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ABSTRACT

A simplified two~degree-of-freedor simulation in
heave and pitch of the XR-3 Captured Air Bubble (CAB)
testcraft is developed first in a non-1linear form and
is subseqguently linearized about the steady-state
operating point. The model is validated against the
six-degree-of-freedcm XR-3 Loads and Motions progran
in the time domain; the 1linear system is then
transformed into the frequency domain Dby conplex
matrix inversion. A conparison is made between the
linear system frequency response predicted by the
two~degree-of-freedom model and that of the Loads and
Motions program, as well as actual testcraft data,
reduced to the fregquency domain by a Fast Fourier
Transform (FFT) technique. This comparison of
frequency response curves highlights a ncn-linear mcde
of CAB «craft behavior of possible interest to

habitapility and seaworthiness studies.
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LIST OF ABBREVIATIONS

PHYSICAL CONSTANTS

(7]

g

E

=0
Y

Gravitational Constant z
(32.2 ft/sec )

Ratio of Specific Heats of Air
1.4,Dimensionlass)

Density of Water .
(2.0 Slugs/ft )

Density of Air :
(.002378 slugs/ft )
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1=

QLG

CRAFT PARAMETERS

Plenum Upper Surface Area 5
' (200 ft )

Leakage Area,Stern Seal 5
(.438 £t )

Sidewall Area 5
¢18.75 £t )

Sidewall Skin Friction Coefficient
(.95,Dimensioaless)

Y-Axis Moment of Inertia 2
(9620 lba-ft )

Craft Waterline Length
(20.0 frt)

Number of Lift Fans
(5)

Static Pan Flow Rate 3
(35 ft/sec)

Sidewall Width
(.9375 £t)
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10. Width Craft Beam Width

Fiir: (10.0 ft)
11. ¥n Empty Plenum Volume 5
(383 £t )
12. 1Is Keel to Center of Gravity Heignt
(255 ££)
1 13, 8 Mass of Craft
| (1bm)
] |
i 4. MfC Residual Moment about Y-Axis |
i (f£t-1bf) :
i ]
4 15. ZXcg Location of Center of Gravity from
i Craft Geometric Center
(ft)
§ 16. Xcp Location of Craft Centear of
3 Pressure from Craft Geometric
i Center
(ft)
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SEA-STATE VARIABLES

Rev——

% U (& Absolute Wave Velocity
5 (ft/sec)
1 2. Lambda Incident Wavelength (£8)
|
i' Je B Wave Encounter Frequency
€
i (rad/sec)
: 4. w_ Incident Wave Fregquency
X
i (rad/sec)
|
! 5. JHdyht Wave Height
1 (£t)

NP IrNe.
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i
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STATE VARIABLES

1. Mb Plenum Air Mass
{(1bm)
2. Klfa Angular Acceleration of Craft about
Y-Axis .
(rad/sec )
3. HMbdot Mass Flow Rate into/out of Plenun
(lbm/sec)
4. Omega Radial Velocity of <Craft about
Y-Axis
(rad/sec)
5. Pkbar Plenum Gauge Pressure 5
(lbf/£ft )
6. Theta Pitch Angle about ¥-Aaxis
(rad/sec)
7. 2zdot Vertical Velocity of Center of
Gravity
(ft/secq)
8. 2240t Vertical Acceleration orf Centsr of
Gravity 5
(ft/sec )
9. 2 Vertical Displacement of Center oi
Gravity above Water Line
’ (fr)
16
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=
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SYSTEM VARIABLES

Wsetted Area of Bowseal

(ft )

Wetted Area of Sternseal o
(£t)

Total Buoyant Force T
(1bI)

Buoyant Force due to Immersed Area
forward of Center o©of Gravity

(1bf)

Buoyant Force due to Immarsed Area
aft of Center of Gravity

(1bf)

Additional Force due to Wave

Buoyancy

(1bf)
Total Viscous Damping Force g
(1bf)
Damping Force due to Viscous
Damping forward of Center of
Gravity
(1bf)
Damping Force due to Viscous
Damping aft of Center ot Gravx&ib-)
£
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Vertical Elaniq%
Hydrodynamic Lif

Porce due to
(1bZ)

Vertical Pressure Force, acting at

Center of Pressure

Vertical Force due

Vertical Force due

Draft ,measured
Gravity

Draft, measured at

Draft, measured at

(1bf)

to Bowseal
(1bf)

to Sternseal
(1bL)

at Center or

(£t)
bow

(f*)
stern

(£t)

Average Draft forward of Center of

Gravity

Average Drart aft
Y

Gravi

(ft)

(ft)

Initial Plenum Pressure Ratio

(dimensionless)

Total Buoyant Pitch Moment

(Et-1bf)

Buoyant Pitch Moment due to Waves

18

(£t-1bf)




22.

23.

2“.

25.

26.

27.

28.

29.

30.

31.

32.

Buoyant  Pitch Moment due to
Immersed Area forward of Center of

Gravity (£t-1bf)

Buoyant Pitch Moment due to
Immersed Area aft of Center of

Gravity (£t-1Db1)

Total Viscous Pitch Damping Mcment
(ft-1bf)

Viscous Pitch Damping Momeat due to
Area forward cf Center of Gravity
(£t-1DL)

Viscous Pitch Damping Moment due o
Area aft of Center ol Grav1t¥
(X t-1bf)

Planing Moment due to Hydrcdynamic

Litt "
(£t-1bi)

Pitch Pressure Moment . 2
(£ t-1br1)

Pitch moment due to Bowseal
(£t-1Db£)

Pitch moment due to Sternseal

(£t-1bf)
Volume Flow out of Plenunm 4

(ft/sec)
Volume Flow into the Plenunm 3

(ft/sec)
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=

Net Plenum Volume .
(ft )

Average Vertical Velocity fcrward
of Center of Gravity :
(ft/sec)

Average Vertical Velocity aft of
Center of Gravity 3
(£t/sec)

Length of Bowseal in Contact with
the Water Surface (£8)
£
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INFLUENCE COEFFICIENTS

1. Dhbth Partial derivative of vertical
buoyant force with respect to Theta
( 1bf) 4
2. Dhbz Partial derivative of vertical !
buoyant force with respect to z
(Lbf/ft)
3. Dhplth Partial derivative  of  vertical
force due to planing with respect
to Theta
(1bf)
4. Dhpth Partial derivative of vertical
ressure force wilith respect to
heta
( 1bf)
5. Dhpab Partial derivative of vertical
pressure force with respect_ tc ¥b
( lcf/1bm)
6. Dhp:z Partial derivative of vertical
pressure force with respect to z
(ltc/ft)
7. Dhszl Partial derivative of Bcuwseal
vertical force with respect to z
( lbr/tt)
8. Dhsthil Partial derivative of Bowseal
vertical force with —respect to
Theta g
(1bx)




P

10.

11.

12.

13.

14.

15.

16.

17-

’8.

Partial derivative of Bowseal
vertical force with respect to Mb
(lbf/1bm)

Partial derivative of Sternseal
vertical force with respect tc z
( 1lEf/ft)

Partial derivative of Sternseal
vertical force with Tr=aspect to
Theta

(1bf)
Sum of Dhsz1 and Dhsz2
(LEf/£t)
Sum of Dhsth1 and Dhsth2
(Lbf)

Partial derivative of Plenum Air
Mass Flow Rate with respect tc M4b

(sec;

Partial derivative of Plenua Air
Mass PFlow Rate with respect to

Theta
( 1lbm/sec)

Partial derivative of Plenum Air
Mass Flow Rate with respect tc z
(Lbm/ft-sec)

Partial derivative of Pbbar w€ith
respect to Plenum Air dass, ML

2
( 1bf/1lbm~ft)

Partial derivative of Pktbar with
respect to Theta

2
(lEf/ft)
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19. Dpbz
20. Dpbyth
21. Dpbyz

22. Dpplth

23. Dppob
24. Dppth
25. Dppz

26. Dpsab
27. Dpsthl

28. Dpsth2

29. pDpsz)

Partial derivative of Pbbar with

respect to z 2
(lbf/ft )

Partial derivative of buoyant pitch
moment with respect to Theta ~
(£t-1bf)

Partial derivative of buoyant pitch
moment with respect to z (1b£)
i

Partial derivative c¢f Planing pitch
moment with respect to Theta e
(£t—-1DbL)

Partial derivative of pressure
pitch moment with respect to Mb |
(tt-1bf/1bn)

Partial derivative of pressure
pitch moment with respect to Theta
(£t-1bf)

Partial derivative of pressure
pitch moment with respect to Z(l )
br

Partial derivative of Bowseal pitch
moment with respect to db P
( £ft-1bi/1bm)

Partial derivative of 3owseal rpitch
moment with respect to Taeta L
( £t-1bf)

Partial derivative of Sternseal
pitch moment with respect to Theta
(£t=1b1)

Partial derivative or Bowseal pitch
moment with respect to z
( 1bf)
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30.

32.

33.

34.

35'

36.

Rpsz2

5
=]
o

(]
ln

ot
I

Partial derivative of Sternseal
pitch moment with respect to z(l £)
D

Partial _ derivative of gitch
acceleration with respect to i

2
( 1/(lbm-sec))
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I. INTRODUCTION

The frzguency domain provides a usaful mathod of study
for systeas such as the Captured air Buoble (CA3) tyve
surface erfect ship, wnich are 2xcited by forces whose
Statistics of aaplitude and zreguency aay pe well-«nown, Dt
Wnose tiae doa@aln phase relationsnips 1re Juite

indeterminant. In addition, th< £r=2jUency raSponLs3 OL  sSuUcCh

hign-speed ships shculd D=2 closely exadlned IOC C=S50n40CEsS

near wave encounter frejuencies nost ligkely e e
exparienced. Duz to its relatively snallcw drilit, tha CA
Cratt can eacsily be =xecited 1into a noa-linear regican of

operation ia which sid2wall 4Japping or wave/plenua upp=ai
surface ccntact may occur; thess non-linearities may excice
modes of operation which are of importance to navitaviliry,

and may limit the craft's speed during sea-state operation.

Bootn in ref[1] analyzed the Lrsguency domaln respgonse
of the XR-3 CAB crafr utilizing the Loads and 4otion prograa

developed by Oceanrnics,lnc., ror the Bell 1Ju8 CA83 and

ret [;I; and Menzel

mcdified extensivaly oy Leo and soncal (

:et[{]), o the XR=3 Jow=ver, the Loads and Yotion
prcgram is an extremely inefricient toul to wucilize Lot
Fourier series analysis; not only ac: waves nuaericailly
integrated aleng the hull utilizing a tawnle look=-uz, ovuce
for eacn frequency componsnt, and foui times Lor each tiae
step, pbut the higher frequency conponents also drive tae

variable-step integyrators to extrea=aly swall step sizes.

The net effect of tonis techRigqua is the Sxortitant

utilizaticn Gf CPU time 4in a couwputer siaulaticn of

seca=stat: conditionse In additcion, the tine constants of

the cratit response are relatively 1loay in souwe modes,
-




particularly pitch; therefore still further CPU time is
wasted attaining steady~-state conditions. This inefficiency
of CPU time has been noted by Mitchell in ref [4], Who
documented over 40 percent of CPU time utilized by the XR-3
Loads and Moticn program to the WAVES subroutine.
Accordingly, one 1is reduced to performing a point-by-poiat
frequency analysis with a single wave frequency at a time.
Since, under these conditions, the system is approximately
linear, and superposition is valid for sufficiently small
wave amplitudes, the wutilization of a linearized, albeit
highly simplified, program presents itself as a most
desirable alternative. The effect of non-linearities may be
added to the linear model with a describing function, arnd
the system investigated in the complex plane utilizing the
mcdified Nyquist criteria. Finally, a simplified model
provides a starting point for the investigatican of
sensitivity cf craft operaticn to the variation cf assorted
parameters through the technique of root locus plotting, and
can be the heart of the development of any automatic control

system, optimal or classical.

Gerba and Thaler, in ref [5] , initiated the develcpment
of the 1linearized XR-3 model in heave only. In this work,
that model is further developed to include the pitch nmode,
first in a non~-linear form, from which a linearized version
is derived. The wave forcing functions acting along the
hull of the XR-3 are developed in the form of a guasi-linear
B vector in state-space, and the 1linear system is then
transformed into the frequency domain by complex matrix
inversion, with significant savings in CPU <tinme. This
linear frequency response is then compared with ref [1] to
prcvide additional insights into the XR-3 system behavior
not readily apparent in the more complex Loads and Mctions
program.

