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A B S T R A C T

A s impl i f i ed  t w o — d e g r e e — o f — f r e e d o m  s imu l a t i o n  in

heave and p i tch  of the X R — 3  C a p t u r e d  A i r  Bubbl e (CA B )

t e s tcr aft  is developed f i r s t  in a n o n — l i f l e a r  f o r m  and

is s u b s e q u e n t l y  l inear ized  about  t he  s t e a d y — s t a t e

o p e r a t i n g  point .  The model is validated ag~iins t the

s i x— d e g r e e — o f — f r e e d o m  X R — 3  Loads a n d  Motions p r o g r a m

in the time domain; the linear system is then

t r a n s f o rm e d  i n to  the f r equ e n c y  d o m a i n  by comp lex

matrix inversion. A comparison is made between the

linear system frequency response predicted by the

t w o — d e g r e e — o f — f r e e d o m  model  and t h a t  of t ne  Loads  and

Not ions  p r o g r a m , a’s wel l  as actua l t est c r a f t  thi ta ,
reduced to the frequency domain by a Fast Fourier

T r a n s f or m  (FFT) t e c h n i q u e . T h i s  c o m p a r i s o n  of

f r e q u e n c y  response curves  h i g h l i g h ts a n o n — l i n e a r  i n c d e

of CAB craft behavior of possible in teres t  to

h a b i t a b i l i t y  and  s eawor th ine s s  st ud ies.
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LISt OF ABBREVIATIONS

PHYSICAL CONSTANTS

1. G Gravitational Constant
— 2

(32.2 ft/sec )

2. ~~~~~ Ratio of Specific Heat~ of  A i r
(1.4 ,DimensionlesS)

3. ~~~ Density of Water

(2 .0  S lugs/ f t  )

4. ~~~~~~~~~~~ Density of Air

(.002378 Slu gs/ft
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CRAFT PARAMETE RS

1. ~~ Plenum Upper Surface Area 
2

( 2 0 0  f t

2. ~~ L e a k a g e  Ar ea ,Stern Seal 
2

(.438 ft )

3. As Sidewall Area
2

(18.75 ft

4. Cf Sidewall Skin Friction Coefficient
(.95 ,D2.nensioalesS)

5. I~~ 
Y-Axis Moment of Inertia

(9620 lbn—f t )

• 6. L Craft Waterline Length— - (20.0 ft)

• 7. N Number of Lift Fans— (5)

8. QLQ Static Fan Plow Rate

(35 ft/sec)

9. Ws Sidewall Wi~Ith (.9373 ft)

__ J
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10. Wi~~tli Craft Beam Wid t i
• — —— (10.0 ft)

11. 
~~ 

Empty Plenum Volume

(333 ft

• 12. Zs Keel to Center of Gravity Heignt—— (2.5 ft)

13. N Mass of Craft
• ( ibm)

1~e. NfC Residual Moment about Y—Axis——— (ft—lbf)

• 15. X~ g Location of Center of Gravity from
— Craft Geometric Center

( f t )

16. Xç~ Location of Craft Center of
— Pressure from Craft ~eometricCenter

( f t )

14



S E A — S T A T E  V A R I A B L E S

1. ç Absolute Wave Velocity (f t/s ec)

2. ~~~~~~~ Inc iden t  W a v e l eng t h  
(ft)

3. ~~ Wave Encounter Frequency
e

(ra d/sec)

I. w Inciden t Wave Frequency
1 (ra  d/sec)

s. W v h t  W a v e  He igh t (f t)

15
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STAT E V A R I A B L E S

1. Mb Plenum Air Mass
( ibm)

2. Jj~ Angular Acceleration of Craft about
Y—Ax is

2
(rad/sec

3. Nbdot Mass Flow Rate into/out of PlEnum
( ibm/ sec)

4. ~~~~~ Radial Velocity of Craft about
— Y—Axis

(rad /sec)

5. ~~~~~ Plenum Gaug e Pressure 
2

(lbf/ft

6. ~~~~~ Pitch Angle about Y—Ax is
(rad/sec)

~~~. ~~~~~ Vert ical  V e l o c i t y  of Center ~fGra vity
( f t/sec)

8. ~~~~~ 
Vertical Acceleration of Center of
Gravity 

2
(ft/sec

9. z Vertical Displacement of Center of
Gravity above Water Line• (ft)

~~~~ •

~~~~~~~~

•• 

~~~~~~~~~~~~~~~~~~~~
•:6
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SY S T E M  VARIABLES

1. Aseall Wetted Area of Bouseal
2

(ft )

2. .A~~~ai~ 
Wet t ed  Area  of sternseal  

2
(ft)

3. Hbuo j Total Buoyant Force (lbf)

L$~~ Hbuolj Buoyant Force due to Immersed Area
• forward of Center of Gravity (lbf)

5. ~~~ o~ 2 
Buoyant Force due to Immersed Area

— aft of Center of Gravity
(lbf)

6. U~~~o1w 
Additional Force due to ~ave— — Buo y anc y (lbf)

7. 
~~~~~~~~~~~~~~ 

Total Viscous Damping Force 
(lbf)

8. ~~~~ D a m p i n g  Force du.~ to Visco~is
Damplng forward of Cen ter of
Gravity (lb f)

• 9. ~~~~mp2 Damping Force due to Vi.~icous— Damping aft of Center of Gravit y
(lbf)

_
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10. ~~j~an Vertical Planing Force due to
H y d r o dy n a i n ic  L i f t

(lbr)

• 11. ~~~~~ Vertical Pressure Force, acting at
Center of Pressure

(lb f)

12. Hseal 1 Vertical Force due to Bowseal
(ibE)

13. Hseal2 Vertical Force due to Sternseal
(lbf)

14. Ld Draft ,measured at Center of
Gravity

( f t )

15. L d l  D r a f t , measured  a t  bow
(ft)

16. Ld2 Draft, measured at stern
( ft )

17. ~~~~~~ Average Draft forward of Cen ter of
Gravity

(ft)

18. Ldbar2  Average  D r a f t  a f t  of C e n t e r  of
G r a v i t y

(ft)

19. ~~~~a( Initial Plenum Pressure Ratio
(dimensionless)

20. g~~~j Total Buoyant Pitch Momen t
(f t—lbf)

21. 
~~~~~ Buoyan t Pitcn Mom ent due ~o Waves

(1 t—l bf)

---

~

--•
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22. Pbuofl Buoyant Pitch Moment due to
Immersed Area foruara of Center of
Gravi ty

(ft—lbf)

23. j~j~oy~ Buoyant Pitch Moment due to
Immersed Area aft of Center of
Gravity

( f t — l b f )

24. ~ dam~ Total Viscous Pitch Damping Ncment
(ft—lbf)

25. ~~~~~~ Viscous Pitch Damping Momen t due to
Area forward cf Center of Gravity

(r t—lnr)

26. Pdam~~ Viscous Pitch Damping Momen t due to
Area aft of Center or Gravity

(f t—lbf)

27. ~~~ an Planing Momen t due to k~ydrcdynam icLift
(ft—lbf)

28. ~~~~~ Pitch Pressure Moment
(ft—lbf)

29. Pseall Pitch moment due to Bowseai.
(ft—lbf)

30. Pseal2 Pitch moment due to Sternseal
(ft—lbf)

31. Qout Volume Flow out of Plenum

(f t/sec)

32. Qin Volume Flow into the Plenum

(f t/sec)

19
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33. 
~~ 

Net Plenum Volume

(ft

34. ~~~~~ Average Vertical Velocity fcruard
of Center of G r a v i t y

( f t/ sec)

35. j~~~ 2 Average Vertical Velocity aft of
Center of Gravity

(ft/sec)

36. XseAl Length of Bowseal in Con tact with
the Water Surface

(ft )

20
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I N F L U E N CE COEFFICIENTS

1. ~~~ th Partial derivative of vertical—— buoyan t force with respect to Theta
lb f )

2. Dhbz Partial derivative of vertical
— buoyant force with respect to z

(lbf /ft)

3. ith Partial derivative of vertical
— force d ue to planing w it h  respect

to Theta
(lb f)

4.  ~~p th  Par t i a l  d e r i v a t i v e  of ve r t i ca l
pressure force with respec t to
Theta

lbf)

5. Q.~~ mb Partial derivative of vertical
pressure force  w i t h  :~~spect tc  Mb

lb f / l bu n)

6.  Dh 22 Pa r t i a l  d e r i v a t i v e  of v e r t i c a l
— pressure force with respect to z

( lb f / f t )

7. Dkiszl Partial de~rivative of Bcwseal—— vertica l force with respect to z
C lb t/ t t )

8. ~ hst~~1 Partial derivative of Sowseal
— vertical force wi th respect to

Theta
( l b f )

21 
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9. Dhs~ b Par t ia l  de r iva t ive  of Bowseal
vertica l force wi th  resoect to Mb

( lb f /lb !n)

10. Dh sz2  Partial der ivative of Sternseal
ver t ica l  force  w ith r espect  tc z

( l~ f / f t )

11. Q~~ th2 Part ia l  derivative of Sternseal
vertical force with raspect to
Theta (lb f)

12. Dhsz Su m  of Dhsz l and Dbsz2—— ( lbf / f t )

13. Dhstn  Sum of Dh s th l  and Dhsth2
( lbf)

14. D~ b~~b Par t ia l  d e r i v a t i v e  of P l e n u m  Air
Mass Flow Rate  wi th  respect tc Mb

(sec)

15. ~ m b t h  Par t i a l  de r iva tive of P l e n u m  Air
Mass F low R a t e  w i th  respec t  to
Theta

( lbm/ sec)

16. Dmb z Par tial • der iva t ive  of P l e n u m  Air
Mass Plow R at e  w i th  respect tc z

( ib m/f t— sec)

17. ~p~~mb Partial derivative of Pbbar with
respect to Plenum Air Mass, Mb 

2
( i b f / l b m — f t )

18. D~~~tb Partial derivative of Pbbar wi th
respect to Theta 

2
( l t f/ f t )
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19. Dpbz Partial derivative of Pbbar with
respect to z 

3
(lbf/ft

20 .  ~ yt~ Partial d e r i v a t i v e  of b u o y a n t  p i t ch
m om ent with respect to Theta

(ft—lbf)

21. D~~~yz Partial derivative of b u o y a n t  p it ch
moment with respect to ~. ( lb f )

22 .  D .~ p itn  Pa r t i a l  d e r i v a t iv e  cf P l an i n g  pitch
m o m e n t  w i th  r e spec t  to Theta  -

( i t —  lb r )

23. ~~pmb Partial derivative of pressure
pitch mo ment with respect to Nb

(ft—lbf/lbm)

24. D2 p th Partial derivative of pressure
pitch moment with respect to Theta

( f t — l b f )

25. D~ pz Partial derivative of pressure
pitch moment with respect to z

(l b f )

26. D~~~ b Partial derivative of Bowseal pitch
m oment wi th respect to Mb

( f t — i b f / l b m )

27. D~~~th1 Partial derivative of 3ows eal ~itcn
moment with resoect to Tneta

( f t — l u f )

28. Dp~~~h2 P a r ti a l  de r i v a t i v e  of S t e rnseal
p i t c h  mo men t  w i t h  respect to T h et a

(L t l bz)

29. ~p~ z1 Partial derivative of Bowseal pitch
• mom ent with respect to z

l b f )

4.
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30. ~~~ z2 Partial derivative of Steinseal
pitch moment with respect to z

( lo f )

31. D~ . mb Partial derivative of pitch
— acceleration with respect to Mb 

2
( 1/(lbm—sec) )

32. Dp~ h Par t ia l  d e r i v a t i v e  of p i tch
acceleration w i t h  respect to Theta

sec)

33. D~~ Partial derivative of pitch
acceleration with respect to z

2
1/(ft—sec) )

34. Dzwb Partial derivative of vertical
acceleration with respect to Mb 

2
f t / lbw—sec)

35. Dzth Partial derivative of of vertical
acceleration with respect to Iheta

(f t/sec)

36. ~zz Partial derivative of vertical
acceleration with respect to

—2
sec)
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particularly pitch ; therefore still further cpri tine is

wasted attaining steady—state conditions. This inefficienc y

of CPU time has been noted by Mitchell. in ref (4], who

documented over 40 percent of CPU time utilized oy the XR—3

Loads and Motion program to the WAVES subroutine.

Accor dingly, one is reduced to performing a point—by—point

frequency analysis w~ith 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 utilization of a linearized , albeit

highly simplified , progra m presents itself as a most

desirable alternative. The effect of non—linearities nay be

added to the linear model with a describing function , and

the system investigated in the complex plane utilizing the

modified Nyquist criteria. Finally, a simplified model

provides a starting point for the investigaticn of

sensitivity of craft operation to the variation of assorted

parameters through the technique of root locus plotting, and

can be the heart of the development of any au tomatic control

system , optimal or classical.

