[ (NASA-CR-143862) THE NASTRAN SAB SLAPDOWN  N75-25218
WATER IMPACT ANALYSIS Final Report

{(Universal Analytics, Inc., Los Angeles)
150 p HC $5.75 CSCL 20K Unclas
L ] . 83738 28757

UNIVERSAL ANALYTICS, INC.

Los Angeles



FINAL REPCRT

For

THE NASTRAN SRB SLAPDOUWN
. WATER IMPACT ANALYSIS

Presented to:

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Marshall Space Flight Center, Alabama

Contract No. NASS~29665

May 12, 1975

Prepared by

UNIVERSAT, ANALYTICS, INC.
7740 West Manchester Boulevard
Playa Del Rey, California 90291

(213) 822-4422



FOREWORD

This document presents the Final Report for the contract, "Flexible
Body/Water Interaction During Water Impact," Contract NAS8-29665. The
project was originated by the Marshall Space Flight Center (MSFC) of the
National Aeronautics and Space Administration (NASA), and performed by
Universal Analytics, Inc. (UAL).

The principal investigator for the proje;t Wa; Mr. D. N. Herting.
Messrs. R. L. Hoesly, K. Kahyai, E. G. Sergoyan, and D. R. Williamson
contributed in various phases of the effort. UAL would like to extend
its appreciation to Mr. D. A. Kross, the NASA contract technical monitor,
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Thoren of Teledyne Brown Engineering for his assistance in the prog&am
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ABSTRACT

This report describes the computer analysis of the hydroelastic inter-
action between a shell structure representing the Space Shuttle Solid Rocket
Motor Case and an incompressible fluid during the slapdown phase of water
impact. The large motions and hydroelastic response of the system is
obtained by numerical integration of the combined hydrodynamics and structural
equations of motion. The computerization of the slapdown hydroelastic
capability has been incorporated into the pgeneral purpose NASTRAN Computer
Code.

Included in this report are the development of the theoretical basis,

a guide to the program’s usage, results of correlation and parameter studies,
and a detailed description of the computer code.

The effort, performed by Universal Analytics, Inc.; under NASA/MSFC
‘Contract No. NAS8-29665, is a continuation of the previous task of de&eibéing
water impact loads for the SRB nozzle entry and broadside impact casés. )
Whereas the previous effort treated localized impacts over short time periodé,
the slapdown analysis capability will perform the analysis of large motions

of the entire booster case for a selected interval after the initial nozzle

impact.
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"1.0 INTRODUCTION

The Space Shuttle concept calls for a parachute descent of the expended
booster solid rocket motoxrs into the sea, followed by recovery. The water
impact portion of this operation will impart severe loadings which could
" influence the structural design requirements of the scolid rocket motors.
Marshall Space Flight Center (MSFC) has begun a test and analysis program
to study the dynamic response characteristics of the booster‘structures and
define envelopes of acceptable water entry and recovery conditions.

Afte£ the initial impact of the booster nozzle, the vehicle translates
and rotates into thé slapdﬁwn impact condition whereby large pressure lecads
may be applied to the cylindrical shell. The slapdown phase of'.the space
shuttle solid rocket booster (SRB) during water entry is a potentially crit-—

ical condition which depends not only on the initial impact condition but

-

also on the structural characteristies of the vehicle.

This report has been prepared by Universal Amalytics, Inc. (UAIL) to
describe the éheoretical basis, coding-design, and results for a comﬁuter pro—
gram to analyze the slapdown impact of a flexible cylindrical structure. The
slapdown analysis begins after the initial nozzle impact effects have sub-
sided. The user selects the initial position and velocities at the start of
the slapdown phase and the total period for the anmalysis. The computationél
scheme incorporated into NASTRAN analyzes the following effects at
each instant of time:

1. The hydrodynamic pressures
2. The shell response which includes. deformations (velocities and‘
accelerations) and stresses in the flexible body

3. Vehicle rigid body motion for the total vehicle load



The interaction of these functions forms -the-coupled hydroelastic analysis.
The structural model for the impact problem consists of eylindrical finite
shell elements. The effects of the fluid is modeled by analytically
caleulating the fluid pressures from the structure motions and applying the
resultant loads directly to the structure.

The analytic development of the fluid equations is contained in
Section 2.0. The effects of hydrodynamic pressures, bdoyaﬁcﬁ;‘drag, and large
angle changes in the #ehicle.orientation are included. The equations are
derived with the goal of developing the forces on the structural finite element
model Whicﬁ will, in turn, be dependent on the motions of the structural
degrees of freedom. _ The ¥esu1ting expressions have been cast in a“form
conducive to effiqient compuler processing.- The chapter concludes with a
discussion of the numerical stability of the transient integration method.’

The method of providing more exact and stable solutions to the nonlinear itera-—

tions is developed.

A description of the testing of the computer analysis with finite element

- t
models of actual structures is given in Section 4.0. Experimental results are

1
1

compared with the analytic values fq; the 120-inch diameteil (77%) tes% vehicle.
Appendix B contains an extensive set of these comparisons. A full scale SRB
analytic model was also tested for various impact conditions. : Also included
in this chapter are the conclusions and recommendations based on the re;ults
and the experience with the program.

The detailed user guide and programming descriptions for the new water
imayct analysis capability are described in Sections 3.0 and Appendix A
* respectively. The code is implemented in the Level 15.5 WASTRAN structure
analysis program as én extension of the existingfdirecé transient analysis
capability. The format of the descriptions, is similar to the format used in
the NASTRAN User's and Programmer's Manuals and may be-in;erted in the appro-~

priate manuals.
2



2.0 THEORETICAL DEVELOPMENT

2.1 DEFINIT;ON'OF THE SLAPDOWN WATER IMPACT PROBLEM

When a flexible shell such as the space shuttle solid rocket motor case
(SRM) impacts upon water, high pressures are generated on the shell surface,
causing rapid local deformations of the shell and large overall displacements
and rotations of the center of mass. These deformations and their time rates
of change interact with the fluid to modify the pattern of flow about the -
shell and, consequently, the pressure profiles and subsequent shell deforma-
tions. It is essential to accurately predict the forces aéting on the vehicle
and the vehicle's motion during water impact in order to satisfy the structural
desigr requirements of proposed configurations.

In the slapdown phase of the SRM water impact the following forces act

on the structure:

1. The submerged portion of the structure interacts with the water to
produce a three-dimensional flow field dependent on the vehicle
.position and velocit&._ The resulting pressures on the Sheli'will‘
produce 'hydrodynamic" forces which produce loéal defo%métions and
acceleration of the overall rigid body motions.

2. Hydrostatic and gravitational forces are produced due to buoyancy .
effects of the submerged volume and mass of the vehicle respectively.
Thesé forces will primarily contribute to the overall vehicle motion;
their effect on local deformations is small.

3. Although the viscous fluid drag forces (i.?., Yskin friction") will
be small when compared to the hydrodynamic forces, they will act as
damping forces on the overall vehicle motion and affect the results

when the analysis is performed over the full slapdown time period.



These forces are absorbed by the vehicle as a combination of structure
deformations and inertial reactions, dependent on the structure stiffness and
mass properties.

The structure to be analyzed consists of a cylindrical sﬁell with an'
arbitrary axisymmetric interior structure. The ends of the cylinder are en-
closed by a nose section and a bulkhead/nozzle structure. The structure may
.be represented by an axisymmetric finite element model whereby the local dis-
placements at each station are represented b§ a Fourier éeries. This allows .
a matrix formulation using uncoupled harmonics and a relatively small number
of degrees of freedom. Because of the large overall displace?ents and rota-
tions, the dypamics of the structure.will be separated into nonlinear rigid
body motion and linear local deformations. The deformations will be measured
in a coordinate system moving with the center of gravity.

The impact problem must be analyzed by pumerical integration of the
equations of motion with respect to time. At each point in time the‘ﬁositions,
velocities, and accelerations of the structure are used to calculate?the cor—
responding fluid dynamics. The resulting flu;d pressures may then bg resolved
into forces on the structure which, in turn, affect the structure mofion.

This numerical transient p&ocedure is developed to achieve accuracy and
Stabiligy within the constraintsuof economics and computer hardware. Because
of the large changes in the fluid-structure interface; the fluid forces must
be treated as nonlinear loads which depend on displacement, velocity, and
acceleration, rather than as known functions of time. When the nonlinear terms
become predominant and conventional numerical transient methods are used, a
numerical stability é&oblem results. In the effort prévious to this contract

[Ref. 1] the standard NASTRAN nonlinear capability proved to have limits on

the physical parameters of the problem to be solved.



In the following sections the theoretical development of the equations
of motion and the water impact loads will be presented, followed by a descrip-
tion of the numerical integration procedure. An overall summary of the

‘computational steps concludes the theoretical report.

2.2 EQUATIONS OF MD%ION
In the following development, the motion of the SﬁB structure will be
separated into two types of displacements. The rigid body motion of the
structure will be measured by the displacements and r;tation at the center
of gravity in a fixed coordinate system shown in Figure 1. TIn addition,
the deformatibns of the structure are assumed to be linear swmall motions
measured in a moving coordinate system fixed to the body as shown in Figure 2.
The structure itself is &&sumed to be an axisymmetric shell. AF each

station along the axis, the displacement field is defined bywthé coefficients

uz, ug, u, of the Fourier series,
u (§) = Eé% u?i cos nb
N
‘u¢(¢) = Eéé uzi-sin nd (L
L
u (¢) = Eouzi cos nf

where ur(¢), etc., are the actual displacements at angle,-¢, as‘shown in
Figure 2. For a more detailed description of this method of structure model-
ing, and the options available, see Reference 2.

Ir order to separate the local displacements from the rigid body motion

it is necessary to develop a transformation where: -
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{u.} = {u,} + [D,] <W - (2)
CcG

The matrices, Di’ in effect, are the free-body modes of the structure.

Since energy is .preserved in the tranmsformation, the net forces on the center

of gravity are

Py = ot (F) 3

CG

When the transformation given above is obtained; the equations of motion may
be separated into the free body and deflected components as shown in the
following development. ‘

The structure is defined by a stiffness matxrix [K], a structural damping

‘matrix [B]l, and a mass matrix [M] where

[M] {ﬁ}abs + [B} {ﬁ}.abs + [K] {u}abs = . {1'3} (%)

where {u} is the vector of absolute displacements at all points on the struc—
ture and {P} is the corresponding set of applied loads.

Substituting Egqs. (2) and (3) into Eq. (4), and noting that a rigid body
displacement does not produce internal loads on the stiffness or damping
matrices, two separate equations of motion are thained.

The equation for local deformation dis:

) {8}, + 0] fak, o+ K] Ludy, o = {2} - ] D) {0}, (9

local
Since the daﬁping and stiffness matrices do not. restrain rigid body
motions, the equation for rigid body motion is:

1* n 1 U, = (017 {2} ' (6)

Equations (5) and (6) provide the basis for the solution of the problem.

A set of loads {P} are generated from the fluid pressures, gravity, etc. and
8



transformed to rigid‘body‘loads for use in Eq; (6). The rigid body accelerations,
{U}, are obtained from Eq. (6) and igtegrated to produce rigid body velocities
and position. The right-hand side of Eq. (5) is a set pf loads on the struc-—
ture which includes the inertial loads due to the rigid body motion. The l;ad
vector is in equilibrium and, when applied to the structure transient algorithm,
theoretically will produce mo free body motioﬁs.

Note that the matrix [D] is the collection of all partitions [Di] described
by Egs. (2) and (3). If the body is undergoing large rotations the [D] matrix

changes with time, however, the matrix product on the left side of Eq. (6) re-—

mains constant, since the rigid body mass matrix at the CG is defined as:

) M 0 O
017 (M) D] = o M o© )
0 0 1l

where M is the total mass of the structure and T is the inertia.

Since the matrices [#], [B], and [K] are created by the finite element model
and are developed in Reference 2, Eq. (5) may be solved with the linear struc-
ture analysis. The remaining tasks are to define the load wvector, {?}, and
the transformation matrix [D]. The latter is derived quite easily in terms
of the geometry and equilibxium of forces as descfibgd below.

The forces on the structure may be defined as coefficients ng, ng, in
in the Fourier series representiﬁg the .cirecumferential force distribution at

each station i.” The total force-vector in vehicle coordinates at each station

may be obtained by the equations:

21
f [Fri((b) cos ¢ - F(bi(¢) sin @] d¢

¥ 4 =
x 0
= Fl. .....'Fl. (8)
ri ¢i
21 0
in - ./; in(¢) d¢ = in



The total force acting at the center of gravity is the sum of ‘the
resuliant force at each station. The total moment about the CG is cbtained .
by multiplying the forces by the distance from the center of gravity.

Rotating the forces into the absolute coordinate system results in the

following equation for the net force at the center of gravity:

[~ T

¥ sin 8 - . sin © cos © - Fl,
X ) Ti
Eé‘ = E cos 8 - cos 8§ - sin B F;i (9
H . 0
Ml . | % 84 0 1

where Gi is the location of station i relative to the center of gravi%y.

The transformation matrices [Di] defined in Eq. (3) are- the transpose
of the matrix on the right side of Eq. (9). In the actual calcﬁlation algo-
rithm these matrices need not be generated explicitly;‘the 105&3 and acceler—

ations are transformed as they are needed.

2.3 VEHICLE LOADS

In this section the dynamic loads applied to the §tructure will be
develdped from tﬁe position of the wehicle and its displacements, vel;cities,
and accelerations. At any point in time the position of the vehicle is
illustrated in Figure 1. The pressures on each vehicle station are calcu%ated

individually from the local properties, transformed to loads on the structure,

and used to calculate the vehicle response.

2.3.1 Coordinate System Relationships

At the point of intersection of the vehicle and the water surface at each
station, two coordinate systems are erected. The types of systems to be used

In the fluid analysis are shown in Figures 3 and 4. In Figure 3, the basic

10
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rigid body positions are used to define the penetration of each section of the
structure. In Figure 4, a local coordinate system is placed on the surface.to
define the flow in the reéion of e%ch station.

Referring to Figure 3, the distance from the center line to the water

surface, Tos and the location of the intersection, Xi’ may be obtained from

the equations:

X.i = XCG + 6i cos O + r, sin 3}
and ) (10)
r, cos 8 = Gi gin B - ZCG
or
Xi = XCG + (Si - ZCG sin 8) [ cos © (11)

2.3.2 Hydroelastic Impact Loads

The solution for the potential flow problem assuming impact of a cylindri-
cally shaped body will be summarized in this sectiom. This case is'representa—
tive of the broadside slapping condition assuming the booster to be a cylindrical

shell. Expressions will be developed for three-dimensional pressure distri-
i
. . 1

butions which will include the interactive effects between the flexible shell

and the fluid. These loads are calculated for penetration depths whiéh are
less than the radius of the cylinder.

F&ilowing the procedure described in Reference 1 for determining the ~
velacity potential ¢, we shall represent the wetted su%face of the penetrating
shell by an expanding flat plate having a variable width 2a at each vehicle
station.

In Figure 4, the coordinate system used for analyzing the potential

flow is illustrated. The elliptic coordinates 1 and § are defined by the

equations:

12
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a coshf cos n

z a sinhf sin (12?

where a is the half-width of the intersection of the vehicle and the fluid
surface.

Referring to Figure 4, the half-width, a, of the ﬁetted surface is related
to the radius of curvéture of the shell, R, and to thé distance to the water
line, ri. If the shell's change in curvature is small in the neighborhood of

" the water line, the following equation results:

B[ b=

0 2 2 N »
a = ® -xD° , @< . 13
where a and T, will vary along the length of the cylinder.