A technique utilizing a @mini-computer and spectral
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analyzer is developed for the fast and efficient reduction
of recorded XR-3 data from the time domain to the freguency
domain utilizing a Fast Fourier Traasform (FFT). Actual
craft data 1is compared with the predicted linear systen

frequency resgonse.
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II. NON-LINEAR XR-3 HEAVE-PITCH EQUAIIONS OF MOTICN

This chapter develops the non-linear equatioas of
motions of the XR-3 in heave and pitch, £following tae
approach wutilized by Gerba and Thaler in the development of
the simplified heave-only model in ref [5].

A. ASSUMETICNS

As in ref Eﬂ, the following assumptions are made:

k 1. constant leakage areaj;
2. equilibrium speed conditions;
3. Fplenum pressure and volume related tarough an adiabatic

process;

The following assumptions and 1limiting conditions were

re€mpoved:

4, wvertically coincident geometric center,canter of
pressure and center of gravity;

5. negligiktle pitch changes;
6. negligible wave action;

7. negligitle added mass effects;

and the follcwing assumptions are added:
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8. negligible wave action within plenunm;

9. wave action due to head-on or following seas

(negligible roll or yaw);

In addition some simplifying assumptions regarding the craft
gecmetry were made. Pig 1 shows the simpiified gecmetry
of the <craft assumed in this model. Note that Center of
Gravity(C.G.) and Center of Pressure (C.P.) are arbitrarily
located and not to scale.

B. COORDINATE SYSTEH

Fig 1 shows the coordinate system used in this model.
Specifically, the coordinate system 1is ttacaed to the
gecmetric center of the craft at the <calm waterline, and
oriented in a right-hand system such that x is positive
forward, y is positive to the rigqht, and z is positive down,
Angles are measured such that a roll to the right, a pitch
up and a yaw right are positive. Note, however, that
translations in the y direction and roll and yaw are not

included in this model.
Draft, the distance of the keel pelow the calm water

line, is the distance of the C.G. above the calm water line,
z, plus the distance of the keel below the C.G., Zs, or:

Ld =z+1s

(II-1)

C. SIDEWALL GEOMETRY
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The <constant sidewall area as used by Gerba and Thaler
yields a good approximation to craft motion in the heave and
pressure modes. Howevar ,it is a source of strong coupling
between draft and pitch, and a more detailed modeling is
necessary to achieve good agreement with tha Loads and
Motion Prcgram, as well as known craft behavier in pitch.

Pig 1 shows +the <cross-sectional Jetail of assum2d
sidewall geometry. The fore and aft sections are identical
with the exception of d=adrise angle, that angle being €00°
at the bow and 800 a* the stern. The actual sidewall width
used for computation of bucyancy forces is ths effective
sidewall width; this is thes average value of the waterline
sidewall widtn and the keel-line width,ds10 or Ws20 (fore or
aft section). This is one~half the draft averaged from the
C.G. to the bow and stern resp=ctively, divided by tlLe
tangent of the appropriate deadrise angle plus the keel-line
width Ws10 or Ws20. This value is constrained between zero

and Ws, the meximum sidewall width. Thus:

Ldbar1 =1d-(L/2-Xcg) *Theta
{ZI-2)
Ws1 =Ldbar1/(2*tan (Dr1)) +Ws 10
IF (Ws1.GT.Ws) Ws1=Ws
IF(Ws1.LT.J0.0)Ws1=0.0
(II-3)

and for the stern section:
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Ldbar2 =Ld+ (L/2+Xcg) *Theta
(II-4)
WsZ =Ldbar2/(2*tan (dr2) ) +Wds20
IF (WNS2.GT.NWs) Ws2=Ws
IF (4s2.LT.0) ¥s2=0.0
(II-5)

D. SYSTEM DYNAHICS

The equations of the system dynamics are developed 1in
this section and are an extension of the model of ref [5],
modified as necessary; the remaining equations are derived
frcm first principles.

1. Plenum Pressure and Mass Flo® Rate

Plenum pressure and plenum air mass are calculated

using the adiabatic law. Using Ld1as the draft at the bow,
and Ldzas the draft at the stern, the average draft overall

becomes:
Ldbar = (Lds;Ld)z/z

= (Ld- (L/2-Xcg) *tan (Theta)
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+Ld+ (L/2+Xcg) *tan (Theta)) /2

=Ld+Xcg*tan (Theta)

(II-6)

which, when wmultiplied by the Plenum area,yields the
submerged Plenum volume. Subtracting this from Flenum
ncminal vclume yields the net Plenum volume, or:

| Vb =Vn-Ab* (Ld+Xcg*tan (theta))

(II-7)

The adiakatic relationship between pressure and volunme

yields:
Gamma

Pb =pa* (Mb/ (Vb*Rhoa))
;i (II-8)
i
i
{ and

Pbbar =Pb-Pa
(II-9)

Vclume flow into the Plenum is, assuming a constant fan map:

Cin =N* (QI0-Pbbar)

and flow cut is:

| 1/2
| Qout =Cn*Al* (2*Pbbar/Rhoa)

|

|

thus the net mass flow rate within the plenum is:




d/ (Mb) =Rhoa* (Qin-Qout)
s/dt
(II-12)
2. Sum of Forces

Fig 2 shows the forces and their respective moment
arms acting on the XR-3. The sum of vertical forces yields
the vertical C.G. acceleration:

2
sétz (2) = (Hpres+Hbuoy+Hseal+Hdamp+Hplan+d) /1

(II-13)

The individual force contributions wmay be calculated

separately and their total contributions sunmed.
a. Pressure Forces

The plenum pressure acting on the roof of the
plenum produces a pressure force acting at the C.P.:

Hpres ==Ab*Pbbar

(II-14)

t. Buoyant Forces

For purposes of calculating buoyant aoments in
the subsequent calculations, it is coanvenient to disscciate
the bucyant force into two components,Hbuoyl and Hbuoyz, the
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bucyant forces generated by the submerged volume fore aad
aft of the C.G. Buofant force is proportional to submerged
volume wmultiplied by the density of the fluid and the
gravitaticnal constant. This term must be doubled to account
for both sidewalls.. The average draft forward of the C.G.
1S3

Ldbar1 =(Ld+Ld1)y2

=Ld- (L/2-Xcg) *tan (Theta) /2

(II-15)
Thus the forward buoyant force is:
HEuoy1 =-2*Rho*G*length*draft*sidewall width
=-2*Rho*G* (L/2-Xcqg) *Ldbar1*%s1
(II-16)
The aft average draft is:
Ldbar2 =Ld+(L/2+Xcg) *tan (Theta) /2
(II-17)
and the aft ktucyant force is:
Hbuoy2 ==2*Rho*G* (L/2+Xcg) *Ldbar2*Ws2
(II-18)
and:
Hbuoy =Hbuoy1+Hbuoy?2
(II-19)

Cc. Bow and Sternseal Forces
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Fig 3 shows the detail of the assumed bowseal and sternseal
gecmetry and water surface interactions. The seal 1is
assumed to trail frcm the upper hinge point at a constant
angle of 31.69 until it contacts the waterline. From that
pcint on it is assumed to lie tangent to the waterline. The
length of bowseal in ccntact with the water may be seen to
be:

Xseall =Ld1/cos(31.609)

=1.65% (Ld- (L/2-%Zcqg) *tan (Theta))

(II-20)

Pbtar exerts a force upon this wetted area which is resistead
by an upward reaction from the water surface. This reaction

is transmitted to the craft as:

Hsealt =-Pbbar*Width*Xseall

(1I-21)

As may be seen from Fig 3, the sternseal
gecmetry 1is basically identical to that of the bowseal;
however, the mechanism for force generation is different in
that the sternseal rides atop an axhausting jet of glenum
air. Therefcre, the pressure differeantial is not that of
Plenum [fressure over atmospheric, but over the reduced
pressure of the high-velocity jet. This 1is a complicated
function o0f 1leakage area and other factors, but may be
assumed approximately constant. This model assumes

2
approximately 2.0 1bf/ft differential pressure between the

sternseal and plenum pressure.

The 1length of sternseal in «contact with the
water may be seen to be:
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Xseal2 =Ld2/cos(31.609)

=1.65% (Ld+ (L/2+Xcg) *tan (Theta))

(II-22)

the sternseal force is then the differential pressure,S<alp,

times the sternseal area ,or:

Hseal2 =-Sealp*Width*Xseal2

(II-23)

d. Damping Forces

Damping forces are developed for inforzation
only, as Taylor's series expansion of these forces about the
zero-rate equilibrium point causes these equations to vanish

in the linear model.
A body at motion within a fluid experiences a
frictional fcrce:

Ef =-C;(Rho/2)*V*!V]*S

where C is a non-dimensional friction coefficient based upon
E

shape, roughness, and Reynold's Number. <Consistent with the
six-degree-of-freedom Loads and Motion progran, Cfis taken

to be .9. The vertical velocity is taken to be tne vertical

velocity cf the C.G., 2Zdot, plus the tangential velocity of
the angular velocity, which varies aloung the hull as:
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V(x) =Zdot+ (Xcg-x) *Omega

(II-24)

The differential sarface wetted area also is a function of

X, as the depth of immersion varies along the hull, so that:

as =Ws* (Ld-(x-Xcg) *tan (Theta))

(II-25)

When multiplied by the absolute value of velocity, times
itself, times the differential wetted area, the resulting
expressicn may be integrated numerically along the aull.
However, this is most wasteful of CPU time, and the absolute
value term renders this expression intractable to closed
analytical sclution.. In addition, the term is guite small,
and in fact must be, if pitch angles are to remain within
the small angle assamptions, and no sidewall gapping cccur.
Tnerefore, this term 1is approximated by computing the
average velocity fore and aft of the center of gravity, and
the average wetted surface fore and aft, previously computed
as Ws1*Ldbar? and Ws2*Ldbar2. For purposes of pitch
calculaticns to be discussed subsequently, these two forces
are assumed to act at two-thirds the length fore and aft the
CsGag this yields closer agreement to the numerical
solution by weighting the higher velocities which cccur at
the bow and stern. V¥barl and Vbar2 may now be defined:

Vbar 1 =Zdot~ (L/2-Xcg) *Onega /2
(I1-26)
Vbar2 =Zdot+ (L/2+Xcg) *Omega/2

(TT=2 7}

Since there are fcur surfaces forward and atft of the center
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of gravity the damping terms evaluate as:

Hdamp1=-2C*Rho*Vbar1*|Vbar1|*Ldbar1* (L/2-Xcg) *Ws1
b4
(II-28)
Hdamp2=-2C;Rbo*Vbar2*|Vbar2:*LdbarZ*(L/2+Xcg)*HsZ

(II-29)

e. EFlaning Fozces

Initial time domain validation studies ccnduct=d
with the model developed from the equations of this chaprter,
and the Loads and Motions program, disclosed a serious
discrepancy Letween the two models in natural pitch
freguency. Specifically, the Loads and Motions progranm
predicted a natural pitch frequency of 3.2 rad/sec at 10
kts, and 5.4 rad/sec at 20 kts, compared with a constant
pitch fregquency of 3.3 rad/sec for the linear model. This
was taken to indicate the presence of a velccity-dependent
source of theta feedback. Examination of ref [2] disclosed
that Leo and Boncal had indeed utilized an added mass effect
which had the effect of a planing force, in their

modifications of the Lcads and Motions prograa.

A body in motion in a fluid experiences a
lifting force rroportional to the square of the velocity and
directly progpcrtional to the angle of attack, or:

2
Hplan =-C;Theta*Rho*V*S/2
a

(II-30)

where S is the surface area of the body, or:

39




S = (Ws1+Ws2) *L/2

(II-31)

and Cl is the lift-curve slope. This term is not directly
a

available, and 1is a <complex function of the sidewall

gecmetry. A value of 1.5 gave good agreement with the
natural frequency of the Loads and Motions program, but a
less empirical approach to this value 1is recommended £or
future studies.

The planing force is assumed to act at the aft
quarter-length point.