Gerba and Thaler, in ref cs) , initiated the deveicpment

of the linearized XR— 3 model in heave only. In this work ,

that model is further developed to includ e the pitch mode ,

first in a non—linea r 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 quasi—linear

B vector in state—space, and the linear system is then

transformed into the frequency domain by complex matrix
• inversion , with significant savings in CP~J time. This

linear frequency response is then compared with ref tiJ 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—com puter and spectral

27
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analyzer is developed for the fast and efficient reduction

of recor ded XR—3 data from the time domain to the frequency

domain utilizing a Fast Fourier Transform (PET) . Actual

craft data is compared with the predicted linear system

frequency reEpon se.
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~~~~~~~~~ ~~~ .~-PIT~~ ~~~U~~TION S O~ MOTION

• This chapter develops the non—linear equa tions of

motions of the XR— 3 in heave and pitch , following tu e

approach utilized by~ Gerba and Thaler in the development of

the simplified heave—onl y model in ref

A. ASSUMP~ ICNS

As in ref ti]. the following assumptions are made :

1. constant leakage area;

2. equilibrium speed conditions ;

3. plenum pressure and volume related through an adiabatic

process ;

The following assumptions and limiting conditions were

removed:

4. vertically coincident geometric center ,c~ nter of

pressure and center of gravity;

• 5. negligible pitch changes;

6. negligible wave action;

7. negligible added mass effects;

and the follcving assumptions are added:
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8. negligible wave action within plenum ;

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

(negligible roll or yaw )

In addition some simplifying assumptions reaardin g the craft

gecmetry were made. Fig 1 shows the simplified 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 SYSTEM

Fig 1 shows the coordinate system used in this model.

Specifically, the coordinate system is attacaed to the

gecmetric center of the craft at the calm waterline , and

oriented in a right—hand system such that x is positive

for war d, y is positive to the right, and z is positive down ,
Angles are measured such that a roll to the right , a pitch

up and a yaw ri ght are positive. Note , however , that

translations in the y direction and roll and yaw are not

included in this model.

Draf t, the distance of the keel below the calm water

line, is the distance of th~ C.G. above the calm w a t er  l i ne ,

z, plus the distance of the keel below the C.G., Zs, or:

Ld z+Zs

(11—1)

C. SIDEWALL GEOMETRY

30
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The constant  sidew al l area as used b y  Gerba  a nd  Tha ler

y ie lds  a good a p p r o x i m a t i o n  to c r a f t  no t ion  in the  heave  and
pressure modes. How~ ver , i t  is a source of s t rong  c oup l i n g

• between draft and pitch , a n d  a more  d e t a i l e d  m o d e l i n g  is
necessary  to ach i eve  good a g r e e m e n t  w i t h  ts~ Loads a n d

Motion Pr cgr ain , as wel l  as k n o w n  c r a f t  behav io r  in p i t ch .

• F ig 1 shows the  c ross—sec t iona l  de ta i l  of a s s u m e d
s idewal l  g e om e t r y .  The  f ot e  and  a f t  s ec t ions  are i den t i ca l
wi th  t h e  except ion of deadr i se  at g le , t h a t  ang le  b e i n g  ~OO
at t he  bow and 800 a~ the  s t e r n .  The a ctu a l  s idewal l  w i d t h
used f o r  c o m p u t a t i o n  of b u o y a n c y  f o rces is t h e  e f f e c t i v e
sidewall  w i d t h ;  th is  is t h e  ave rage  ia l u e  of the  w a t e r l i n e
s idewal l  w i d t h  and the  k e e l — l i n e  w i d t h , W s l O  o: 4 s20  ( f o re or
af t section ) . This is o n e — h a l f  t h e  dr af t  ave raged  f r o m  the
C . G .  to t h e  b ow a n d  s t e r n  r e s p e c t i v e l y ,  .di7i~~ed b y th e

t a n g e n t  of t h e  a p Dr op r i a t e  deadrise  a n g l e  plus the  k e e l — l i n e
wid th  W s l O  or W s 2 0 .  This  v a l u e  is c o n s t r a i n e d  b e t w e e n  zero
a n d  Ws , t he  m a x i m u m  s idewal l  w i i t h .  Thus :

Ldb ar l  =Ld — ( L / 2 — X c g )  *T~ eta

( 11—2)

Wsl Ldbarl/(2*tan(Drl))+WslO

IF (Ws l .GT. W5) Wsl Ws

IF (W s l . L T . J . O ) W s l = O . 3

( 11—3 )

and for the stern section:
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Ldbar2 =Ld+ (L/2+Kcg) *Theta

(I I — 4)

W s2 =Ldbar 2/ (2 *t a n  ( d r 2 ) ) + ~Js20

IF (w s 2 . Gr . w s )  Ws2 W s

IF ( W s2 .LT .0 )  W s2 0 . O

• (11—5)

D. SYSTEM DYNAMICS

The equa t ions  of the  s y s t e m  d y n a m i c s  are develo~ €d in

this section and are an extension of the model of ref (5),

modified as necessary; the remaining equations are derived

frcui first principles.

1. Plenum Pressure and Mass Flow Rate

Plenum pressure and plenum air mass ir~ ca lcu la ted
u s i n g  the adiabatic law. Using Ld as the draft ~t the  bow ,

and Ld as the draft at the stern , the average draft overall

become s:

Ldbar =(Ld+Ld)/2
1 2

(Ld— (L/2-Xcg) *tan (Theta)
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+Ld+ (L/2+Xcg) *ta n (Theta) ) /2

=Ld+Xcg*tan (Theta)

(11—6)

w hich , when multiplied by the Plenum area ,yields the

submerged Plenum volume. Subtract ing this from plenum

nominal vclum€ yields the net Plenum volume , or:

Vb = V n — A b * ( L d + X c g * t an ( th e t a ) )

• (11—7)

The adiatatic relationship bet ween pressure and volume

yields:

Gamma• Pb =Pa* (Mb/ (Vb*Rhoa) )

(11—8)

and

Pbbar  = P b — P a

(11—9)

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

cm N * ( Q 10— P b b a r )

(11—10)

and flow cut is:

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

(11—11)

thus the net mass flow rate within the plenum i.~ :

_  -~~~ ~~~~~~~• -  -



~~~ - ~~~~~~~ -• -• I

d/ (Nb) =Rhoa * ( Q i n— Q o u t )
/d t

(11—12)

2. ~~~

Fig 2 shows the forces and their respective mo~ ent

arms acting en the XR—3. The sum of vertical forces yields

the vertical. C.G. acceleration:

2
d/ 2 (z) t (Hpres+Eibuoy+Hsea l+HdaflIP+HPlafl+W)/N
/dt

(11—13)

The i n d iv i d u a l  force c o n t r i b u t i o n s  w a y  be c a l c u l a t e d

separately and their total contr ibutions summed.

a. Pressure Forces

The plenum pressure acting on the roof of the

plenum produces a pressure force acting at the C.?.:

lipres =—Ab *~?bbar

(11—14)

b. Buoyant Forces

For purposes  of ca lcula t ing  b u o y a n t  m o m e n t s  in

the  subsequent  ca lcu la t ions, it is convenient to disscciate

the buoyant force into two components ,HbuOyl and ~1 buo y~~, the
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bucyant forces generated by the submerged vol ume fore and

aft of the C.G. Buoyant force is proportional to submerged

• volume multiplied by the density of the fluid and the

gravitational constant. This term must be doublea to account

for both sidewalls.. The average draft forward of the C.~~.

is:

Ldbarl = (Ld+L.dl)12

=Ld— (L/2—Xcg) *tan (Theta)/2

( 11—1 5)

Taus the forward buoyant force is:

hbu oyl =—2*Rho*G*length*draft*sidewall width

—2*Rho*G* (L/2—Xcg) *Ldbarl*Wsl

(11—16)

The af t a ver a ge draf t is:

Ldbar2 = Ld+ (L/2+ ~Ccg)  *tan ( T he t a )/ 2

(11—17)

an d the aft buoyant force is:

Hbuoy2 =—2 *Rhe*G* (L/2+Xcg) *Ldbar2*Ws2

(11—19)

an d :

Hbuoy =Hbuoy l+Hbuoy2

(11—19)

c. Bow and Sternsea l Forces
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Fig 3 shows the detail of the assumed bowseal and sternseal

gecmetry and water surface interactions. The seaJ.~ is
assumed to trail from the upper hinge point at a constant

angle of 3 1.6° un t i l  it contacts  the wa te r l i ne .  F r o m  that
point  on it is assumed to lie t a n g e n t  to the w a t e r l i n e .  The
l eng th  of bowseal in contact wit h the  water  may be seen to
be:

Xseall =Ld l/cos(31.6°)

= 1.65* (Ld- (L / 2— X cg )  *taa (Tie ta) )

( 1 1— 2 3)

Pbtar  exer ts  a force upo n t h i s  w e t t e d  area w h i c h  is res is ted
by an upward reaction from tne water surface. This reaction

is transmitted to the craft as:

Hseall =— P b b a r *W i dt h *X s e a l l

(11— 2 1)

As m a y  be seen from Fig 3, the sternseal

gecmetry is basically identical to that of the bowseal;

how ever , the mechanism for force generation is different in

that the sternseal rides atop an exhausting jet of plenum

air .  T h e r e f o r e , t h e  pressure  d i f f e r e n t i a l  is not t h a t  of
Plenum pressure over atmospheric , but over the reduced

pressure of the high—velocity jet. This is a complicated

function of leakage area and other fac tors, but may be

assumed approximatel y constant. This model assumes

2
a pp r o x i m a t e l y  2 .0  l b f/ f t  d i f f e r e n t i a l  pressure  b e t w e e n  th e

st€rnseal and plenum pressure.

The length of sternseal in contact witn tne

water may be seen to be:
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Xseal2 Ld2/cos (3 1.60)

=1. 65~ (Ld+ (L/2+Xcg) *tan (Theta))

(11—22)

the sterns€al force is then the differential pressure,Sealp,

tii.es the st€rnseal area ,or:

Bseal2 =—Seaip *Width*Xseal2

( 11— 23)

d. Damping  ~orces

Dam ping forces are developed for information

only ,  as Tay lo r ’ s series expans ion  of these forces a b o u t  the
z e r o — r a t e  equ i l ib r ium point causes these equat ions  to vanish
in the  l inear  model.

A body at motion within a fluid experiences a

frictional fc rce :

F —C *(Rho/2)*V*~ V~ *Sf f

w h e r e  C is a non—dimens iona l  f r i c t i o n  c o e f f i c i e n t  n a s ed  upon

shape , roughness, and Reynold’s Number. Consistent w i t a  th e
s ix — d e g r e e — o f— f r e e d o w  Loads and Motion p r o g r a m , taken

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

velocity of the C.G., Zdot, plus the tangential velocity of
the an gular velocity, which varies along the hull as:
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V (x) =Zdot+ (Xcg—x) *Omega

( 11—2 4 )

The differential surface wetted area also is a function of

x , as the  d e p t h  of immersion varies along the hul l , so that :

dS = W s * (Ld— (x—Xcg ) *tan (Theta))

(11—25)

When m u l t i p l i e d  by the absolute  value of ve loc i ty ,  tim es

itself, times the differential. wetted area, the resulting

expression nay be integrated numerically along the null.

Howev er, this is most wasteful of CPU time , and the absolute
v a l u e  t e r m  renders  this  express ion i n t r ac t ab l e  to  closed
analytical sciution.. In addition , the term is ;uite snail,

and in fact must be, if pitch angles are to remain within

the small angle assumptions, and no sidewall gapping occur.

There fo re, this term is approx imated  by c om p u t i n g  the
average velocity fore and aft of the center of gravity, and

the average wetted surface fore and aft, previously computed

as Wsl*Ldbar l and Ws2*Ldbar2. For purposes of pitch
calculations to be discussed subsequen t ly ,  these t w o  forces
are assumed to act at two—thirds the length fore and aft the

C .G. ;  this yields closer agreement to the numerical

solut ion by w e i g h t i n g  the  hi gher  velocit ies which  cccur  at
the bow and stern. Vbarl and Ybar2 may now be defined :

Vbar 1 ~Zdot— (L / 2 —Xcg)  *Omega/2

(11—26)

Ybar2 =Zdot+ (1J2+Xcg) *Omega/2

(11—27)

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

Hdamp1=_2C*Rho*Vbar 1*~Vbar1I*Ldbar 1* (L/2—Xcg) *Wsl
r

( 11— 28)

Hdamp2=—2C*Rho*Vbar2* lVoar2 *Ldbar2* (L/2+Xcg) *Ws2

(11—29)

e. P laning  Forces

Initia l time domain validation studies conducted

with the model developed from the equations of this chapter ,

and the  Loads and Motions p rog ram , disclosed a se riou s
discrepancy between the two models in natural p itch

frequency. Specifically, the Loads and Motions program

predic ted  a na tu ra l  pitch f r e q u e n c y  of 3 .2  tad/sec at 10
kts, and 5.4 tad/sec at 20 kts, compared with a constant

pitch frequency of 3’.3 tad/sec for the linear model. This

was taken to indicate the presence of a velccity—dependent

source of theta feedback. Examination of ref (23 disclosed

that Leo and Boncal had indeed utilized an added mass effect

which had the effect of a planing force, in their

m o d i f i c a t i o n s  of the  Loads and  Motions p r o g r a m .

A body in motion in a fluid experiences a

lifting force proportional to the square of the velocity and

directly propcrtional to the angle of attack , or:

2
Hplan =—C*Theta*Rho*V*S/2

la

(11—30)

where S is the surface area of the body, or:
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S (Wsl+Ws2) *L/2

(11—31)

and C is the lift—curve slope. This term is not d i rec t ly
Ia

available, and is 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. approa~ch to this value is recommended for

futur e studies.

The pl an~.ng force is assumed to act at the aft

quarter—length point.

3. 
~~~ 9.~ ~~~~~~~

