order differential

equations of the form

dyy

&t =~ B yps ¥y o o v ¥ t=1,2,..,n
A differential equation of higher order can be expressed as a set of
first order equations by a change of variables. For the standard
program used ir this study, the variables on the left sides of the
above statements were F{(1), . . ., F(3) and the right sides contained
the subscripted variables y(1), . . ., y(3).

Equations {2.42) and (2.43) from Section II were put into Runge-

Kutta format as follows:

*
v, m vO J‘.ﬁ so
51 ]

1 +8 (2.42)
.. K
yl T - 'i 60 (2‘43)
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Let: Y1 =Y (change in variables)

Then equations (2.42) nand (2.43) car be written as

y; = F(1) = y(2) (B.2)
. X
¥, = F@) = - % y(3) (8.3)
i .
f yg= F(3) = E* [(1 + ﬁ'*) y(2) - Vo] (B.4)

where, from Section II,

K .,Eh(_zzi.l)._ﬂ.l)_z)
R r?

3/2
: 3
- . R (29 _yQf

2 R RZ

In the Runge-Kutta program, initial values were assigned to t, y(1),

y(2), and v{3). In the present study, the actuzl initial values were:

A v g s e retn

: t =0
§ y(1) =0
y(2) =V,
y(3) =0

However, with these initial conditions, equation (B.4) above has the

indeterminant form 0/0. Therefore, y(l) was given a very small value

of 1 x 10-6 to start the program.
‘ An example of the output from the Runge-Kutta program is shown
in Table IX. Normally the program output is t, y(1), . . ., y(»).
[ 4
The program was modified to obtain c.g. acceleration, force, and
85
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pressure. though the initera force would be negative, the cutput
equations were arranged so that the loads would start out positive.

The conditions for Table IX were:

<
]

20 ft/sec

R = 2 ft

=
]

30 1b
h

0.04/12 ft.

E = 144 x 10.5 x 10° 1b/¢e2

pg = 62.5 1b/ft3
The programs were run with ¢ime increments of 0.00025 seconds for a
total time of 0.015 seconds.
Equations (2.44) and (2.45), Section II, were also put into the
standard Runge-Kutta format to- check the deflection-time history. The

equations used are indicated in the following:

s = M -

v, = o Vo =y (2.44)
- 1 ey « 1

y2 = —m* [K (yl - y2) - m* yzj (2-105)

where Y, is the coordinate at the lower center of the shell. This is
not the same as the change in variable previously indicaved. For

equations (2.44) and (2.45), let:

Y2 = V3
Then y, = F() = v -Z 53 (B.5)
c M
¥, = B(2) = y(3) (2.6)

J3=r® =2, [y - y@) - e y@]  ®.
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Where K and m* are the same as in the previous equations and

. / .

The output from the above equations yielded values for y(1) and y(2)
from which the relative deflection, 60, could be obtained. Table X
presents a comparison of resulte from the two sets of differential
equations. The initial values for y(l), y(2) and y(3) in equations
(5.5 through (B.7) were:

y(1) = 1 x 1070

y(2) = L x 1078

y(3) = 0
The structural parameters and initial contact velocity were the same
as those indicated for T;ble IX.

In order to evaluate the effects of changing the shell thickness,
and hence the spring rate K, additional computer runs were made for
0.032, 0.050, and 0.080 thick shells. The initial contact velocity
was 10 ft.sec te provide data which could be compared with the experi-
mental results (See Figure 26, Section V).

An acditlona’ study was made for a thick shell to determine
whether the equations for a flexible structure would converge to the
rigid body resulre when the spring became very stiff. A spring
stiffness corresponding to a shell 0.25 inches thick was used. The
resulting acceleration-time history is shown in Figure 30. An average
frequency of oscillation of 800 cps was obtained. However, the time

increment used {0.00025 seconds) provided only an average of 5 data

points per cycle which was not adequate to completely define the pezks

83
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Table X

Comparison of Relative Deiflections Az Obtained From the
Structural Inertia Force and the Hydrodynamic Reaction Force

(1) ()

e 2 2

0 0 0
.00025 .0042631 0048310
.00050 .0077597 .0081303
.00075 ' 0096794 .0098595
.00100 .0100486 0100586
.00125 0090846 .0089684
.00150 0071547 0069685
.00175 .0047176 0045195
.00200 .0022562 .0020967
.00225 .0002049 .0001186
.00250 -~.0011207 -.0011196
.00275 -.0015727 -.0014912
.00300 -.0011868 -.0011491