3. Sum of Moments

The forces described above are multiplied by their
respective mcment arms as shown in Fig 2 to yield the
pitching moments about the center of gravity. The angular
acceleration about the C.G. is tkhen:

Alfa = (Ppres+Pbuoy+Pseal+Pdamp+Pplan)/Iyy

(II-32)

a. PFPressure Moment

The pressure exerts a moment about the center of

gravity, egqual to:




Ppres ==Hpres* (Xcp~-Xcgqg)

(II-33)

b. Buoyant Moments

The buoyant forces due to the immersed vclunmes

fore and aft of the center of gravity exert a pitching
mcment alcng their moment arms, which are apgroximately (for
small angles) the centroid of the rectangle from the cantar

e of gravity to the kow and stern: 2
Pbuoy1 =-.5% (L/2-Xcg) *Hbuoy1 é
(II-34) |
Pbuoy2 =.5#%(L/2+Xcg) *Hbuoy?2
(II-35)

C. Bow and Sternseal Moments

The bowseal acts along a onoment arm that is
formed by the distance from the C.G. to the centroid of <the

wetted area Aseal, or:

Pseall =-Hseal 1¥ (L/2-Xcg-Xseal1/2)

(II-36)

The sternseal force acts on a moment arm that is |
formed by the distance from the C.G. to the ceantroid of tae

sternseal wetted area, or:
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Pseal2 =Hseal2* (L/2+Xcg+Xseal/2)

(1I-37)

d. Damping Moaments

The damping moments in pitch are the damping

in heave multiplied by their respective moment aras,
to the bow and <stern

forces
two-thirds the distance from the C.G.

respectively:

Pdamp1l =~ (2/3) *(L/2-Xcg) *Hdanp1
(11-38)
Bdamp2 =(2/3) * (L/2+Xcg) *Hdamp2

(II-39)

€. Planing Homents

The planing woment is the planing force acting

at the aft quarter-length point, or:

Pplan = (L/4+Xcg) *Hplan

(II-40)

E. INITIAL CONDITIONS

As in the Loads and Motion program, dinitial conditioans

must be carefully selected to ensure steady state conditions
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at the beginning of a run. Since speed does not enter iato
this prcgram, one of the major problems of the Loads and
Mcticns program is obviated. However, the <cratft in this
model 1is particularly sensitive to pitch, and once excitsd

in this mode, is very lightly damped.

Selection of initial conditions proceeds as follows:

1. pitch rate and vertical velocity are defined as zero;

2. a value of Pbbar is selected such that plenum air mass

flow rate is set to zero;

3. a value of draft is calculated such that weight and
Fressure forces are balanced by buoyant aand planing

forces;

4. a value of Theta 1is calculated such that pressure

moments are btalanced by buoyant and planing moments;

5. given the Plenum volume defined by the =equilibrium
values cof draft and Theta, and the equilibrium value of
Pbbar, the EFlenum air mass may be calculated

adiakatically.

More detail on the exact procedures for the selection of
equilibrium conditions may be found in subseguent chapters
dealing with the computer simulation of this model.
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The non-linear equations of motion developed in the
preceding chapter form the basis of a lin=arized h=ave-pitch
model, valid for disturbances about its eguilibrium point,
defined as that poin* anout which all rates are zero. The
i linear model permits the use of a variety of powerful
{ techniquas for rparametric analysis, such as root locus; it
v furthermore simplifies the design of an automatic «control
i system, which could serve to further limit excursions about

the operating point.

A. TAYLOR'S SERIES EXPANSION

For small excursions about an operating point,the

non-linear relationships:

£ =F (x,Y)

a =G (x,Y)

are approximately:

- f+df =F (x,y) +(dF/d x) *Dx+ (dF/dy) *Dy

! 0 0 0
! 34 dg =G(x_,¥ )+ (83/dx) *Dx+ (16/y) *Dy

f where the derivatives of F and G with respect to x and y are
i

evalunated at the opera*ting point, xoand y6 Cancelling the
equilibrium pcint from both sides and dividing through by

time yields:
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is a constant:

=dPo

Pk, the plenum total pressure, ada3 oeen Jdefined as:

ED (V)

Gaana
=P1* (do (V) /(Rhoa*=VD (U))

Therefore expanding arcund the 2quiliorium values of Vo (0)

and d4b(0)

EE (V) +dED

Ganma
=pa* (4H (0) / (Rhoa*VDb (())




Gamma
+ (Gamma/4b (0) ) *Pa*x (Mb (0) / (Rhoa*Vb (0) ) *dMo

Gamma
- (Gamma/Vb (0) ) *Pa* (Mb (0) / (Rhoa*Vb (Q)) *dVb

(III-1)

or, after substituting the derfinition of Pb(0) and

cancelling the equiljibrium values from both sides:

dPb =Gamma* (Pb (0) /¥b (0) ) *34b

-Gammax* (Pb (0) /Vb (0) ) *dVb

(III-2)

VE(0) may Le further expanded,since it has been defined in
the preceding chapter as the empty plenum volume 1less tne
net submerged volume, following the definiticn of ref [53:

Vb (0) =Vn-Ab* (z (0) +Zs+Xcg*Theta (0))
(II-7)
and
dvb =-Ab*dz-Ab*Xcg*dTheta
(III-3)

Substituting the expansion of incremental volume, Eguation
(III1-3), 1into the expansion for incremental pressure,
Equation (III-2), and dividing by differential time yields:

3ét (Pbbar)=Gamma* (Pb (0) /Mb(0) ) * Sét (Mb)
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+Ganmma*Ap* (Pb (V) /VL (D) )* a/ (2)
Vals o

+Ganma*Ab*Xcg* (pb (0) /Vb(0))* 4/ (Theta)
/at

(IIZI-4d)

1

rg

fidcnce

L moLs compact potation th=2 following 1

»

fo)
coefficients are defined such that:

m

Cubz=Ganma*Ap* (Pb (D) /Vo (V))

Dpbth=Gamua *Ap+{ca* (Pb(J) /VD(2))

Dpbnos=Gaana* (Po (1)) /40 (J)) 3

(CBEE=57)
and th-2 pressure iirficerential =,uation becoaes:
d/ (Ptkar)=Dpez* 4/ (2)
/at LAE
+ Db th= 1/ (Theta)
/dt
+Dpbmk* 4/ (4b)
/4t
(EEL=8)

Ce. FLENUY AIR MASS FLOAN RATE DERIVAIIVES




The plenud air mass flow rate has been defined 1in the

preceding chapter as:

d/ {Mb (0) ) =Rhoa* (Qin (0) ~Qout (0)) |
sdt g

(II-12)
and
a( d/ (ML) )=Rhca*dQin-Rhoa*dQout
s/dt
(III-9)
Qin has been defined as:
1
Qin (0) =N* (Qi0-Pbbar (0))
(II-10)
so that ;
dQin =-N*dP.bkar 4
1
(III-10)
and Qout has been defined as:
1/2
Qout (0) =Cn*Al* (2*Pbbar (0) /Rhoa)
(II-11)
and
~-1/2
dQout =(Cn*Al/Rhoa) * (2*Pbbar (0) /Rhca) *dPbbar
(III-11)

Combining the two expressions for incremental volumetric
flcw into and ocut of the plenum, Equatious (III-10,11), with
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the expression fcr for incremental mass flow rate, Equation
(III-9), and dividing by differential time yields:

2 -1/2
d/ 2 (Mb)=- (N*Rhoa+Cn*Al* (2%*Pbbar (0) /Rh * 3 PbL
/ét (Mb) == ( a+Cn ( ar (0) /Rhoa)) /ét ( ar)
(I1I-12)

The influence coefficients may be defined by substitutiag
Equation (III-8) into Eqguation(III-12) and eguating terms:

-1/2
Dmbz == (N*Rhoa+Cn*Al* (2*Pbbar (0) /Rhoa)) *dpbz
(III-13)
-1/2
Dmbth == (N*Rhoa+Cn*Al#* (2¥Pbbar (0) /Rhoa) ) *dpbth
(III-14)
-172
Dmbmb == (N*Rhoa+Cn*Al* (2*Pbbar (0) /Rhoa)) *dpbkmk
(LII-15)

Thus the 1linearized differential equation for plenunm mass
flow rate may ke written:

2
d/ 2 (Mb =Dmbz* 4 z
R e
+Dmbth* d/ (Theta)
s/dt

+Dmbmb* 4 Mb
g

(III-16)
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D. HEAVE DERIVATIVES

The heave equation has been defined as:

2
3ét2 (2) = (Hpres+Hbuoy+iseal+Hdanmp+Hplan+w) /M

(II-13) ;

Damping fcrces are neglected in the linear model.We shall
consider the varicus components of heave force separately,
and superimpose the components upon completion of all

| derivaticas.

1. Heave Force Qus To Pressure

The leave force due to pressure has been defined as:

Hpres =-Ab*Ppbar
(II-14)
By inspecticn, its ianfluence coefficients become:
Dhpz=-Ab*Dpbz
(III-17)
: Dhpt h=-Ab*Dpbth
(LII-18)
5 Dhpmb=-Ab*Dpbab
J
' (III-19)




2. Heave FPorcgs Due To Buoyancy

The tuoyant heave force equation from the preceding
chapter has been defianed as:

‘o

Hbuoy X =Hbuoy 1+Hbuoy?2
=-2%Rho*G*Ws 1* (L/2-Xcg)* (Ld- (L/2-Xcg) *Theta/2)

—2*%Rho*G*Ws2+* (L/2+Xcg) * (Ld+ (L/2+Xcq) *Tneta/2)

(II-15,16,17,18)
which may be rearrangegd:

Sbuoy=

-2*%*Rho*G* (Ns1* (L/2-Xcg)+ws2* (L/2+Xcg)) *(z (0) +2Zs)

2 2
+2#RhO*G * (Ws 1% (L/2~Xcg) -Ws2* (L/2+Xcg) ) *Theta/2

and the influence coefficients may be written by inspection:

Dhbz =-2%Rho*G* (Ws1* (L/2-Xcg)+Ws2* (L/2+Xcq))
(III-20)
Chkth =Rho*G*(Wsl*(L/2—Xcg)EWSZ*(L/2+Xcg)?
(LII-21)
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The expression for the bowseal heave force has been
defined as:

Hseal1 (0) =-Width*Xseal1(0) *Pbbar (0)

(II-21)
which for small perturbations in Xseall and Pobar becones
dHseal1 =-Width*Pbbar (0) *dXseal1

-Width*Xseal1 (0) *dPobar

(I11-22)
The expression for Xseall has been defined:

Xseal1l (C) =1.65% (2 (0) +4s- (L/2-Xcyg) *Theta)

(Ix-20)

which for =small perturbations around z(0) and Theta (0) is
approximately

diseall =1.65%dz-1.65% (L/2-Xcg) *dTheta

(I11-23)

Subkstituting these relations along witn the —relations for
small perturbations ia Pbbar due to z,Theta and ¥t from
Equations (III-5,6,7) yields:

dHseal1 =-Width*(1.65*pPbbar (0) +Xseall(0) *Dpbz) *4dz

-Width* (-1.65% (L/2-Xcg) *Pbbar (0)

+Xseall (0) *Dpbth) *dTheta




-Width*Xseall(0) *Dpbmb*dMb

(III-24)
The influence coefficients then becone:

Dhsz1 =-¥idth*(1.65%*Pbbar (0) +Iseall (0)*Dpbz)

(IIL-25)
Dhsth1 =-Width*(~1.65% (L/2-Xcg) *Pbbar (0)

+Xseall (0) *Dpbth)

(LII1-26)
Dhsmb =-Width*Xseal1(0) *Dpbmb

(LI1-27)

The expression for the s*ern seal has been defined:
3o h

Hseal2 =-Sealp*Width*Xseal2(0)
(IT=23)
Xseal2(0) =1.65*% (Ld (0) + (L/2+Xcg) *tan (Theta (0)))
(I1-22)
Thus for small perturbations in draft and Theta:
dHsealz ==1.65%s2alp*Width*dz
~1.653*(L/2+Xcg) *Sealp*Width*dTheta
(I1I-28)

Thus the sternscal inifluence coefficients becone:




Chsz2 ==1.65*Sealp*Width

(III-29)

Chsth2 =-1.65% (L/2+Xcg) *Sealp*Width

4. Heave Force due to Planing

The planing force is linear in Theta , or:

2
Hplan =-C1*Rho*v*(Hsi+Hs2)*L*Theta
a

(IT-30,31)

and the influence coefficient may be written by inspection:

2
Dhplth =—CIRhO*V*(Hsl#WSZ)*L
a

(III-31)

w
.
ltn
1=
5]
o)
(3}

FoEces

The forces previously derived may be superimposed so
that:

2 2
d/ 2 0))+d( d/ 2 =
/ét (z(0)) +d( /ét (z))




(Hpres (0) +Hbuoy (0) +Aseal (0) +Hplan(0)) /X

+ (Dhpz+Dhbz+Dhsz) *dz/M
+ (Dhpth+Dhbth+Dhsth+Dhpltn) *dTheta/N

+ (Dhpob+Dhsmb) *dMb/Y4

(III-32)
The influence coefficients may now be defined:

Dzz= (Dhpz+Dhbz+Dhsz) /M

(III-33)
Dzth= (Dhpth+Dhbth+Dhsth+Dhplth) /X

(III-34)
Dzmb= (Dhpmb+Dasmb) /M

(III-35)

Removing the equilibrium values and dividing tharcugh

by

differential time yield the differential eguation of motion

in the z-direction:

3
d/ 3 =Dzz* 4
A i

+Dzth* 4/ (Theta)
s/dt

+Dzmb* 4 Mb
e

(III-39)

E. PITCHING MCMENT DERIVATIVES
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The pitching aoment equation is

2
détz (Theta) = (Ppres+Pbuoy +Pseal+Pdamp+Pplan)/Iyy
/

(II-32)

As in the previous case of heave forces, danmping moments are
neglected in the 1linear model; the various moments are
considered separately and superimposed after derivation.