The forces described above  are mul t ip l i ed  by t he i r
respective iucment arms as shown in Fig 2 to yield the

pitching moments about the center of gravity. The angular

acceleration about the C.G. is then:

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

( 11—32)

a. Pressure Moment

The pressure exerts a moment abou t tao center of

gravity, equa l  to:
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Ppres =—Hpres*(Xcp—Xcg)

(11—33)

b. Buoyant  Momen t s

The buoyant forces due to the immersed vclumes

fore and aft of the center of gravity exert a pitching
mcm ent alcng their moment arms, whic h are approximately (for

small angles) the centroid of the rectangle from the center

of g r av i t y  to the bow and s tern:

Pbuoyl — .5* (L/2-Xcg) *Hbuoyl

(11—34)

• Pbuoy2 =.5*(L/2+Xcg) *Hbuoy2

(11—35)

c. Bow and Sternseal Moments

The bowsea.]. acts along a moment arm t ha t is
formed by the distance from the C.G. to the centroil of t ae

wetted area Aseal, or:

Pseall —Hseall* (L/2—Xcg—Xseall/2)

( 11—36)

The sternseal force acts on a moment arm tha t is

formed by the distance from the C.G. to the centroid of t a~
sternseal wetted area , or:

41



-

Pseal2 =Hseal2* (L/2+Xcg+Xseal/2) -

(11—37)

d. Damping Momen t s

The damping moments in pitch are the damp ing

fotces in heave multiplied by their respective mom ent arms ,

two—thirds the distance from the C.G. to the bow and stern

respectively:

Pdampl — (2/3) *(L/2—XCg) *Hdamp l

(11—38)

Pdaap2 = (2,33 * (L/2+Xcg) *Hdamp2

(11—39)

e. Planing Moments

The planing moment is the planing force acting

at the aft quart e r—leng th  point , or:

Pp lan  = (L/4+Xcg ) *Hplan

( 11—40)

E. INITIAL CONDITIONS

As in the Loads and Motion program , initial conditions

mus t  be care fu l l y selected to ensure  s tead y  s tate  c o n d it i o n s
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at the beginning of a run. Since speed does not enter into

this prc g ram, one of the major problems of the Loads and

Mcticns program is obviated. However , the craft in this

model is particularly sensitive to pitch , and once excited
in this  mo d e, is ver~y lightly damped .

Selection of initial condit ions proceeds as f o l l ow s :

1. pi tch rate and vertica l velocity are def ined  as zero;

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

flow ra te is set to zero;

3. a value of draft is calculated such that weight and

pressure forces are balanced by buoyant and planing

force s;

4. a va lue  of Theta is calculated such that pressure

m o m e n t s  are balanced by buoyan t  and p lan ing  m o m e n t s ;

5. g iven the Plenum volum e def ined by the e q u i l i b r i u m
values of draf t and T heta, and the equilibrium value of

Pbbar, the Plenum air mass may be calculated

adiabatically .

More detail on the exact procedures for the selection of

equilibrium conditions may be found in subsequent chapters

dealing wi th  the compute r  s imula t ion  of th i s  model .
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III. LINEAR HEAVE—PITCH MODEL

The n o n — l i n e a r  equa t ions  of m ot ion  d e v e l op e d  i r .  t h e
p reced ing  c h a p t e r  f o r m  t h e  basis  of a l i ne a r i z e d  h e a v e — p i t c h
model , valid for disturbances about its eguilibriun point ,

d e f ined  as tha t  poin t  a D o u t  w h i c h  all  r a t e s  a r e  zero. r~ e
linear model permits the u se of a variety of powerful

techniques for ~ arani e tr i c  ana lys is , such as root locus;  it

furthermore simplifies the design of an automatic coritrol

system , w h i c h  cou ld serve to  further linit excursions about

t h e  o p e r a t i n g  po in t .

A. T A Y L O R ’ S  S E R I E S  E X P A N S I O N

For small excursions about an operating poi nt , t i o

non—linear relationships:

f =F(x ,y)

g = G ( x , y )

are approximately:

f+df =F (x,y)+ (dF/d x)*Dx+ (dF/dy) *Dv
0 0 0

g+ dg =G(x ,y)+ (~!G/dx)*Dx÷ (dG/dy)*Dy

w h e r e  t h e  d e r i v a t i v e s  of F a n d  G wi t h respect  to x ~~~~~~~ y ar ’~
evaluated at the op~~r a t ir ~; p o i n t , x an1 y. Cancelling th~

equilibriun pcint from bo~~ sides ~nd dividing th:cu~ h by

t i m e  yields:
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Gamma
+ (Gamma/Mb (0) ) *Pa* (Mb (0) / (Rho a *V b  (0) ) *dMu

G a m m a
— (Gamina/Vb(0))*Pa* (Ztb (0)/(Rhoa*Vb(0))*dVb

(111—1)

or , after substituting the definition of P b ( 0 )  and
cancelling the eguil~ b rium values from both sides:

dPb =Gamna * (Pb (0) /Mb (0) ) *dMb

—Gamnl a* (Pb (0) /Vb (0)) *dvb

(111—2)

Vt (0) may be further expanded , since it has been d e f in e d  in
the preceding chapter  as the empt y plenum volum e less tae

net submerged  volume , following the definition of ref [53:

V b ( O )  =V n—A b * ( z ( 0 ) + Z s + X c g *T h e t a ( 0 ) )

(11—7) *

and

dVb =—Ab*dz—Ab *Xcg *dTheta

(111—3)

Sub s t i t ut i ng  the expansion of inc rem enta l  volume , F~~uatj .on
(111— 3),  in to  the  expans ion  for incremental pressure,

E q u a t i o n  (111—2) , and dividing by d i f f e r e n t i a l  t i ne  y ields :

(Pbbar)=Gamma* (Pb (O)/Mb(0))* (Nb)
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The plenum air mass flow rate has been defined in the

preceding chapter as:

d, (Mb (0)) =Rhoa* (Qin (0) -Qout (0))
/ dt

( .11—12)

and

d ( d/ (Nb) )=Rhca~*dQin—Rhoa*dQout/dt

(111—9)

Qin has been defined as:

Qin (O) =N* (QiO—Pbbar (O))

(11—10)

so that

dQin =—N*dP.bbar

(111— 10)

and Qou t has been defined as:

1/2
Qout (0) Cn*Al* (2*Pbbar (0) /Rhoa)

(11—11)

and

- 1/2
dQout = ( C n *Al /Rh oa)  * (2 *P bb ar (0 ) / Rh Oa ) *dPbba r

(111—11)

Combining the two expressions for incremental volumetric

f lcw into and out of the plenum, Equatioiis (111—10 ,11) , with
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the expression fcr ~or incremen tal mass f l ow  ra te, Equation
(111—9) , and dividing by differential time yields:

2 —1 / 2
d/ 2 (Nb)=— (N*Rhoa+Cn*Al*(2*Pbbar (0)/Rhoa))* d/ (Pbtar)
/dt /dt

(111—12)

The influence coefficients may be defined by substituting

equation (111—8) into Equation (III—12) and eguating terms:

-1/2
Dmbz =—(N*Rhoa+Cn*Al* (2*Pbbar(0),’Rhoa))*dpbz

(111—13)

-1/2
Dmbth =— ( N *R h o a + Cn *A l *( 2 *P b b a r ( O ) ,’Rhoa ) ~~*d p b t h

(111— 14)

— 1/2
Dwbwb =—(N*ahoa+Cn*Al*(2*Pbbar(0)/Raoa))*dpbmt

(111— 1 3)

Thus the lineari zed differential equation for plenum mass

flow rate may be written:

2
d/ 2 (Mb) =Dmbz* d/ (z)
/dt /dt

+ Dm b t h *  d/ (Theta)
/dt

+ D m b m b *  d/ (N b )
/dt

( 111—16)
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D. HEAVE DERIVATIVES

The heave equation has been defined as:

2
d/ 2 (z) = (Hpres+Hb lloy+Hseal+Hdamp+HPlaIl+W )/M
/dt

(11—13)

Damping fcrces are neglected in the linear nodel.We shall

consider the various components of heave force separately,

and superimpose the components upon completion of all

derivaticns .

1. ~~~~ !~&~~ ~~~ ~2 Pressure

The leave force due to pressure has been defined as:

Hpres =—Ab*P.nbar

(II—1’4)

By inspecticn , its influence coefficients become :

Dhp z=—Ab*Dpbz

(111—17)

Dhpt h —Ab *Dpbth

([11—18)

DhpInb=—A b*Dpbmb

(111—19)
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2. ~~~~~ ~~~~~~ Due To Buoya~ ç~

The buoyant heave force equation from the preceding

chapter has been defined as: : .

H buoy - 
=Hbuoy l +Hbuoy2

=_ 2*Rho*G*Wsl* (L/2—Xcg)* (Ld— (L/2—Xcg) *Theta/2)

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

(11—15 ,16 ,17,18)

which may be rearranged: 
-

•Rbuoy=

_2*Rho *G*(tJsl*(L/2_Xcg)+ws2*(L/2+Xcg))*(z(0)+ZS)

2 2
+2*Rho *G*(Ws1*(L/2~ X.cg)_Ws2*(L/2+Xcg))*Theta/2

and the influenc e coefficients may be wr itten by inspection:

Dhbz -2*Rho*G* (Ws1*(L/2—XCg)+~ S2*(L/2#XCg))

(111—20)

2 2
~hbth Rhc*G* (Wsl* (L/2—Xcg) —W s2* (L/2+Xcg) )

(111—21)

3.
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The expression for the bowseal heave force has been

defined as;

fiseall (0) =—Width*Xseall (0) *Pbbar (0)

(11—21)

which for small pertu rbations in Xseall and Pbbar beco mes

dHseal l ~— W i d th *P b b a r  (0)  ~dXseal1

—Width*Xseall (0) *dpobar

(111—22)

The expression for Xseall has been defined :

Xseall (C) ~ 1.65*(z(0)+~ s— (L/2—Xcg)*Theta~

( 11—20)

which for small perturbations around z(0) and Taeta (0) is

a pp r o x im a tel y -

dlseall 1.65*dz—1.65* (L/2—Xcg) *dTheta

(111—23)

Substituting these relations along with the relations for

small perturbations in ?bbar due to z,Theta -and Mb from

Equations (111—5 ,6,7) yields:

dHseal l —Width*(1.65*pbbar(0)+Xseall(0)*Dpbz )*dz

Width* (—1 .65* (L/2—Xcg) *Pbbar (Og

+Xseall (0) *Dpbth) *dTheta

~
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— Width*~seal1 (0) *Dpbmb*dMb

( 111—24)

The i n f l u e n c e  coef f ic ients then bec om e :

Dhszl =—Width*(1.65*Pbbar (0)+Xseall (0)*Dp bz)

( 1 1 1— 2 5 )

Dhsthl =—W idth* (—1.65* (L / 2 —X c g )  *pbbar (0)

+Xseall (0) *Dpbtli)

( 1 1 1— 2 6)

Dh smb ~—W idth*X seal1 (0) *Dpb in b

(111—27)

The expressipn for the stern seal has been defined:

Hseal2 =—Sealp*Width*Xseal2 (0)

(11-23)

Xseal2(0) =1.65~~(Ld (0)+ (L/2+Xcg) *tan(Theta (0)))

( 11-22)

Thus for small pertur bations in draft and Theta:

dHseal 2 —1 .65*sealp*Width*dz

— 1 . 65 *(L /2 +Xcg )  *Sealp *W i d tb *d T h e t a

( 1 1 1— 2  ~~)