The use of an elliptic cooxdinate system is found teo be convenient, since
both the plate and planar.iree surface are distinct coordinate surfaces. The -
focal distance is equal to the width of the ﬁlate._ In the elliiptic coordinate
‘system,'Laplace’s Equation is:

R “n2 2
v2.® - 1 g% , 9 @ o

+ +
(sin.h2 £+ Sin2 n -]e 52 3 nz

= 0 (14)

where ® is the wvelocity potential function.

A set of solutions to the above equation which conforn ito the boundaries.

defined in Figure 4 are defined by the equation:

6 = % (Bm + B (&~ X,) ')ie—(.Zm-i-l)E sin(zm + Dn (1)

where the coefficients B and B&; to be determined from the velocities, repre-
sent linear variations in the x direction. Note that the choice of a linear
function for the x direction restricts the velocity parallel to the cylinder

.. axis to a constant for each sectionof'the structure. In effect, this is a

finite difference method for evaluating the effects of flow parallel to the axis.

14



At the moving surface (§ = 0) the coefficients Bm and B& may be evaluated

with the following relation between potential and velocity:

3%

V@|€=O = 5 = -V (16)
and
9 _ 303 _ _ 1 30’
9z 9 z a sin n 3§ (%7)

Equation (15) is evaluated using Eqs. (10} and ﬁl?) at £ = 0. " Using the

orthogonality condition produces the following equations for the coefficieunts:

i
_ Z2a i . .
B, = ?EEFETESE?df; vn(n? sin(2m + 1)n sinndn (18)
ABm Bifl _ B; 1
B’ = D2 . (19}
AX i1~ %o

, i, . s . . co s ’
where Vn is the equivalent velocity function at the surface. - These velocities
are the sum of both rigid body motion and local deformations.

Since the known velocities occur as Fourier coefficients on thé‘surface

i
of the cylinder it is necessary to develop an approximate method of transfer-

ring them to the flat surface, £ = 0. If Vr is a velocity normal to-the shell
i

at an angular position ¢, the f£low, er, from the shell surface is:

dQ. = V_($) (Rd¢$) (dx cos 6) (20)

The flow through a corresponding section of the flat surface is:

dQ_ = V_ dxdy (21)

At this point we introduce a transformation between the points on the shell

surface and the flat plate. Using a constant one-to-one transformation

results in the equation:

. ag -
v = acosT = “-'“':(?]T £22)
sin (_ﬁ)

15



Equating the flow through the two surfaces and including the inclination
effect results in the following velocity transformation:

R

v, = 7

i * & cos & 7, (9) ,(23)

The velocity at the shell surface is defined by the Fourier displacement

P 13
coefficients U, where:

N
11
V£(¢) = 2: v, cos nd (24)
n=0
Substituting Egqs. (23) and (24) into Eq. (18) results in a more
convenjent definition of the flow coefficients:
. -1 .a
2R sin Ci) cos 8§ N -
B, = z Imn u_ (25)
T(2m + 1) n
where
™
I = J cos nd sin(2m + 1)1 sin n dn (26)
— -
0 .
and B c o
_ . —1 ,a ; ’
¢ = sin ~ (;) cos 1N 2n
Note that the dimensionless integrals Imn are functions only of the width a,
and wmay be precomputed numerically as tabular functions. The coefficient Bé
is obtained from the numerical .difference between two stations.
The pressure field in the fluid may be obtained from the potential
golution using the linearized Bernoulli equation:
dd
= 05 (28)

where the derivative of & must be evaluated at a point fixed in space. The

value of the potential & at the flat surface'f = 0 1s obtained by substituting

Eq. (25) into Egq. (16) resulting in:

16



2RI sin ™t (&)
My = L Z

cos 0 sin (Zm + 1)1 o
T (2@ + 1) T

Since the coordinate system in which we are measuring ¢ is moving and

expanding, the following terms are functions of time.

Because the velocities are measured on the moving body:

«T1
du

-1l
h «IL dur -
T T E (30
Because the body is moving relative to the fluid:
- r.i.
. 0 . ' ,
r, = 5o [6i sin 6 - ZCG / cos 6] (32)
: iCG-
= (ri tan 6 + Bi)e ~oos B (33)
. oL . . ‘ i
= 4 (obtained by numerical difference) i (34)
mn, da . . ‘I
. d -1 ) i
n o= 3g [cos ({-) ]. = —z— cot T : (35) .

After performing the appropriate substitutions and differentations in

Eqs. (28) -and (29), the pres'sure equation beconmes:

u}.l :
_ 2 . =1 a. (n__ o r -) .
p|€=0 T PR sin (R) cos B 121!- %{ -Imn Ly wenle
'alI“ . . ’ - .
-i-( on mn. ) b ﬁn] sin(Zm + 1)n
. 9a: B2 - a2 .T

{(m + 1)

-

a, n
+ Imn(a)ur cos. (2m + D)n cotn}

(36)

The above pressure distributions could be evaluated as a set of points.

along the flat surface, multiplied by the area to produce forces, and added

17
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to the structure. However, since the structure loads must be in the form of

Fourier coefficients, it will be more convenient to perform a direct trans—

Formation from Eq. (36) to the harmonic load, Pr’ on the K- harmonic, where:
Ic

2m .
Pr = RAX.[ p($) cos k¢ d k>0 {37
: 0
o
P) = mAX [ p(9) do (k= 0) (38)

In order to conserve energy in the transfer of pressure from the flat
surface to the shell we observe that if the flow is equal, the pressures
nust be equal, or .

p(®) = Pl (39)

Also, in Eqw (37), the integration variable, d¢, may be transformed by
the equation

dy = —asinndn = fitb' ” (40)
sin (i)
d¢ =

- sinul. (%) sin 1 dn

(41)
. - Substituting Egs. (36) and (41) into Eq. (37) we obtain the kt harmonic

of the load on station .i of the surface of the shell, Pr, where:

o, P AR ALy
P = - DPRAX sin T(Q) cos 6 % E‘{[(ur_ ox X)

+ ( 1 aImn.
I

1 ) . -n.] ImnImk
+ “a u —_—
- mn da R2 - a2

r
a
Imn']mk %

a n
+—-u
a r

(42)
18



and

T
Ta = J cos kp cos(Zm + 1) n cos 7 dn - (43)

0
Note that the same integral functions Imk are used to transfer loads as were
used to transfer velocities. The J , integrals are related complementary

mk

functions.

Equation (42) may be used to calculate the fluid impact loads directly.

The integral functiomns Imn and Jﬁn are precalculated by numérical integration
for a set of values of a. At each station the values ri,‘a, 4, and % are

obtained from the rigid body diéplacements and velocities. 1If 0 < rs < R and
a > 0, the velocities and accelerations, ﬁ? and ﬁ: are obtained from the pre-

. . . oL . .
vious solution. The integral values Imn’ Jmn’ and an are obtained by inter-

polating the precalculated values using the local value of a. Equation (42)

is then evaluated for 2ll harmonics to preduce the load vectorx.

2.3.3 Additional Loads

Although the previously developed hydrodynamic impact loads are the
major cause of structure deformation and integnal stresses, the rigid body
dynamics, réquired for the above calenlations, are also dependent on other
sources of loading. These loads are the buoyancy, gravity, aﬁd fluid damping
forces. In addition, the above development is only valid for paréially sub-
merged sections of the structure. Forces‘due to attached virtual fluid mass
on the submerged structure will affect the structural response. The above

effects are described individually in the following discussion.

Buoyancy Loads

The buoyancy loads will be added to thedynamic loads at each stationm.

At each station, i, the displaced volume is:
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5
AV = E‘[6i+l - 61—1] (44)
- where the cross sectional area, S, is:

r

2 )
s = -%f-[n - 2 sin * = } —r, 2 2 (45)

- <
(-R < T, R)

-The incremental loads, in structure coordinates, are:

APi = - ppAV cos 8
' (46)
AP; = pgAV sin 6
Gravity Loads
The met gravity load at the. center of gravity is:.
= Mg (47)

r
z2g
where M is the total structural mass and g is the acceleration of gravity.

Viscous Drag Loads

The viscous drag loads will be applied to the individuwal structure
stations in order to provide realistic damping to the structural deformation
The user provides the coefficients CDZ and CDr; The resulting forces at each

station are:

o _ _1 Z0\2
APz B 2 pCDz (uz) ci
(48)
2
(| L (k- ad)
APr P¢ > pCDr [2 (ur u¢ ]



r

¢, = Rlw - 2 sinnl-i%) (-R < T < R) (49)

Note that the superscripts 0 and 1 refer to the harmonic and the sub-

scripts refer to direction of the motion and force.

Virtual tass Effects

When a section of structure is more than one-half submerged, the hydro-
dynamic impact loads are negligible. However, a certain portion of the
surrounding fluid remains attached to the vehicle and will modify the struc-
ture dynamics. The magnitude of the mass may be obtained from the solution
of two~dimensional flow about a cylinder. A solution to Laplace's equation

in cylindrical coordinates is:
N -n n
& = (Anr + B r ) cos nd (50)

n=1

The boundary conditions are:

& = (0 as T >
(51
V¢ = -V_ = I dcosnd at r =R
T r
The potential coefficients Ah and Bn are therefore:.
o+l
A = 2@
‘I .. r
} (52} -
B, = 0
n
The pressure function at r = R is therefore:
y R .n
P = o = p = u_ cos nd n >0 {53)

The force on each harmonic is defined by the equation:
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Pt = M‘f P(6) cos n db n > 0
0

r ™
(54)
2T
Pg=%_/o. P($) dd n=0

where AL is the length of a section and R is the radius. Substituting
Eq. (53) into Eq. (54) results in the equation defining the virtual mass on

each. harmonic n as:

o= oM u ' (56)
n nn r
where
RZAL :
pranl I

On the zeroth harmonic, a special case, the virtual mass is:

_ 2,
Moo = 2pR°AL (58)

Because these masses change when the vehicle moves into the water, the
. n . )
resulting loads, Pn’ are calculated directly. The masses are scaled accord-

dng to the wetted area for depths between ome-half and fully submerged.

2.3.4 Loading Application

11 n . . .
The loads Pr and PZ on the structure developed in the previous sectilons

are resolved into loads on the rigid body, and the rigid body accelerations

Eragsfo;ﬁgtibns developed .in Séétion'2;2

_iré Sbtatnid: (from Tq.; (§)) Uaing th
the inertial reactions are obtained and added to the structure load vector,
resulting in a set of loads that will producé only displacements relative to
the center of gravity (Eq. (5)). These loads afe used in the load vector, Ne,
applied to the structure at each time step. '

The filuid loads are produced by structure accelerations and wvelocities
which, in turn, are dependent on the loads. Theée equations are solved by

the transient integration algorithm described below which calculates the

response one time step at a time.
' 22



2.4 TRANSIENT RESPONSE NUMERLCAL METHODS

In most WASTRAM probiems,.the transient analysis of regular structures
having predetermined loads is a stable, accurate numerical procedure. However,
when the loads are functions of the velocities and accelerations, such as the
water impact of a flexible structure, the numerical stability of the system
becomes critical. The basic parameters for choosing an integration method are:

1. Stability: Tor certain combinations of data, most nonlinear tran—
sient integration methods may produce a set of errors which grow with
time until a numerical overflow occurs, indicating a lack of stability.

2. Accuracy: In some casés, the errors remain bounded bu£ eventually
dominaée the solution, causing poor accuracy.

3. Efficiency: For a given problem size the efficiency of a method
generally decreases with increased stability and accuracy. Unecon-
ditionally stable and accurate methods generally tend to require
very small time steps, many matrix inversions, or extensive manipu-
lations for each time step.

In order to solve the overall problem of hydroelastic fluid/structure
respouse during a water impact, a modificat;on of the NASTRAN direct transient
analysis-rigid format has been chosen.

The basic equation of motion for the water impact analysis is expressed

by the fellowing matrix equation:
] {8(o) ) + ] {w®)} + &K {w@®} = O} + §,(w,u,i)) (59)

where [M], [B], and [X] are the structural mass, damping, and stiffness
‘matrices, {u(t)} is the vector of displacements of the structural degrees
of freedom, {P(t)} is a vector of pre-defined loads, and {NR} is the velocity

and acceleration-dependent f£liuid load vector which depends on the current state
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of the system. The method and equations are described in Section 11 of the

NASTRAN Theoretical Manual.

2.4.1 NASTRAN Algorithm

In the application of the water impact analysis to the NASTRAN algorithm,
the loads created by the fluid pressures, including the rigid body forces,
are entered in the {Ng} éector. At each point in time, ;he displacement,
velocity, and accelerations of the structure points and CG motions are esti-
mated from the previous time step. The new loads are calcﬁlate@ using the
equations given in the ﬁrevious chapters and an improved set of displacements,
velocities, and accelerations is computed. The process continues until
Eq. (59) .is satisfied and the time step is incremented.

The numerical form of the equations of motion in the NASTRAN algorithm
is:

(8,1 {u, .} = P, + Np(ug b0 + [A] {u b+ A {u, .3 - (60)-

where i is the time step index, i.e.:

{ui} = {uCti)}

1 1 1
[A] = I— M+=—-B+=
2 _At2 2At 3
[Al] = %M—%K (61)
At ‘
1 1 1
[A] = |-—=——=M+-—B =K
o i Atz 248t 3
P, = 1 {u +u, +u, )
i 3 Uil i 1
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and At = ti+1 - ti is the time step size. Note that the solution vector

{ui+l} is required to calculate the fluid load {Ng} since:

.- - 1
1, = ==~ (u. - 2u, +u, .)
i At2 i+l i i-1
(62)
. 1
oy = FRg gy~ 9yg)

If a vector {ui+1} is found such that Eg. (60) is satisfied it may be
shown that the NASTRAN transient integration is unconditionally stable.
However, if only an approximation from the previous sclution for the load,
NQ, is use&, the process may diverge as described_in Reference 1.

A method for solving the above problems and correcting for divergent

characteristics will be developed in the following sections.

2.4.2 HNonlinear Load Iteration

At each time step in the transient integration it is desired to obtain

a displacement vector {u., .} that provides a solution to Eq. (60). A direct

i1

method would be to expand the nonlinear loads {Ng} in terms of their

derivatives, i.e.:

ol o= - gl fa) - (s {ag) (63)
where
M = -~ BNRi
£, ot
1]
) at ui (64)
BNQ.
B, = - oo
£, . au.
1] N

Substituting the finite difference forms of ﬁi and ﬁi into Eq. (60) we

obtain:
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_ 1 1 : 5
(a1 fug g} = - [Atz Me + 35¢ Bf] fag 43 + {2}

(65)

2 1 1
|- M +A i {uwt+|—=M - —=—3_+ A | {u .}
[ Al £ 1] i [At2 20t °f 2] i-1

Note that the equation has a direct solution if the matrices associated
with {ui+l} are combined and inverted. This procedure would be c?stly,'how~
ever, since a matrix generation and inversion would be required at each time
step. )

An iterative method may be used to solve Eq. (65) implicitly whereby
the solution vector is obtained by repeated substitutions into Eqs. (62) aﬁd

(60). If Y, iz the nth approximation to Usigs the iterative equations are:
[8,] {y_,;} = MG} +{ct .- ~ (66)

where the constant terms are collected in the vector {C} which is:
{ct = {3+ [a] {u}+ [a] {u,_,} (67)

and the process is started by extrapolating from the last time step by the

equation: .

3} = n, +u, , At +1E L AE (68)
o i i-1 2 "i-1

Starting with the initial estimate, Vo the fluid loads are calculated. -
Equation (66) is solved for the next approximation. The process is repeated

until the loading error is sufficiently small. The error vector; {En},_is:
{sn} = {Ng(yn)} + {¢c} ~ [4,] {yn} . (69a)
or, substituting Bq. (66) withn - 1 for‘yn we obtain:

{en} = {Hﬂ(yn)} - {Ng(yn_l)}' . (69b)

2.4.3 Stability Analysis

In some cases the load iteration procedure may be unstable itself. 1In

effect; we are solving Eq. (65) in the form:
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[4,] {y b = - [F] {y } + {c,} (70)

where
~ 1 1
[F1 = [——-—2 Mf + SAE Bf] 70
At
and
{CZ} = the constant terms

Equation (70) is very similar to the equation used in eigenvalue analysis

whereby the vector contains a set of modes {¢j} defined by the equation:

A [8,] 0,3 = - IF] {o} e

The wvector, {yn], will be a combination of the exact solution, ye, and
the modes in the form:
—- n
{yn} = {ye} + F oy {¢j} _ (73)
where Yo is the exact solution to Eq. (70), and a? are the error coefficients.