1. PBitch Moment due to Eressure

The pressure moment has been defined as

Pfres = (Xcg=-Xcp) *dpres

(II-33)
The influence coefficients may be written by inspection:

Dppz=(Xcg-Xcp) *Dhpz

(II1-37)

Dppth=(Xcg=-Xcp) *Dhpth
(III-38)

Dppmb=(Xcg-Xcg) *Dhpamb
(I1I~-39)

2. Bugoyant Moments
The Luoyant moment has been defined:

¥ |




il i ait ot

Pbuoy =Pbuoy 1+Pbuoy?2
== (L/2-Xcg) *Hbuoy1/2+ (L/2+Xcg) *Hbuoy2/2

2
=Rho*g* (Ws 1* (L/2-Xcg) * (Ld- (L/2-Xcg) *Theta/2)

2
-Ws2* (L/2+Xcg) * (Ld+ (Ld+ (L/2+Xcg) *Theta/2)))
(II-34,35)

and the influence coefficients may be defined:

2 2
Dpbyz =Rho*G* (Ws1* (L/2-Xcg) ~Ws2* (L/2+Xcg))
(III-40)
3 3
Dptyth =~Rho*G* (Ns1* (L/2-Xcg) +Ws2* (Ly/2+%cg)) /2
(III-41)
3. Bow and Sternseal Moments
The towseal contributes a moment
Psealil =-Hseal 1*(L/2-Xseall/2-Xcq)
(II-30)

which for swmall disturbtances , 1s approximately

dEsealil == (L/2~Xseal1(0)/2-Xcg) *dHseall
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+Hseall1(0) *dXseall/2

(ITI-42)

Substituting the definition cf dXseall, Equation (III-23),
and the influence «coefficients of Hsealtl, Equations

(I11X1-25,26,27) yields:
dEseal? =(- (L/2~-Xseal1(0) /2-Xcg)*Dhsz1
+1.65*Hseal 1(0) /2) *dz
+{- (L/2-Xseall(0) /2-Xcg) *Dhsth1
-1.65 (L/2-Xcg) *Hseall (0) /2) *dTheta

-(L/2-Xseal1(0) /2~-Xcqg) *Dhsmk*dMb

(III-43)
The influence coefficients may now be defined:
Dpszi =-(L/2-Xseal1 (0) /2-Xcg) *Dhsz1
+1.65%Xseal1(0) /2
(III-44)
Dpsthi = - (L/2-Xseall(0) /2-Xcg) *Dhsthl
-1.65*(L/2-Xcg) *Hseal1(0) /2
(III-45)
Cpsmb == (L/2-Xseall(0) /2-Xcg) *Dhsnb
(III-46)

The sternseal contributes a moment:

.h--h--.-"-"-.--.-.---“.ﬂ-ﬁ--i--u-n SP——




Pseal2 (0) =Hseall2*(L/2+Xseal2 (0) /2+Xcq)

(II-37)
which for small disturbances is approximately:
dPseal?2 =(L/2+Xseal2 (0) /2+Xcg) ¥dHdseal2
+Hseal2 (0) *dXseal2/2
(III-47)

and substitution from the sternseal force influence

coefficients, Equations (III-29,30), yields:
dPseal2 =((L/2+Xseal2 (0) /2+Xcg) *Dhsz?2
+1.65*Hseal2 (0) /2) *dz
+((L/2+Xseal2(0) /2+Xcg) *Dhsth2

+1.65*(L/2+4Xcg) *Hseal2(0) /2) *dThata

(III-43)

and the stern seal pitch influence coefficients may be

defined:
Dpsz2=(L/2+Xseal2(0) /2+Xcg) *Dhsz2

+1.65*Hseal2 (0) /2

(III-49)
Dpsth2={L/2+Xseal2 (0) /2+XCg) *Dhsth2

+1.65*% (L/2+Xcg) *liseal2(0) /2

(III-50)
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The planing moment is linear in Theta:

Pglan =(L/4+Xcg) *Hplan
(II-40)
and the influence coefficient is:
Dpplth =(L/4#*#Xcqg) *Dhplth
(III-51)

S. Sum Cf Moments

The individual moment contributions may now be
summed:
Alfa (0) +dAlfa=(Ppres(0)+Pbuoy (0) +Pseal (0) +Pplan(0)) /Iyy
+ (Dppz+Dpbyz+Dpsz) *dz/Iyy
+ (Dppth+Dpbyth+Dpsth+Dpplth) *DTheta/Iyy
+ (Dppob+Dpsnb) *dMb/Iyy
(III-52)
The influence coefficients may now be defined
Dpz= (Dppz+Dpbyz+Dpsnb) /Iyy
(1I-53)
Dpth=(Dppth+Dpbyth+Dpsth+Dppith)/Iyy
(III-54)
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Dpmb= (Dppmb+Dpsmb) /Iyy

(I1I-55)

and the differential equations of motion for angular rate of
acceleration may be written, after dividing through by
differential time and cancelling the equilibrium values:

3
d/ 3 (Theta)=Dpz* 4 z
%4t ( )=Dp /ét (2)
+Dpth* 4/ Theta
e /dt ¢ )
+Dpanb* d/ Mb
P e (Mb)

(I1I-50)

F. STATE SPACE REPRESENTATION

Fig 4 is the linear model as derived in this chapter
presented in matrix form as:
x =A%x
Examination of the eigenvalues of the 9-by-9 matrix shows
four eigenvalues at the origin (0+0j) which represent tae
integrated output equations for z, Theta, Mb, and Pbbar; the
remaining eigenvalues consist of a complex pair, located in
the vicinity of ~30$30j, and a real eigenvalue in the
vicinity of -.5, as in ref [5], and an additional <ccaplex
pair near 0i4j, representing the very lightly-damped pitch
response.
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IV. TIME DOMAIN VALIDATION

The linear heave—-pitch XR-3 model was validated against
the modified Oceanics XR-3 Loads and Motions Program cf ref
[é] pricr to investigations in the frequency domain. The
linearized r[program, which appears at the end of the text,
was simulated using the Ccntinuous Systen Modeling
Prcgram,version III. This is basically a FORTRAW language
with extremely powerful variable-step integrators and
versatile output structure. Readers familiar with FCRTRAN
should find 1little difficulty following tane CSMP III
prcgrams developed for this simulation; for details of this

simulaticn lanqguage, see ref [6].

The Time Dcmain Program consists of three sections:

1. Initial Conditions; this subsection identifies the
equilibrium cperating ©point for a given set of craft
physical fparameters.

2. Linearization; the partial derivatives of the
non-linear state equations derived in the preceding
chapter are evaluated at this particular operating
point.

3. Dynaamics; the weight and C.G. acceleration are
perturbed at time zero by a step weight change, and the
resultant linear state trajectories in time are
computed. Note that the linear model is not
self-starting; an initial C.G. acceleration must also
be applied.




A. INITIAL CONDITIONS

Initial conditions involve the solution of the
ncn-linear system equations of Chapter II for the
equilibrium operating point defined at the end cf the
chapter.

A value of plenum pressure is selected so that
plenun mass flow rate is set to zero, or, from
Equations (II-10,11):

¢in =Qout
q 1/2
¢iO-Pbbar =(Cn*Al/N) * (2*Pbbar/Rhoa)
(Iv-1)
which is a gquadratic in Pbbar:
2 2 2
Ptbar- (2*QiC+ (Cn*Al/N)/Rhoa) *Pbbar+Qi0=0
(IV-2)

The larger sclution of this quadratic, corresponding to the
physically unrealizable condition of reverse flow through
the fans, is rejected.

2. [Lraft and Pitch Angle

The =sclution for equilibrium values of draft and
pitch, given the previously-computed value of Pbbar,

requires an iterative technique, due to their close
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coupling. An initiald value of draft is first computed
assuming 2ero pitch and no bow or stern seal contribution.
The ncn-linear state equations are then solved for residual
forces and moments due tco all sources. A very smalil
perturbation in draft and pitch angle of one percent with a
minimum default wmagnitude of .001 is applied and tae
differential change in residual forces and moments with
respect to draft and Taeta are computed. Bairstow's method
for the zerces of functions of two'variables, as describead
in ref (7], is used to drive the residuals to zero. This
particular fprobleam is somewhat slow to converge; convergence
is enhanced by amplifying the computed changes in draft and
pitch by 1.9, but after two hundred iteratioms residuals on
the order «cf ten 1lbf and ten ft-1lbf may still be observed.
These residual forces and moments are applied to the initial
values of Z2dot and Alfa.

The equilibrium values of draft and pitcn angle

define a unigue plenum volume:

Vb =Vn-Ab* (Ld+Xcg*tan (Theta))

(II-7)

which, when combined with the equilibium pressure, yields a
unique adiakatic plenum air mass, from Equation (II-8):
1/Ganma
MbO =Rhoa¥ Vb* (Pbbar/Pa)

(Iv-3)

The solutions to these equations d=2fine the
equilibrium values of Pb(0), Ld(0), Theta(0), and MNb({(0)
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about which the partial differential equations of the
preceding chapter mdy be evaluated.

B. LOADS AND MOTICNS PROGRAM OPERATING CCNDITIONS

The XR-3 Loads and Mction program was run at 6500 lb
weight, C.G. $.825 ft. ahead of the aft transom at 20 kts.
Simulaticn time was 30.0 sec. for the purpose of obtaining
reasonably quiescent values of pitch angle, draft, and
Plenum [fressure. In order to obtain identical operating
conditions, it was necessary to adjust various comnstants in
the 1linear model wuntil agreement was reached with the
steady-state operating conditions of the Loads and Motion
prcgram. Specifically, these parameters were:

1. seal leakage area, 31, adjusted until the two prcgraas

agreed in Plenum fressure
2. Planing lift-curve slope coefficient, C , adjusted
la
until the two programs agreed in natural pitch

frequency;

3. oninimum sidewail width, Ws0, adjusted until the two

programs agreed in draft;

4. Residual pitching moment ,Mf0, adjusted until the two

programs agreed in steady-state pitch angle.

The results of these trial-and-error iterations yielded
the follcwing table pr values:
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TABLE OF OPERATING PARAMETERS

LINFAR SYSTEY LOADS AND MOTIONS
AFFECTED | STEADY-STATE STEADY-STATE
PARAMETES |V2RIABLE |  VALUE VALUE

2 2
a1=.390 Prbar 24.85 1bf/ft 24.84 1bi/ft

€=1.5 W 5.02 rad/sec 5.46 rad/sec
la E

#s0=.27 Ld 8.497 in. 8.55 in.
M£0=-1875| Theta 1.21 deg 1.199 deg

C. COMPARISCN OF RESULTS

The Loads and Motions program was run 3.0 secs wWwith tne
initial conditions as obtained above, but with a weight of
6400 1bs. The linear model was simultaneously run with a
100 1b step weight reduction; data from the Loads and
Motions [fprogram was subseguently entered into the CS¥P III
linear precgram in tabular form, for simultaneous plctting
and error computation. For the purposes of comparison, error
was defined as the difference between the data from the two
prcgrams, divided by the average value cf the two. This
prccedure significantly reduced the probability of
inadvertent division by zero, as compared with normalizing

the difference with respect to one system or the other.