Thus the steznsoal influence coefficients become:
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-~~~ Dhsz2 =-_1.65*Sealp*Width

(111—29)

Cbsth2 — 1 .65* (L/2+Xcg) *Sealp* Width

(111—30)

4. 
~~~~~~ ~~~~~~

The planin g force is linear in Theta , or:

2
Hplan =—C *i~ho*V*(Ws 1+Ws2)*L*Thetala

(11— 30,31)

and the influence coefficient nay be written by inspection:

2
Dhplth =—C *Rho*V* (Ws1+~Js2) *Lla

(111—31)

5. Sum Cf Forces

The forces previously derived may be superia~ o~ ed so

that: -

2 2
d/ 2 (z(0))+d ( d/ 2 (z))=
/dt /dt
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(Hpres (0) +Hbuoy (0) +Hseal (0) +Hpian (0) ) /M

+ (Dhpz+Dhbz+Dhs z) *dz/M

+ (Dhpth+Dhbth+Dhsth+Dhpltn) *dTheta/M

+ (Dhpwb+Dhsmb ) *dMb/M

(111—32)

The influence coefficients may now be defined :

Dzz= (Dhpz+Dhbz+Dhsz) /M

(111—33)

D z th =  ( D hp t h + D h b t h + D h st h + D b p lt h )  /�t

( 1II—3 ’4 )

Dzmb (Dhpmb+Dhsmb)/M

(111—35)

Removing the equilibrium values and dividing tnrough by

d i f f e r e n t i a l  t ime yield the  d i f f e r e n t i a l  equa t ion  of m ot ion
in the z—direction :

3
d/ 3 (z) =Dzz* d, (z)
/dt /dt

+Dzth* d/ (Theta)
‘at

+Dzmb* d/ (Mb)
/dt

(111—36)

Z. PITCHING NCMENT DERIVATIVES
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The pitching mome n t e quation is

2
d~ 2 (Theta) = (Ppres+Pbuoy +pseal+Pdamp+Pplan )/Iyy
/dt

( 11—3 2)

As in th e previous cas e of heave forces, damping moments are
neglected in the linear model; the various moments are

cons idere d separately and superimposed after derivation.

1 .  pitch Moment due to Pressure

H 
The pressure moment has been defined as

Ppres =(Xcg—Xcp) *HpEes

( 11—33 )

The influenc e coef f icien ts m ay be wri tten by inspection :

Dppz (Xcg—XCp) *Dhpz

( 111—37)

D pp th (Xcg—X cp) *Dhpth

(1 11— 38)

Dpp ab (Xc g— XCg ) *D h p m b

(1 11—39)

2. ~~~~~~~

T~ e buoyant moment has been defined:
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Pbuoy Pbuoyl+Pbuoy2

=—(L/2—Xcg) “Hbuoyl/2+ (L/2+Xcg)*Mbuoy2/ 2

2
=Rlio*g* (Wsl* (L/2—Xcg) * (L d —  (L/ 2—Xcg)  *2het a/2)

2
—Ws2* (L/2+Xcg) * (Ld+ (Ld+ (L/2+Xcg) *Theta/2)))

(11—34 ,35)

and the  i n f l u en c e  coef f ic ien ts  m a y  be d e f i n e d :

2 2
Dpbyz Rho*G* ( Vs l *  ( L/ 2 —X c g )  — Ws 2 *  (L/2+Xcg) )

(111—40)

3 3 .
Dpbyth =_R ho.*G* (Wsl* (L/2_Xcg)+Ws2* (L/2+XCg))/2

(111—41)

3 .  ~~_Q~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ 9~ _~fl_~~

The towsea l contributes a moment

Pseall =—Hseall*(L/2—Xseall/2—XCg)

( I I — 3 o )

which for small distu rbances , iz approximately

dPseall =— (L/2—Xseal l (0)/2—Xcg) *dHseall
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+flseall (0) *dXseall/2

( 111—42)

Substitutin g the definition cf dXseall , Equation (111—23),

and the influence coefficients of Useall , Equations

(111—25,26,2,) yields:

dPseal l (_ (L/2—Xseal l (0)/2-Xcg)*Dhsz l

+1.65*Hseall (0) /2) *dz

+ (— (L/2—Xseall (0)/2—Xcg) *Dhsth l

— 1.65 (L/2—Xcg) *Hseajl (0)/2) *dTheta

— (L/2—Xseall (0) /2—Xcg) *flhsmb*d~ b

(III—43 ~

The influence coefficients may now be defined:

Dpszl =— (L/2—Xseall (0)/2—Xcg)- *Dhszl

+1.65*Xseall (0)/2

(111—44)

Dpsthl = — (L/2 - -Xse a l l (0) / 2 — X c g ) *D h s t h l

—1.65*(L/2—Xcg)*Hseal l (O)/2

(III—4i~

Dpsmb — (L/2 — Xseall (0)/2—Xcg) *Dhsmb

(111—46)

Th e sternseal  cont r ibu tes  a m o m e n t :
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Pseal2 (0) =Hseal2*(L/2+Xseal2 (0) /2+Xcg)

(11—37)

which for small disturbances is approximately:

dPseal2 = (L/2+Xseal2 (0) /2+Xcg ) ~-iHseal2

+Hseal2 (0) *dlseal2/2

(111—47)

and substitution from the sternseal force influence

coefficients , Equations (111—29 ,30), yields;

dPseal 2 = ((L/2+Xseal2 (0)/2+Xcg) *Dhsz2

+1.65*Hseal2 (0) /2)*dz

+ ( ( L / 2 + X s e a l 2 ( 0 ) / 2 + X c g)  *Dhsth2

+ 1.65*(L/2+Xcg)*Mseal2(O)/2) *dTh~ ta

(111—43)

and the stern seal pitch influence coefficients may be

defined:

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

+1.65*Hseal2 (0) /2

(111—49)

Dpsth2=(L/2sXseal2 (0) /2+Xcg) *DhstA2

+1.65* (L/2+Xcg) *ffseal2 (0)/2

(111—50)

4. L~~&i~ ~~~~~~~~~~ ~~~~~~~~ ~~~~~
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The planin g mom ent is linear in The ta :

Pplan = (L/ 4 + X c g) *Mp l a n  
-

( 11—4 0)

and the influence coefficient is:

Dppl th  = (L/4+Xcg) *Dhplth

(111—51)

5. ~ia c.~ ~2~~1L~~

Ihe indivithial moment contr ibutions may now be

s u m m e d :

Alfa (0) +dAifa= (Ppres (0)+Pbuoy (0) +Pseal (0) +Pplan (0) ) /Iyy

+ (Dppz+Dpbyz+Dpsz) *dz/Iyy

+ (Dppth+Dpbyth+Dpsth+Dpplth) *DTheta/Iyy

+ (Dppnib+Dpsmb ) *dMb/Iyy

(111—52)

The influence coefficients may now be defined

Dpz.=.(Dppz+Dpbyz+Dpsnb)/Iyy

(111—53)

Dpt h =  ( D p p t h + D p b y t h + D p st h + D p p i t h )  / I y y

( 111—54)

_ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Dp mb = ( D p p mb + D p s mb ) / I y y

(111—55)

and the differential equations of notion for angular rate of

acceleration way be written , after dividing through by

differential time and cancelling the equili brium values:

3
d/ 3 (Theta) Dpz* d/ (z)
/dt /dt

+Dpth* d/ (Theta)
/dt

+Dpmb* (Nb)

(111—56)

P . STATE SPACE R E P R E S E N T A T I O N

Pig 4 is the linear model as derived in this chapter

presented  in matrix form as:

x =A *x

E x am i n a t i o n  of the  eigenvalues of the 9—by—9 m a t r i x  show s

four eigenvalues at ihe origin (0±Oj) which represent the

integrated output equations for z, Theta , Nb , and Pbbar ; the

remaining eigenvalues consis t of a com plex pair , located in

the v i c i n i t y  of —3 0± 30 1,  and a real e i gen v a lu e  in the

v ic in i ty  of — .5 , as j.n ref and an add i t iona l  c cm p l e x

pair near 0±4j ,  r epresen t ing  the  v e r y  l i g h t l y — d a m p e d  p i t ch

response .
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IV. 
~~~~~~~~~ ~Q~AL~1 ~~~~~~~~~~

The l inear  heave— p itch X R — 3  model was val idated aga ins t
the modified Oceanics XR—3 Loads and Notions Program cf ref

£3] prior to investigations in the frequency domain . The

l inearized program , which appears at the end of the text,

was simulated using the Ccntinuous System i ’ lo d eu in g

Prc granz,version III’. Ihis  is basically a F O R T R A N  l a n g u a g e
with extremely powerful variable—step integrators and

versatile output structure. Readers familiar with FCRTRAN

should find little difficulty following the 
- 
CSNP III

prcgrams developed for this  s imula t ion ;  fo r  details of this

simu la ticn langua ge, see ref f6].

The Time Dcm ain  P rog ra m cons ists of three  sections;

1. Ini tial Condit ions;  th is  subsection i d e n t i f i e s  the
equ i l ib r ium opera t ing  point f o r  a g iven set of c r a f t
physical  parameters .

2. Linearization ; the par t ia l  der iva t ives  of the
non—linear state equations derived in the preceding

chapter are evaluated at this particular operating

point.

3. Dynamics; the weight and C.G. acceleration are

perturbed at time zero by a step weight change , and the

resultant linear state trajectories in tine are

computed. Note that the linear model  is not

self—starting; an initial C.G. acceleration mus t also

be applied.

_ _ _  - - ~~~~ - -
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A. INITIAL COND ITION S

Initial conditions involve the solution of the

non—linear system equations of Chapter II for the

equilibrium operating point defined at the end of the

chapter.

1. ~~~~~~~~

A value of plenum pressure is selected so that

p l e n u m  mass f l ow  ra te  is set to zero , or , f rom
Equations (11—10 ,11):

Qin =Qout

1/2

~i0—2bbar = ( C n *Al /N ) *(2 *pbb a r/ Rho a)

(IV—1 )

which  is a quad ra t i c  in Pbbar :

2 2 2
Pbbar— (2*QiC+ (Cn*Al/N)/Rhoa) *pbbar+QjQ=0

(IV—2)

The larger solut ion of this  quadra t i c , corresponding to the
physically unrealizable condition of reverse flow through

the fans , is rejected .

2. ~~~~~ an~ ~~~~~

The sclution for equilibrium values of draft and

pitch , given the previou sly—computed value of Pbbar ,

requires an iterative technique, due to their close

(7

_ _ _ _ _  _ _ _



coupling . An initial value of draft is first computed

assuming zero pitch and no bow or s tern seal con t r ibu t ion .
The non—linear  state equat ions  are then  solved for  res idual
forces and moments due to all sources. A very small

perturbatio n in draft and pitch angle of one percent with a

minimum default magnitude of .001 is applied and tne

differential change in residual forces and moments with

respect to draft and Theta ace computed . Bairstow ’s method

for the zerces of functions of two variables, as described

in ref (7), is used to drive the residuals to zero. This

particular problem is somewhat slow to converge; convergence

is e n h a n ce d by aiuplifyinq the computed changes in draft and

pitch by 1.9, but after two hundred iterations residuals on

the order cf ten Lbf and ten ft—lbf may still be observed.

These residual forces and moments are applied to the initial

values of Z2dot and Alfa.

3. Plenum Air h ans

The equilibrium values of draft and p itcn angle

define a unique plenum volume:

Vb =V n—Ab * (Ld+Xcg *tan  (Theta))

( 11—7)

which , when combined with the equilibiun pressure , yields a

unique adia ta tic p lenum air mass , from Equation (11—8)

1/Gamma
NbO =Rhoa~ Vb* (Pbbar/Pa)

(IV—3)

The solutions to these equations definE the

equilibrium values of Pb (0) , Ld (0) , Theta (0) , a nd N h  (0)
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about which the partial differential equations of the

preceding chaptet m~ y be evaluated.

B. LOADS AND NOTIONS PR OGRAN OPERATING CONDITIONS

The XR—3 Loads and Nction program was run at 6500 lb

weight , C.G. 9.825 ft. ahead of the aft transom at 20 kts.

Simulation time was 30.0 sec. for the purpose of obtaining

reas ona b ly qui escen t values of pitch an gle, draft , and
Plenum pressure. ~n order to obtain identical operating

conditions, it was necessary to adjust various constants in

the linear model until agreement was reached with the

steady—state operating conditions of the Loads and ?lotion

prcgram . SpecificaLly, these parameters were :

1. seal leakage area, Al , adjusted until the two programs

agreed in Plenum pressure

2. Planing lift—curve slope coefficient , C , adjusted
la

until the two programs agreed in natural pitch

fre quency;

3. m inim um sidewall width , WsO, adjusted until the two

programs agreed in draft;

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

programs agreed in steady—state pitch angle.

