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• A n  i sp c o ve l  a r l  s i op l i f i a d  tn ode] . f or  t h e

~1eave—Pi t ch dyn aE ic s  of t h e  ~C R — 3  C A 3  Sur f a : e  E f f e c t
ship i~ ~~v e i o~ ed fo :  ~o n s t m n t  ~pe~~1 ope:~~ i - t . Th e

n o n l i n e a r u a~~ions  ~f n o t i o n  a r 3  l in~~ar iz e~ ~~~ ut  t~ e
• stead y — s t a t e  per t :n; point. Ti~ e-Iomain v~ L~~~~tioi

is a:cosplis~~~i by c3 E p a r i so~ ~~~~ t~~~ ~ )OF ~~ .1el. .~

signal floe ;rap~ of the : r aft  1yn~~ ics is I~~~el p.~d
and Ma son ’s ~a in  RIIL? used to ~ecerni .~e t~ie

• cnaracteristic S—D oma in poly n om ials ~escrioLrjg t~i~~
cra ft’s ver tica]. pLan e lyna nic D~ h a~ io:, wit .~ Bode
?lot analysis incl~i~~ d. :on:Lisions ar~ i:ivn an.~
recoms3t~dations for further study are made.
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I. IN TROD UTTLON

In 1973 Leo and Boncal [1] converted the Oceaiics Inc. 6

DOF Loads  a n d  Motions digital computer sinulation program

for the 100—B Surface Effect Ship to reflect the physical

characteristics of the XR —3 craft. Since tuat time there

has been a continuous effor t at the N?3 t~ ~ipdate and

improve on this simulatioi ~~,3,’4,53 .

One of the major drawbacks f that progra m which

precludes regular use of it for sea state operations

simula tion is t~ e excessive conpititional and turn— around

times required [63 . ~s it is presently desired to use the 6

DO? simulation for design and evaluation studies of the

• proposed 3K Ton 5ES control System in va:7ing sea state

conditions, it is imp :tant to significantly reduce the

si~ ulat ion ’s com putational time.

One area where the possibility eicists to achieve a major

reduc tion in computation al , time is the manner in which

sidewall forces and moments are calculated. The present

f o r m  of the 6 D O F p r o g r a m  uses a l a r g e  au ~~be: of d iscrete
• sections (28 per s idewal l )  w i th an off—line t a b l e  look—u7

scheme to d e t e r m i n e  t h e  fo r c e s  g e n e r a t e d  in each  d iscre te
section . The simple model derived by McIntyre E73 uses two
sections per s i dew a l l  wit~i ve ry  sim~ lified geometry that
permi ts  on—line  c o m p u t a t i o n  of t h e  f o r c e s  and 3oD ~~n ts . T~ie
result of eventual incorporation of tais sidewall geometry

and forces calculation into the ~ DO? program should be a

significant reductio n of computation and turn—a :oind time.

Ano ther area of great interest in SES Simulation is

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



gaining i:isight into tae dynamic oehavio : of rae craft’ s

vertical motion of pit :~ and hea~ e due to pressi re inducea

lift forces generated in the plenum a.~i seals.  ~s st a ted  in
ret [3] as recently a~ August , 1978,

‘ ‘T h e  ov er a l l  p r e c i s i o n  of t h e  analysis is satisfactory

for predicting stability and ma rieave :ability. However ,

severa l areas present very complex or difficult p~~ysica1
p u e n o m e n a  to a n a l yze  a n d  f u r t h e r  e f f o rt  s h o u l d  be
invested to improve understan ding of :r~ese. ’’

T he  first area for co~~tiaiiag investt;ation reroane nd ed was ;

‘‘A oetter determi nation of ~~t:ri—heav~ d y n a m i c
characteristics. ’’

A n improved knowled ge of tac dyn am ic ch~:a:teristics

brougat about by the pressure induced fo:ces and momen ts

could lead t~ a reduct ion of tac compr ~atL on tiSe

:egiired for craft simulation. These oressure effects

introduce a stiffening !.n the integratron of sea state
• Lnducad oscillations and a better unlerstaaIing of

processes could  L ea d  to  t h e  :emo ~~ai  of th is  s t i f f ness
and thus reduced PU time.