1. Plepur Pressare

Plenum pressure and Plenum pressure error (percent)
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plotted vs. time appear in Figs 5 and 6. The two curves are
in quite good general agreement, with the magnitude of error
being on the order of several parts per thousand. The
linear model exhibits a gr=ater pressure reduction in the
initial rressure transient, than does the Loads and Motion
results, and this transient is more heavily damp=2zd in the
linear model. One explanation for this difference would
appear to be the variable leakage area of the Loads and
Motion program. Pitch appears to couple more strongly into
pressure in the liprear model; however, the magnitude of
pitch 1is significantly great2r in the linear model due to
the absence of significant damping terms. Finally, the
pressure in the Loads and Motion program is tending toward a
slightly higher value, further supporting the supposition
that 1leakage acea has decreased in the Loads and motion
program.

Figs 7 and 8 show C.G. acceleration and C.G.
acceleration error vs. time. They generally exhibit similar
characteristics, but due to the 1larger initial ©pressure
reduction of <the 1linear model, there is a more pronouncad
overshoot in C.G. accaleration in the 1linear model. In
addition, the strongasr pitch-pressure coupling in th2 lin=sar
model alsc translates as stronger pitch-C.G. accelsration
coupling. The errors appear as relatively large
percentages; however, these are the differences of two very

small nunters, and should be regard=d cautiously.

Draft and draft error vs. time appear in Figs 9 and

10. As has been previously verifed by the Gerba/Thaler
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model, draft 1is very well approximated by a linear model.
For this particular disturbance, it appears to be slightly
less damped and tending toward a lower steady~state value in
the linear mcdel. Little evidence of pitch coupling is
aprarent, and errors are on the order of parts per thousand.

4. Pitch Rate

Fitch rate and pitch rate error are shown plotted
vs. time in Figs 11 and 12. The linear model exhibits a
pitch rate cf approximately twice the magnitude of the Loads
and Moticn program; this may ostensibly be attributed to the
sharper [fressure transient previously cbserved; with tae
center of pressure forward of the C.G. in poth models, this
would induce . a higher initial angular acceleration in the
linear mcdel. In addition, the linear nodel is
significantly 1less damped in pitch; therefore this larger
magnitude angular acceleration would build to a larger
angular velocity, and persist for a longer period of time in
the linear mcdel. The frequencies compare favorably, 5.04
rad/sec for the 1linear model and 5.28 fcr the Loads and
Mction prcgranm.

5. Eitch Angl

(1)

Pigs 13 and 14 display pitch angle in degrees and
pitch angle error vs. time. Both show basically identical
characteristics; i.e., an initial pitch down induced by the
pressure drop, and an exponential decay toc a lower pitch
angle induced by the draft change. The magnitude o¢©f pitch
angle change reflects the 1larger angular velocity cf the
linear mcdel, and the difference between the damping of the
Loads and Motion pregram and the 1linear model is Juite

dramatic. The magnitude of error, however, is on the order
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Figure 13 - PITCH ANGLE, DEGREES VS. TIME
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EVELOPMENT

This chapter develops the <techniques for freguency
response of a general 1linear system by complex matrix
inversion. The ocean wave equations utilized by Booth are
reviewed and suamarized, and the forcing functions of wavs
action con the linearized X3-3 model are developed 1in pizch
and heave. Porticns of Booth's work are repeated u*ilizing
the linearized model, 2a2nd the r=2sults contrasted and

ccmpared.

A. LINEAR SYSTEM FREQUENCY RESPONSE

The developm2nt of a 1linear system permits the
utilization of wvarious techniques for the developm=ant of
frequency response characteristics which are vastly superior

in CP2U time in simulation, than the methcds to which cne is

limited in non-linear modzls. The definition of the stare
matrix o¢f the presvious chaptar defin=ss the state transfar
matrix:

-1
H (s) =|sI-A|*B(s)

Raat s

and if the system is forced by a sinusoid, s tends toward jw

as the transients decay and:

34
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o i e o
. -1 3
B (jw) =] JwI~-A|*B (jv)

(V-2)
yielding the magnitude and phase relationships:
G (%) =10*log:5ﬂ(ju)/ﬂ(0) |

(V=-3)

-1

P(w) =tan|imag (H(jw)/real (H(jw) |

(V-4)

where G(w) is the gain, in decibels, with —respect to sone
arbitrary reference H(0) , and P(w) is the phase angle in
the complex plane. Thus the frequency response of a 1linear
system tc a given sinusoidal forcing function may oe
obtained ty ccmplex matrix inversion. While this is not in
itself a particularly economical use of CPU time, it is
still vastly superior tc a PFourier transform. This is
particularly true JLf the range of frequencies is wide and
variable-step intsgrators driven to small step sizes Wwhich
are not required for wmost of the array integration.
Finally, it is not necessary to allow the system to attain
steady-state AC conditions pr or to computing the Ireguency
response. This is particularly important in any model cf the
XR-3, which exhibits very light pitch damping.

B. WAVE CHAKACTERISTICS

Booth in ref [1] provides an excellent discussion on the
characteristics of gravity-free surface waves with straight,

infinitely lcng, fparallel, equally-spaced wave crests, and
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constant wave height. Such a wave advances with a velocity
C which is cften referred to as celerity, in order to
emphasize the fact that it is the wave front which advances,

not the water fparticles.

The regular wave may thus be modeled:

C =G/ W
i
(V=5)
Lambda =2%Pi*C/w
i
2
=2%Pi¥*G/w
3
(V-6)

where w is the incident wave frequency, Lambda 1is tnae
i
wavelengthk, and 6 is the gravitational. acceleration. The

wave surface is:

A(x,t) =A3cos(2*Pi*x/Lambda+w;t)

=A* (Cos (W*Xx/C) *sin (w*t) +sin (w*x/C) *Ccos (w*t))
0 i i 1 1

{¥=7}

after substitution of Equations (V-5,6), and the approgriate

trigonometric identities. The frequency experieanced Lty the

craft, however, is the encounter frequency:




W =w* (C-V*cos (Beta) ) /C
i

2
=W-w*V*cos (Beta) /G
i1

(V-8)

where V is the craft velocity and Beta is the angle of craft
heading with respect to the advancing wave front, Beta=0
degrees ccrresponding to the craft and wave front travelling
in the same direction (following seas).

C. WAVE FCRCING FUNCTIONS

Wave action introduces a vertical force in heave and a

mcment aktout the center of gravity in pitch.
It is assumed that:
1. wave genetated forces and moments are due solely tc the
net additional hull volume submerged by the wave;

2. that the wave does not exist within the plenunm.

These assumptions appear Jjustified due to the small
magnitude of waves considered, the 1large inertia of tne

craft, and tte filtering action of the bowseal.
The waveheight as a function of the x-location aloag tae
hull and time t may be described by:

Wvht (x,t) =Wvht*sin(w*t+2*pPi*x/Lambda)
e

=Wvht* [sin (W*t) *cos (x*w/C)
e i
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+Ccos,(wW*t) *sin (X*V(C)}
e 4t

(v=-9)

after sutbstitution from equations (V-5) and (V-6) and the
appropriate trigoncmetric identities. As show#n by Fig 15,
the differential volume of both sidewalls immersed by the

incident wave at time t is:

av(x,t) =(1/2) *Wvht (X,t) *2*Ws*dx
( V=-10)
and the differential heave force at time t is:
dHbuoyw (x,t) =-Rho*G#*4dv (x, t)
( Vv=-11)

which may, after appropriate substitution from GEquatioas
(V-9,10) , be integrated analytically from stern to bow as:

Hbuoyw (t) =-2#Rho*G* (C/w) *Wvht*sin (w*L/ (2%C)) *sin (W*t)
1 b e e

=HBUOYW*sin (w*t)
e

( V=-12)

The differential moment due to the differential volune
suktmerged by the incident wave at time t is:

dPbuoyw (x,t) =Rho*G* (x-Xcg) *dV (x,t)

=Rho*G* (x-Xcg) *Wvht (x,t) *Ws*dx

( v-13)

which integrates from stern to bow as:

38




Pbuoyw (t) =2*Rho*Ws*5*Jvht*cos (wkt) *
e

2
((C/W) *sin (W*L/ (2%C))
b 3 1

= (C*L/(2%*uw) ) *cos (w*L/ (2*C)))
a1l i

+Xcg*Hbuoyw (t)

=PBUOYW*cos (W*t) +Xcg*HBUOYW*sin (w*t)
e e

( V-14)

A particular note of caution should be introduced at this
point with regard to the 1integrals for wett2d area and
wetted moments along the hull; the integrals of these

functions vanish for certain w . Specifically, €or heave,
i

Equation (V-12) vanishes for all time t when:
2 .

WXL/ (2%G) =n*2i
5

; ; 172
W = (2*n*Pi*G/L) v D=1, 2 3o s

( V-15)

The pitch integral will likawise vanish for all time t if,

for a value of n such that equation (V-12) is

h N
(v
Ln}
(o]
-
ct
=
0

transcendental equation obtainad by substitution of eguation
(V-15) into equation (V-14), and equating the lattsr %o
Zero:

: 2 1/2 2 172
tan ((n*Pi%*G*L/ (2%C)) )= (2*n*Pi*G/ (L*C))

( V=15)
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is also satisfied. Thus the frequency response of the craft
shculd exhibit a certain ripple effect as these «critical

frequencies are passed.

The two previously-defined wave integrals HBUOYW and
PBUOYW make up a two-dimensional B vector which couples the
wave force onto the €.G. acceleration and pitch acceleration
state variables, from the two forcing functions, U?sin(u;t)

and U;cos(w*t). However, it is convenient toc redefine this
€
relationship in terms of a single forcing function since the

sine and the cosine are related through the derivative. In
order to facilitate this relationship, the state matrix is
augmented with a dummy state variable:

S

=d U) =~w* (PBUOYN/I *U
10 /ét : 5 e( by 1

( v=-17)
Thus the new state x10 represents, after integration, the
control UZ, multiplied by the appropriate B(Hé vector terms
of PBUOYW/Iyy. Note that if a time domain sclution of wave

forcing acticn were desired, a new initial condition would
be required, representing the initial wave buoyant acment;
however, that does not enter into the solution in the
frequency dcmain. The resulting state equations are shown
in Fig 16. As has been previously discussed, the freguency
response may now be computed for any frequency:

| ' =3 |
G(3w) =‘Ij“*I'Al*5(H)i
2 3 e

{ Vv=18)
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I

where G(jw) is the column vector of gains for each state
e

variable.

D. FREQUENCY DOMAIN SCLUTION

The previously-defined state equations were solved in
the frequency domain utilizing a CSMP III computer
simulaticn which appears at the end of the text. This
simulaticn was based around the initialization portion of
the time dowain solution described in earlier <chafpters;
houevér, rather than a call to integration in the Dynanmic
poxrtion cf the model, the CSH4P III reserved variable TIME
was used c¢nly as a stepping variable to generate 50

frequencies ketween Hoand w, the specified winimur and
Ba X

maximum frequencies respectively, such that:

Delw*xTIME
"] =H3€

(V-19)
where Delw was defined such that when TIME =1.0, w=w. Tae
€ Ddax

incident wave frequency then becomes, for ahead seas, the

positive sclution to the quadratic Equation (V-8), with
cos (Beta)=~1. The influence coefficients about the
steady~state operating point from the initialization portiocn
were copied cnto a complex matrix Ajw, the |jvé-A| matrix,

and the B vector for that particular incident wave freguency

ccpputed. The International Mathematical and Statistical
Likraries (IMSL) subroutine LEQT2C, complex linear
simultanecus equation solution, was wused to compute the
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vector of gains:

-1
G(3w) =|JWI-A|*B (W)
e e e

(V-290)

and the —resultant absolute values of G(jw) were plottad
e
against the encounter freguency w as decibels with respect
e

to the unit waveheight <for heave, h=2ave rate, and heave
acceleration, and with respect to the waveslope, w/G, for
i

pitch, pitch rate, and pitch acceleration. Notz that this

is a linear system; accordingly, variations in wav=height do
not affect this model's response characteristics, as was

true of the non-linear Loads and Motions prcgram in ref |1].
E. COMPARISCN WITH LOADS AND MOTIONS PROGRAM

Booth in ref |1| studied the frequency response of the
XR~3 Loads and Motion program in response to seas developed
by the ®AVES subroutine. It is of interest to compare the
linear system developed in this study with the results of
rtet 11}, Duplicating his work, thr=2e runs were nade
representing ahead seas, cross seas and following seas at
10, 20 and 30 kts and a comparison made with his resuil+s.
Merged plocts of pitch and neave were obtained for =ach spead
condition £for encouater freguencies varying froam 1 to 25
rad/sec. In addition, Cal-Comp plots of pitch and heave
were obtained as functions of the ratio of craft length to
wavelangth. Initial conditions and craft paramaters
selected for initialization were identical to those selected
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L for the previous chapter with regard to time-domain
validation.