The results of these trial—and—erro r iterations yielIed

the follcwing table pf values:
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TABLE OF OPERAT ENG PARANETEBS

L I N E A R  S Y S T E N  LOAD S A N D  NO TIO~IS

AFFECTED STEADY—STATE STEADY—bTAT E

PARAN ETE~ VIRIABLE VALUE VALUE

2 2
Al= .390 P~bar 24.85 lbf/ft 24.84 l b f/ f t

C=1.5 a 5.02 cad/sec 5.46 tad/sec
la p

WsO= .27 id 8.497 in. 8.55 in.

NfO=—1875 Theta 1.21 deg 1.199 deg

C. COMPARI SCN OF E ESULTS

The Loads and Notions program was run 3.0 secs with the

initial conditions as obtained above , but with a weight of

6400 lbs. The linear model was simultaneously run with a

100 lb step weight reduction; data from the Loads and

Motions program was subsequently entered into the CSNP III

linear prcgram in tabular form , for simultaneous pictting

and error computation. For the purpose s of comparison , error

was defined as the difference between the data from the two

prcgrams , divided ~y the average value Cf the t w o . This

prccedure significa ntly reduced the probability of

inadver ten t division by zero, as compared with normalizing

the difference with respect to one system or the other.

1. Plenum Pressure

Plenum pressure and Plenum pressure e r ro r  ( p e r c e n t )

-J 70
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plotted vs. time appear in Figs 5 and 6. The two curves are

in qui te  good genera l  a g r e e m e n t , with the magnitude of error

being on the order of severa l pa rts per thousand. Th’~
linear mode l exhibits a greater pressure reduction in the

initial pressure transient , than does the Loads and notion

results, and this transient is more heavily damped in the

— linear model. One explanation for this difference would

appear to be the variable leakage area of the Loads and

M o t i o n  p r o g r a m .  P i tch  appears  to couple  more  s t r o n g l y  i n to

pressure  in the  l inea r m o d e l ;  h o w e v e r , the  m a g n i t u d e  of
pitch is significantly great -er in the linear model du~ to

the absence of significant damping terms. Finally, the

pressure in the Lo ads and Motion program is tending toward a

slightly higher va lue , f u r t h e r  s u p p o r t i n g  the s u p p o s i t i o n
that leakage area has decreased in the Loads and motiDn

p r o g r a m .

2. C . G .  Accel e ra t ion

F igs 7 and 8 s h o w  C . G .  a cce l e ra t ion  and  C. .

acceleration error vs. time. They  g e n e r a l l y  e x h i b i t  s im i l a r
characteristics, but d ue to th e la rg er i n i t i a l  p r essu r e
reduc t ion  of the  l inear  mo d e l , t h e r e  is a more  ~ r on~~unc~ d
overshoo t in C.G. acceleration in the linear no -del. :n
a d d i t i o n , t h e  s t r o n g e r  p i t c h — p r e s s u r e c o u p l i n g  in -h ~ l ix i ea r
model also transla tes as stronger p itch—C.G . acceie:ati n

coupling . The errors appear as relativ ely lar g e
percentages ; however , these are the differences of two very

small nua’iters, and shou ld  be regarded ca utiously.

3. D r a f t

Draft and dr a f t  e r r o r  v s .  t i m e  a p p e a r  in  ~i~~s 9 in ~
10. As has been previously verifed by the ~-~rba/Thaler
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mo del, draft is very well approximated by a linear iodel.

For this par ticular 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
apparent , an d errors are on the order of parts per thousand.

4. Pitch Rate

Pitch rate and pitch rate error are shown b lotted

vs. time in Figs 11 and 12. The linear model exhibits a

pitch rate cf approx~.mately twice the magnitude of the Lcads

and Moticn program; this may ostensibly be attributed to the

sharper pressure transient previously observed; wit.i tae

center of pressure fprward of the C.G. in Sooth models , this

would induce - a higher initial angular acceleration in tae

linear model. In addi t ion, the l inear  model  is
significantly less dampe d 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 linear model and 5.28 for the Loads and

Ziction program.

5. P h  ~~~~~~

Figs 13 and 14 display pitch angle in d~ jrees and

pitch angle error vs. time. Both show basically identical

characteristics; i.e., an initial pitch down induced by tlw

pressure drop, and an exponential decay to a lower pitch

angle induced by the draft change. Tne magnitude of pitch

angle change reflects the larger angular velecity Cf the

linear mc del, and th~ difference between the damping of the

Loads and Notion progra m and the linear model is -lui te

dramatic . The magnitude of error , nowever , is on the order
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of parts per hundred.
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V. ~~~QQ~~~I Q2~~~~ 2~! Q . ~fl~1~

This  c h ap t e r  de v eloj s  t h e  t e c h n i q u e s  fo :  f r e — ~uenc y
response of a gen ~~:al l i nea r  s yst em  by c omp l e x  m a t r i x

inversion. The ocean wave equations utilized by 
- 

So o t h  ar e
reviewed an~ suimarize d , a n d  the forcing functions of w a v e
action on the linearized X~~—3 model are developed in pi~~~h

and heave. Por tions ot Boo th’s wor k a re  r epea ted u t i l i z i n g

the  l i nea r i zed  m ode l , a n d  t h e  r e s u l t s  c o n t r a s t e d  a n d

ccmpared .

A. LINEAR SY S TEM f R E Q U E N C Y  R E S P O N S E

The d e v e l o p m e n t  of a l i n e a r  s y s t e m  p e r m i t s  t he
utilization o~ various techniques for t h e  d e ve lo p~~ 3n t of

f r e q u e n c y  r e s p o n se  c h a r a c t e r i s t i c s  w h i c h  a r e  v a s t l y  s u p e r i o r

in CPU t ime  in s i m u l a t i o n , t h a n  the me thods to whic h one is
l i m i t e d  in n o n — l i n e a r  models . The  d e f i~.ition of the state

matrix of the previous chapter defines the state tr~~n5fer

m a t  r i x :

H(s) =IsI_A I*B( s)

( V — i )

and  i f  th~ system is forc~~i by a s i nu s o i d , s b end s  t o w a r d 1w

as the  t r an st ~~r .ts  decay a n d :

I~~L~

_ _ __
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— 1

H(jw) 1iw1—A I*B (iw)

(V—2)

yielding the magnitude and phase relationships:

G(w) =1O*log*~H (jw)/H (O) I

(V—3)

~ (w) =tan $iinag(H(jw) /real (H(jw)

(V—4)

where G (w) is the gain , in decib els, with respect to some

a r b i t r a r y  r e fe rence  H ( O )  , andP(w ) is the phase angle in

the complex plane. Thus the frequency response of a linear

system tc a given sinusoidal forcing function may me

obtained ~y complex matrix inversion . While this is not in

itself a particularly economical use of CPU time , it is

still vastly superior to a Fourier transform . This is

particularly true ~f the range of frequencies is wide and

variable—step integrators driven to small step sizes which

are not required for most of the array integration.

finally, it is not necessary to allow the system to attain

steady—state AC conditions pr ~r to computing the frequency

response. This is particularly important in any model cf the

XR—3 , which Exhibits very light pitch damping.

B. WAVE CHARACTER ISTICS

Booth in ref [i] provii~ s an excellent discus~iion on the

characteristics of gravity—free surface waves with straight ,

infinitely lcng, parallel , e-iually- 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
emphasiz e the fact that it is the wave front which advances ,

not the water particles.

The regular wave may thus be modeled:

C G/w
1

(V—5)

Lambda =2*Pi*C,’w
1

2
2*PiTPG/w

1

(V—6)

where w is the inrident wave fr equency , Lambda is tae
1

wavelengtb , and G is the gravitational, acceleration. The

wave surface is:

A (x,t) =A*cos (2*Pi*x/Lambda+w*t)
o 1

A* (cos (w*x/C) *~ j~j (w*t) +sjj~ (w*x/C) *~ c~ (w*t) )0 i i i i

(V—7)

after sutstitution o~ Equations (V—5 ,6) , and the appropria te

trigonometric identities. The frequency experienced by the

craft, however , is the encounter frequency :
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w =w *(C— V *cos (Beta))/C
e i

2
w — w *V*cos (Beta)/G
ii

(V—8)

where  V is the  c ra f t  velocity an d Beta is the an gle of craf t
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 ~O R C I N G FUNCT I ONS

Wave action introduces a vertical force in heave and a

moment about the center of gravity in pitch.

It is assumed that:

1. wave generated ±orces and moments are due solely tc the

net additional hull volume submerged my the wave;

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

Thes e assu~ ption s appear justified due to the small

magnitude of waves considered , the large inertia of tne

craf t, and tIe filtering action of the bowseal.

The wave~eight as a function of the x—location along the

hull and time t may be described by:

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

= W v h t *  [sin (w *t )  ~~~~~~

‘I
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+c 0s1(w *t )  *~j~ (X*v/C)e 3.

( V— 9)

after substitution from equations (V—5) and (V—6) and the

appropriate trigoncnietric id€ntities. As shown by Fig 15,

the differential volume of both sidewalls immersed by tae

incident wave at tim.e t is:

dV (x,t) = (1/2) *Wvht (x,t) *2*Ws *dx

( V — 1 0)

and the differential heave force at time t is:

dHbuoyw(x ,t) =—Rho *G *dV (x,t)

V—li)

which may, after appropriate substitution from Equations

(V—9 ,10) , be integrated analytically from stern to bow as:

Hbuoyw (t) =~ 2*Rho*G* (C/w) *Wvht*sjn (w*L/ (2*C)) *sin (w*t )
3. 1 e

HBUOYW*sin (w*t)
e

( V— 12)

The differential moment due to the differential volume

submerged 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-li)

which integrates from stern to bow as:
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~1

Pbuoyw (t) =2*Rho*Ws*~~*Jvht*cos (w*t) -
~~

2
((C/wi ~~~~ (w *L/(2*C)

1 1

— (C*L/ (2* w) ) *~~c~~ ( w *L/ ( 2 * C ) ) )
1 1

+Xcg*Hbunyw (t)

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

( V—1 t 4 )

A particular note of caution should be introduced at this

poin t  w i t h  r e g a r d  to t h e  i n t e g ral s  f o r  we t t ed  a r ea  and

wet ted  m o m e n t s  a long  the  h u l l ;  t h e  in t e g r a l s  of these
funct ions vanish for certain w . Specifically, fo r  neave ,

i

Equation (V—12) vanishes for all time t when:

w*L/ (2*G) =n *pi
1

1/2
w (2 * n *? i*G/L) ,n = 1 , 2 , 3, . . .
1

( V—1 5)

The pitch integral will likewise vanish for all time t i f ,

for a value of n such that equation (V— 12) is zero , th~
t r a n s c e nd e n t a l  e q u a t i o n  o b t a i n e d  by  s u b s t i t u t i o n  f eq~~a t i n
(V— 15) into equation (V— 1~4) , a n d  e q u a t i n g  t h e  l a t t e r  ~o
zero:

2 1/2 2 1/2
ta n ( ( n * P i * G * L / ( 2 *C ) )  ) = ( 2 * n *Pi * G / ( L * C ) )

( V — 1 5 )
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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

PBUOY W make up a two—dimensional B vector which couplEs the

wave force onto the C.G. acceleration and pitch acceleration

state variables, from the two forcing functions, U=sin (w*t)
1 e

and U=cos (v*t) . However, it is convenient to redefine this
2 e

relationship in terms of a single forcing function since the

sine and the cosine are related through the derivative. In

or der to facil i tate this re la t ionship ,  t he  state m a t r i x  is
augmented wi th a d umm y state variable:

= d/ (U) =—w* (PBUOYW/Iyy) *U
10 /dt 2 e 1

( V — li)

Thus the new state x represents, after integration , the
10

con trol U , mul tipl~.ed by the appropriate B(w) vecto r terms
2 e

of PBUOYW/Iyy . Note that if a time domain sclution of wave

forcing acticn were desire d, a new initial condition would

be required , representing the initial wave buoyant wcluent;

however , that does not enter into the solution in the

frequency dciuain . The resulting state equations are shown

in Fig 16. As has been previously discussed , the frequency

res ponse may now be com puted f or any frequency:

I — l  I
G (j-w ) jw*I—A j *3(w)

e e ei

( V — i s )
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where G(jw) is the column vector of gains for each state

variable. 

e

D. FREQUENCY DOMAIN SCLUTION

The previously—defined state equations were solved in

the frequency domain utilizing a CSLIP Ill computer

simulaticn which appears at the end of the text. This

simulation was based around the initialization portion of

the time dowain solAition described in earlier chapters;

however , rather than a call to integration in the Dynamic

portion cf the model, the CSdP III reserved variable TIME

was used cnly as a stepping variable to generate 50

frequencies between w and w , the spec i f ied  w in i m u~ and

maximum frequencies respectively, such that:

Delw*TIME
w =w*e
e 0

(V—19)

where Delu was defined such that when TIME =1.0 , w= w. The
€ max

incident wave freq uency then becomes , for ahead seas , tne

positive sciution to the quadrat ic Equation (V—8) , with

cos (Beta) —1 . The influence coefficients about the

steady—state operating point from the initialization portion

were copied cnto a complex matrix Ajw , the l iwI—A l matrix ,
C

and the B vector for that particular incident wave frequency

cc~ pu-ted. The Internationa l Mathematical and Statistical

Libraries (IMSL) subroutine LEQT2C , complex linear

simultaneous equation solution , was used to compute the
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vector of gains:

— l

G (jw) IiwI—A I*B(w )
e e e

(V—20)

and the resultant absolute values of G(jw) were plotted
C

against the er~counter frequency w as decibels with respect

to the  u n i t  wavehe igh t  for  h:ave , h e a v e  ra te , and  heave

2
acceleratio n , and with respect to the waveslope , W/G, fo r

1

pi tch , pitch rate , and p itch acceleration. Note that this

is a l i n e a r  syst em ; accordin gl y,  v a r i a t i o n s  in w a v e h e i gh t  do

not affect this model ’s response cha racteristics, as was

t r u e  of the n o n — l i n e a r  Loads  and M o t i o n s  p r c g r a m  in  r e f  I l l .