In this work ooth of these areas are cons:de:ed. F ~:st

of all the va:~.ous craft ?hY5~~ 1i characteristics are

modeled , resulting in cnaages and improvements to the

initial efforts by McIntyre [71 . These ejuations ar~
• Linearized about a steady—state operating poiot using

the Taylor Series expansion. The lineari :ed equations

are cast into a State S~ ace form at and simulated on

ii~ ital computer. 2omparison is made b erwee n the

• time—domain results of the linear model and tna 6 00?

model. The State S~ a:e repres entation is u sed to

generate a signal flow graph . Mason ’s Sam Rule is

11
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7

applied and the S-domain roots of the craft ’s

characteristic equations are located and it is shown

that some simplification and redactio n ~f systea order

is possible. The resultant S—domain po lynonial s are
used to generate Bode Plots to graphically display the

craft’ s simplified fre~ aency response.

Conclusions are drain and recommendation s are made
co ncern ing  the v a l i d ty  of the  model and areas f o r  f u t u r e

~~~~~~~

5everal procedura l notes ire in order. Berause aU

~gu a t i on s  a re to be so lv ed  d ig i t al l y  us ing  t h e  F O R T R A N
computer language ari d because digital com p ut er text

processing facilities were esed to generate this
document , all formulas will be presented in FORTRAN
format. In the thesis nody reference to the ‘‘ n o n l inear
m o d e l ’ ’ , ‘‘ six degree—o f —freedom m odel’’ or ‘‘6 DO?’’

model  all m e a n  t h e L~a1~ and Motions prog ram as adapted

to the XR—3 test craft at the Naval Postgraduate School

[3) . Reference to the linear model refers to the

linearize d mo del of the same craft as developed herein.

12
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A. BA CK d RO UND

The original devel opment w ’rc on the si.mplifi~~t

two— 1egre~ —o f -freed om codel was done ny M c Intyre C7.~
Sever al weaknesses in the original mode l were ~or~~d by
Mci nty re in th at work.

The major port ion t the wor k 3resent?t here was

inv olved in cl~~5e eiam ina tion ~f all aspects of the

origia.a l mode l , c o m p a r i s o n  of tue madeL ~.:iq r echn iqu-e s

~ised ther m with otaer me thod s and rem odeling of several

~mp ortant craft ptaysicaL charac terL st ics .

•) n e m a l o r  a r e a  o f  inv es ti Liati on its tac lack of p itch

d a m p i n g  ira the riginal model , anich r~ sulted in th~
addition of an add~~1—nass effect t o t he pit:~ m on en t

eguat ions .

Additi onal changes involve a revision ot t~~ e forc~
equations for the rear seal , maj or changes im the way

t~~ie p l e n u m  c h a m n e r  is m o d e l e d  (a l so  ai l ed  to t~~e loads

and motion 6—dof mold E2J . ant a more ri~ orous

developmen t of tne planing force ejui t ion of [7J

Niece are sev~er ai areas of tne.~~y :onc-~rnin~ C A 3  SE S

:Q o d e i i nj  w h e r e  ~tnpiri:il data is lac~~.ng d~~
difficulties w Lth p hy sical measu :emaors . )ne such area

inviting closer inspect a was d yn am ic vir itt i )i of the

— ~~~~~~~~~~~~~~~~~~ 
— - _____________________
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e f f ec t i v e  cen t e r  o f  ~ressure for the plaraui gauge

pressure lift effect. ~ possi b le a pp ro ach is su~~ este1

herein an d inc luded  in t h e  m o d e l .

B. &~~ U~ 2TIONS

the following assumptions are ma le fo r  th i s  con s t a n t
s p eed , p i t c h — h e a v e  m o d e l :

1. P l a n i n g  f o r c e s  ar e  c o n c e n t r a t e d  at  t he  c e c i t r o i d  of
t h e  keel  l o n g i t ud i n a l  c ross  sec tion .

~~ . To ta l  seal force is lumped into a pressure

difterential acting n the seal. face area in  con tact
with the water pa ssing ~eneath ttie seal.

3. Aerodyn am ic f rces on the forwa rd seal are

disregarded.

4 . D y n a m i c  v a r i a t i o n s  in  m o m e n t  l eve r  a r m s  ar e
d i s r e g a rde d  f c  all moI~ nts except seals and the m oment

due to plenum guage pressure.

5. D y n a m ic v a r i a t i o n s in  e f f e c t i v e  ~l e n u m  r o o f  ar ea
iill be included.