Fig 17 to Fig 22 show plots of 1linear system
response ir heave and pitch for 10, 20 and 30 knot runs into
ahead seas, alternating with plots reproduced from ref lﬁ],
representing identical runs done by Booth with the smallest
wave amplizudes. These were selected as representing the
most nearly-linear mode of operation of the Loads and Motion
progranm in sea-state. One may observe the general
similarity of the two simulations, with the speed~depcndent
resonant peak of heave in the linear model varying from an
encounter frequency of 3.39 rad/sec at 10 knots , to 6.45
rad/sec at 30 kts, while the non-linear system varies from

4.0 to approximat=1ly 5.0 rad/sec. The frequency interval

of +the non-linear study was considerably coarser than that
utilized in the linear model, 1 rad/sec vs. less than .1
rad/sec. The linsar systam is significantly less responsive
than the Loads and Motions program, by 11 dB in hsave and 6
dB in  pitchs This 1is attributed to the absence of

wave-plenum chamber interactions with the plenum pressure

Pbtar, and indicates that <the presence or absence of
j significant wave action within the plenum chamber is an ar=a
! of considerable 1impact on the response of the craft, and

should be included in future studies.

The linear system is quite sharper in its resonant
peak in pitch, as should be expected from the significantly
| reduced pitch damping previously demonstrated by the lin=2ar

model in the time domain validation. This accounts in part

for the tendency of the linear model to decrease in response
slightly from an encounter frequency of 1 rad/sec, until

just before the onset of resonance, unlike the Loads and
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Motions data; the half-power points in the Loads and Motions
frequency resonance are more widely separated than aras thoses
of the linear system, and this in part also accounts for

this difference.

The linear system shows the distinctly periodic
frequency response predicted, with a sharp null occurring at

incident wave frequencies, w, of 3.14, 4.4, and 5.38
1

rad/sec. These frequencies correspond to a value of n, in

eqn (V-15), of 1, 2 and 3. These nulls are gquite sharp, and
are not as well defined in the Loads and Motions studies dae
to the coarser frsquency resolution, but are nonetheless

visible in all runs.

The Loads and Motions studies also demonstrate an
interesting form of non-linear r2sponse with <c©egard to
resonant pitch frequency. For small wave amplitudes, less
than .1 ft, the Loads and Motions resonant pitch fregquency
varies with craft speed in nearly an identical manner with
the 1linear system, with the slight exception of the 30 kt
study; however, the only available data for that run was at
a wave amplitude of .2 ft. For wave amplitudes grsater than
.1 ft, the resonant peak occurs at a frequency of U4 rad/sec,
regardless of craft speed. A tentative =2xplanation for this
behavior is herein advanced: as the craft resonant
frequency 1is approached, bowseal gapping commences for the
larger wave amplitudes, with attendant loss of plenunm
airmass; the 1loss of ssal force and plenum pressure cause
the craft to settle back into the water, but a fixed amount
of time must elapse bafore the fans can replenish the plenum
airmass and restore normal system operation. Thus the 4
rad/sec period observead for larger wave amplitud=2s
represents the fastest time (.66 sec) over which gapping

can occur and the fans sufficiently replenish the airmass to
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permit it to recur. This non-linear response 1is somewhat
analogous tc a relaxation oscillator, and represents an
interesting area fcr future study, as such a non-linearity
might easily be modeled in the Nyquist plane, utilizing the
modified Nycuist stability criteria to predict this
ncp-linear behavior.

a. 10 Kts Ahead Seas

Figs 17 and 18 show the superimposed heave and
pitch resgonse of the linear and Loads and Motions progran,
respectively, for an ahead-seas run at a craft velocity of
10 kts. The linear mcdel represents the response of the
craft in heave and pitch at 50 discrete freguencies ranging
expcnentially from 1.0 to 25.0 rad/sec. The non-linear data
reproduced from retf [H] represents 8 discrete frequencies
over that same range at 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0,
and 10.0 rads/sec, at a waveheight of .2 f£t. Although this
waveheight was the smallest used by Booth for runs at these
speeds, it 1is still sufficiently large to excite the
aforementioned non-linear —response. This behavior makss
itself manifest as the 4.0 rad/sec resonance in pitch,
ccmpared w«ith 3.39 rad/sec for the linear model. The Loads
and Moticns program shows, for small weight disturbances at
these speeds, a natural pitch period of 1.64 secs, or 3.7
rad/sec. As previously noted, the magnitude of the linear
system pitch response agrees fairly well, within 3 4E, of
the non-linear Loads and Motions data, with a sharper peak
due to the lighter 1inear damping; the heave wmagnitudes
differ considerably, by -15 dB, due to the absence of plenum

waves in the linear systen.
With the exception of the heave mnmagnitude

difference and the shift in resonance due to the ncn-linear

behavior, tle shape of the heave response curves of the two
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models ccmpare gquite favorably. A shallow null, of
undetermined origin, appears in both heave curves at 3.0
rad/sec, just slightly before the onset of resonance. A
very sharp null occurs at 8.36 rad/sec in bcth models; this
is at an incident wawe frequency of 3.15 rad/sec, or a
wavelength o¢f 20 ft. As predicted by Equations (V-15,16),
further nulls occur at a wave incident fregquency of 4.46 and
5.58 radssec, corresponding to wavelengths of 10 and 6.6
feet respectively, but the Loads and Motion enccunter
frequencies did not range sufficiently high to observe them.

Pitch also shows general agreement; but Bcoth's
Loads and Motion data shows a null at 6.0 rad/sec, vs. 11.54
rad/sec fcr the linear system. This null may, however, be
related to the non-linear response previously described,
representing a frequency at which the phase relaticnship
between r[plenum airmass replenishment and pitch buoyancy due
to waves 1is such that cancellation occurs. It is
suspiciously 1located at a 3/2 multiple of the ncn-linear
response fregquency of 4.0 rad/sec. 1In addition, Booth noted
this identical discrepancy in comparison with the linearized
Aercjet XR-3 model; the Aerojet model also predicted a null
in the vicinity of 12 rad/sec, which Booth was unable to
observe with the Loads and Motions program, but which is
distinctly visible in the linear model at 11.54 rad/sec.

b. 20 Kts Ahead Seas

Figs 19 and 20 show the linear and Loads and
Motions heave and pitch frequency response for a 20 kt run
into ahead seas. The Loads and Motions data is for a wave
height of .1 ft and is more nearly linear in behavior than
previously cktserved at 10 kts. The range of frequencies
spanned bty the linear system is the same as before; the
Loads and Motion data includes two additional points at 15
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and 20 rad/sec in heave response. The linéar Fitch respomnse
is smaller than that observed at 10 kts, being abcut 6 4B
less than the non-linear data, while the heave response
remains consistently less than the non-linear data by 12 4B
as at 10 kts.

The shape of the two sets of frequency response
data is in quite good agreement for these conditions, as the
Loads and Motions is apparently in a nearly-linear mcde of
operation. The pitch data shows a distinct flattening at
the peak of resonance in both models, although this cccurs
somewhat €arlier in the non-linear data (4.0 rad/sec) than
in the linear data(4.68 rad/sec), due to the more
sharply-peaked pitch response of the latter. Both wmcdels
resonate at 5.0 rad/sec, and fall off above resonance with
identical rcll-offs of 12 dB per octave, after the initially
steeper roll-off of the linear system from peak resonanc=s.
Heave shows the characteristic null in both models at an
encounter fregquency of 14 rad/sec; this is a wave frequency
of 3.15 rad/sec, or a wavelength of 20 ft. The linear
system predicts a pitch null at 20.0 rad/sec, but thne Loads
and Motions data does not extend sufficiently high to
observe this.

C. 30 Kts Ahead Seas

Figs 21 and 22 show the linear and ncn-linear
frequency response for a 30 kt ahead-seas run. As in the 10
kt run, the smallest wave amplitude utilized in Bcoth's
study was .2 ft; however, it is <considered that the
nose-down planing moment which 1is gquite strong at high
speeds restrains bowseal gapping, and the Loads and Mctions
data represents conditions for the non-linear response which
is just cn the verge of becoming established. This is
supported Lty the observation that fpitch resonance cccurs
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between the freguency previously observed as the

characteristic non-linear response, and linear resobnance,
between 4.0 and 5.0 rad/sec; furthermore, the heave
resonance 1is weakly peaked at a slightly higher freguency
than gpitch response, approximately 5.0 rad/sec, still clcser
to the predicted linear resonance at 6.46 rad/sec.

The linear modei shows still lower magnitudes of
pitch respcnse, 6 to 8 dB Lbelow the Loads and Motion data.
The heave magnitudes remain consistently 12 dB below tiae 3
Loads and Motion data.

Eitch resonates at 6.46 rad/sec in the linear
system, and bLetween 4.0 and 5.0 rad/sec in the non-1linear
Loads and Motions data. Roll-off in pitch remains the same |
above resonance, approximately 12 dB per octave in both |
mcdels, but heave response in both models falls c¢ff nmore
shallowly, approximately 10 dB per octave in both mcdels.
The heave null due tpo the 20 ft wavelength is still apparent
in the linear model, representing an encounter fregquency of
20.0 rad/sec, but the lLoads and Motions data did not extend
sufficiently high in frequency for this null to be observed.

d. Frequency Response vs. Wavelength i

Pigs 23 and 24 are plots of heave response, vs.

the ratio cf craft length to wavelength for ¢the linear
system, and vs. the ratio of wavelength to craft leagth for
the Loads and Motion data reproduced from ref [1]. Both

Flots are superimposed with the data from all three velocity
runs of 10, 20, and 30 kts. The difference 1in scale
selected for plotting in the linearized model precludes

; crcwding at the low end of the x-axis, since the bulk cf the
: frequencies studied, 3.15 rad/sec and above, are shorter
|

than craft length.
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? The 1linear system heave response shows distinct
nulls for waves which are integer multiples or submultiples
of the «craft 1length, and may be observed at L/Lambda=

1/4,1.0,2.0, and 3.0; less distinct nodes may be observed at
L/Lambda= 3,2z, 5/2, and 7/2. The corresponding nulls at
Lambda/L=4.0,1.0, and .5 are visible in Fig 24, but scale
crowding and the coarser fregquency resolution utilized by
Booth render these 1less obvious. The sharp node at
LsLambda=.3 corresponding to a wave frequency of 1.75
rad/sec is nct the result of the periodic hull integrals;
| this wave frequency corresponds to the enccunter frequency
i of 3.4 to 6.0 rad/sec, and is the craft's natural pitch
frequency. It may ke observed, also as a rncde, in the pitch

response. The natural pitch frequency variation with speed
is obscured in this plot, since as the speed increases, the
natural pitch frequemncy increases; but this is an encounter
frequency, and the wave incident frequency which prcduces
this enccunter freguency decreases with 1increasing speed.
Therefore, the two effects nearly cancel.

Figs 25 and 26 show pitch response for the
linear system and the non-linear loads and Motion data of
ref [1], Flctted as was heave. Note that the nulls and
ncdes are roughly 1809 out of phase, a node in pitch
corresponding to null in heave and vice-versa.