Substituting Eq. (73) into Eq. (70) we obtain:
kB
o A .fo= —-o., [F . 74
T s, {0 5 171 {8, (74)
therefore, comparing Eq. (74) to Eq. (72) we observe that:
= A0n : (75)

If [le > 1, the error coefficient aj will grow and the process will
diverge. Examining Eq. (72) we observe that if the matrxix [F] contains-larger
terms rhan the matrix [AZ], some A values will cause divergency. This is very
possible in a water impact problem when the mass of the attached fluid repre-
sented -in the matrix [F] is larger than the structure mass represented in the

matrix [AQ"
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A similar problem was solved in Reference 3 by the method of extracting
the actual system modes at each time step using a single step iteration proce-
dure for a fixed numwmber of modes. This allowed the explicit solution of Eq.
(59) and sﬁpressed the divergent characteristics. In the following discussion
a similar method will be derived which, in effect, will directly measure and

remove the errors from the solution.

2.4.4 Error Elimination Procedure

In the discussion above it is noted that the load iteration procedure
produces error vectors that are dominated by the eigenvectors of the matrix
equation. If a series of the vectors ¥qs¥ps-+-5>¥, are obtained by a series of
iterations, their differences will be rich in the dominant- error modes. As an
alternative to Eq. (73), the solution may be expressed as a combipation of
these vectors or:

fy,} = {y 3 - [ul {o} _ (76) .

where

v} = Iy; -v v, - 1] (77)

I 1
o172 71y e

The errors are contained in the matrix U, obtained by the iterations; and ye’
is the exact solution. If the coefficients, ¢, the weighing factors which may
be determined from the equations below, are obtained, the solution Ve is
available. ‘

If Eq. (70) is substituted into the basic iteration equation, Eq. (70},

the result is:

[AZ] {yn} - {Az} (vl {0.}. = N(ye) + {c} (78)

assuming that the vector {N} is linear for small changes in y, the exact
load is:

Wy} = WY - [F] (0] {a} (79)

and from the last iteration:
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)y = [al {y .} - {c} (80)
therefore

n

[ 161 103 - Wy 1] 03, 5 0]y, - v (81)

The matrix [F] need mot be evaluated explicitly since each column, {Un}’

of [U] may be modified by the identity:

7 (0} = [F) loy -y b = -l Ly, -y} @)

Combining the above equations results in an expression for the unknown

coefficients o

. X
~ [A] [Yz = 2y F Y feee iy 2yt yN_l] {o} = [A] gy — 7
i

——

(83)

or [A] [A] {o} = .[A] {8y}

The above equation results in an exact solution only if the left-hand matrix

can be inverted. Since the matrix on the left is rectangular it must be trans-

formed to a square matrix. This is performed by pre-multiplying both sides of
Eq. (83) by the load matrix U'. The coefficients o are approximatéd by the

equation:
-1

fo} = [{U]T [A] [A}] [o1% [A] {8y} (84)

The exact solution is approximated by Eq. (76) where the above coeffi-
cients are used directly. ThiS'metﬂod Wiil produce good approximationg even .
though the basic iteration equations are diverging. The only requirement for
satisfactory results is that the number of iterations be larger than the num—
ber of divergent modes, which, in mosf cases, is a small number. Also, note
that the matrix to be inverted is of the order N-1, where Ntl i1s the number of

iterations. The matrix is typically small and may be inverted in core.
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3.0 TUSER'S MANUAL

3.1 SUMMARY

This section describes the NASTRAN data deck set up required to execute
.the hydroelastic analysis of a booster vehicle impacting a calm sea. The
water impact analysis capability in NASTRAN dis basically a set of subroutines
vhich calculate the fluid loads in a direct £¥ansient analysis. The structure
is modeled with standard NASTRAN elements. The execution of the program
follows the normal execution path except for the generation of loads om the
structure.' Three impact conditions of the structure aée allowed: (a) broad-
side, (b) tail-first, and (c) slapdown. The finite element idealizations for
these impact conditions are illustrated in Figureé 5 and 6.

The broadside amalysis is used to analyze the impact of a cylinder
section of structure. This case is a two-dimensional representation of the
three-dimensional slapdown impact when pressures and 1oca1.d§flections at the
point of impact are comsidered. The analysis is valid only for smali penetra-
tion depths.

The nozzle impact analysis is used for the impact of a conical shell
structure. Both vertical and iimited non~vertiéal cases are allowed.
Additional stfuctural elements above the nozzle elements may be iﬁcludéd to
represent the full wvehicle dynamics.

The slapdown option is used to analyzé-the water impact of a cylindrical
shell which enters the water at a more general set of dnitial conditions.

The initial height, angle, and velocities may be specified by the user.
Hydroelastic, hydrostatic, and fluid drag loads are automatically generated.
The analysis is three-dimensional. ﬁarge angular rotation and fluid penetra-—

tion effects are included.
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T SYMMETRY

Broadside Impact

~ (Cylindrical) - 7] //[ﬁ
a ARBITRARY

\yi}ﬁ STRUCTURE
g

[ GM
| ,ﬂf’ . QUADL ELEMENTS

,v'

Gl | 62 ~ IMPACT
POINTS

ORIGINAL, PAGE IS
OF POOR QUALITY

RN

—

ARBITRARY
UPPER
STRUCTURE

b. Tail-Down
(Conical)

- IMPACT

* POINTS
=2
GL
CHNEAX
.ELEMENTS

FIGURE 5. FINITE ELEMENT STRUCTURE MODELS FOR
BROADSIDE AND TAIL~DOWN CONFILGURATIONS
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Water Surface v\ _ ‘
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' % . RINGAX Points
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FIGURE 6. FINITE ELEMENT STRUCTURE MODE FOR
SLAPDOWN CONFIGURATION



A standard NASTRAN data deck is constructed with EXECUTIVE CONTROL,
CASE CONTROL, and BULK DATA sub-decks, prepared as though a direct transilent
response analysis was requested, with the additions of one case control fiag
(NPNL) and two new bulk data sets (IMPACT and either IMPLIST or SLPLIST) to

initiate and define the generation of water impact loads.

3.2 DATA PREPARATION

This section describes the detailed input data necessary for execﬁtion'of
the water impact problems. Features for requesting certain non—standard and
intermediate output for the impact problems are discussed together with some
of the more familiar aspects of preparing a NASTRAN transient analysis data

deck.

3.2.1 Model Tdealization and Executive Contiol Deck and Preparation

For the broadside impact case (Figure 5a) the cylindrical booster shell
i

may be modeled in a normal fashion with standard NASTRAN grid points:and\BAR

i
1

or QUAD1 elements. The axisymmetric CPNEAX elements must be used exclusively
for the tail-first nozzle configuration (Figure 5b) or the slapdown cése
(Figure 6).

Thé usual arbitrary selection of grid point locations is allowed, with
the exception that points which are expectéd to interact with the fluid
during the impact process should be spaced uniformly and close together for
the broadside or pozzle impact models. TFor the slapdown case, the spacing of
the elements is arbitrary.

The modeling tasks of the user include providing the necessary boundary
conditions and constraints to the structural model. Symmetry in the case of

broadside impact is defined by modeling one-half of the structure and providing

single~-point constraints on the boundary points. In the nozzle impact and
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slapdown cases, the singular rotational displacements must be constrained.
Samples of input data preparation will be provided in Section 3.3.

The standard Executive Control data deck is used-with the exception that
a DIAG = 12 card is interpreted as a flag to delete output of hydrodynamic

pressures.

3.2.2 Case Control Deck Preparation

A typical CASE CONTROL deck includes necessary title information, one
TSTEP set ID card, and a control flag to exercise the,hydroelaétic shell/
fluid impact analysis (N@HL = 99999). Printed and plotted output of displace-
ments, velocities, accelerations, non-linear forecing functions, stresses, etc.
are obtained With standard NASTRAN output request gptions. Note when axisym-
metric elements (CONEAX) are used for the nozzle and slapdown impact analyses,
grid point labels for output sets are processed bf the internal coded format

6
= 4 & 3
IPinternal IDlist 10 & D

when n = 0, 1, and 2 -for the respective harmonics of response.’

3.2.3 Bulk Data Preparation

The structural model and transient analysis parameter data defined in
the Bulk Data deck are input via standard NASTRAN data cards. (See NASTRAN.
User's Manual.) The properties of the fluid and overall geometric variables
.of the fluid/structure interface are defined with IMPACT and IMPLIST or SLPLIST
bulk data. The format and data field specifi?ation for these cards is given
in the card deseription section to follow. In order to provide an efficient
and consistent structure/fluid definition, the following special rules are

imposed for the three impact conditions allowed.



Cylinder (Broadside) Impact

a. One-half of the cylindrical shell.structure regresenting the booster
motox case is modeled. A set of single point- constraints is imposed
on the vertical axis to represent the symmetric motionm.

b. Planar constraints defined by MPC bulk data cards must be utilized
when QUADL elements are used for modeling.

c. Thysical properties represent a section of the cylindrical shell
(of length AZ) and dynamic response is assumed localized. at this
section, i.e., axial interaction effects are ignored.

d. ﬁvenly spaced grid points (A® = constant) are required in the region

of penetration.

Nozzle (Tail-First) Impact

a. Axisymmetric (CENEAX) elements only are allowed fox modeling the
structure, including booster motor case, nozzle, extension, and
assorted hardware.

b. Harmonic values 0 and 1, defined on the AXIC data card, are permitted
(0 = vertical entry).

c. The canted impact angle (y) between the concial axis and local ver—
tical must be small and less than the semi-apex angle (a) of the cone.

d. Evenly spaced points (RINGAX) are reguired along the nozzle in the

region of penetration.

Siapdown Impact

a. The structure is modeled with axisymmetric (CONEAX) elements. The
portions of the structure not involved with the slapdown loads such
as the nozzle, nose cone, and internal bulkheads, are also modeled
with C@NEAX elements. However, these degrees of freedom should be
partitioned from the matrices via ¢MITAX data cards for accuracy and

more economical processing.
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b. Up to 20 harmonics are allowed on the AXIC card. The structure dis-—
placements are represented by a Fourier series ground the circum-—
ference and the accuracy of the results is dependent on the nunber of
terms. However, the running time increases proportionally to the
number of harmonics.

c. Although the stations along the structure_axis may be arbitrarily
spaced, it is recommended that wide spacing be avoided. Because
the pressure is assumed to vary linearly between stations, that

distance should be less than the radius of the cylinder.

All Cases

a. Time step changes in_the Integration loop are not permitred.

b. The iterations ferformed to refine the water loads within each time
step are controlled by the convergence criteria parameters ITER, ED,
and EP. A large value of ITER in conjunction with small ED and EP
values will improve the accuracy of the results but %ill incéeaée

the running time. The use of a smaller time step size with more time

steps is a less effective alternate.

3.2.4 IMPACT, IMPLIST, and SLPLIST Bulk Data Descriptions

As mentioned, new bulk data sets must be supplied when executing the

. hydroelastic water impact analyses. The first set, IMFACT, specifies geo-
metric and fluid property data uniquely for each of the impact orientations
of N@#ZL, BDSD, or SLAP (i.e., tail-first, broadside, .or-slapdown entry,
respectively). The second set, either IMPLIST or SLPLIST, defings a set of
grid point identification numbers corresponding to structural grid positions
on the impacting shell for which hydrodynamic forces may be expected to be
applied. The SLPLIST card contains, in addition to the grid point numbers,

their locations along the shell.
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Definitions of the new bulk data cards are given on the following pages.
They have been prepared in accordance with the format of the NASTRAN User's

Manual and may be directly inserted.

3.2.5 Slapdown Exgmple Problem

An example problem is used to illustrate the basic data deck setup and
program output. The basic problem is described in Figure 7. The NASTRAN data
deck is shown in Figure 8. Two CPNEAX elements were used to define a flexible
eylindrical shell. The three stations on the vehicle are defined by the RINGAX
data cards. With the exception of the IMPACT and SLPLIST data cards, all of
the other bulk data are sﬁandard NASTRAW cards. The only non-standard NASTRAN
card in the case control deck is the "N@NL = 99999" caxd.

The basic output format is shown in Figures ¢ and 10. Figuré 9 illustrates
the printouf of the CG motiouns and the pressure distribution which is output

for each time step. The position, velocity, and acceleration for each of the

thgee rigid body motions is followed by a printout of the fressure aF a series
of circumferential angles  for each submerged station. The station n&mber
corresponds to the entry number in the SLPLIST daté (i.e., the first ‘SLPLIST
entry is station 1, etc.). Only stations thgt are lgss than one~half sub-
merged produce pressure output.

Figure]i)illustrates thé standard NASTRAN displacement, velocity, or
acceleration ouhput'as printed versus time. TEach particular point corresponds
to a harmonic number for a RINGFL point as encoded by the equation given in
Section 3.2.2. Although the element stress output was not requested, it may

be obtained with the case control request 'STRESS =" and with the following

ALTER cards in the executivé control deck:
ALTER 164,164

¢$FP @EF1,0ES1,,,, // V,N,CARDNS $
ENDALTER



(:) ~ Station No.

-~ Element No.

S S
Water -

(p = .7852 x 10"4)

*Initial Conditions

ORIGINAL PAGE IS
OF POOR QUALITY

Cross Section

FIGURE 7. SLAPDOWN EXAMPLE PROBLEM
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ORIGINAL PAGE IS
OR POOR QUALITY

$
TITLE
LABLE

Executive Control Deck

1b SLAPTEST, EXAMPLE
App Disp

SOL 9,0

TIME 2

CEND

Case Control Deck

SLAP DOWN EXAMPLE PROBLEM
VWV = 100, THETA = 10, HT = 13.0, FLEXIBLE

$
NONLINEAR = 99999
AXISYM = COSINE

TSTEP
SDISP
SACCE

il

20
ALL
ALL

HARMONICS = ALL
BEGIN BULK

1 e 2 4 3°

Bullk Data Deck

AXIC 4 .
CCONEAX 1 100 1 2
CCONEAX 2 100 2 3
IMPACT _ St AP 10.0 10,0 =13.0___100.0 .0 .0 38h.45 __ _FIMP
+IMP 1.0-% 0.0 0.0 . 10.0 2 5 - 01 . 001
MATL 10 30,046 «333 9,947 4~4
PCONEAX_ 100 10 10 10 - 0833
RINGAX 1 10,0 ~20.0 : 46
RINGAX 2 10.0 .0 46
RINGAX 3 10.0 20.0 L
SLPLIST l "'ZOMO 2 oo . 3 2090 :
“TSTEP 20 20 .005 1 '
— ENRDATA i

FIGURE

8. DATA DECK LISTING FOR EXAMPLE PROBLEM
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SLAP DOWN EXAMPLE PROBUEM © ™ "7 FEBRUARY 14, 1975  NASTRA|
T T TNV R 100, THETA & 10, HT = 13.0, FLEXIBLE o ; T
T T TRANSTENT, SLAPODOHN,. I MPACT OQUTPUT DATA
TTTTYIME STEP 14 TIME = 0406500 - T
. CENTER_OF _GRAVITY PARAMETERS . _ e e
HORZ . VERT ANGLE
DISP  =2.07364TE-01 .—6.945362E+00 1:397416E~01
) VEL _ —7.107086E£+00 7.69916TE+0QL  =7.283285E~01 e
ACC —1.220751E402  ~6.897356E+02 1.898289E+01
=~
.. PRESSURE.DISIRIBUIION e e e
STAT NO : ‘ * ANGULAR POSITION ,DEGREES
: 0.0 10, 00 20%00. 30,00 40,00 50, 00 60. 00 70,00
. 1 0,18 0..18 0.16 0..13 0.10 0,09 0,39
2 0. 09 0. 11 0.17 0.32 0.83
3 C.58 11.17

FIGURE 9. PRINTOUT FOR CG MOTION AND PRESSURE DISTRIBUTIONS IN SLAPDOWN ANALYSTS
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SLAP DOMWN EXAMPLE PROBLEM

100, THETA = 10, HT = 13.0, FLEXIBLE

vy =
POINT-ID = 3000002
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BULX DATA DECK

Input Data Card IMPACT (Parameters for Water Tmpact Problem)

Description: Defines initial conditiomns, physical constants, and solution

parameters for transient water impact problems. The basic data

card has three forms corresponding to the three impact cases.