E. COMPA~ IS CN W ITH LOADS A N D  MOTI ONS PR OG R A M

Booth in ref I l l  studied ~he fre quency response of the

XR — 3 Loads and M o t i o n  p rog ram in response to seas deve loped

by t he  W A V E S  s u b r o u t i n e .  It is of in teres t  to c o m p a r e  t h e
linea r s y s t em  developed in t h is  s t u d y  w i t h  the  r e su l t s  of
ref ~1j. Duplicating his work , three runs w e r e  made
representing ahead seas, cross seas and following seas at

10 , 20 and 30 kts and a c o m p a r i s o n  m a d e  w i t h  h i s  r e su l t s .

Merged plot s of pitch and heave were obtained for each sp€~-ed
condition for encounter frequencies varying fron 1 to 25

rad/sec. In a d d i t i o n , C a l — C o r np p lo ts  of p i tch a nd h e a v e
were obtained as functions of the r a t i o  of c r a f t  len j t h to
w a v e l e n g t h .  I n i t i a l  c o n d i t i o n s  ~nd c r a f t  p a r a m e t e r s
selected for i n i t i a l i z a t i o n  were  i d e n t i c a l  to those  selected
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for the previous chapter with regard to time—domain

validation.

1. Ahead Seas Run -

Fig 17 to Fig 22 show plot s of linear system

response in heave and pitch for 10, 20 and 30 knot runs into

ahead seas , alternating with plots reproduced from ref (il,
representin g ident ical runs done by Booth with the smallest

wave amplitudes . These were selected as representing t he
most nearly—linear mode of operation of the Loads and Motion

program in sea—state. One may observe the general

s i m i l a r i t y  of the two simulations , wit h the speed—dependent

resonant peak of heave in the linear model varying from an

encounter frequency of 3.39 rad/sec at 10 knots , to 6 . 4 5
rad/sec at 30 kts , while the non—linear system varies from

4.0 to approximat ely 5.0 rad/sec. The frequency interval

of the non—linear study was considerabl y coarser than that

utilized in the linear model , 1 rad/sec vs. less than .1

rad/sec. The linear system~~is significa ntly less responsive

than the Loads and Motions program , by 11 dE in heave and 6

dB in pitch. This is attributed to the absence of

wave—plenum cham~~ r interaction s with the plenum pressure

Pb tar , and indicates that the presence or absence of

significant wave action within the plenum chamber is an area

of considerable impact on the response of the craft , and

should be included in fut-are studies .

The linear system is quite sharper in its resonant

peak in pitch , as should be expected from the si~ nificantly

reduced pitch damping previously demonstrated by the linear

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 t h e  Loa~~s -~ n d
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Motions data; the half—power points in the Loads and Motions

frequency reionance are more videly separated than are those

of the linear system , and this in part also accounts for

this difference.

The linear system shows the distinctly periodic

frequency response predicted , wit h 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

egn (V—15) , cf 1, 2 and  3. These nulls are quite sharp, and

are not as well d e f i n e d  in t he  Loads and Motions  studies die
to the coarser frequency resolution , but are nonetheless

visible in all runs.

The Loads and Motions studies also demonstrate an

i n t e r e s t i n g  f o r m  of n o n — l i n e a r  r e sponse  w i t h  r e g a rd  to
r e s o n a n t  p i t c h  f r e q u e n c y . For small wave a m p l i t u d e s , less
t h a n  .1 f t , th e Load s a n d  2lot ions r e s o n a n t  p i t ch  f r equ e n c y
varies with craft speed in nearly an identical manner with

the l inear  system , with the slight exception of the 30 kt

s t u d y ;  h o w e v e r , t h e  on ly  a v a i l a b l e  data  f o r  tha t  r u n  was  at
a wave amplitude of .2 ft. For wave amplitudes greater thafl

.1 ft , the resonan t peak occurs at a frequency of ‘4 rad/sec,

regardless of craft speed. A tentative explanation for this

behavior is herein advanced : as the craft resonant

frequency is approached , bowseal  gapp ing  commences  fo r  t h e
larger  wav e  a m p l i t u d e s, wi t h a t t e n d a n t  loss of p l e n u m

airmass; the loss of seal force and plenum pressure cause

the  c r a f t  to settl e back i n t o  the water , but a fixed amount

of t i ne  must  e lapse be fo re  the  f a n s  can r e p l e n i s h  t h e  plenum

airmass and restor e normal system operation. Thus the 4

rad/sec period observed for larger wave amplitud es

represents the fastest time (.66 sec) over  w h i c h  g a p p i n c
can occur an d  t h e  f a n s  s u f f i c i e n t l y  r ep l e n i s h  the  a i r n a s s  to
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periit it to recur. This non—linear response is somewhat

analogous tc a relaxation oscillator, and rep resents an
interesting area fcr future study, as such a non—linearity

mi ght easily be mo deled in the N yguis t p l ane , utilizing the
modified Nyguist stability criteria to predict this

non—linear behavior.

a. 10 Kts Ahead Seas

Figs 17 and 18 show the superimposed heave and

pitch response of the linear and Loads and Motions program ,

res pectively, for an ahead—seas run at a craft velocity of

10 kts. The linear model represents the response of the

c ra f t  in heave  and pi tch at 50 discrete frequencies ranging
exponentially from 1.0 to 25.0 rad/sec. The non—linear data

repr oduced  from ref Ci) represents 8 discrete frequencies

over that same range at 1.0 , 2.0, 3.0, 4.0, 5.0, 6.J , 8.0,

and 10.0 rad,’sec, at a waveheight of .2 ft. Although this

waveheight was the s~ allest used by Booth for runs at these

spee ds, it is still sufficiently large to excite the

a fo remen t ioned  non—l inea r  response . This behavior  makes
itself manifest as the 4.0 rad/sec resonance in pitch ,
ccwpared aith 3.39 rad/sec for the linear model. The Loads
and Noticns program shows, for  small we igh t  d i s t u rbances  at
these sp eed s, a natural pitch period of 1.64 secs, or 3.7

rad/sec. As previously noted, the magnitude of the U.near

sys tem pitch response agrees fairly well , within 3 dE , of

the non—linear Loads and Motions data, with a sharper peak

due to the lighter linear damping; the heave magnitudes

differ considerably, by —15 dB , due to the absence of plenum

waves in the linear system.

~iith the  excep t ion  of the  heave m a gn i t u d e
difference and the shift in resonance due to the ncn—linear

behavior , tie shape of the heave response curves of the two
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models ccmpate quite favorably. A shallow null , of
und e termine d origin~, appears in both heave curves at 3.0

rad/sec, just slightly before the onset of resonance. A

very shaip null occ~irs at 8.36 rad/sec in bcth models; this

is at an incident wane frequency of 3.15 rad/sec, or a
wavelength of 20 ft. As predicted by Equations (V—15 ,16),

further nulls occur at a wave incident frequency of 14.46 and

5.58 rad,esec, corresponding to wavelengths of 10 and 6 .6
feet respectively, but the Loads and Notion enccunter

frequencies did not range sufficiently high to observe them .

Pitch also shows general agreement; but Bcoth ’s

Loa ds and Mo tion data show s a null at 6.0  rad/ sec, vs.  11.5 14
rad/sec tCE the linear system. This null may, however , be

related to the non—linear response previously described ,

representing a freguency at which the phase relationship

between p lenum airmass replen ishment and pitch buoyancy  due
to wave s  is such that  cancella tion occurs. It is
suspiciously located at a 3/2 multiple of the ncn—linear

response f requency  of 4.0 rad/sec. In addition , Booth  noted
this identical discrepancy in comparison with the linearized

Aero jet XR—3 model ; the Aerojet model also predicted a null

in the vicinity o~ 12 rad/sec, which Booth was unable  to
observe with  the Loads and Notions program , but w h i c h  is
distinctly visible in the linear model at 11.54 rad/sec.

b. 20 Kts Ahead Seas

rigs 19 and 20 show the l inear  arid Loads and
Motions heave  and pitch frequency response for a 20 k t  run
into ahead seas. The Loads and Motions data is for  a wave
height of .1 f t  and ~.s more nearly linear in behav ior  than
previously  cbserved at 10 kts. The range  of f r e q u e n c i e s
spanned by the linear system is the same as b e f o r e ;  the
Loads and Motio n &ata includes  two add i t iona l  points  at 15
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and 20 rad/sec in heave response. The linear pitch response

is smaller than that observed at 10 kts, being about 6 dB

less than the non—linear data, whil e the heav e response
remains consistently less than the non—linear data by 12 dB

as at 10 kts.

The shape of the tw o sets of frequen cy response
data is in qui te good agreemen t for these con dition s, as the
Loads and Motions is apparently in a nearly—linear wcde of

operation. The pitch data shows a distinct flattening at

the pea k of resonance in both models , a l t h o u g h  th i s  cccurs
somewhat  ~a~~1ier in the  non—linear  data (~4 . 0  rad/sec) than
in the linear data (L$.68 rad/sec), due to the more

sharply—peaked pitch response of the latter. Both mcdels

resonate at 5.0 rad/sec, and  fa l l  of f  above reson anc e w ith
identica l rcll—offs of 12 dB per octave, after the initially

steeper roll—off of the linear system from peak resonanc9.

Heave shows the  characteristic null  in both nodels at an
encounte r  f r e q u e n c y  of 1L& r ad/ sec; this is a lave  f r e q u e n c y
of 3.15 rad/sec , or a wave l eng th  of 20 f t .  The linear
sys tem predicts a pitch nul l  at 20.0  rad/sec, but the  Loads
and Motions data does not extend sufficiently high to

observe this.

C. 30 Kts Ahead Seas

Pigs 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 is guite strong at high

spee ds restrains bowseal gapping, and the Loads a~ d Motions

data represents conditions for the non—linear response which

is jus t  cn the verge  of becoming established. This  is
suppor ted  b y  the observat ion  tha t pitch resonance cccurs
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between the frequency previously observed as the

character is t ic  non—linear  response, and linear resonance,
between ‘4 .0 and 5.0 rad/sec; f u r t h e r m o r e , t he  heave
resonance is weakly. peaked at a slightly higher frequency

than pi tch response , approx ima te ly  5.0 rad/sec , still  clcser
to the predicted linear resonance at 6.U6 rad/sec.

The linea r model shows still lower magni tu des of
pi tch r esponse, 6 to 8 dB below the Loads and Motion data.

The heav e magnitudes remain consistently 12 dB below the

Loads and Motion data.

Pitch resonates at 6.46 tad/sec in the linear

system , an d between 4.0 and 5.0 rad/sec in the non— linear

Loads an d Motions data. Roll—off in pitch remains the same

above resonance, approximately 12 dB per octave in both

mc dels, b ut heave response in both models fal ls cff  more
sha l lowly ,  approximatel y 10 dB per octave in both wcdels.