2. Cross-seas Runs

Pigs 27 to 31 are presentations of heave and pitch
frequency resgonse of the linear system and the Loads and
Motions data from ref [J at 20 and 30 kts under cross-seas

conditions (W=W) . Comments made regarding the the
el

ahead-seas runs are generally applicable here, but the
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comparison of the +two systems 1is in no manner nearly as
striking as that for the ahead-seas runs. This is
attributed to the significant effects of roll and yaw modes
on the craft dynamics under these <conditions, which are
completely neglected in this linear model.

Booth acknowledged little agreement between his work
with the Loads and H4otion program and the Aerojet XR-3
linear model frequency response curves; this is apparently
due to an error 1in «calculating the encounter fregquency.
Higher frequency waves propagate at a slower velocity, so

that for a craft traveling at a given velocity, as +the

incident wave <£frequency w _increases, a frequency will be
i

attained above which the craft will actually outrun the

following wave, and plow into such a wave bows-on. Thus the

craft will actually experience an ahead-sea condition above

that wave frequency. The w _corresponding to the maximum
al

positive w that the craft may experience for following seas
(=}

(cos(Beta)=1.0) is given by:
2
a/dw (W=-V*w/G) =0.0
e | i

(V=21)
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R e SpeT— Y S i

s |
v =G/ (2*V)
i
(V-22)
Substituting Equation (V-22) into (V-8) yields:
2
W =G/ (2%V) = (V/G) *(G/ (2%V) )
emax
=G/ (4%V)
(V-23)
Incident wave frequencies above or below the w corresponding
i
to w result in a lower w, and if w_is 1increased
emax e i

sufficie.tly, past w=G/V, w will become negative, indicating
i 2

that the cratft is overrunning the wave. Accordingly, a great
deal of judiciousness must be utilized when interpreting *he
results of a following s=eas run, when plotted against

encounter frequency w.

Accordingly, the following-seas frequency spectrum
was generated in a manner different from that utilizsd on

previous runs. W was varied exponentially over the range of
sl

1 to 25 rad/sec, and the corresponding w was calcula+ed.

Hence, the results are not comparable directly with the

results of Booth, but are presented in Fig 32 to Fig 33 for
information only, at v=20 kts.
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20 KTS, FOLLOWING SEAS

= . .
e
v‘Y—ﬁ T
jewass rea:
e o i
1 v‘l - :
'le AR - (' i , ¢
T 111 VOORT )| 11 T s i e
™1 L0088 i + - . + -
‘ | il i 8! i ¢
{! F T 1T 1R T —
T | ! L Uiy [ 1RERA LEBRR LA B
18 1841 } | ] TT1 T T ERE T
! | i ‘tr ‘ i1 T
:‘: == ‘L : g- . - IJ" J%r
: = =
— ) 2
—— : X)I
: Y t
¢ 8 08
4 1 T
1
: =2 a3
e > 1 ~3 4
- . AURY 1480
! " 5
v
: 6 S 5 1 5. {
i 1 L i I 4
: i ! T 1
1 ! s
, !
L 14541 | ) i
- L. I T
T _L \
0.6 1 2 I 6 8 10 20
w
e
V=20 kts, A=0.2 ft
Following Seas
D = Heave Frequency Response
© = Pitch Frequency Response
Figure 33 -




OMAIN REDUCTION OF XR-3 DATA

This chapter develops the techniques for fast efficient
reduction of XR-3 testcraft data from the time domain to the
frequency dcmain. Some more prominent noise sources are
identified, and the mode of noise transmissicn is
hygpothesized. A very 1limited amount of pitch data is
collected and <closely examined using these technigques and
ccmpared with the theoretical development of the preceding
chapters.

A. DATA ACQUISITION SYSTEH

The data acquisiticn system consists of the standard
semi~permanently installed Pemco tape recorder. This is a
14-channel FM tape system, with output 0-1 volt positive. A
19-channel fatch panel 1in the tape reccrder compartaent,
located just aft of the cockpit, permits selection of thae
data to be recorded;voice edge track recording directly from
the craft's radio/iICS system permits relatively simple

documentaticn of experimental runs to be maintained.

B. FREQUENCY DOMAIN DATA REDUCTICN SYSTEMNM

The Eio-Engineering Laboratory, Electrical Enginecering
Department, NPS, uonterey,. CA, has a very powerful system
for spectral analysis of analog data. This systenm,
consisting cf a PDP-11 Mini-computer and Time-Data
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Corporation Superpanel-50 Spectrum Analyzer, was utilized
for time-to-frequency domain data reduction of the analog
tape data. This system is <capable of performing a Fast
Fourier Transform (FFT) on analog data of magnitudes of #5V,
frcm a maximum upper frequency of 10 Hz to 10 MHz, for up to
8094 discrete time samples. However, caution must be
exercised tc¢ avoid memory overflow and/or program interrupt
of the EDP-11 for samples in excess cof 2048. 1In addition,
this entire frocess may be repeated up to 2048 times, and
the resultant Pourier coefficients averaged, for further
reduction cf transient frequency components. The resultant
transformed data may be output as Fourier coefficients,
powar spectral coefficients, and as an amplitude histcgraam;
output devices include a storage CRT and a Hewlett-Packard
7004-B X-Y plotter which will reproduce the display on the
CRT on ccommand from the panel. In addition the time domain
data being analyzed may be observed on a time-base storage
oscillosccpe, and monitored throughout the transformation
prccess. Processing times vary, of course, with upper
frequency, coumber of samples, and number of averaging
"yindows!", from less than a second to several minutes. For
further infcrmation see ref [8], the operating instructions
for the Superpanel-50. Fig 34 shows the details of the
setup for data reduction to the frequency domain.

C. FREQUENCY DOMAIN ANALYSIS

XR-3 cdata was codlected on an experimental run conducted
20 January, 1977 at Lake San aAntonio for ths purpcse of
performing frequency domain analysis, using the
previously-described FPT technigques. TwWwo analyses were
performed:

1. a broad-band noise analysis, examining the £fregquency
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spectra of all channels up to 200 Hz, as various
suspected noise sources were brought up and shut down,
or varied 1in power setting; the purpose of this
experiment was to identify offending noise sources by
their characteristic signature in the frequency domain;

2. a 1lcw-frequency analysis of craft characteristics in
pitch and pitch rate, for 15 kt runs into, across, and
with the prevailing wave directions. The frequency
spectra of these channels were analyzed from .02°% to
25 Hz, for the purpose cf comparison with ref [H] and
the wcrk cf the preceding chapters.

Ncise data from the XR-3 was analyzed over a
frequency range up to 200 Hz and 512 samples, averaged over
8 windows; this gave a total sample time of approximately 30
seccnds. A Butterworth filter was used to reject signals
abcve 200 Hz to prevent aliasing of higher freguency
components into the 1lower range of interest due to
discretizaticn. In addition, a battery/rheostat coabination
was used tc bias out the 1/2 vclt offset of the FM tape,
since , as previously noted, the FM tape output range is 0-1
vclt positive, while the input to the Analog-to-Digital
converter of the Superranel-50 is +5V; this considerably 3
imgroves amplitude resolution of the transformed data.

A representative output of freguency spectra afppears
in Pig 35; the remainder may be examined in Appendix A. The
data from all channels are basically identical ian nature,
and too repetitive to include in the main text. As may be
expected, the craft main engines and the 60-Hz power =supply
contribute tte major share of noise. As power is varied, the

main engine rnoise may be observed to vary from 20 Hz tc 100
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Hz, while the power supply contributes significant noise at
55-60 Hz and its harmonics. Following these sources in
order of magnitude are the 1lift fans, which may be observad

in the vicinity of 40 Hz.

An attempt was made to ascertain th2 mode of
transmission of this noise, specifically, whether by
electrical means, or by m=2chanical vibration of the sensor
package. Accordingly, the gyro package containing citch,
roll, and yaw, and pitch rate, roll rate, and yaw rate gyros
was removed and placed on a Ling shaker table, and exposad
to vibrations of 1/2 to 1 G, over a frequency range of 5-200
Hz. The RMS shaker table displacement was measured with a
calibrated Bentley acceleromater, and compared with the RMS
voltage output of the individual gyros. It was hoped to
obtain frequency response curves of the gyro packages, but
they seemed guite insensitive +to vibrations in this
frequency range, and the frequency curves showed significant
scatter due to the low signal-to-noise ratio. They were not

considered worthy of inclusion.

It was conclud=d, on tne basis of this experiment,
that mechanical vibration could not transmit such
overwhelming amounts of noise as was observed being injacted
into the XR-3 data collection systen. The mediua of
transmission is thus electrical; this conclusion is further
supported by the <ocbservation that the eight engines
installed aboard the XR-3 have no ignition noise
suppressors; likewise, the 60 Hz power supply is unfilterei.
Furthermore, while bonding straps run the 1lsngth of the
craft, the possibility of extensive AC ground loovs is
always present in a non-conducting hull, such as the YR-3.
These areas should recz2ive some close scrutiny in the
future, for a tenfold reduction in noise injection into the
data collection system should be possible, by means »f

ignition noise suppression, and the installation of .1 uF

124




ettt . s o e AR

capacitors at each AC outlet, at a relatively insignificant
cost in time and money.

2. Low-Frequency Craft Dynazemics

Three runs were made during the aforementioned data
collection runs, in which pitch and pitch rate were recorded
for 15 kt runs into, across, and with the prevailing seas.
Qualitative sea conditions at the time of observation were
noted as wave heignts of 3 to 6 inches, with a wavelength of
approximately 6 feet; this wavelength represents an incideat
wave frequency of approximately 2.2 rad/sec, correspcnding
to encounter frequencies of 6.2, 2.2, and -1.8 rad/sec, ror
ahead, crcss, and following seas at 15 kts. Data was
reduced ir a manner similar tc that used for wideband noise,
with the exceprtion that a maximum frequency of 25 Hz, 1024
samples with no averaging was utilized.:+ A difficulty
develoged in that a Butterworth filter with cut-off ©below
100 Hz was not readily available at the time. However, when
cne 1is constrained from 1lcwering the bridge, it may
nevertheless be possible to raise the river. In this
particular case, the tape was run at four times recorded
speed, or 7 1/2 inches per second. The FFT was set fcr 100
Hz, as was the Butterworth filter, and the desired
resolution of 1026 samples selected. This procedure nad thae
beneficial side-efiect af reducing the real elapsed
prccessing time of the Superpanel-50/PDP-11 coumbination by a
factor c¢f four. The resultant transiormed data was
scale-exganded after computation, so that only the pcrtion
frcm 0-5 Hz (0-1.25 actual Hz) was plotted.

These admittedly unorthodox and awkward procedures
were necessitated, not only by the lack of suitable
filtering, but also by difficulties experienced in obtaining
prcper operation of the PDP~11 for very low frequencies at




that particular time. Long sample times combined with
frequent inexplicable program interrupts rendered this
particular sessicn most frustrating. However, ventilation
and overheating problems were apparently the major source of
difficulties experienced with this particular exercise, and
future @&ata reductions in the frequency domain =should
require ncne of these awkward circumlocutions.

a. Pitch and Pitch Rate-Ahead Seas Run

Figs 36 and 37, the reduced FFT of pitch and
pitch rate for the 15 kt ahead-seas run, may be compared
with Figs 38 and 39, the linear system theoretical response
in pitch and pitch rate. The linear system was plotted as
dB with respect to waveslope 1logaritamically against
encounter frequency, on a range of .1 to 7.85 rad/sec. The
observed data are relative magnitudes plotted linearly vs.
encounter frequency, on a range of 0 to 7.85 rad/sec. The
unusual scale was necessitated for the cokserved data, to
oktain the ccnversion to rad/sec; in Hz, the scale 1is .125
Hz/in. A gqualitative comparison of the two plots shows a
rather remarkable similarity; the PFT of pitch shcws a
falling off in resgonse from the very low frequency end to a
local minima at 2.0 rad/sec with the onset of rescnance
occurring in the vicinity of 2.75 rad/sec; resonance peaks
at 3.9 radssec and is completed at approximately 5.0
rad/sec. Two small nodes may be observed at 2.36 and 6.23
rad/sec, the latter corresponding to the enccunter frequency
of the qualitatively-observed wavelength at the time of this
run; this was, as previously noted, an incident wave

frequency cf 2.2 rad/sec.