FORM 1 (BDSD Case) Broadside Case
1 3 A 5 6 7 8 9 10
IMPACT| TYPE RC L v RHP THMAX abe
IMPACT}] BDSD 10. 238. 240. }.00012 20. ABC
+be >< MM | ITER | ED | EP
+BC 3 4 01 .001
Field Contents
RC Radius of eylinder (real, inches)
X1 Length of section of cylindér (real, inches)
v Initial vertical velocity (real, im/sec)
RHH Mass density of fluid (real, lb—seczlin4)
THMAX .- . Circumférential location of last point on IMPLIST data (real,
degrees)
M Number of terms in Fourier series fluid solution (integer,

default = 10)

Integration control parameters (see remarks)

ITER

Maximum number of iterations on fluid loads per time step

(default = &)
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ED Convergence criteria on displacement vector, magnitude

Ed’
difference (real, default: €4 = .01)
EP Parallel wvector test criteria, EP’ absolute difference between each

term {(real, default: £p = .00L)

FORM 2 (NOZL Case) Inverted Cone Case

1 2 3 4 5 6 7 8 9 10
IMPACT| TYPE RC Vo RHP | ALPHA | THMAX | HMAX | abc
IMPACT | NQZL 100.0 | 240. |.00012) 15; 1.0 460. ABC
+be GAMA | V@L | PAMB WPYLY | ITER ED EP
+BC .16 .1E8 | 14.7 10 4 .01 .001
Field Contents -
RC . Radius of base of mnozzle (real, inches)
ve Initial velocity (real, in/sec) (See Remark #4)
RH$ Mass density of fluid (real, lb—seczlin4)'
ATLPHA Half cone angle of nozzle (real, degrees)
THMAX Uniform longitudinal distance between nodes on TMPLIST card

(real, inches)
?QﬁﬁﬁXzf:.t,j bgpth‘below"ﬁéter'surface.fbr.which_¢ =0 éssumﬁtion is made

(real, inches)

GAMA Impact angle from vertical oblique entry (degrees)

V&L Initial volume of contained air (xreal, in3)

PAMB Absolute ambient air pressure (real, lb/inz)

NPOTY Number of terms in polynomial fluid solution (integer, default = 5)

Integration control parameters are the same as for Form 1.
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FORM 3 (SLAP Case) Slapdown Case

1 3 4 5 6 7 8 9 10
IMPACT| TYPE RC THETA H VVERT | VH{R |VIHETA G abc
IMPACT| SLAP 10. -5. ~-10. | 200. 0.0 0.0 | 386.4| ABC
+be RED CDR CDZ PRT . MM ITER ED EP
+3c | Joor | 0.0 | 0.0 | 5.0 | 4 4 .01 | .00l
Field Contents
RC Radius of cylinder (real, inches)
THETA QOrientation angle (real, degrees)
H Initial height (from CC to waterline) (real, inches)
" VVERT Initial vertical velocity (real, in/sec)
VHER Initial horizomtal velocity (real, in/sec)
VTHETA Initial rotational velocity (real,‘radians/sec)
G Gravitational constant (real, inm sec/sec)
RHG Mass density of fluid (real, lb-sec2/in%)
CDR Drag coefficient in radial direction (real, dimensionless)
CDZ Drag eoefficient in axial direction (real, dimensionless)
M Number of terms in fluid series equations (integer, default = 4)
PRT Increment at which pressures are outputed (real, degrees) (only
if DIAG 12 is not set)
Integration control parameters are the same as for Form 1.
Remarks:
1. The continvation card is required for TfPE = N@ZL and SLAP. The
default Value will be used if a field is blank.
2. One and only one IMPACT card is allowed in the bulk data deck.
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3.

An IMPLIST bulk data card is required for TYPE = N@ZL or BDSD.

A SLPLIST (slap list) data card is required for TYPE - ST.AP,

The iteration ITER defines the maximum number of iterations per-

formed at each time step. The actual number of iterations may be
less if the actual error is less than the convergence‘criteria

ep oY €4- When the maximum is %eached a closed-form solution is

calculated.

If the iteration error on the load wvector is less than Ep, the

. vector is assumed to be correct and is used as the final value.

If the error vectors for two iterations are proportiomal (i.e.,
only one error mode exists) a closed-foxrm solution is calculated.
The value of the ITER data may be changed to correcf for
instabilities or numerical problems when they occur.‘ It is
recommended that with small time steps ITER should be decreasgd.
With large time steps ITER may be increased fo£ bétter accurac}.

For any given problem, the optimum time step size_is obtained by

experimentation.
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BULK DATA DECK

Input Data Caxrd IMPLIST (Grid Point Identification — Impact of Shells

on Fluid)

Description: Defines the grid point identification numbers for either

Format and Example:

cylinder onto a Fluid.

the impact of an inverted cone or horizontal impact of

with the fiuid must be equally spaced around the circumference,

starting at the bottom (8 = 0), with the last-point at location

6

ma

2.4-1383 (1/1/74 — Revised UAI)

< defined on the IMPACT card.

46

1 2 3 4 5 6 7 8 9 10
IMPLIST{ SID GL G2 G3 G4 G5 G6 G7 +abe
IMPLIST 2 105 104 103 102 17 101 100 99 ABC

+abe G8§ - G9 G10 ~afee

+EBC 98 97 96
Alternate Form

IMPLIST| SID Gl |™ruRU™{ M

IMPLIST 1 105 THRU 1
Field Contents
SID Grid point set identification number (Integer > 0)
Gl,...,GM Grid point identification numbers (Integer > 0)
Remaxks:

1. In the broadside problem (BDSD) the grid points interacting




In the nozzle-impact problem (N$ZL) the Gi values refer to
RINGAX type grid points. ?he first point }ies at the bottom’
with subsequent points at equally spaced locations along the_
surface. The last point (GM) corresponds to the last node
which may be submerged in the impact analysis.

The grid-point set ID (SID) is arbitrary and may be used to

identify a particular run or class of rums.

2.4-138k (1/1/74 - Revised UAIL)
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BULK DATA DECK

Input Data Card SLPLIST (Grid Point Identification and Location — Slapdown

of Cylinder on Fluid)

Description: Defines the grid point identification numbers and axial loecation

* for the slapdown of a cylinder on a fluid surface.

Format and Example:

1 2 3 4 5 6 7 8 9 10

SLPLIST Gl Z1 G2 Z32 G3 z3 G4 Z4 abe

SLPLIST| 100 0.0 1.0 10. 102 .} 15. 103 25. ABC

tbe G5 Z5 6 ' zZ6 ~gt e~

+BC 104 35. 105 45.

" Field Contents

GlL,...,GM Grid point identification numbers (integer > 0)

Z21,...,ZM Axial locations of grid points

Remarks:
1. The SLPLIST card is used only for the slapdown case.
2. The grid points must be entered such that the Z values are ascending.

(Smallest value is Z1 and largest is ZM.)
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4.0 EXPERIMENTAL CORRELATION AND PARAMETRIC STUDIES

Tb measure the validity of the analytic method, accuracy of the program,
and provide additional insight into the slapdown impact problems, 2 series
of computer runs were made to simulate both a test vehicle and the actual
final design vehicle. For experimental comparison, a substantial amount of
experimental data was available from drop tests of a léO—inch diameter (77%)
scale) test vehicle. After correlating with the experimental results, the
program was applied to a NASTRAN model of the full scale design to determine
the effects of design differences and parameter changes. This chapter
summarizes this effort and describes the results.

Section 4.1 below presents details of the analysis correlation with
the test. The overall comparison between the test data and the computer
results was very good and indicates the reasonableness in the engineering‘
assumptions made in the analysis.

Parametric studies, performed using both the 77% and full-scale models,
to test effects of changes in physical parameters are presented in
Section 4.2. This investigation included program executions with various
values of structural stiffness, structural damping, initial impact position,
éh&-iqitial;velpcities.: The'effectsiqﬁ the differences between the test
wehicle and the actual structure were also studied.

Coﬁélﬁsions,reached féom the expefimental correlation and parametric

studies are given in Section 4.3.
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4,1 CORRBLATION WITH TEST

The objective of the test program was to provide load and response data
for derivation of design parameters for the recoverable Solid Rocket Booster
(8RB} for the Space Shuttle project. The scale model test veheils, referred
to as the 120-inch oxr 77% model, was tested to measurve the pressures and loads
on the vehicle for initial impact, cavity collapse, and slapdown impacts. The
vehicle consisted of six 120-inch diameter cylindrical sections with a thick—
ness of 0.375 inches and having the nose, aft bulkhead; and nozzle fabricated
from existing hardware.

Because of practical limiratrions on the ingtrumentation and occasional
malfunctions, the experimental data was limited. The instrumentation channels
had to be divided between the nozzle and the casing. The actual measured
data from slapdowm consisted of 6 diameter deflection ganges, 10 pressure
transducers, and 54 strain gauges. Forther details of the test program are
given in Reference 4.

From the analytic viewpoint, the test data was valuable. Thé measured
deflections and strains indicated low frequency or nearly static Tesponse
to the changing loads. This provided the practical limits as to time steps
and frequency centent in the analysis. The fluid presaures‘indicated con-

centrated loads near the waterlime. This indicated that a fine finite -

;%%Le@éptfmeéh-Was[negessarﬁiEATﬁésé results gnided‘tﬁé‘modeliﬁé"éhéﬁéélééiiﬁﬁ:
“of ‘integration parameters for both the scale model and Full SRB analyses.

The NASTRAN finite element model of the 120-inch diameter test hooster
used for the test comparisons is shown in Figure 11. A listing of the input
data deck is given in Appendix B. Finite elements, defined with CENEAX input
data, were connected to RINGAX points. In this apalysis method the displace-

ments, forces, stresses, etc. are expanded and solved in terms of their
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Fourier series coefficients arcund the civcumference. In the structural
model each harmonic, n, of the Fourier series is uncoupled from the other
harmonicse. This allows economical matrix decomposition and vector solutions.
Five harmonics were used in the flexible structure analysis (n = 0,1,2,3,4).
The fifth and higher harmoniecs were assumed to contribute negligible deforma-
tion due to their large stiffness.

The resulting structural mass and stiffness matrices were of order 1410.
Using structural partitioning, controlled by the @MITAX data cards, the matri-
ces were reduced to 741 degrees of freedom. The computer-calculated weight on
the structure was 90,176 pounds compared to the actual structure weight of )
87,500 pounds. The location of the center of gravity was within two inches
of the actual vehicle. In order to restrain spuricus structure oscillations
and simulate the viscous damping of entrapped water, a structural damping
factor of 5% was added. Although the trué damping may be higher, the use of
the small value was expected to produce conservative results;‘

Initial positions and velocities for the demonstration slapdown problem
were taken from the optical trajectory data of drop test Cl45-020 [Réf. 41.
In this test the vehicle was dropped at an initial angle of 30 degrees with
an initial vertical impact velocity of 52.6 feet per second. Initial condi-
tions for the slapdown analysis were chosen at a later point in time, when
the side of the vehicle was just entering the water. The discussion below
presents tYpical results from the correlation study. Test data for the
C145-020 drop was obtained from References 4 and 5; Appendix B contains
additional correlation data.

Figure 12 shows the time history of vertical height of the vehicle nose.
The ¢lose comparison of trajectories indicates validity of initial conditions

and accuracy of resultant loads.
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Figure 13 presents diameter deflections along the vehicle at 3.0 seconds
after. initial impact. This time correspoends to maximum deflections at nearly
all points in the test vehicle; however, the analytical model deflectioés had
not vet peaked. The time shift is believed to be due to the bow wave which
causes the peak pressures to occur sooner.

Figure 14 shows the envelope of maximum diameter deflections obtained in
the drop test. The analytical result shows a comparable magnitude (8 inches)
but occurrence at a location 120 inches forward of the test result. This
forward displacement is again attribgted to Fhe bow wave effect.

In Figure 15 the pressure time histories at a particular station are
shown for the centerline (keel), the average over the wetted circumference,
and the experimental results measured at the keel. The experimental data
contained considerable noise (+ 10 psi) and a smooth curve was fitted to
these results. Although the pressures at the centerline were less than the
tesé results, the average pressures are generally highe%. ’

Figure 16 shows pressures versus axial station and circumferentia} loca-—
tion at 3.1 seconds after impact. Note that with the assumption of a Flat
water surface, the pressures theoretically approa&b infinity at the W;terline.
In the real case of surface waves, the water is moving away from the vehicle
at the waterline and the pressures are finite. TIn the analysis the large
computed pressures at the waterline compensate for-the smaller computed pres-
sures at the centerline. Unfortunately, no test data was available for
pressures off the centerline (keel).

The above correlation studies have shown that the analytic results are
of sufficient quality to use the computer program as a working tool to provide
analytic backup for the experimental loads program. The overall loads and

dynamic response and structure deflections appear to match the physical data-
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within 20 percent. IPrimary data differences occurred in the pressure distri-
butions and the time phase of the loads. Both of these differences may be
attributed to the effects of surface waves, which cause the following effects:
1. The existence of a forward bow wave caused the application of pressure
loads to occuxr sconer in the test. This was obsexved in both the
pressure and deflection ;esults.
2., The motion of the water along the side of the vehicle probably modi-
fied the eircumferential pressure distributions, causing lower pres—
sures at the waterline and higher pressures at the keel during the

actual test.
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4.2 PARAMETRIC STUDIES

The objective of the experimental correlation studieg was to measure
the differences between the test vehicle and the computer results. Analysis
of the actual SRB structure could then proceed with a known confidénce level
and qualitative understanding of the problem. In conjunction with this
‘apalysis, the actual structure will be tested with static loads, obtained
from experiment for the tested cases. In order to predict the trends of these
loads and aid in the definition of criteria, additional parametric studies
were performed on a NASTRAN model of the actual vehicle as discussed below.
First, detalls of the NASTRAN model of the full scale vehicle will be
presented.

Illustrated in Figure 17 is the actual rocket booster design, modeled by
NASA contract support persomnel, using the NASTRAN axisymmetric finite ele-
ments. The fine detail of the nose and no;zle structures was included for
the purpose of analyzing several loading conditions other than the glapdoﬁn

water impact. This procedure resulted in a rather. large order analysis with
13

3480 degrees of freedom. However, for the slapdown analysis, matrix parti-
tioning was used to reduce the problem to 1033 degrees of freedom. ‘

The physical characteristics of the larger booster modified both the
initial impact ¢of the nozzle and the slapdown dynamics. Although the dia-

meter was' incréased from 120 inches to.l46- inches, the overall length went

;ééom éﬁprbximatelyjﬂﬂﬂ‘iﬁchesrfo'aAmucH Targer 1535 inches. - This and thé
design of the skirt surroundiné the nozzle inereased the rotary inertia and
decreasad the angular accelerations. Other significant differences included
a larger skin thickness of 0.5 inches (vs. 0.375) and stiffex joints-between
the sections. Although the overall size was increased, the shell mode

frequencies also increased due to these increases in stiffness.
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The analysis of the full scale vehicle was performed both by UAI and by
Teledyne-~Brown personnel located near NASA-MSFC. The effort is being contin-
ued at MSFC. - Because of the computer costs Involved with the use of a commer-
cial data center, the UAI effort was limited.