(1) - Values obtained from Equations (2.42) and (2.43)

(2) - Values obtained from Equations (2.44) and (2.45)
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of the -curve. The curve in Figure 30 was obtaized by constructing
approximate sine wavee through the data points. It appears that the
peak tc peak acceleration may continue to increase with time and thst

a small amount of damping would be desirable in the fiexible body

equations.
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Appendix C

Experinental Data on Fiexible Booy Water impact Loads

The experii.ental data obtained in this study were recorded on
tape and on a direct reading oscillograph (visicerder). The visicerder
results (osclllograms) were reduced for the analyses presented in
Sections IV and V. Since there were structural responses in the test
model which produced a rather complex waveform, it was necessary to
reduce the data by malJng an harmonic analysis of =ach record.
Figures 31, 32, and 33 shows traciaugs of the complex waveforms for
drop tests 4, 5, and 6 respectively- The visicorder that was used for
these records was opevated at a nominal paper speed of 80 inches per
g2cond, 7Timing lines on the records were 0.00f seconds apart. The
ralibration constant for these data was 80g (peak)/inch film amplitude.
Tables XI, XII, and XILI prescnt the detailed results obtained

from the visual harmonic analvsis of the records.
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Tracing of Acceleration Record for Model with 0.050 Inch Thick Sheli
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Tracing of Acceleration Record for Model with 0.080 Inch Thick Sheil
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Appendix D

Instrumentation Characteristics

1. Endevco Model 2245B Accelerometers
Sensing element - piezoelectric
- Resonant frequency -~ 28 KC or higher
Frequency response ~ flat within 5% to 5 KC
Amplitude linearity - Within ¥ 2% up to t 1000g
Sensitivity ~ Approximately 2.25 rms mv per pesk g with 30
feet of accelerometer cable

2. Modified Endevco Model 2607 Amplifiers
Gain - Continuously adjustable from 5 to 500 or greater
Maximum output voltage - Approximately 5 volts rms
Input impedance - Nominally 1000 magohms
Qutput impedance ~ 50 ohms in series with 4 microfarad
capacitor
Amplitvde linearity - within ¥ 1%

3. Spencer-Kennedy Model 302 Electronic Filters
Pass band - continuously adjustable in both bandwidth and
frequency in 20 c¢ps to 209 KC range

Insertion loss ~ 0 % 1 db
. Maximum input voltage - 6 volts peak
Input impedance -~ 2 megohms
Attenuation - 3.5 db at cutoff frequencies and 36 db per

octave in rejection band

OQutput impedance - 300 ohms

4. Type 531 Textronix Oscilloscope with Type 53 GA Plug-in Unit
Type input - Differential (DC or AC)
Input impedance - 1 megohm
Maximum input voltage - 40 velts peak on 1 volt/cm range
- 80 volts peak or 2 volt/cm range
Frequency response - flat within 3 db from 0 te 15 mc
gutput - Vertical-output terminal where voltage proportional
to input A, imput B, or A-B may be obtained

5. Bruel & Kjaer Vibration Pickup Amplifier and Frequency analyzer
Function - Performs double integration
Selected frequency range - 30 cps and above
Maximum input with gain settings used - 2.5 volts s at
100 cps

6. Homeywell Model T6GA-500 Galvonometer Amplifier

Gain - 0-1, continuously variable
Maximum output - 65 ma into 37 ohm load
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7.

9.

10.

Honeywell M5000 Galvanometers
Sensitivity -~ 31.3 ma/inch or 1.23 volts/inch

Honeywell Model 1012 Direct Writing Recorder
Paper speed - adjustable from .1 to 160 in/sec
Timing lines -~ 1, 10, 100 & 1000 lines/sec
Lockheed Electronics Medal 417C Tape Recorder

Internaticnal Telephone and Telegraph Ce. (Industrial Products
Division) Model CS-101 Accelerometer Cslibration System
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Theoretical and experimental investigations were made of respunses of spherical
shell structures subjected to water impact loeds. Effscts of structural flexi-
bility were evalusted and a simple mathematical model for predicting dynamic

loads in a spherically shaped structure was developed. Six model tests were
conducted; qualitative agreementi was obtained between the theoretical and ex-
perimentnl results. Theroretically predicted coupled responses of the model

and water were observed in the test results. The theoretically predicted response
frequencies averaged 20 percent above the measured freguencies. Predicted ac-
celeration levels averaged 10 percent lower than the experimentally determined
values.
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