The heave nul l  due tp the 20 f t wavel eng th is still ap paren t
in the linear model ,, representing an encounter frequency of
20.0 rad/sec, but the Loads and Mo tions da ta did no t ex ten d

su f f i c i en t ly  high in f r equency  for  th is  nul l  to be observed .

d. Frequency Besponse vs. W a v e l e n g t h

Pigs 23 and 24 are plots of heave response , vs.
the  ratio cf c ra f t  length to wa velength for  t h e  linear
system , and vs. the ratio of wavelength  to craf t  l en g t h  for
the Loads and Motion data reproduced from ref (iJ. Both
plots ar e super im posed with the data f rom all thr ee veloci t y
runs of 10, 20, and 30 kts. The difference in scale

selected for plotting in the linearized model precludes

crcw ding at the low end of the x—axis, since the bulk cf the

frequencies studied , 3.15 rad/sec and above , are  shor ter
than craft length.
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The linear system heave response shows distinct

nulls for wave s wh ic~h are integer multiples or submultiples

of the craf t length , and may be observed at L/Lambda

1/4,1.0,2.0, and 3.0; less distinct nodes may be observed at

L/Lalibda 3,2 , 5/2k, and 7/2. The corresponding nu l l s  at
Lambda/L=4.0,1.0, and .5 are visible in Fig 24, b ut scale
crow din g and the coarser f requency resolution u tilized b y
Booth ren~ er these less obvious. The sharp node at
L/Lawbda= .3 corresponding to a wave frequency of 1.75

rad/se~ is nct the result of the periodic hull in tegrals;
this wave f requency correspon ds to the enc cun ter f re quency
of 3.4 to 6.C rad/sec, and is the craft’s natural pitch

frequency. It may be observed, also as a node, in the pi tch
response. The natural pitch frequency variation with speed

is obscure d in this plot, since as the spee d incr eases, the
natural p itch f requency increa ses; b u t this is an encoun ter
f r equency,  an d the wave inciden t f r equency  wh ic h prc duces
this enccunter frequency decreases with increasing speed.

The r efor e, the two effects nearly cancel.

Pigs 25 and 26 show pitch response for the

l inear  s y s t em  and the non—l inea r  loads a.nd Mot ion  da ta  of
ref (i3, plctted as was heave. Note that the nulls and

nodes are roughly 1800 ou t of phase , a. node in pitch

corresponding to null in heave and vice—versa.

2. ~~~~~~~~~~ Run~

Pigs 27 to 31 are pres entations of heave an d pitch
f r e quency r espon se of the linear system an d the Loa ds an d

Motions data from ref at 20 and 30 kts under cross—seas

conditions (w w) . Comments made regarding the the
e i

ahead—seas runs are generally applicable here, but t h e
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compar i son  of the  two sys t ems  is in no m a n n e r  neat l y as
s t r ik ing  as tha t  for  t h e  ahead—seas  r uns .  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.

3. 
~2 2!in~ ~~~~

Booth acknowledg ed little agreem ent between his work

with the Loads and Hotion program and the Aerojet X!~-3

linear model frequency response curves ; this is apparently

due to an error in calculating the encounter fre’juency.

Higher frequency waves propagate at a slower velocity, so

that for a craft traveU.ng at a given velocity, as the

incident wave frequency u increases , a frequency will be
1

attained above which the craft will actually outrun the

f o l l o w i n g wav e, and plo w into such a wave bows-on. Thus the

craf t w ill actua l ly  ex per ience ~n ahea d—sea condition above

that wave frequency . The w corresponding to the m aximum
1

positive w that the craft m ay experience for following seas

(cos(Beta)=1.0) is given by:

2
d/ dw ~~w — V * w/ G) =0 .0

i i  i

(V—21)

lOt) 

-—--~~~~~~~~~
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w G/ (2 *V)
1

(V—22)

S u b s t i t u t i n g  E q u a t i o n  ( V — 2 2 )  in to  ( V — 8 )  y ields:

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
1

to w result in a low3r w , and if w is increased
emax e i

sufficie~.tly, past w~ G/V , w will become negative , indicating
i e

that the craft is ovecrunning the wave. Accordingly, a grea t

deal of judiciousness must be utilized when interpreting the

results of a fol lowing seas run , when plotted against

encounter frequency w .

A ccor d ing ly ,  the following—seas frequency spectr’im

was generated in a manner different from that utilized on

previous runs. W was varied exponentially over the range of
1

1 to 25 rad/sec , and the corresponding w was calculated .
C

Hence , the results are not comparable directly with the

results of Booth, but are presented in Fig 32 to Fig 33 for

i n f o r mat ion on l y ,  at v=20 kts.
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9 = Heave Frequency Response

0 = Pitch Frequency Response

Figure 20 — LOADS AND MOTION FREQUENCY RESPONS E ,

20 KTS , AHE A D SEAS
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VI .  F R E Q U E N C Y  1~~~j  ~~~~~ Q,~ ~~~~

This chaster  develops t he  techniques  fo r  fas t  e f f i c i e n t
reduction of XR—3 testcraft data from the time domain to the

frequency domain. Some wore prom inent noise sources are

identified , and the m ode of noise transmission is

hypothesized. A very limited amount of pitch data is

collected and closely examined using these techniques and

ccmpared with the theoretical development of the precedinc

chapters.

A. DATA ACQUISITION SYSTEM

The data acguisiticn 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 patch panel in the tape reccrder compartment ,

located just aft of the cockpit, permits selection of t~te

data to be recorded;-voice edge track recording directly from

the craft’s radio/-IcS system permi ts relatively simple

documentation of experimental runs to be maintained.

B. FREQUENCY DOMAIN DAT A REDUCTIO N SYSTEM

The Eio—En g ineering Laboratory, Electrical Engineering

Department , NPS , Monterey , CA , has a very powerful system

for spectral analysis of analog data. This system ,

consisting Cf a PDP—11 Mini— comput-~r and Time—Data

121
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Corporat ion Su p e r p a n e l — 5 0  Sp.ec t ruw A n a l y z e r , was utilized

for time—to—frequency domain data reduction of the analog

tape data. This system is capa ble of performing a Fast

Fourier Transform (FIT) on analog data of magnitudes of ±5”
frcw a m aximum upper frequency of 10 Hz to 10 MHz, for  u p to
8094 discrete time samples. However , caution must be

exercise d tc avoid memor y overflow and/or program interrupt

of the PDP—11 for samples in excess cf 2048. In add i t i on ,
this entire process may be repeated up to 2048 times , and
th e resultan t Fourier coeff icients averaged , for f u r ther
reduction of transien t frequency components. The resultant

transformed data may be output as Fourier coefficients,

power spectral coeffjcients, an d as an am plitud e histcgram ;
output devices include a storage CRT and a Hewlett—Packard

7004—B X—Y plotter which will reproduce the display on the

CR1 on ccmtn and 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 cour se, with uppe:

frequency, cuwber of samples , and number of averaging

“windows 1 , from less than a second to several minutes. For

further infcrmation see ref L8), 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

XB—3 data was coalected on an experimental run conducted

20 J a n u a r y ,  1977 at Lake San Anton io  f o r  the  purpose  of
pe r f o r m i n g  fre quency domain analy sis, using the

previously—described FF T techniques. Two analyses were

pe r fo rm ed :

1. a broad—band moise analysis, examining the frequency

122
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spectra of all channels up to 200 Hz, as various

suspected noise sources were brought up and shut down ,

or var ie d in power setting; the purpose of this
experiment was to identify offending noise sources by

their ch arac teristic si gnature in the freq uency domain ;

2. a lcw—freguency analysis of craft characteristics in

pitch and pitch rate, for 15 kt run s in to, across , and

with the prevailing wave directions. The freguency

spectra of these channels were analyzed from .025 to

25 Hz, for the purpose of comparison with ref fij and

the wcrk cf the preceding chapters.