The effects of tge various physical parameters defining the water impact
were studied for both the 77% scale model (120-inch diameter) and a computer
model of the actual SRB (1l46-inch diameter).,.Parameters included shell

flexibility, damping, and initial conditions.

Variation of Shell Flexibility

The 77% structural model was stiffened by truncating the'number_of har-
monics to 0 and 1, which results in no circumferential bendiﬁg deflection.
The effect on pressures is shown in Figure 18. In the rigid structure, the
pressures riée to their peak immediately. Iﬁ the flexible case, the structure
motion delays the immediate pressure peak. However, when paximum deflection
is reached, the pressures and forces may be larger in the'flexible case.

Several analyses of the full SRB model were made using more severe impact
conditions, scaled from the 777 model tests. An example of the calculated
pressures for the flexible structure, compared to the rigid cése, is shown in
Figure 19. The small differences indicate that the pregsuges on the actual

vehicle are relatively insensitive to deflections for the stiff full size

wehicle.

Effect of Entrapped Water

Because of the design differences, the full scale vehicle entrapped more
water than the scale test model. This will cause a substantial change in
overall weight, as well as increasing damping on the full scale structure.
The added mass will also lqwer the angular decelerations and cause higher
velocities in the forward end of the vehicle. The estimated mass of the

entrapped water was added to the structure as a fixed distributed mass.
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Variation of Structural Damping

Aside from the damping effects ipherent in the fluid forces, the structure
and any entrapped water will produce damping. These effects have been observed
in the oscillations of the experimental data. For the 777 scale model, the
undamped case is compared in Figure 20 with the results for a structural
damping ratio of 5%. Although both cases appeared to oscillate more than the

test data, the damped case more closely resembled the experimental results.

Effects of Initial Conditions

In order to investigate the effects of the initlal cond;tions on the full
SRB wvehicle, a series of computer runs were made varying the initial height,
vertical wvelocity, and angular velocity at the start of the slapdown process.
The region of interest is, of course, when the velocities are high and the
vehicle impacts in a nearly broadside angle. ZKnowing the effects of the
different parameters in this region will aid in the future assessment of any
changes in the vehicle trajectories prior to slapdown. !

Maximum diameter deformation is plotted in Figure 21 versus vertical
impact velocity for various combinations of height and angular velocities.
The initial angle was fixed at 27 degrees and the horizontal velocity was

122 inches per second. Since a change in angle is equivalent to a change in

height multiplied by tﬁg ratio of the anguia; velocity to the vértibéi velo-

: -Eiéj:-if'ﬁéé unnecessary fé vary the initizl angle.

it was found that horizontal velocity which remains after dnitial impact
had little effect upon results. A case having an increase of 507 in ﬁﬁrizontal
velocity was run for this configuration with insignificaﬁt changes in diameter
deformation and CG accelerations.

Other output quantities such as wvehicle accelerations,. fluid pressures,:

and structural stresses are also affected by the initial conditions. However,
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since the structural response is linear, and the structural vibrations are
small, the stresses, loads, and thereby the-accelerations are'proportional to
the deformations. For this reason only, the maximum deformation, which indi-
cates the overall load, is discussed.

The study of these parameters indicates several interesting effects. The
first is that the peak loadé are not proportional to the square of the initial
veloecities as was expected, but rise more slowly. The second is that the
increase in initial height above the water (or, in effect, a decrease in angle
of impact) changes the growth rate of the load with‘velocity. . Both of these
effects may be explained by the fact that the peak loads occuf in the forward
region of the structure. By this time the impact velocities have been
decreased by the previous loads on the aft and center of the vehicle: These
self-cancelling effects insure that the changes in peak stresses and deforma-
tions will not grow radically with growth in slapdown impact velocities.

In starting the slapdown analysis with the modified NASTRAN proéram, the
initial conditions may be selected at any time point in the test traﬁectory.
However, because the initial structural deformation is assumed to beizero,'
it is necessary to start the analysis before any substantizl slapdown loads
and/or deflections have occurred. This point has generally occurred when
the angle between the centerline and the water surface is thirty dégrees or
greater. If later imjitial conditions are specified, structural deflection
overshoot can ocecur. Note that this dynamic overshoot orly occurs when the
structural deflections initially have a larxrge value. In some cases, this
effect was large ;nough to cause divergence in the numerical procedures
because the local structural velocities became larger thap the overall velo-
cities. The remedy is to select earlier initial comnditions corresponding to

. small deflections.
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Comparison with 120-Tnch Vehicle

The response of the full scale vehicle was compared to the response of
the 120-inch test model for the same initial slapdown conditions. If L is
the ratio of the model length to full scale length, the use of Froude

scaling results in the following scale factors:

gravity: G = J%. = 1
T
time: T = 4L
. L
velocity: vV = e VL
angular velocity: A = %- = L
v/ L

Note that the initial velocity for the full scale vehicle would be larger and
the angular velocity would be smaller for direct comparisons.

It was found that the overall scaled pressures and loads in the two
vehicles were similar, but the full scale model indicated 37% less &eflection
that the scaled test model results. This was due to the fact that tﬁe
increase in skin thickness caused a 135% increase in shell bending stiffness
(which is proportional to thickness cubed). This increase in stiffness

resulted in a smaller coupling effect between the structure deflections and

the £luid pressures.
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4.3 CONCLUSIONS

The following comments apply to the comparison of the program to the test

results and to the effects of the various parameters:

The correlation studies have shown that peak, overall, water loads;
structure deflections; and vehicle dynamics calculateé by the program
match the test data with error less than 20 percent.

The calculated pressures differ from the experimental results beoth

in the distributionm over the surface and the time at which the initial
peak occurs. These differences are probably due to the effects of
surface waves with some additional second order effects of viscousity
and finite element approximations.

The effects of struectural flexibility on the resultant fluid loads
appeared to be small in the 120-inch diameter vehicle and negiigible
for the full scale SRB.

The effects of damping due to dinternal fluid motion and external
vgscous flow are still unknown. These effects are extremely‘difficult

1
to analyze and are not scaled in the small model tests.
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4.4 RECOMMENDATIONS
The delivered computer program has served its basic purposes of providing
analytic backup to the experimental testing ané measuriné éhe dynamic response
of the flexible SRB. However, it has proved to be a useful tool for further
studies of the SRB impact problem, beyond the original intentions and scope
of the contract. The following are additions to the basic capability which
could further improve the capabilities and usefulness.
= Refine the circumferential pressure‘distribution by including a
vortieity correction in the potential function. This would remove
the theoretically infinite free surface pressure and redistribute
the circumferential pressure. Keel pressure will increase and
probably show a better correlation to test values.
¢ Provide for longitudinal wave propagation in the potential functilon.
This would involve the implementation of additional degrees of
freedoﬁ for the definition of the thres-dimensional surface waves.
The pressure distribution and the definition of the waterline would
be modified to account for the pressureé and motion at the surface.
e Miscellaneous improvements could be made to refine the utility of
the program. These would simplify the user's tasks of preparing
the input data and simplify the production of ocutput graﬁhs and
summaries. These would include additional printout of the waterline
and diamete? deflections at each station, printout of internai exror
criteria for assessing the numerical accuracy, and allowing for the
definition of input geometry and initial conditions relative to any

point on the structure.
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APPENDIX A — PROGRAMUER'S MANGAL

A.l  IMPLEMENTATTON INTO WASTRAN SYSTEM

The purpose of this appendix is to describe the programming tasks made
to implement the hydroelastic water impact aralysis into the NASTRAW conputer
program. In this chapter the overall solution algorithm is discussed, in
A2 the modifications to Data Blocks DYNAMICS and NLFT are described, and in
chapter A.3 updates to the IFP, DPD and TRD modules are made. The remaining
chapters describe newly developed fluid data and pressure gencrating
subroutines.

The overall programming scheme has been designed to provide the user
naximum comvenience within the framework of the existing LeveEEIS,S RASTRANW
System. Modifications and additions to the existing code have been kept to

a minimum for the following veasons:

d, Level 15.5 NASTRAN wmay be updééed to 2 new level and. all changes
- to existing code will not regquire yeprogramming.

b. The hyéroeiastic implementation within NﬁSTRA§'¥ill not degrade‘the
.system for)a normal struectural transient analysis.

¢. The reliasbility and flexibility of the systems is maintained;

implemented changes involve only isolated subroutines.

The water impact problem is solved with rigid format 9 (Divect Traneient
fnalysis) of the NWASTRAN System. The necegsary input data given by the user

are briefly (see User's Manual for details):

a. A standard transient analysis structural model of the booster vehicle
consisting of axisymmetric shell elenents for the nozzle and slapdown
entries and bar or quadrilateral plate elements for the cylindrical -

broadside entry.



b. A list of grid points and coordinate data for the idealized struc-—
ture and points on the structure entering the water, and
c. Data defining the fluid properties and various geometric and system

parameters.

Except for routine processing of the input data the only differences
in the program flow from the normal transient analysis lies in the transient
analysis module (TRD). The changes to the transient analysis module involve
replacing the operations performed on the non-linear load functions (N@LiNi)
data cards) by the fluid impact operations (IMPACT, IMPLIST, and SLPLIST bulk
data cards). -

A simplified flow diagram for the Implemented amalysis within the TRD
module is shown in Figure Aal. In order to activate the shell/fluid inter-
action analysis the control flag NONLIN = 99999 is set in CASE CONTROL and

processed In TRDIC.

A.2 DATA BLOCK DESCRIPTION UPDATES

. The three new Bulk Data cards IMPACT, IMPLIST, and SIFLIST descéﬁbed in
£he User's Marual (Chapter 3) are processed by the IFP modulé and the card
images or processed images written sequentially at the end of the DYNAMICS
data block. The implementation of these new data by IFP are described in the
following pages followed by the DATA BLOCK DESCRIFTION for the input DYNAMICS

and output NLFT tables. These pages are prepéred in a format suitable for

direct insertion into the NASTRAN Programmer's Manual

A.2.1 Tmplementation in IFP (Table Entries)

The only code change to subroutine IFP within Level 15.5 NASTRAN consisted
of a computed GP T@ branch to the new Bulk data. TImplementation required up-

dates to the IFP block data subroutines IFXiBD (i = 1, 2,..., 7) and subroutine



TRD1A: Examine Case Control
and process applied loads.

i
TRD1B: Reduce Applied Loads

MODAL /
{ Error < Approach

DIRECT

Set Up Files and Allocate Core.
(Call FINTL: Reads Water Impact data,
sets initial wvalues, allocates
core working storage)

4

Process time step change test
for error, time, step limits

W
Subroutine NITER:

Calculates load foxr curx-
rent time step. Prints
pressures and CG. Pro—
‘duces new displacements

Write load, displacement
velocity and acceleration
vectors on output files

No Last Yes N

FIGURE A.1 TRD MODULE, SIMPLIFIED FLOW DIAGRAM



IFS3P which was recoded to interrogate the new bulk data cards. These
changes were:

IFX1BD: Insert IMPACT, IMPLIST, and SLPLIST card ID titles into DATA I6//.
These occur for card numbers 263 through 265, respectively.

IFX28D: GIN® output file 7 and approach acceptability flag O set for
the IMPACT, IMPLIST, and SIPLIST card entries.

IFX3BD: No change
IFX4BD: Required and allowable data items initialized as follows:

IMPACT 9, 17
IMPLIST -4, 16
SLPLIST -4, 9

(Note: IMPLIST and SLPLIST are open ended cards.)

IFL5BD: Entry statement numbers into IFX7BD field acceptability
string set as follows:

IMPACT 991 (new string designed to accommodate 16
non-zero fields)

IMPLIST -1 (no automated format checking)
SLPLIST -1 " " " "

IFX6BD: IFP header information comsisting of card type identification
and bit position in a 96-bit trailer assigned as follaws:

IMPACT 4307, 43
IMPLIST 4107, 41
SLPLIST 4507, 45

IFX7BD: Format code string emtered for unique specification of IMPACT
bulk data. No automated checking is done on IMPLIST and ~
SLPLIST cards.,



DATA BLOCK DESCRIPTIONS

2.3.2.9 DYNAMICS (TABLE)

Card Types_and Header Information:

Header Word 1 Header Word 2 Header Yord 3
Card Type Card Type Trailer Bit Position Internal Card Number
DAREA 27 17 182
DELAY 37 : 18 183
DLBAD 57 -5 123
DPHASE 77 19 - 184
EIGB 107 1 86
EIGC 207 2 87
EIGP 257 4 158
EIGR 307 3 85
EPBINT 707 7 124
FREQ 1307 13 126
FREQ1 1007 10 125
FREQ2 1107 11 166
IMPACT 4307 43 263
IMPLIST 4107 41 264
NBLIM 3107 31 27
NBLINZ 3207 32 128
NBLIN3 © 3307 33 129
. NGLIN4 3407 34 A30
RAMDPS 2107 2] 195
RANDT1 2207 22 196
RANDTZ* 2307 23 197
RLBADT 5107 51 131
RLBADZ 5207 52 132
SEQEP 5707 57 135
SLPLISYT 4507 45 265
TF 6207 62 136
TIC 6607 66 137
TLPADT 7107 71 138
TLOADZ 7207 72 139
TSTEP 8307 83 142
Card Type Formats: . '
DAREA (4 words) S1D .. P - C
" A
DELAY (4 words) SID P C
. T
BLPAD (open ended) SID S 51
LT 52 L2
aen Sn Ln
X =1 -1
PHASE (4 words) SID p ¢
. TH
EIGB (18 words} SID METHED (2 words) L1
L2 NEP NDP
NDN - E HBRM (2 words)
G C 0
o 0 ¢
-0
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DATA BLOCK AND TABLE DESCRIPTIONS

Card Type Formats Cont'd.:

EI6C (open ended) SID METHED {2 words)  NERM (2 words)
G C E
a1 Wit e
u’bl 2'1 Nel
Ndl aa2 maZ .
Y2 Wh2 2
N, Ny .
“an Yan “bn
Y R Hey
Ndn -1
-1
71
EIGP (2 words) 81D o
M
EIGR (18 words) sin METHBD (2 words) -F1
F2 NE Np
NZ E NGRM {2 words)
G C (4]
0 0 o
0 ,
EPPINT (1 word) 1D
EREG (open ended) SID F F
. . F e F
-1
'FREQ1 {4 words) SID Fl BF
NDF )
FREQZ (4 words) Sib Fi F2
... NF
IMPACT (17 words) TYPE {2 words) DATA (12 w'ords, type dependent)
ITER ED &P
IMPLIST (Open Ended) SIb - 6{1) G(2)
"'G(3) G(4) G(5)
- G(M-1) G(M)
~1
NALINY (8 words) ~ SID 6I cI
. S GJ - CcJ
T 1] i
NPLINZ (8 words) SID GI CI
* 5 GJ CJd
6K O -
NPLIN3 (8 words) SID 6l cx
s . GJ cd
A 1]
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Card Type Formats Cont'd.:

NPLING (8 words) SID GI cI
S GJd CJ
A 0

RANDPS {6 words) SID J K
X Y TiD

RANDTT (4 words) SID - N T0

RANDTZ* Not available

RLPADY (6 words) o SI10 L U H
N TC T

RLBADZ (6 words) . SiD L M
N T8 TP

SEQEP (2 words) _ ID SEQID

SIPLIST (open ended)  G(1) 7.(1) c(2)
z{2) etec . G
7. (M) -1 -1

TF {open ended) SID GD co
BO B B2
6(1) c(1) AO(1)
A1) A2(1) 6(2)
¢(2) Ao(2) A1(2)
A2(2) 6{N)
C{N) AO(N) AT(N)
AZ(M) -1 -1
-1 -1 -1

TIC (5 words) SID 6 - C
uo Vo

TLRADT {5 words) SID L M

) 0 CTF
TLBADZ2 (10 words) SID L M
: o T T2

F P c
B

TSTEP (open ended) SID N1) pT(1)
NE(1) N(2) pT{2)
(2] ()
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DATA BLOCK AND TABLE DESCRIPTIONS

2.3.29.9 FRL (TAB

Descr%gtion

Frequency Response List.