~~~. A n y  l i f t e f f e c ts d u e  to  a e r o d y n a m i c  f or c e s  a re
Lumped in with t h e  p l a n i n g  f or c e s  (for raas ra s to be

developed in hapt IV. ) The moments are in cluded in

p l e n u m  g au g e  p r e s s u r e  m o m e n t s

7. Constant seal leakage area is assumed.

8. Since this nodel . is ~or constant suroe velo city,

14
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drag an d thrust forces are considered to be in

e q u i l i b r i um  and in b a l a n c e  fo r  moments about the ! axis.

C. COORDINATE STS U L~

( see f ig .  1

1. The o r i g in  of t r i e car tes ian  coordina te  sy s t e m  is
located at  t h e  c a l m -w a t e r  l ine , l o n g i t u d i n a l l y  a n d
transversly coincident with the craft center of gravity.

2. The X axis is the longitudinal coordinate defined

as positive as ~C increases towards t h e  bow of t i e  c raf t .

2. The Y axis is the transverse coordinate iacreasing

positively towards the starboard side.

~4 .  The Z axis is the vertical axis , increasing

positively in a downwar d direction.

5. zs is the vertical dist ance f r o m  the c e n t e r  of
• gravity to the keel.

6. Z is the vertical distance from the calm aater line

to the  vertical center  f g r a v i t y .

7. THETA is the pitch angle d e f i n e d  as positive as the
bow pitches up.

8. Positive pitch moments are defined as m o m e n t s  which
t end  to cause a pos i t ive  increase in t h e  angle  T H E T A .

0. SIDEWAL (. MODELING

_ _ _ _ _ _ _ _ _ _ _  ~ ~~~~ _ _ _ _ _ _ _ _ _ _ _ _
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As it was desired to keep all physical dimensions

cons i s tant  w i t h  t h e  s i x  degree of f r e e d o m  m o l d , scale
model, drawin gs aere dev?lopel with the data from the

sidewall Subr outine of that mod al, All sidewall

dimension s used in this m odel were taken from those

d r a w i n gs.

rhe sidewa l]. s a re mod a l.ed in ta o sec tions, on e f o r w a r d

of th e longitudinal . 2.3. and the other aft. Each

s i d e w a l l  is cons ide red  to  be of c o n s t an t  w i d t h  at  t he
water line and the cee l , with width increasing in the

ver tical direction according to an averag e deadrise

aa~ la.

The average f o r w a r d silewall area is found to be:

(se e f ig .  2 and 3o

AV~~R A~~~ :flDT~1 LDB&31/ (2~ TA~~(DR1))..~ s1O

(tI—i)

w h er e  I~D BAR 1 is  d r a f t  at f o r w a r d  cen t r o il , D R 1  =

average deadrise angle forward and W S 1 O is the average
r~eel widt h of the forward section. Therefore submerg ed

vol um e of a f o r w a r d  s i d ew a l l  is g iv e n  ~ y :

VOL 2

( 1 1 — 2 )

where ~.1 i~ the Length of a forward onoyant sd:tion.