The linear model replicates the cbserved data in
pitch almost precisely, with the exception of the two nodes
at 2.2 and 6.28 rad/sec, due to the dominant local wave




amplitudes in the observed data.

As may be expected, pitch rate data is somewhat
more noisy than pitch data, although not excessively so.
ckserved pitch rate shows an unusual double peak in
resonance, which also occurs in the other two
sea-conditions. The first peak occurs at #4.35 rad/sec,
slightly higher in frequency than the observed poitch data,
while the second peak occurs at 5.25 radysec and is of
unexplained origin. This peak may be indicative cf the
onset of the non-iinear behavior discussed in the preceding
chapter, but that is only a speculative oLservation.

The linear system pitch rate data shcws a
sharper rescnance than did linear pitch, the former being
markedly peaked at 4.26 rad/sec, while the latter was
relatively flat from 3.9 to 4.26 rad/sec. The ajreement in
the sharpness of pitch rate response between the observad
data and the 1linear system is gquite good. Resonant rise
also occurs earlier in the linear model, at approximately
2.0 rad/sec; but there is no indication of the peak at 5.25
rad/sec which occurs in the observed data.

No significant nodes or nulls occur 1in this

fregquency range; the pitch node at n=1( w=3.15 rad/sec) does
i

not occur until an encounter frequency of 9.75 rad/sec.

Cverall, the observed and 1linear data ccafpare
remarkably well under these conditions.

b. Pitch and Pitch Rate-Cross Seas Run

Despite the fact that cross=seas runs induce

modes of motion in roll and yaw that are unaccounted fcr in
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this 1linear model, it was considered of interest to ccmpare
observed cross-seas data, Figs 40 and 41, with Figs 4Z and

43, the linear data for w=w,
e i

The observed pitch FFT, Fig 40, is more
distinctly resonant at 4.0 rad/sec under thess s<a
conditions than in the ahead-sea run;response decreases
continuously from the very low freguency end until almost
the onset cf resonance at approximately 3.5 rad/sec.
Resonance occurs at 4.0 rad/sec, and a distinct null cccurs
at 5.25 rad/sec. The observed predominant wavelength, which
as noted previously corresponds to an incident wave
freguency cf 2.2 rad/sec, is distinctly wvisible at that
frequency.

Ccmparison with the linear system pitch response
curves c¢f Fig 42 is as striking as the ahead-seas runs, the
more so because of the modes of motion induced in the <craft
which are not in the 1linear model. As in the FFT data,
linear pitch response decreases until almost the onset of
resonance, with a pronounced null at 3.5 rad/sec. This null
does not agpear in the observed pitch data, but is
distinctly visible in the observed pitch rate data. ILinear
system resonance is sharper under these sea conditions, as
is the <cbserved data, and occurs at 4.26 rad/sec. Two
high-fregquency nulls at 5.25 and 7.0 rad/sec, and a node at
6.0 rad/sec , are distinctly visible in the obserwved data,
although less prominently.

The observed pitch rate data shows a sharper
rcll-off from the low frequency end of the spectrum, and a
flatter resfponse thereafter untili the onset of resonance,
than does pitch. The distinct doubie peak previously noted
in the ahead-sea run, 1is distinctly visible in this run
also.
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Ccmparisen of the pitch rate FFT, Fig 41, with
the linear system pitch rate response of Fig 43 shows the
same good agreement as did the pitch data; the low freguency
roll-off characteristics are very much the same, and the
null predicted at 3.5 rad/sec by the 1linear model is
prcminently visible in the PPT. However, the bigher
frequency nodes and nulls are much less distiact.

c. Pitch and Pitch Rate-Following Seas

Cue to the difficulties previously experienced
in intergreting results of following seas runs with Bcoth's
work, only a most general comparison of cbserved pitch and
pitch rate FFT's, shown in Figs 44 and 45, and the linear
sSystem respcnses, shcwn in PFigs 46 and 47, will be made.
Note that due to the tecinnigue wutilized 1in generating
encounter frequencies in the 1linear model, the range of
frequencies plotted in the linear model is much greater, (.3
rad/sec to -40 rad/sec), resulting 1in a much ccarset
frequency resclution in the range of interest. Negative
encounter frequencies, as noted in the preceding chapter,
represent a modified ahead-sea condition.

The 1linear system predicts a sharp roll-cif in
pitch resgonse from the very low frequency end to about -.25
rad/sec, and a relatively flat response from theres until the
onset of resonance, at about -2.0 rad/sec. Resonance cccurs
quite sharply at -4.11 rad/sec. No nodes ¢r nulls ipn this
frequency range are predicted by the linear model. The
observed pitch data is in general agreement with this; in
addition the predcminant wavelength, which occurs undec
these sea conditions at an encounter fraquency of =-1.98
rad/sec, may ke observed in the FFT.

The linear system and observed data do not agree
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well 1in pitch rate, the 1linear system predicting an
increasing response from the 1low-frequency end until
resonance, while cbhserved data shows, as should be expected,
a low-frequency roll-off to a relatively flat mid-range
response. No plausible explanation may be advanced for tais
variance at this time; however, considerable difficulty has
been observed by bcth Booth and this author in correctly
interpreting following seas results.

The observed pitch rate FFT shows, as have the
runs in the cther two sea conditions, the mysterious double
peak in pitch rate resonance.

D. SUMMARY CF PREQUENCY DOMAIN ANALYSIS

Compariscn c¢f measured and 1linear system theoretical
frequency response shows significant correlation ander
small-sea ccnditions; nulls predicted by the linear systenm
may be readily observed in test craft data, and the
frequency dcmain is relatively uncluttered by noise. The
bulk of ncise in the system is not "white" noise, but tends
to cluster about sharply-defined freguencies. The
technigques developed in this chapter show the value of the
frequency dcmain as an interesting alternative to the time
domain as a means of model verification and validation.
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A. CONCLUSIONS AND O3SERVATIONS

The linear two-degree-of-fresdom model developed in this
work has been shown to be a reasonable approximation to both
the Loads and Motions program and to actual obssrved craft
behavior, in both the time and frequency domain; 1its
relatively uncluttered simplicity has disclosed some
interesting aspects of testcraft ©Dbehavior, including the
nulls and nodes that characterize the <craft freguency
response. Furthermore, this simulation is sxtrema1ly
economical of CPU time, requiring less than thres minutes of
CPU time to generate the frequency response curves fcr up to

100 discreste frequencies.

The non-linear behavior described 1in Chapter V is
somewhat supported by observations of testcraft data in the
frequency domain in Chapter VI. This 1interesting behavior

is apparently akin to that of a relaxation oscillator.

Noise, which has 1interfered with wvarying degress of
severity in almost all +transient analysis done with the
recorded testcraft data at NPS, 1is reduced to 1little
significance using the frequency domain method applied for
testcraft data reduction in this work. The major source of
noise 1in the XR-3 has been identified as primarily ignition
noise from the eight gasoline engines aboard the craft,

transmitted electrically to the data acguisition systen.
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B. RECOMMENLATIONS FOR FUTURE STUDY

The linear heave-pitch model developed in this work can
readily be expanded to include roll, yaw and speed effects.
Completicn of this expansion would result in an analytical
six-degree-cf-freedom model, and 1lead to a mcre thcrough
understanding of CAB craft behavior. An example of the
fFotential of this épproach may be seen in ref [9], in which
a rudimentary pitch control system, based wupon this model
and wutilizing optimal Ricatti solutions, promises to reduce
sea-state pitch accelerations to less than ten percent of
the open lcof response. The practical probleas involved in
the implementation of a test-bed ride control system fcr the
XR-3 testcraft do not appear to be severe, aside frcm the #
physical installation of a suitable set of stern-plane
control surfaces; an observer, based on a linear mogdel,
could be wutilized as an optimal observer in a Kalman
filtering scheme to generate some of the system states which

b

may not cotherwise be suitable for feedback. Since this
system 1is cnly piecewise linear, the microprocessor agpears
as the most feasible means of implementing this ccntrol
system, storing the optimal gains <for several operating
speeds in a table look-up or interpolation method. Most of
the systenm development could be ioplemented on a
slightly-mcdified version of the Loads and Motions prcgram.

This avenue bhas great future potential for expanding the
sea-state envelope and improving the habitability of CAB
craft.

The linear frequency domain response simulation <should
Frove useful in the study of the non-linear betavior
described in Chapter V. It is felt that this non-linearity
can be modelled in the complex plane utilizing a describing
function. Fcrtunately, the <complex gains of the 1linear
system are directly available from the linear system in the
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program daveloped. This is an extremely interesting area of

future study.

In the area of parametric analysis, such a linear model
may be wutilized with the technique of root locus analysis.
An elementary program was developed for this purpose and is
included at the end of the text with other ©prograas
developed for this investigation. However, time and space
did not rermit its inclusion into the main text.
Furthermore, such parametric analysis was inconsistent with
the main thrust of this effort. It is neverthzless hoped

that the prograa will be of benefit in future studies.

The XR-3 testcraft was not available for data collection
throughout the spring of 1977. The frequency domain data
reduction technigues developed in this work could not,
therefore, be utilized in anything approaching an in-depth
study of craft behavior. One area in which these frequency
domain technigques may prove most useful would be the
investigation of actual tsstcraft gains in heave at various
frequencies, to ascertain the significance of wave-plenun
chamber interactions. The 15 dB discrepancy betwesn the
Loads and Mctions program, which assumes a plenum wave, and
this linear mnodel, which does not, indicates this to b= a

vital factor in the accuracy of any model.

A serious effort at ignition filtering is certainly in
order. Ignition suppression and power-line <filtering is a
relatively straightforward approach that can greatly enhance
the gquality cof data collected from the XR-3.

An additional <technigque for data reduction tc the
frequency dcmain may become available in the ver near
future. The MDS-8 nmicroprocessor-based data acquisition
system, developed by Englehart in ref 1Q], will be capable

of sampling sequentially and storing in mass memory up to 14

17




T

analog channels, with a sampling rate up to 7000 samples

'O
®

t
=

second. Upon completion of the sampling and storage, =]
MDS-8 can perform a variety of data manipulations upon the
data file, including an FFT; the data file, both in the raw
form and after manipulation, is available +to the NPS IBM
360/67 computer installation via the CP/CMS time-sharing
link. The possibilities of this system as a data reduction
system are, compared with techniques previously utilized for

data reducticn, impressive. However, much remains to be

developed in this area.

148




APPENDIX A

WIDEBAND NOISE DATA

This appendix 1is a resume of the more significant
wide-band pcise spectra observed in the FFT's o¢f XR-3
testcraft data collected at Lake San Antonio, 20 January
1977.

The following plots are FFT's of testcraft data, reduced
as described in Chapter V, for a maximum upper frequency of
200 Hz, and a frequency resolution of 512 samples.
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FREQUENCY COMAIN LINEAR SYSTEU CSMP III COMPUTER SIMULATION

This 1is a listing of the CSMP-III computer simulation
used, with minor variations in details such as f£freguency
range, tc generate all frequency response curves cf the
linear systerm used throughout this work.

The CSMF III program is not linked automatically to tke
IMSL Subrcutine Library at the W.R. Church Ccmputer Center,
NPS, Mdonterey. To acheive this 1linkage and access thae
subroutine LECT2C, the following Job Control Language (JCL)
must be inserted at the beginning of the program deck:

SLEB D0 UNTT=3330,v.o=3c2018KC1,DT5P=SHR,CaN=5Y33.CoMP3,LZACVOC
Ci3P=ShA eCSNZ3YS ) oFCITL IR
3152 =25HR oooA=SYSLaMFsL 8
CI)')SS"J-'L:J‘P:QYJEQA“ )LOSD
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PAEAMETRIC EIGENVALUE CSMP III SCLUTION

This prcgram provides a <root 1locus solution tc the
two-degree-of-freedom linear model. The reserved CSMP
variable TIME is redesignated as the parameter of interest
with the RENAME statement, with the range of variation
specified on the FINTIM card. One additional variable may be
stepped, using the PARAMETER statement.

The parametric eigenvalue program also must access the
IMSL Sutroutine Litrary; see the Frequency Domain coumputer
prcgram listing for the appropriate JCL tc acheiuve this
linkage at tke W.R. Church Computer Pacility.
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