The FRL contains one Jogical record for each different frequency set defined in the bulk
data. Each record contains a sorted 1ist of the unique fregquencies defined in the set.

Table Format

Record tiord . Type
1,2 B
3 I
2+ I
1 T-m R
n 1-k R
n+l

Table Trailer
© Word 1
Hord 2-6

f

number of frequency sets.

1]

Zera.

2.3,29.10  NLFT (TABLE)

Description

Non-Linear Forcing Table.

Item

Data block name
Set 1D
. 1
Set IDn

Freduencies belonging to set ID;

.
-
.

Frequencies belonging to set IDn

End-of-file

The header record of the HLET contains a sorted 1ist of set identification numbers for all

NpLIN sets defined in the bulk data.

Each logical record of the NLFT contains all data for

a single set. Point and component numbers on the MPLIN cards are converted to scalar index
vatues in both the d- and e-displacement sets. Record 1 in this table is modified °
if a water impact hydrodynamic analysis is desired.

Table Format

Record tord Type
0 1.2 B"
3 o
2

Item
Data b]ock'ﬁame
Set ID
Set IDTI
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http:2.3.29.10

Record Mord

1 1

2

3

4

5

6

7

8
n
0+l

Note

DATA BLOCK DESCRIPTIONS

Type

Pt bt Tt 3t bt

type
type
type
type
type
type
type
type

oo nonwnow i

503 P P G N

L S I 1 S

nunu

ITtem

Type of nonlinear Toad {l=typez4)

SIL value in d-set
SIL value in e-set
Scale factor

SIL value in d-set
SIL valve in e-set
Table ID {inteqer)

5iL value in d-set {inteqer)

Scale factor {real)

Scale factor {real)

Not defined

SIL value in e-set (integer)
Rot defined

Not defined

Same format as record 1.
Data belongs to set IDn‘

End-of-file

repeated for
each MALIH
card in set

Within each record, the data is sorted on word 2 of each 8-word entry in the record.

For water impact problems the NLFT ocutput file contains the following

information: -
Record Word
1 -
2,3,...,13
14, 15, 16
17
18
2 1,...,ND@F
1,...,8D

Table Trailer
Word 1
Word 2-6

Zero.

w

number of NPLIN sets.

Item

Approach flag BDSD, N@ZL, or SLAP

Water impact parameters

Integration control parameters

Number grid points (D)

Number of SIL wvalues (NDOPF)

S1L values in d-set

Z values, axial locations of grid peints.
This record is present only for SLAP case.
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A.3 MODIFICATION TO EXISTING MODULES

A.3.1 DPD Module

In addition to the bulk data processing IFP module described in A.2.1,
it is necessary te convert external grid point locations specified on the
IMPLIST or SLPLIST data card into internal identifiers locating the active
degree-of—freedom locations im the u g vector set. The following pages describe
the modifications made to the DPD module for this conversion. These pages are
prepared in a format suitable for insertion into the NASTM Programmer's

Manual.



MODULE FURCTIONAL DESCRIPTIONS

fyo=

1w s 5 = 1,2, 01 (2)

vthere

s = 11 (fe 3)
= i logyg TFD“)- (

3, If the entry corresponds to a FREQ set, the frequencies in the set are sorted, and
any dup11éate frequencies are discarded., The sorted Tist is written as one logical

record on the FRL.-

The RANDPS ca;ds are read into core (if no RANDPS data are present, the PSDL is not
assembled), The RANDTT and RANDTZ cards are read intoicore, and a list similar to that iq
the frequency processing is formed. This Tist is sorted on set 1dentifi;ation number, The
file containing the PSDL is.opened to write, and the set identifications are written in the
headef record.” The RANDPS data are written as the first 1ogicai record of the PSDL. The .

remainder of the PSDL contains one logical record per set. For RANDTZ sets, the data are

sorted-on time lag, and duplicates are discarded prior to writing the record, For RAHDTI

sets, N + 1 time lags, 7;, ave written where

e gt (DA 4 L2, N H T )
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MODULE FUNCTIONAL DESCRIPTIONS

4.47.7.5 Assembly of the NLFT and TRL

The NGLING {i = 1,2,3,8) cards are read into‘core. Each referencéd grid,point and
component codé is converted to a scalar index value in the up-set. The data are sorted
on set identification number. USETD is read into core. The file containing the NLFT data
block s opened to write, and the set identifications are written in the header record. The
remainder of the HLFT contains one logical record per set. Scalar index values within each
set are converted to scalar index values in the u, and u, sets. The data within each set are

sorted on the scalar index value to which the forcing function is applied.

The water impact data cards are processed in a manner similar to the N@LINi
cards. If the DYNAMICS data block contains records for IMPACT and IMPLIST ox
SLPLIST cards, these data are read into core. The IMPACT data is copies to
the NLFT file. The list of identification numbers on the IMPLIST (type equals
BDSD or N@ZL) or SLPLIST (type equals SLAP) are converted to scalar indices in
the d=set with subroutine DPD4. 1In general, if the problem is asymmetric
(TYPE = NPZL or SLAP), the identification numbers are converted to internal

numbers by the equation

6 ;
= 3
IDinternal IDlist + 10 (@ + 1)

where n = 0, 1 for NHZL and n is user-specified for SLAP case.

The scalar'indices are converted to degree of freedom locations in the
hd vector with data block USETD. Each internal point generates two entries:
u_ and tg for the broadside and three entries: Uy U, and g for the NPZL- and
SLAP cases. The total number of uy locations is writtem on the NLFT file
followed by the table of u, pointers (IDPF). TFor the SLAP case the list of

axial locations taken from the SLPLIST caxd is also written to the NLET file.

The TIC cards are read, referenced grid points and component codes are converted to
scalar index values in the up—set, and the data are written on SCR1, one logical record per set.

A list of the TIC set identifications is accumulated in core. USETD is read into core. The

4. 47-6a (12/15/74 — Revised UAT)



"FUNCTIOMAL MODULE DPB {DYNAMICS POOL DISTRIBUTOR}

file ;Gntain{ng the TRL data bloeck is opened to write, The set identifications are written
*in the header record. The lastword of the header containg the degress of fresdom in the u -set,
“Data ave vead from SCR1. Scalar index values are converted to scaldr index values in ‘the ug-set,
Each TIC set is wr?tten as one logical record on the TRL. Vhen all the TIC data have been

processed, the TSTEP data are copied from DYNAMICS to the TRL, one logical record per TSTEP sot.

4,47.7.6 Assewbly of the EED and TFL

»*

Processing of EI6B, EIGC, FIBP and EIGR cards is minimal, For gach card iyps present,
& corresponding legicat record is written on EED, For each of the cards which specify PEINT,
the refersnced grid point and compenant code s converted fo a scalar index value (ua sel -

for £I68 and EIGR cards, uy set for EIGC cards).

LY

Transfer fupction data-are read from the TF vecord op DYRAMICS one set at & tiwe. For
each‘transfer function set, the point and cémpanent codes are converted to scalar index values
in the up set, which in turn form row and column numbers of ﬁhg transfer function matrices.
“The data are written on the TFL, one transfer function set per Togical record. The set
iﬁénti?icatioﬂ nunber is the first worb‘of each logical pecord. Four vord eatries follow,

The first word is 65536%cotumn number plus row number; the next three warés are(the terms of

the matrices.

&,47.8 Subroutines

Auxiliary subroutines DFDL, DPD2, DED3, DPD4 are ﬁascriba&*ébcven
|4.47.8.1 Subroutine Name: DPDAA

1. Entry Point: DPDAA

Z, 'Purpose: o convert.a'grié pe{nt and component; code 1o & scalar index value in

the u_ set, "
B

3. Caliing Sequence: CALL DPDAA

&, Hethod: A Flag called INEQ is maintained fn /DPBCAN/. If the flag 1s zevo,
EQDYN {s read inbo core and INEQ 1s set to one. The grid peint and component to be
converted is stored in Bﬁ?{ii and BUF{L+1) where BUF and L are in /DPDCEM/. A binary
search is pevfarmed'%n EQDYH. If the point is found, the correspanding scalar index

vatlue is stored in BUF{L), Otherwise, an errov ﬁesgage 1s queuved, and an interna}
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A.3.2 TRD Module

Modifications made to the TRD module for inclusion ?f the hydroelastic
analysis occur in several locations and consist of testing for the existence
of water impact load data (NGNLIN = 99999 in CASE CONTROL) and specific
calls to the new subroutines. The simplified flow diagram [Figure A.1}
illustrates the insertion of new subroutines within the TRD module. The
initialization subroutine, FINTL, reads and converts pertinent bulk data
(IMPACT, IMPLIST, and SLPLIST). The routine then sets initial values and
pointers suitable for one of the three water impact conditions and allocates
block data and open core for rthe ;elative variables and arrays. Subroutine
NITER performs the solution for each time step using an iterative procedure.
Maximum number of iterations and convergency criteria are controlled from the
IMPACT data card. The FPG routine which is called by NITER, is designed ..
basically as a driver to either the FCPNE and LGNDR (nozzle entry), FCYLP
(broadside cylindexr), or FSLAP and PLYAD (slapdown) subroutines which calculate
the load vectors at each iteration. The selection of impact type islactivated
by the first word (NPZL, BDSD, or SLAP) on the IMPACT bulk data cardz The
following pages describe the modifications made to the TRD functiomnal moﬁule

and furnishes descriptions of the new subroutimes. They should be- inserted

into the NASTRAN Programmer's Manual, Section 4.65 at the appropriate place.



FUNCTIONAL MODULE TRD (TRANSIENT AMALYSIS - DISPLACEMENT)

NOLIN3 loads are computed as,

s {ug()34, uj(t)>'0

P'i(t) = (19)
0 s uj(t)jp
NGLING loads are computed as,
-5 {~ui(t)}A, ui(t)< 0
Pi(t) = (20}

0 . ui(t),g_ﬂ.

For the shell/fluid interaction analysis, the resulting non-linear hydrodynamic
forces, equivalent to loads processed by the NYLINi bulk data caxrds, are
éutomatically caleculated by activating data supplied ‘on the IMPACT, IMPLIST,

and SLPLIST bulk data cards. These non-linear loads ave computed by sub-
routines FCYNE, FCYLP, or FSLAP, having been called through FPG from NITER
within the time loop in TRDIC. The loads are output directly into open core
/TRDCL/ for processing the transient znalysis solution. The user ngcifiéé the
set of times at which data is to be Saved. If the current time is an output |

time, the displacement vector for time t = t. is output.

The velocity vector aiven by: "
- G} - 5}\—,5 [ug) - oy 4, (21)
is output. )
" The acceleration vectn?Agiven by
() = o [l (4 ) - 2 T, (22)

i

is output.

If the time step is scheduled ta change at ti+] fram Aty to At,, the disp]acemen? for time
i+1 has been calculated. {u;_,}, {u;}, and {ugq} are saved along with-{Pi+l]. The matrices

are formed and decamposed as in Equatians 9,1U,and‘11 for At = Atz.

The following equation is used for computing {u1+2},
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MODULE FUNCTIOMAL DESCRIPTIONS

[0]-fug,p) = 3 ]+ Pry # Pyygd # Whiyy3 + 161 fugyd + [ED ), (23)

—d

The Vectors.{P}} and {u}} in the above equation are calculated as follows, Define

: ]
W) = gy () - {uh, (24)

. 1

{uggql = E {({uggqd = 2. 4ugh + fuygq 1), (25)

S T )
{u.i} - {u"l'{"i} - {u'i‘[']} Atzs

then:

.
lu;} = {uyq) - A, {umﬂl - {”H-l}' (27)

(28)

4. Solution of Uncoupled Hodal Equation: If the method of matrix formulation is modal

and no transfer functiuns or direct input matrices are used, the equations may be

_solved in a more accurate, more direct manner. The diagonal terms of MHH, BHH, ‘and K
are stored in core. The'fo1]ow{ng data are necessary to solve the “transient behavior of -

a modal coordinate (g Y.

m{ = Moda] mass of mode {((HH)
. b; # Hodal damping coefficient (BHH)
Ki = "Modal stiffness (KHH)
R (W BLLR (29)
OF. p A@g b
OB Q1ys e By = o (30)
: i
b.!%':l |Iu;{ - g2|, (3])

time of the jthit1me step,
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A4

FLULID DATA INITIALIZER (SUBROUTINE FINTL)

FUNCTIONAL MODULE TRD (TRANSIENT ANALYSIS - DIS?LACEMENT)

4,65,.8.12 Subroutine Name: FINTL

1. Entxy Point: TFINTL

2. Purpose: To initialize shell/fluid interaction data for caleculation
of hydrodynamics loads by the FPG Subroutine. Reads data for comnical or
cylindrical impact probléms from NLFT file. Sgores pertinent data into
FPGX common block and initializes peinters for working storage in open

core. Allocates open core for use by Subroutime FPG.

3. Calling Sequence: CALL FINTL (NLFT,TIDATA,NDATA,NROW,NGROUP,N22;1IU1,

IU2,DELTAT)

COMMAN/TRDCL/ -~ Open core in TRD
C@MMQNfFPGX/DELZ,DELTH,DT,?I,RC,TL,V@,RH@,ALFA;THMEX,H,GAMA;VQL,PAHB,
SALFA,CALFA, TALFA, TALFA2, VLD, BO, VCR, VCZ,  NPY ,Mi, NP, D, NK, 1T, IPRNT, IPC,
ICM,ICMS,IP,IRZ,IAS@,IBS@,IPMU,IPMU?,IPlM,IP;MU;IAS,IBS,IASD,IﬁSD,IPZ@,

1PZ¢P,TP1Z,IP1Z8, TPH, IPLO, TYPE ,LAST ,KHARM,G,CDR,CDZ ,MP, IIP,UD(3) ,UDD(3) ,PRT

NLFT — File number fcr input data.

IDA&A - Entry point into open core TRDCL containing water impact
"data and arrays.

NDATA —.Last entry point into oéen c;re TRDCL containing water
impact data and arrays.

NROW,

NGRAUP — Pertinent pointers in Subroutine TRDIC.

Nz2 _

DELZ ‘— Increment AZ between nodes along longitudinal axis of

- cylinder or cone.

4.65-17a (12/15/74 - Revised UAI)
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DELTH

. DT
PI

RC

v
RH@

ALFA

THMAX

GAMA
VL

PAMB

SALFA,
CALFA,
TALFA,
TALFA2

VOLD,
VCR, VCZ .

B

Increment AO betwesen circumferential nodes for cylin-
drical broadside impact,

Time increment At in integration schema.

3.1415927

Radius of cylinder

Lentth of cone (for FCPNE) from apex to nozzle exit, or

. length of cylinder (for FCYL

Initial impact velocity, V-
Mass éensity of fluid

Semi-apex angle of cone for nozzle entry

Circumferential angle emax of last point in-iMPLIéT list
for broadside entry (AZ for nozzle entry).

Depth below surfa;; of fluid f&r Whic&_fESumpt?on ¢ =0
holds. Used for ngzzle entry only._.

Initial canted aﬁgle.(y) of nozzle-(cpne) from vertical
(for FCHNRE only).