Following the same procedures the after sidewall wi dth

iL. 
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ __~_j. ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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is:

(se e f i g .  2 and 3c

AVERA GE WIDTH ~ LD8Aa2/(2~ rA N (DR2i)4WS2O

(11—3)

where DR2 averag e deadrise angle aft

LD3AR2 2 draft at a f t e r  buoyant centroil

W520 z average keel width aft

Sub m erged  v o l u m e  of an a f t e r  sid ewall is then
de~ ermined to be;

p
Vol. = L2.(wS2O+~.D3Aa 2/(2*TAN(DR2)))*LD3Aa2

(rI—~4)

wher e L2 is t h e  length of t h e  a f t e r  sidewall.

E. 3~.&L ~4OD~ LI!G

?~ ma jor change in !clntyre ’s mode]. was :nale by

remodelin g the  s t e rn  s e a l .  In the original mo~ a L a large
negati ve moment was required to place the pitch

equations in steady state equibibrium . Investigation of

seal forces as presen ted in E9~ revealed a large

discrepan cy between the after sea]. f o r c e s  g e n e r a t e d  in

~cIntyre’s model an d calculations based on the

information in ~i . This discrepancy was further

suppor ted by actual seal load data presented oy Layton

in ~~ . ALL seal. dimensions used in this model, were
• taiten from data presented in fl~ . Seal h inge loca t ions

were  taken from the data used in ~~

17
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Seal l i f t  f o rc e  f o r w a r d  is g e n e r a t e d  ny  p l e n u m  gauge
pressure acting  d o w n w a r d  on th e seal face a rea  in
con tact with the water passing underneath the seal.

This downward force results in a lift force being

generated as the downward movement of the seal displaces

the water beneath it.

The seal is considered to have a straight forward face

which runs from the hinge point at the plenum roof to
t h e  o o tt om of t h e  k e e l  at an a n g l e  d e t e rm in e d  to be
best—fit from the data in ref. C 11J . The wetted surface

of the  seal is c o n s i d e r e d  to  lay p ar a l l e l  to  a n d  on the
w a t e r  at t h e  po in t  w h e r e  t h e  seal f a c e  in t e r c e p t s  t h e
ca lm water  l ine ,  as a r e s u l t  f o r w a r d  seal l ift  e gu a t i o n s
are :

A.S EA L1 2 øIDTH *XSEA L1

• (11—5)

X S Z ~ L 1 = (LD .L 3*T&~I (rH~~r&))/SIN (31)

(11— 6)

= draft at the 2.~ - •

= distance from 2.~ t o  point of contact for f o r w a r d
seal. face . p
1.0 — L3*TA~4 (THETA) = draft at forward seal face contact

point

31 degrees is t h e  i n t e r i o r  an g l e  of t h e  seal. F

The a f t e r  seal w e t t e d  area is d e t e r m i n e d  in a s im i l a r
m anne r  to ~e :

&SEA L 2 WI DT H *X SE A L 2

• -~~ •i~
_
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(11—7)

XSELL 2 2 ( LD + L~~ ’ r a N ( T H e r & ) ) / s r N ( 3 2 )

(I I—~~)

• In t h i s  m o d e l  f o r w a r d  seal p res su re  is cons ide re d

equal to plenum pressure. As a result forward seal lift

is

~1SEALF = PBBAE *&SEAL1

(II—))

Since p lenum guage pressure tends to force the after

seal u p w a r d , resul ting in venting of the plenum air

mass , the rear seal is o p e r at e d  at  a pressure  s l i g h t l y
above that of t h e  p l e n u m  to red~i:e t h e  v e n t i n g  t e n d e n c y
of the after seal. as a result the ~ f te r  seal. r e g ui re s  ~
modification in modeling. In ~icIntyre ’s work the

pressure differential (2SEAL—P584R) only was considered

in the Lift force. ~{o w e v e r ,  as previously sta~ ad, th ere
w ere large discrepancies in computed loads as compared

to  measured  da t a  f r o m  £iO~ . T~ e:e fore in this model ,

th e  seal working pressure is c on s i I a r~~l to be ?B 3A R plus

d i f f e r e n t i a l  pressure .  A s  a result after s e a l  L i f t  is
g iven b y:

USEALA * ( P S B A R + P O I F F )  ~A s E A L 2

( 11— 10)
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F. PLbNU~I ~i O D E L t N 3

In the work prese nted by ~cIntyre the pl.ert ua was

cons idered a bo x ~it h the only dynamic dimensional

varia tion being in the Z direction. However (as can be

seen in fig. 1 , although the forw ard edge can be

assumed to be reasonably constant ~n tae ~—Z PLan e, the

forwar d face of the roar seal s l p ~ s rather steeply.