1. 
~~~~~ ~~~~~ ~~~~~

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

above 200 Hz to prevent aliasing of higher freguency

components into ±he lower range of interest due to

discretization. In additio n, a battery/rheostat combination

was used tc bias out the 1/2 volt offset of the FM tape ,

since , as p reviou sly noted , the FM tape output range is 0—1
vclt positive , while the input to the Analog—to—Digital

converter of the Superpanel—SO is ±5V ; this consideranly

improves amplitude resolution of the transformed data.

A representative out put of frequency spectra appears

in Fig 35; the remainder may be examined in Appendix A. The

data from all channels are basically identical in nature ,

and too repetiti ve to include in the main text. As may be

expected , th e craf t main en gines and the 60—Hz power supply

contribute tie major share of noise. As power is varied , the

main engine noise may be observed to vary from 20 Hz tc 100

12J
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Hz, while the power supply contributes significant noise a-~
55—60 Hz and its harmonics. Following these sources in

order of magnitude are the lift fans, which nay be observ-~d

in the vicinity of 40 Hz.

An attempt was made to ascertain th~ mode of

tr an smiss ion of this n ois e, specifically, whether by

electrical means, or by m -~chanical vibration of the sensor

package.  A c c o r d i n g l y ,  t he  gyro  package con ta in ing  pi tch ,
roll, and yaw , and pitch rate , roll rate , and yaw rate gyros

was removed and placed on a Ling shaker table , a n d  exposed
to vibrations of 1/2 to 1 G , over a frequency range of 5—200

Hz. The RMS shaker table displacement was measure d with a

calibrated Bentley accelerometer , 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 quite insensitive to vibrations in this

f r e quency  ra n ge, and the frequency curves showed significant

scatter due to the low signal—to— noise ratio. They were not

considered worthy of inclusion.

It was concluded , on the basis of this experinent ,

that mechanical vibration could not transmit such
overwhelming amounts of noise as was observed being injected

into the XR—3 data collection system . The m edium of

transmission is thus electrical; this conclusion is further

supported by the observation that the eight engines

installed aboard the XR-3 have no ignition noise
suppressors; lik ew ise, the 60 Hz power supply is unfiltere d .

Fur the rmore , while bonding straps run the length or the

craft , the possibility of extensive AC ground looo~ is

always present in a non—conducting hull , such as the ~~—3.

These areas should rereive some close scrutiny in the

future , for a tenfold reduction in noise in~ ect ion into th’~
data collection system should be possible , by means f

ignition noise suppression , an-I the installation of .1 iF

1 2~
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cap aci tors  at each A.c outlet , at a re la t ively i n s i g n i f i c a n t
cost in time and money.

2. ~~~~~ ci ~~~~~

~hr ee  runs were m ade during the aforementioned data

collection rins , in w h ich pitch and pitch rate were recorded

for  15 k t runs  in to, acros s, an d with the prevailing seas.

Qualitative sea conditions at the time of observation were

no ted as w a v e  heiq ntz of 3 to 6 inches, w ith a wave leng th of
approximately 6 feet; this wavelength represents an incident

wave frequency of approximately 2.2 rad/sec, corresponding

to encounter frequencies of 6.2, 2.2, and —1.8 rad/sec, zor
ahea d, crcss, and following seas at 15 kts. Data was

reduced in a manner similar to that used for wideband noise,

with the exception that a maximum frequency of 25 Hz, 1024

samples with no averaging was utilized. A difficulty

developed in that a Butterworth filter with cut—off nelow

100 Hz was not readily available at the time. However , when

cne is constrained from lcwering the bridge , it may

nevertheless be possible to raise the river. In this

par ticul ar case, the tape was run at four times recorded

spee d, or 7 1/2 inches per second. The FF1 was set for 100

Hz, as was the Butterworth filter , and the desired

resolution of 1024 samples selected. This procedure had tae

beneficial side—effect of reducing the real elapsed

prccessing time of the Superpanel—50/PDP—11 combination by a

factor of four. The resultant transformed data was

scale—expan ded after computation , so that only the portion

frcm 0 5  Hz (0—1.25 actual Hz) was plotted.

These admittedly u northodox and awkward procedures

were necessitated , not only by the lack of suitable

f i l terin g , but also by difficulties ex perienced in obtaining

prcper operation of the PDP—1 1 for very low frequencies at

125
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tha t  par t icular  t ime.  Long sample t imes combined  with
frequent inexplicable program interrupts rendered this

particular sessicn most frustrating . However , ven tilation

and overheating pr oblems were apparently the major source of

difficulties experienced with this particular exercise, and

f u ture data re duct ions in the f requency  dom a in shoul d
requir e ncne of these awkward circumlocutions.

a. Pitch and Pitch Rate—Ahead Seas Run

figs 3 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 theore tical res ponse
in pitch and pitch rate. The linear system was plotted as

dB with respect to waveslope logarithmically against

encounter frequency, on a range of .1 to 7.85 rad/sec. The

observed data are relative magnitudes plotted linearly vs.

encoun ter f requency ,  on a range of G to 7.85 rad/sec. The

unusual scale was necessitated for the observed data , to

obtain tne conversion to rad/sec ; in Hz, the scale is .125

Hz/in. A qualitative com parison of the two plots shows a

rather remarkable similarity ; the FFT of pitch shcws a

falling off in response 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 rad,’sec and is completed at approximately 5.0

rad/sec. Two small nodes may be observed at 2.36 and b.28

ra d/sec, the latter corresponding to the enccunter frequency

of the qualitatively—observed wavelength at the time ot this

r u n ;  this was, as previously noted, an incident wave

frequency of 2.2 rad/sec.

The linea r model replicates the observed data in

pi tch almos t precisely,  with the exception of the two nodes

at 2.2 and 6.28 rad/sec, due to the dominant local wave

1.6
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ampli tudes in the observed data.

As w ay be expected , pitch rate  data is s o m e w h a t
wore noisy than p itch data , a l though  not  excessively so.
cbserved pitch rate shows an unusual double peak in

resonance, wh ich also occurs in the o ther two
sea—conditions. The first peak occurs at 4.35 rad/sec,

slightly higher in frequency than the observed pitcn data,

while the second peak occurs at 5.25 tad/sec and is of

unex plained origin. This peak may be indicative cf -the

onset of the non—linear behavior discussed in the preceding

cha pter , but that is only a speculative o~.servation.

The linear system pitch rate data shcws a

shar per re scnance than did lin ear pi tch , the former being
markedly peaked at 4.26 rad/sec, whi le  the la tter was
relatively flat from 3.9 to 4.26 tad/sec . The agreement in

the sharpness of pitch rate response between the observed

data and the linear system is quite 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

tad/sec which occurs in the observed data.

No s ignif ica n t nodes or nul l s occur in th is
frequency range; the pitch node at n=1 ( w=3.15 tad/see) does

3.
not occur unti l an encounter  f requency  of 9 .75  rad/ sec .

Overall , the observed and l inear  data ccmpare
r em arka b ly well under these conditions.

b . Pitc h and Pitch Rate—Cross Seas R u n

Despite the  f a c t  tha t  cross—seas r u n s  indu ce
mo des of motion in toll and yaw that are unaccounted fcr in

127
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this linear model , it was considered of interest to compare
observed cross—seas data, Figs 40 and 41, with Figs 42 and

‘43 , the linear data for v=w .
e l

The observed pitch FF1, Fig 40, is wore
distinctly resonant at 4.0 rad/sec under these sea

conditions than in the ahead—sea run;response decreases

con ti nuous ly  from th e very  low f requency  end un t i l  almost
the onset cf resonance at approximately 3.5 rad/sec.

Resonance occurs at 14.0 rad/sec, and a distinct null cccurs

at 5.25 tad/sec. The observed predom inan t  w a v e l e n g t h , which
as noted previously corresponds to an incident wave

frequency of 2.2 rad/sec, is distinctly visible at that

frequency.

Comparison with the linear system pitch response

curves of Fig 42 is as striking as the ahead—seas runs, the

more so because of the modes of motion in d uced in the craf t
which are not in the linear model. As in the FF1 data ,

lin€ar pitch response decreases until almost the onset of

resonanc e, with a pronounced null at 3.5 tad/sec. This null

does not appear in the observed pitch data, but is

dist inctly visible in the observed pitch ra te  data .  Linear
system resonance is sharper under these sea conditions, as

is the observe d d~ata, and occurs at 4.26 tad/sec. Two

high—frequency nulls  at 5.25 and 7.0 rad/sec , and a node at

6.0 tad/sec , are distinctly visible in the observe d data,

although less prominently.

The observed p itch rate data shows a sharper

rcll—off from the low frequency end of the spectrum , and a

flatter response thereatter until the onset of resonance,

than does pitch. The distinc t double peak previously noteã

in the ahead—sea run , is distinctly visible in this :un

also.
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Ccmparispn of the pitch rate FF1, Fig 41 , with

the linear system pitch rate response of Fig 43 shows the

same good agreement as did the pitch data ; the low frequency

roll—off characteristics are very much the same, and the

null predicted at 3.5 rad/sec by tne linear model is

prcminently visible in the FF1. However , the higher

frequency nodes and nulls are much less distinct.

c. Pitch and Pitch Rate—Following Seas

Cue to the di f f i c u lties previously  experienced
in interpreting results of following seas runs with Bcoth s

wor k, only a mos t general com par ison of ob serv ed pi tch an d
pitch rate FFT’s, shown in Figs 44 and 145, and the linear

system respcnses, shcwn in Figs 46 and 47, will be nade .

Note that d~ e to the technique utilized in generatiig

encoun ter frequencies  in the linear mo del, the range of
f requenc ies  p lotted in the l inear model is much grea ter , (.3
tad/sec to —140 rad/sec) , resulting in a muc h ccarser
frequency resciution in the range of interest. Negative

encoun ter f requencies , as noted in the preceding chapter ,

represen t a modified ahead—sea condition.

The linear system predicts a sharp roll—cff in

pitch respon5e from the very low frequency end to about — .25

rad/sec, an d a relatively flat response from thero until tu e

onse t of resonance, at about —2.0 tad/sec . Resonance cccurs

quite sharply at —4.11 rad/sec. No nodes or nulls in this

frequency range are predicted by the linear model. The

observed pitch data is in general agreement with this ; in

addition the predominant wavelengt h, which occurs under

these sea conditions at an encounter frsguency of -1.8

rad/sec, may be observed in the FF1.

The linear system and observed data do not agree

129
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well in pitch rate, the linear system predicting an

increasing response from the low—frequency end until

resonance, while cbserved da ta shows, as should be expected ,
a low—frequency roil—off to a relatively flat mid-range

response . No p lausible  exp lana t ion  m ay  be advanced f o r  this
variance at this time; however, considerable difficulty has

been observed by both Booth and this a u t h o r  in correctly
interpretin g following seas results.

The observe d pitch rate FF1 shows , as have  the
run s  in the other two sea con ditions, the mysterious double
peak in pitch rate resonance.

0. SU~1NARY CF FREQUE NCY DOMAIN ANALYSIS

C om p ar i s c n  cf measured and linear system theoretical

f r equency  response shows s ign i f ican t  cor re la t ion  under
small—sea ccnditions; nulls predicted by the linear system

way be readily observed in test craft data, an d the

f r e q u e n c y  dcm ain is relat ively unc lu t t e red  by noisE. The
bulk of ncise in the system is not “white ” noise, but tends

to cluster about sharply—defined frequencies. The

techniques developed in this chapter show the value of the

frequency dcaain as an interesting alternative to the time

domain as a means of model verification and validation.
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Figure 34 — SETUP FOR FREQUENCY DOMAIN DATA REDUCTION
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Figure .37 — OBSERVED PITCH RAT E FREQUENCY SPECTRUM ,

15 KTS , AREAD SEAS
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VII. SUMMARY

A. CONCLUSIONS AND O3SERVAT IONS

The linear two—degree—of— freedon model developed in this

work has been shown to be a reasonable approximation to both

the Loads and Motions program and to actual observed craft

behavior , in both the tine and frequency domain; its

relatively uncluttered simplicity has disc1os~ 1 som~
interesting aspects of testcraft behavior , ir .cludinj the

nulls and nodes that characterize the craft frequency

response . Furthernore, this simulation is ext :em~ ly

economical of CPU time , requiring less than three mi nute s of

CPU time to generate the frequency response curves fc: up to

100 discrete frequencies.

The non—linear behavior described in Chapter V is

somewha t supported by observations of testcraft data in the

frequency domain in Chapter VI . This interesting behavior

is apparently akin to that of a relaxation oscillator.

Noise, which has interfered with varying degrees of

severity in almost all transient analysis done with the

recorded testcraft data at NPS , is reduced to little

significance usin —j the frequency domain method a~~p1ied for

testcraft data red uction in this work. The major source of

noise in the XR—3 has been identifie~ as prim arily ignition

noise from t~ie eight gasoline engines aboard the craft ,

transm itted electrically ~~ the data acquisition system.
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B. RECOiINENEATIONS FOR FUTURE STUDY

The l inear  h e a v e — p i t c h  model developed in th is  work  can
rea dily be ex pan ded to in clu de roll, yaw and speed effects.

Cow~ leticn of this ex pansion woul d resul t in an an aly tical
six— degree—cf—free dom model , and lead to a more thcrough

understanding of CAB craft behavior . An example of the

potential of this approach may be seen in ref [9~~, in which
a rud i m en tary pitch control system , based upon this model

and u t i l i z i n g  optimal R ica t t i  solutions, promises to reduce
sea—state pitch acce1leration s to less than ten percent of

the open icoF response. The practica l problems involved in

the implementation of a test—bed ride control system fcr the

XB— 3 t e s t cr aft  do not appea r  to be severe , aside from the
physical installation of a suitable set of stern—plane

con trol s u r f a ces; an observer , based on a linear model,

could be utilized as an optimal observer  in a Kalman
filtering scheme to generate some of the system states which

may not otherwise be suitable for feedback. Since this

sy stem is cnly piecewise l inear , the microprocessor appears
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 system development coula be iapiemeuted on a

sligiitly—mcdified version of the Loads and Motions prcgram .

This avenue has great future potential for expanding the

sea—state envelope and improving the habitability of CAB

craft.

The linear frequency domain response simulation should

p rove  u seful .  in t~ e study of the non—linear bebavior

described in Chapter V. It is felt that this non—linearity

can be modelled in the complex plane utilizing a describing

function. Fortunately, tae complex gains of the linear

system are directly available from the linear system in the

1146
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program developed. This is an extremely interesting area of

future study.

In the area of parametric analysis , such a linear model

may be utilized 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 programs

developed for this investigation. However , time and space

did not permit its inclusion into the main text.

Furthermore , such parametric analysis was inconsistent with

the main thrust of this effort. It is nevertheless hoped

that the program 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 ,

therefor e, be utilized in anything approaching an in—depth

study of craft behavior . One area in which these frequency

domain techni ques may prove most useful would be the

investigation of actual testcraft gains in heave at various

f r e qu encies, to ascertain the significance of wave—p lenum

chamber interactions. The 15 dE discrepancy between the

Loads and Motions progra m , which assumes a plenum wave , and

this linear model , which does not , indicates this to ba a

vital factor in the accuracy of any model.

A serious effort at ignition filtering is certainly in

order . Ignition suppression and power-line filterinq is a

relatively straightforward approach that can greatly enhance

the quality of dat a collected from the XR— 3.

An additional technique for data reluction to  the

frequency domain nay become available in the very near

future. The NDS—8 microprocessor-based data acquisiti on

system , developed by Englehart in ref ~~O3, will be capable

of sampling sequentially and storing in mass memory up to 114
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analog chann els, with a sampling rate up to 7000 samples per
second. Upon completion of the sampling and storage , the

NDS—8 can perfor m a variety of data manipulations upon the

da ta f i le, 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 , impres sive . However , much remains to be

develope d in this area.
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APPEN DIX A

WIDEBAND NOISE DAT A

This appendix is a resume of the more significant

wide—band ncise spectra observed in the FPT ’s of X R — 3
testcraf t data collected at Lake San A ntonio, 20 January

1977.

The following plots are FFT ’s of testcraft data , rE duced

as described in Chapter V , for  a max imum up per f r e q uen cy of
200 Hz, and a frequency resolution of 512 samples.

STARBOARD BNGINE 1/2 POWER ,PORT IDLE

1. Pitch

2. Pitch Rate

3. Plenum Pressure

POET ENGIN E 1/2 POWER ,STARBO AR D IDLE

14. Pitch

5. Roll

6. Yaw Rate

BO TH ENGIN E S 1/2 PO WE R

7. Pitch

8. Pitch Rate
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9. Roll

10. Roll Rate

11~. Plenum Pressure

STAR BOARD .FULL ,PORT 1/2 POWER

12. Pitch
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F1~EQUENCY COMAIN L~LNEAR SYSTE~I CSMP III COMPUTER SIMULATIO N

This is a listing of the CSMP—III cowputer simulation
used, with m inor variations in details such as frequency
range , tc generate all freq uency response curves cf the
linear system used throughout this work.

The CSM~ III program is not linied automatically to the

IMSL Subrcutine Library at the W .R. Church Ccmput~ r Cen ter,
NPS, Monterey. To acheive this linkage and access t~ie
subroutine LEçT2C, the following Job Control Language (JCL)
m ust be inserted at the beg inning of the program deck:

D~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
// C C  ~~~~~~~~~~~~~~~~~~~~~~~~II Lfl )I~~ ’= , \ = S Y S L .~~~~)L~~e
/ / C )  C . ’ = S 4 -~~. ’~~~Y 3 2 . 1 L . 5 2
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PAEAM~ TRIC EIGENVALLJ E CSMP III SCLUTIO N

This pr ogram provides a root locus solution tc the
tw o—degr ee— o f—freedo rn  l inear  m odel. The reserved CSi4P
variable TIME is redesignated as the pa ra m eter of in terest
wi th  the  R E N A M E  s ta tement , w i t h  the  range  of va r i a t i on
specif ied on the F INT I M card. One add i t i ona l  var iable  ~iay be
stq~ped , us ing  the PAEAMETER s t a tement .

‘I

The parame tric e igenvalue  program also mus t access the
IMSL Subroutine Library ; see the Frequency Domain computer

program listing for the appropriate JCL tc acheive this

linkage at tF.e W .R. Church Computer Facility.
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