Total volume of enclosed shell impacting ﬁertically,in

inverted conical configuration (for FCONE only).’

Ambient air pressure (for FCONE only).

Sine, cosine, tangent and tangent squared functions of

semi-apex angle of conical nozzle (for FCENE only).

Initialized velocity parameters

. Initialized submerged'ﬁepth.'
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NPY (WP#HLY) — Numbexr of terms in expansion of Legendre function for
stream poﬁeqtial expansion {for FCONE only).

M ~ Number of Fouriexr terms in expression for stream poten—
tial (for FCYLP only).

NP, WD — Number of nodal points taken along cone or cylindex for
which hydrodynamic pressures are considered.

WK ~ Number of submerged points on wetted surface for cone or

cylindrical mathematical models,

IT . — Time increment counter in integration -scheme.
TPRNT - Flag which may be turned omn if pressures at each sub-

merged node and each time step are desired as output

IPC - IP1p —~ Pointers into TRDCL common bloek for wvarious data and
working array.

TYPE ~ Water impact type (NHZL, BDQD 6r SLAP) set by first Word on
IMPACT card.

LAST : — Logical value set to true when NITER calls FPG for the

final time in each time step.

KHARM — Number of harmonics.

G -~ Gravitational comstant.

CDR ~ Drag coefficient in radial direction.
_CDZ — Drag coefficient in axial direction.
MP — Mass property of structure.

I1P - Ipertia property of structure.
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UD ~ Rigid body velocities calculated in ¥SLAP
DD - Rigid body accelerations calculated in FSLAP
PRT — Increment at which pressures are printed for slapdown

case (degrees)
Integration control parameters are passed to NITER in common block INTCRL.

COMMPN/ INTCRL/NTER,ED,EP

WTER - Maximum number of iterations:
ED ~ Displacement comnvergence test.
EP — Parallel vector convergence test.

4, Method: The input file (NLFT) is opened and Record 1 is read and
stored in the appropriate locations in /FPGX/. Work 1 determines the
approach and the core allocation (NYZL, BDSD, or SLAP). See subroutines
FCYLP, FCPNE, and FSLAP for a description‘of the core-held data. Thé
working data is allocated in open core, words IDATA to NDATA.  The list
of pointers to other working arrays and vector locations of thé‘connected
grid points (IDPF) is read from the NLFT file and stored in opén core.‘

For the slapdown case the list of axial locations for each grid point is

read and stored into open core.
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A.5 FLUID PRESSURE GENERATOR SUBROUTINES i

FUNCTIONAL MODULE TRD (TRANSIENT ANALYSIS ~ DISPLACEMENT

4.65.8.13 Subroutine Kame: FPG
1. Entry Point: FPC

2. Purpose: To calculate non-linear hydrodynamic loads for shell/fluid
interaction transient response for either an inverted cope {(nozzle) or

horizontal cylinder impacting a fluid,

3. Calling Sequence: CALL FPG (DELTAT,IXCHUNT, TUL,TU2,IP4,NRGW,LAST,ITP,IY)
CHMMPN/TRDCL/ ~ Cpen core in TRD

COMMPN/FPCX/ ~ See FINTL

DELTAT(DT) ~ Time increment At Ef integration scheme. _

ICHUNT(IT) - Tteration counter '

It1 ~ Index to first location of Usiq ‘in TRDCL.

a2 —~ Index to first location of Uieo in TRDCL.

IP4 - TIndex to first location of non-linear Load vector in TRDCI.

NREW — Length of displacement and load vectors.

LAST = Logical variable to indicate last call to FPG for this
time step.

IY =~ Error flag. Returns integer (1) to FPG if inappropriate

geometry or loads data is calculated and terminates

transient response.

4. Method: TPG is the driver routine which generates the inverted

concial (FCHNE), cylindrical (FCYLP), or slapdown (FSLAP) water impact
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FUNCTIONAL MODULE TRD (TRANSTENT ANALYSIS ~ DISPLACEMENT)

load vectors for tramsient response. Transmits data pointers into

TRDC1 for displacements, loads and working arrays.

.8.14 Subroutine Name: FCYLP (Load Vector Generator for Broadside

~ Impact of Cylinder into a Fluid)
1. Entry Point: TFCYLP

2. Purpose: Calculates non—linear dynamic load vector for the tran-

sient response of a cylinder impacting a fluid on its side.
3.™ Calling Sequence: CALL FCYLP (UD,UDP1,FN, IDUF,CM,CMS, P, 1Y)

CEHMMPN/TRDCL/ — Open core in TRD

CMpN/FPCX/ - Contains variables which have been initialized in FINTL .

subxroutine- )

D - Array in TRD épen’core confaining'{ui} - reéi;~jinéﬁ£.

UDPL - Arra§ in TED open éore containing-{uiﬁi}-— re%l-— input

‘FN ~ Aryay in TRD open co;e containing hyﬂrodynamié forces -
-{Ni+i}'_ real - output and accelerétiqns (ﬁi)”as input.

_ID¢F — - Array of integer pointers. Each entry is'the ﬁosition
"dinto the TD, UﬁPl and FN vector érrayé. l

C@, CHMS ~ Arrays for Cm at eurrent and past time steps

P ~ Array of hydrodynamié pressures

'¥Y . ~ Error flag - See FPG

4. Method

a. Find éubmerged depth -of penetration, B, and width of wetted

4.65-17f (12/15/74 — Revised UAI)
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VAE + B

==}
I

previous

A = V2R 3B

c

where for the first time step B

i}
“
<
i
i

. 0
previous o.
b, Obtain velocities at grid points from the structural displace-

ments,'Uir, and the IDPF table:

1

[Uirtt) - Uir(t - AEYY [/ At

i = [Ui¢(t) ~ Ui¢(t - AtYY / At |

¢, Calculate the average, or “rigid body" velocity

{Vin cos ?i - Vi¢ sin Gi}

]
!
==
o
Oinsle

where M- is the total number of grid points in the IMPLIST list.and

’Gi = (1L - 1)A08.°

d. Calculate the fluid coefficients Cm, m=1, 2...MM using the

following equatious

- R sin 8.
= eost ( - | )
Ny ces
I -
bng = =3 Oy~ )

- = T =
Where no = nl 5 and nN+1 0
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FUNCTLONAL MODULE TRD (TRANSIENT ANALYSIS — DISPLACEMENT)

and
N

2o |
Cm = o] vy Isin (2m -+ 1) ni] sin ni_néi

where N is the index of the last wetted -point.

&. -Calculate the derivative of each Cm

C, = [c () -c (t~A)] / At

- m

The values_C& are stored for use in the next time step.

f. Calculate the pressures Pi at each point with the equation:

M RV - | '
i) L ¢ C_| =i
I { [Tcm*““m]sm nr L

R;V cos ni .
e e Im + )
+ (2m + 1) Cm A sin n, cos (2m 1)‘n1

where V = [V(t) - V(& - A)]/Ac

g. The area factors Si for the points axe:

= X -
Si = 3 RCABL, i=1
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W
h]
Py s
>
o
vt"
F
|
™~
L)
E
|
jue

-—l. L .-'A__ o i =
s > R L [31n ( X ) eN_l} , i=0N

" h. The forces on each point in the radial direction are:

N, = P8 +M @,
i ivi i 74
The forces are placed in the load vector; FN, in positions

determined by the IDPF table.

4.65.8.15 Bubroutine Neme: FCHNE (Load Vector Generator for Inverted Cone

Impacting into a Fluid)
1. Entry Point: TFCPHHE

2. Purpose: To calculate fluid pressure at each submerged node in the
case of an inverted cone impacting water and to find elements of the

asseciated non-~linear load vector.

.3. Calling Sequence: CALL FCYNE (IDSF,UD,UDP1,¥N,RZ,ASH,BSP,PHU, PMUP,

P1MU,P1MUP,AS,BS,ASD, BSD,PZf, PZgR , P128, P1Z6P , PP, P1, IY)

CoMy@N/TRDCL/ — Open core in TRD

CHMMEN/FPGY/ ~— Contains variables which have been initialized in FINTL

Subroutine.  _
] See Subroutine FCYLP, each entry of the IDYF array is the
ﬁD?F{UD’UDPl position -in the UD, UDPl and FN vectors, e.g., Uzi or %21
TR, LY ‘for polnt 1 and harmonic n. (n = 0 and/or 1)

4.65-17i (12/15/74 — Revised UAT)
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RZ — Array of R and Z coordinates of nodes on IMPLIST list
contained in open core /TRDC1/ starting at IRZ,
ASf - P1 — Working and storage arrays in open core set up in sub-

routine FINTL.

4. Method: The logic flow and pertinent mathematical equations are

as follows:

a. Penetration depth, B and velocities B and D calculated. and the:

number of submerged nodes on the cone (NK) determined., -

- b. Calculation of geometzy (a,zo) of the expanding ellipsoid for

current time sﬁep made.

.e. Caleculate air pressure within entrapped motor case (Pa).

e ‘o s "1 : 1. . i
d. The velocities (U ). .., Wsags By and (T),, are cal-
-culated from difference equations.for all submerged-ﬁodes'utilizing‘
. {
displacements obtained from the UD and UDP1l arrays and pointers from

‘the IDGTF array.

e. The velocities, normal to the shell, are calculated:

= _ to 0 .
Vﬁ(ui) = ?I(ui) cos.a. Uz(ui) sin

ﬁi(u ) = 'ﬁl(u ) cos o — ﬁi(u 5 sin
n- i i Al %

£. The ngéndre bolynomials and their first derivative, Namely,

Po, Pl, pt© and P’l are calculated for  and i, by calling sub-—
m’ "m’ m ™ o. 1

routine LGﬁbR.
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g. AS and BS are calculated as follows.,

= o - .
In B Pm O’li-%l) Vn mi—i—l) a
u o
+1
P(Lll)vor)(l 1)
2
1 _ =1
Im - ) vn(ui+1) +
- 112 : ) H - H
1 1 . =1 i+ i
“—th;T_Pm(”i) Vn(yi) (- ; )
Then:
AS = —a(2m+ 1) [PILO(ED)]BI I::l where m = 2s ,+ 1.
L Om4+1) o1, -l 1 i o
BS = ) =1 m {Pm (CO)] I'm where m 28 + 2

h. A, and B, are evaluated as differences with respect to time:

As(t) - As(t - At)

At

Bs(t) - Bs(t - At)

At
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i. Cll’ CZl’ 612’ sz and C33 are cglculated for the subnerged

points as follows:

' )
e - (1 - ui)ui :

i1 2 2
a(Co - ui)
2
I i
21 2 2. 2
%(Co - ui)

yi/a~u92@§—n

C = V_ sin vy
12 2 2 o]
a(g - ui)
' 2 2 :
co/a—u9<%—1)

c,, = - V_ sin Y
22 a( 2 2) o .
Z;0 Fi
C33 = Ei VO sin Y

where VosinY is the average” latexal welocity of the nozzle,

F. ﬁo’ ﬁl,'ﬁz'and §3 are calculated as follows:

. NPY . .
Pn) = gég. [Ast(ui) P (z) + AR (W) R (£) C,y

+ Ast(ui) Pé(go) Cll]

.65-17% (12/15/74 - Revised UAIL)



FUNCTIONAL MODULE TRD (TRANMSIENT ANALYSIS ~ DISPLACEMERT)

NPY . .
B = 2, BRI PR A (€. P GL) P (2)
Y4 é;g sn*i’ "n o s [ 1273’ "m*o
1
+ C,nP (1) Pm(co)]
. (1 1 PP R
F Bs [Cllpn (ui) Pn(zo} F c'.’Zlyn(}"li) Pn (Co)] }
NPY _ .
~ : - - 1. PR | 1
P, () . ; B [Clan (ug) Bo@E,) 4 CGpoP (uy) BI7(E )
NPY
P () = gS;Z Bs | C33Fan 0ty Pm(co)]
'Where
m = 28 4+ 1 i
Y s=0,1, 2...
n = 2s 4+ 2

k. The harmonics, n = 0 and 1, of water pressure are evaluated

for each submerged node from:

P ) =R () +3 [Py ) + 2501

I

P ) = Fp)

1. Each harmonic of water pressure for an element ig assumed to
be the average of that of the adjacent grid points, and is linearly

distributed to the adjacent grid point in such a manner that the
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4.65.8.16 Subroutine Name:
1. Entry Point:

2, 7Purgose: To

FUNCTIONAL MODULE TRD (?RANSIENE ANALYSIS — DISPLACEHENT)

. +  _th . .
center of pressure is preserved. The n~ harmonic of generalized

normal forces at grid points a and b is:

_ra rbh
Fan = L '3—"1"6"“ Pav
- - ol
— - n>0
ra rb
T =) —-———}-—..._.
I“bn. ﬁL__B 3 ] Pavn ‘

wiere L is the length of the conical element Az/cos ¢ and Poy. is
) n

th . : .
the average of the n~ harmonic of the water pressure on this-element.

Note that for n = O the forces are multiplied by 2. The forces are

transformed to the xr and z directions, the virtual mass Forces Mi U,
are calculated, and both are added to the En vector in positions

deteyrmined from the IDYF array. The coefficients A  and B_ are saved

in locations AS® and BS@ for use in the next time stenp.

LGNDR
LGNDR

calculate the first ¥ odd degree Legendre poiynomials

and first N even degree associated Legendre functions of order one. and

their first derivatives for wvariable X.

3‘

N

Calling’ Sequence: CALL LGNDR. (N,X,PX,PPX,P1X,PP1X)
~ Polynomial’s degree {(No. of terms in expansion series}
. integer —~ dnput

— Given variable - real - input

— Value of polynomial - real - output

4.65-17n (12/15/74 — Revised UAI) °
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PPX — Value of derivative of polynomial - real - output
P1X ) — Value of Function -~ real - oﬁtput
PPiX ~ Value of derivative of function - real - output

4. Method: The following recursive formulae are used to calculate

the value of the Legendre polynomials and their derivatives for orders

0 and 1.

PE[(X) = n_l(X) ~@+n~-1) Iﬁ_z(X)],&r= 0, 1
and

d _o _ m_ o, _ 0

EE-Pm(X) = f;ii:—z [XPm(X) Pm_l(X)]

'Picx) = J1-x* L 2° (%)

ax

and

d_ B 1
a&x (}‘) I

it

lmxpil@) - (m+ 1) Pi_l(x)_l.
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4.65.8.17 Subroutine Name MASSG

Purpose:

To calculate mass and inmertia properties at the CG of the strxructure

for a slapdown water impact problem. The CG location is also calculated and

the DLIST array (defined originally on the SLPLIST data card) is converted to

locations relative to the CG.

Entry Point:

Calling Sequence:

MASSCG

CALL MASSCG (NPTS,NHARM,R,ILIST,DLIST,IM,D,MP,IP,ZCG)

The variables are:

Method:

NPTS

NHARM

R

ILIST

DLIST

I

Ip

ZCG

Number of grid points (input)

Number of harmonics (input)

Radius of eylinder (input)

Array of SIL values (input)

Z locatioms of grid points (input, output)
on input - relative to origin

on output - relative to CG

Matrix control block for MASS file {(input)
Working storage (real & integer)

Mass propexty (output)

Inertial property (output)

CG location (output)

The rigid body matrix D is created as a core~held packed matrix. The

rigid body mass matrix, [M], is calculated by the equatiom:

] = [p1° [M] [D]
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where M is the structural mass matrix (Mﬁd file).