Therefore the plenum Length (in tne ~ directi om ) varies

rapidly as draft varies.  As a r e su l t  the e f f e c t i v e

• plenum roof area consists of th~at area from the after

e I . ~e of the forwar d seal to the zorward hinge ooint o~
the  rear  seal , p lu s  t h e  v e r t i c a l  p r o j ec tt n o f  t he

unwet~~ed forward face of the rear seal. As an
ad ditiona l conse~ ueu~ e it can be seen t h a t  t n e  e f f e c t i ve

plenum cen ’er of pressur e var~ es f-ore and aft as d r a f t
v a r i e s  . In fact a~ dcaf t ~ricreases the .P. moves

forwar d.

the following variable names will oe used to describe

the ~Lt~nuw chamb er (see f i g .  4 .)

l en g th  of p i e n a m  roof  f r o m  th ~~ r ea r  e l ; e  of t !’.e

forward seal to the i i n ; e  po~~a t  of the after seal.

= Length of plen um at th e Keel from the after edge

of  the forward seals ~o the transom.

~~ngth of plenum at the waterline .

3~J3~~~ * vertica~ dkstan:e from th~ al~ n’im ro of ‘o the

tto~ of the keel i t  t~~e cent~ r of gravity.

A8 plenum effective roof a r e a .

U~ ia~ ~he  ~‘r e v i o i s  ~~f i ni. t~~on s ,  t n e  ~ L e n u m  r o f  l e n g t h
a nd a rea i..~~:

- --



1.241.— ( L P W L - .PR)  • (L ) / ~~UB H G T)

(II— 1 la)

and effective plenum roof area is

AB = I4IDTH*LP

(Il—il b)

w i t h  t h e  r e su l t  t h a t  l i f t  due to p l e n u m  gaug e p r e s su re
is:

H ? R ES = - A 3~ P B B A R

(I t — l i c )

• As a commen t  on ~~ e c o m p l e x i t y  of t h e  l i f t  f o r c e s  of

t h i s  model  n o t e  th a t fo r  c o n s tan t  p l e n u m  p r e s s u r e
incr eased d r a f t  r esu l t s  in  decrea sed  p l e n u m  l i f t .

. CR~~Fr DYNUIICS

1. ~~~~~~~ Aj ~ f lasa  ~n i  P~ essur~ E~ ua~~j op s

For the  purposes  of t h i s  mode l  the r e a r  seal
Leakage  area is cons idered  con s t a n t  s ince  to a s sum e
otherwise would lead to modelin g a very difficult and

poorly un derstood dynamic process. In a d d i t i o n  the

plenum pressure VS air ma ss process 15 assumed to b e

ad iaba t ic  in n a t u r e .  F a n  c h a r a c t e r i s t i c s  are those  used
in the cons tan t  air  l e a k a g e  heav e on l y  model  f ;erba

and rh a l e r  in ~1’~J . A ir flow into the plen um is taken

as positi ve.