The total mass, m, the CG location, z, and the inertia, I, about the CG

are calculated by the following equations:

i - —
mo= 5 (hy + M,
— - '—g_;_
z = ~gMs

— _2
I = M33 - |z

The location of each station relative to the CG replaces the values z;

in the DLIST array, i.e.,



4.65.8.18 Subroutine Names IJINT, GETLJ

Purpose: To precalculate the integral terms Inm(u) and Jnm(a) for a selected

range of n, m, and o values. The definition of the integrals is:

™
T = ‘}r cos nd sin (2m + 1) n sin n dn
0

mn

s
J = J{ cos nd cos (Zm + 1) 1 cos 1 dn
0

Entxy Point: IJINT

Calling Sequence:

CALL IJINT (NA,NN,NM,R,Z,ALPHA)
The variables are:
Z ~ Array of open core, output (2Z*NA*NM*NN) in length

ALFHA - Array of o values, output

NA - Number of 0 points (= -2*MAX(NN/4 NM)'+ 2)
M —~ Number of m values, 1,2,...,NM

July) - Number of n valges, 0,1,...,NN-1 -

R — Radius

Method:

The routine will gepnerate 2 WA matrices each of dimensions NN by NM and
store them in the array z. TFour nested loops are necessary to perform the

required calculations. They are:

1. The outer loop sets the value ¢, = R(ihi and sets the matrices 1
: i NA nm

and Jnm to zero. The values sin mi and cos ai are also calculated.
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2. The second loop changes the index k where nk (0 < sin nk < 1) and
Ank are obtained from the Gaussian integration table. The values

sin nk, cos nk, sin an, and cos 2nk are also calculated.

The functions of ¢ are calculated from the equations:

o = cos n
sinhl g@

The following functions are calculated and stored for

m-1,2,...,NM.

Ir

CE(m)

cos (2m+ 1) 7 1) sin 2n

CE{(m - 1) cos 2n — SE(m

SE(m) = sin (Zm+ 1) n = SE(m — 1) cos 2n - CE(m - 1) sin 2n

where.CE(0) =.cos Ty and SE(0) = sin nk is implied.

0

3. The thixd loop is performed over the index n where n = 0,1,2,...,NN.

The following values are caléulated and—stored at each value of n > 1
CP(n) = cos (ng) =cos (n - 1) ¢ cos ¢ - sin (n - 1) ® sin 5
where
sin (n$) = sin (n~ 1) ¢é cos ¢ +cos {n - 1) ¢ sin &

4, The inner loop is performed over the index m where m = 1,2,3,...,NM.‘

The following increments to the integrates are calculated and stored:

AT An

o « COS nd sin n sin (Zm + 1) n-

AJ cos nd cos 1} cos th + 1) n

nm Ank

oY



AL

An

m K CP(n) SE(0) SE(m)

AJI'm An, CP(a) CE(0) CE(m)

Note that since the indices n and m have zeroc values, the actual
program indices are larger by ome.

Entry Point: GETLJI

Calling Sequence:

CALL GETIJ (A,N,M,TNM,DINM,JNM)

The wariables are:

A —~ TInput, real — half width of water-line, a
N — Input, integexr - harmonic index

M - Input, integer ~ fluid series index

I - Output, real - Inm integral

DINM -~ Output, real — 3Inm/Ba integral

JNM - Qutput, real - Jnm integral

Method:
The table 04 is searched until a; < A < a;,4. Linear interpolation is
used for the coxrzesponding wvalues of Inm and Jnm' The derivative term DINM

uses the difference AInm/Aa.



4.65,.8.19 Subroutine Name NITER

Purpoge: To perform the solution of a displacement vector due to nonlinear

loads for each time step in a transient analysis.

‘Entry Point: NITER

Calling Sequence:

CALL NITER (DELTAI,IUl,IUZ,IUB,IPl,IP&,SCRl,BUfl,IY)
COMMON/TRDC1/ - Open Core
The wariables are:

DELTAT - &ime step size

U1,02,U3 -~ Pointers to displacement vectors in open core,

U3 is output

TPl ~ Pointer to applied 104@ vector in open core

IP4 - Pointer to resultant load vector i; open core, output
SCRL,BUFl ~ GIN@ scratch file and buffer

¥y — Error flag returned by calls to ¥PG

Method:
1. An estimate for the new displacement vector is obtained by linear

extrapolation,
{Yo} = 2{u2} - {ul}

where u, is the current displacement vector, u

9 is the previous

1

vector, and Yo is the estimate of the mext vector.
2. The subroutine performs the iteration on the matrix equation,

4,1 {yy 43 = WGP+ {cl
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where:

-
1 1 1 .
[A,] = ——M+——B+~4
2 L a2 2At 3
{c} = ~3§-M - %-K] {uz} +
- At

~1 1 1 =
'——:Z—M-I-mB—EKiI‘{Ul}'*'{P}

L At

-{N(yi)} is the nonlinear load obtained by calling

Subroutine FPG.

Starting with the second iteration, the following vectors are.

written to the scratch file for each iteration:
{6,y = {yy-v; 4}

*

;) }

Uy - 15

where:
{fi} = {N(yi) - N(yi_l)}
The following tests are performed after each iteration:

a. The change in the magnitude of the force veector is checked.
If lfil//|N(yi)| <e, s
the load has converged and the subroutine goes  to Step 6.

b. The number of non-zero terms in the force wvector is checked.

If i 2 total number of non—zero terms in'{N(yi)} s

set p = 1 and go to 5.

c. The two previous {f} are checked to ensure they are not parallel.

F, and £, are normalized such that
i i-1



£l = I, = 2
and the largest term of each is positive.
If, for all non—zero terms in the wvector,

f3 ~ fia )
< j = R
i €, § o= 1,2 NROW

If all terms pass the test, setn = i -1 and go to 5.

d. The number of iterations performed is checked.

If 1 =1 » set m =1 and go to 5.

e. If none of the above, continue the iteration for i =1+ 1.

This step is executed if the process is not converging. At least

three iterations must have occurred.

a. The equation below is solved for {al,

[a3® 18,0 {0} = [u) el

+

where the vectors stored on the scratch file make up [u] and

[A ] as follows:

[ul = [62, 63, ceevesy 6 1

)

a3

IAA] = {Az, AB, cineens B ]

Note that the matrix to be inverted is of order n-1 and may be
held in core. If the matrix to be inverted is singular, the’
maximum number of diteratioms, I .., is decreased and processing

begins at Step 1.

b. The final displacement vector is calculated,

v} = {yp} = [u] {a}



"c. The final load vector {¥} is calculated by calling

Subroutine ¥PG.

6. The final displacement and load vectors are placed in the output

locations indicated by IU3 and IP4, and the subroutine exits.



4.65.8.20 Subroutine Name FSLAP

Purpose: To calculate the slapdown loads on the cylindrical shell structure

for a given set of positions and velocities for slapdown analysis.

Entxy FPoint: FSLAP

Calling Sequence:

"CALL FSLAP (U1,U2,Y,PNL,ILIST,DLIST,TEMP)
The variables are:

UL,U2 -~ Core held displacement vectors (u

17 ul¢’ ete.; u, u2¢, ete,)
Y ~ Current estimate of next vector
PNL - Load vector output, {N}
TLIST ~ List of position indices for the vector terms of each point
DLEST - List of the avial distances from the CG to each point (Si)

TEMP -~ Temporary working array

. The common block /FPGX/ contains the control data, miscellaneous con-—
stants, rigid body accelerations and velocities, and total mass proﬁefties M
and 1. The displacement vector, U;, contains three extra terms corresponding
to the rigid body displacements U, W, and 6.

Method:

The TSLAP subroutine performs three basic steps: The watex impact loads
are calculated for each point for all harmonics and added to the overall
load vector and to the loads on the CG. The CG accelerations are calculated
from the basic momentum equations. Finally, the loads on the structure are

corrected by adding the inertial forces due to tﬂehrigid body motion. The

output load vector, PNL, contains the forces on the structure points plus

the three total CG forces, Fx’ Fz, and Me.
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Estimated displacements and velocities are predicted from initial
data, The displacements, velocities and accelerations of the

structure are estimated from the previous time step,

S a2
y; o= oy At” + 2u2i U

"where y is the estimate for displacement, uy and u) are the current

or initial values from the previous time step, and ﬁi is the esti-
mated acceleration derived from rigid body considerations. When the
final iteration is performed, then the last estimate for .accelera-

tion is calculéted as:
i, = {(y., +u,. - 2u )/Atz
i & 1i 21,

The detailed processing steps are listed below:

Load Vector Calculatiomns:
A loop is performed over each stationm on the structure as
defined by the tahles ILIST and DLIST. The following stepé_are

executed at eaeh point,

a. The local velocity functioms at point i are:

.n _ 1 n_ n £

Yr T 2A¢ (yr ulr) (w7 1)
A0 1 /1 1 . A I .
U= 3h: (yr - ulr)-+ WCG cos O + UCG sin O -SieCG (@ = 1)

n . : . P . .
where u_ is the displacement at point i in the r direction for
harmonic n.

b. The accelerations are:



ﬁi = —LE Gﬁ'~ 2un + ul ) + ﬁCG cos O +'ﬁ

r 2r ir sin & ~ 6,8,

CG

Note that these equations.are best coded as function subroutines

to be evaluated as they are needed rather than store all results

in core.

Calculate the distance from the center line to the water, s

where
_ 1 . 1 '
i T s B [61 sin 6 - WCG] u.
where u%r is the local displacement at-point i in the ¥ direction,

harmonic 1.

If T, 2 R, the station is "dry", no loads are produced, and

the loop proceeds to the next point.

if 0 < r < R, perform the following calculations:

a = R2 - r2

T ¥

. _ S S 1
I, = (g tan 8+ 65) 8 - g Ve T oA Oy T Upy)
r.¥
. it
.a = —
a
X = UCG + Tt sin 6 - WCG 0
Ax = l—(ﬁ -6 Y / cos B
2 i4l i-1

Note 60 = 61 and 6N+1 = 6N at the end points 1 and N.

Evaluate the loads PE using Subroutine PLYAD. The
81 '

integrals T, 6mn and J _ are obtained by interpolating the
) nm a wmn

tables using the current value of a. The derivatives of the
velocities are obtained from the velocities of the adjoining

stations:



.1
6ur - 1 KL
&x 2hx T

it+i

where the end values are zero.
e. The impact loads are distributed to the adjoining stations

using the equations below:

ko 1.k

Fiul T4 Pr.

FE o= L d 1< 1<,
i 2 r i
k. 1.k

F1+l - 4 Pr

The end points on the cylinder are a spécial cage:

ko ko _L1l.k -

F, o= F, = -3 E (1= 1)

k¥ _ _k _ 1k .

FN = FN—l =-3 Pr (i =N .

v

-

where FE is the load in the r direction at point i in thé kth
harmonic. The F? farces are added to the appropriate position
in the PNL wvector.

f. If Ty £ 0, the loads are calculated from the virtuwal mass of the

attached fluid. The net force on each harmonic k is:

k _  pRAx k- .
e = R-omhi (k>0
P;’ = pRMx (R - 1,)) u§ (k = 0)

The loads are distributed to the adjacent stations as in step e.

If »; £ -R, then y; is set equal to -R.



During the execution of step 'f£' above, the mass matrix con—

taining the effective inertia terms relative to the CG is added

to the running sums Mﬁ, Gw, and Iﬁ' These are added to the mass

of the structure giving a total rigid body mass matrix, M, where:

— — — ——y

m M 0 -M §
w W w
[M] = m +1 0 0 0
I - 0 I
- N wWow W _

The new rigid body acceleration in vehicle coordinates is:

u, & Fr
= _ =l

uz = [M] TAF
6 M

P

where Fr’ Fz, and M are the net forces acting at the CG with the

acceleration loads removed.

Inertial Reaction Loads:

In order to keep the structural displacements small and man-

ageable, the structure loads are calculated to produce only motions

relative to the coordinates fixed on the CG. Centrifugal and

Coriolis forces are ignored. The procedure for calculating these

corrective loads is:

d.

The mass matrix file is opened to be read a colum at a
time; each column corresponds to a displacement for a given
point and harmonic. Only the zero and fixst harmonics are
used to produce imertial loads.

The loads are generated one point, i, at a time. The accel~

erations due to the (G motlion at each point are:



Note the superscript indicates the harmonic number and the
subscript indicates the direction.

‘ . . 1 1
The columns of the mass matrix corxesponding to u, u

¢
and ui are multiplied by the negative of the corresponding

u0
> B

acceleration and added to the load vector PNL in core. This
load vector will be in equilibrium with respect to rigid
body motion and will produce only relative structural

displacements,



4.65.8.21 Subroutine PLYAD

Purpose: To evaluate the loads Pi for slapdown analysis. The equation to b

be used is:

2

2 3
k _ 2 pR” a AX cos 8 .1 r
Pl— - ) 3 Z Z ( ha™ + 5K X)

T (R - a") n m )

Entry Point: PL@AD

Calling Sequence:

CALL PLOAD (PR,K,MM,XDET,ADT,UXRD,URDPT ,DEN,R,AT,DELX,TH,PL,URDD)

The variables are:

PR - Harmonic load (Pi)
K — Number of harmonics -
XDET - X
ADI ~ 3
n
Yy
UXRD - -—=
X
%1
URD{ﬁT—-ur
DEN - p density
R - Radius
AT - a
DELX -~ AX
™ -8
PI -7
URDD - @
r
MM -~ Number of polynomials in serxies
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Method:

The routine will precalculate the leading constants. Then two nested
loops will be used for the summationg. Each loop has an entxyy point for the
integral subroutine GETIJ. The dintegral functions I ., I , J are pre—

nlk’® Tmn® “mk

caleunlated and are obtained from tables using the current value of a. The

following equations are executed inside the loop

U
Xl = U; -+ -é-— X
x - 1 aImn + 1
2 Imn da 5 5
R~ a
— é n
3 T Xy @,
T T
N mn mk
X, = (X1+X3)(2m+1)
_ .nfa
Xy .5 Uy (a)Imn Jmk
2p R2 Ax cos B ~1l/a
CPN3. - sin ("ﬁ)
SUM = xa + XS
P = C@PN3 % SUM

P“Pds



APPENDIX B

ANATYTTCAL AND EXPERIMENTAL DATA COMPARTSONS

Test Run C145-20

The following plots are given:

o Hedight and Angle-vs. Time

e Pressure vs. Time (0 = 0° and average pressure)
o Circumferential Pressure Distribution

o Diameter Deflection vs. Time

o Diameter Deflection vs. Station

o Maximum Deflection vs. Station



Run C145-20

Height and Angle ves. Time
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" Run CL45-20

Pressure vs. Time

At Centerline and Average Over Wetted Area

Note: Test.results are plotted -as envelopes
bounded by dashed lines.
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Run C145-20

Pressure vs. Station
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Run C1l45-20 )

Circumferential Pressure

Distribution



TS TE= 2,9 SEc

C/RCU A ILEEREA T AL | OSSR
W VG P SR el i W ¢

_ _ —
o ... J0° 202 .35 4 50° se . Tn

ANGLE COSE). o

CLRC U7 FEREN 777L  [IRESSURE LIS TRISUT/OA .



£ 5.7

—
-

SIRESSURE

60

. 504

CI/RCUMIFEREATHIE.  PRESSUR
OIS TRIBUTION .

SrA688

00z 38wt s®  e®. T00i &7
AVCLE Lo ) - - . -

£

O/ RO U FEREN 7V AL FRESSURE LS 7RIS T /0



‘ _‘/4.5-.\2 20

TIir7E=73,1 SEC

LpER NI L EAITIAL RESC QRS

- : L >
ST TR LA T A

AS7)

40,

LSS URE

&
— e

. HS_"Z"/Z :.‘_-.Z-_{,_g_:. I

) T - 7 ¥ 3 ¥ y — T -
0. 0% _ . z2° 38 4 507 [_e8° 76 . _&° _
ANVG LE ( DESD

SR C U7 FEREN 7/ FRESSURE LVST7RISUT7T/0~7,



Run C145-20

Diameter Deflection -
vSs.

Time
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Run Cl45-20

Diameter Deflection
vs.

Station
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Run 0145—20.

Maximum Deflection
Vs,

Station
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