21
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I

T h e r e f o r e  t h e  a i r f l o w  i n t o  t h e  c h a m b e r  is given
ay :

Qin = N* (QI0_K~ *PBBA R)

(11—12)

Where  ~ is t h e  n u m b e r  of f a n s  s u p p l y i n g  air  to t h e
plenum , ~IO is the equilibrium air flow rate for the fan
with zero gauge press.i:e and Cg is the slope of the

f a n s ’ ai f low Vs gauge pressure curve

Qout is airflow out of the plen um and is

determine d oy tae seal. Leakage eguation:

~out = Ca*~ l* (2*p5BAR/!H3L)**1/2

(11— 1 3)

~hera Cn = seal l e a k a g e  c o e f f i ci e n t , Al = seal, lea ka ge
area, and ~H3A = mass  de n s i t y  of air .  T h e r e f o r e  mass
flow rate is:

M~ DOT = RHO&* (Qin_~ out)

(II—1L4 )

The plenum air dynamics ire considered in
eqaili~ rium when ~in = ~out

Absolute  P l e n u m  P re s su re  is de t e rm i ne d  f r o m  th ’~
adiabatic gas law to be :

Pb = Pa* (MB/(RHOA*PB3Aa))**GM1MA



_ _ _ _ _ _ _ _ _ _ _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _  

-

(11—15)

and ,

P3~ AR = Pb—Pa

(Il— iSa)

Where Pa = ambient atmospheric pressure (LBF/Fr**2 GA:~NA

= ad iaoa t i c  proces s c o e f f i c i e n t , Po = p l enu m a b solu te
pressure, and PBBAR = pl enum gauge pressure.

2. Bu~~ ant F :ces

Buoyan t force is calculated by the su b m e r g e d
volum e multiplied by tine mass density of the  f l u i d  t imes
the gravitational constant.

Therefore forwar d ouoyan t force is:

~iBF = — 2~ RU O *G *V 0 L

(11—16)

Where volume is given ~y egn. 11—2 , R i0 is t h e
mass dens i ty  of w a t e r  ( slugs/ f t~~~3) and 3 is the

gr av i t a t ional  cons tan t .  The f a c t o r  of 2 is in t r o d u c e d
to account for 2 sidewalls . The total expression for
H&? is:

HBF = _ 2*RHO *3*L1 *LDBAR1* (LDBAR1 / (2*TAM(DR1) )~~iS01 )

(11—17)

Followin g the sam e pattern,

I• 23
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= — 2*RHO .GSL2*LDBAa2t (L~ 3A ’~2/(2~ rA N ( D~~2)) =A313)

(11—18)

3. 
~~~~

• Forward seal force is I~ termined from eqn. 11—9 to

be:

= _p s
~~AR * 4I~~TH* (LD_L3 *TAN (T~iinra))/sIN( 3l )

(11— 19)

where HSF ts tue neave force due to forward seal.

In a similar ma nner HS~. is: hi

~P3S A~ #2DI?F) 41D~~i~ ( L D~.L4*TAN (T~~erA ) /SIN (32)

(11—20)

.4 . ~~~~~

~cIntyre introduced the p lan~~n~ force phen om ena in

his model to account for the proven fact that the CA3

SES t end s  to decrease  i t ’ s d r a f t  an d  p i t c i n  down as speed
increases. His development of the pla ning equation was

not well explained aid the basis for selection of the
p l a n i n g  c o e f fi c i e n t  was n o t  c l e a r l y  s t a t e d .  R e i d e l  C1 23
did a special investi-~a ion of tne plan ing force

phenomena . ~is result s were based on flat p late p a n i n a

effec ts to approximate the fiat bottom of ~h e c r a f t

sidewa~ ls.

2 L~
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~iace the water is ~n contact w i tn th e vert:cal

po r t I on s  of t i n e  s id e w al l s  it w~~s f e l t  a m o r e  a c c ur ~ t e
representation was ne-eced . Barnao y [13.~ states that

water contact on the ver tical sides of a lan in g hill

rapidly reduces planing lift advantage since one of the

advan tages of a planing hull is reduced drag d-.ie to

w e t t e d  s u r f a c e .  p l a a i n g  L i f t r e s ult s  in  a speed
sen s i t i v e  t r a d e o f f  b e t w e e n  s t a t i c  l i f t  ( o u o y a n t  e f f e c t s )
and dy i~am ic lift (planin ~ offect ) that is directly

proportion al to tne angle of ittac~ ~f o r  sm a l i  o l a n i n g
an~~ es) and tne s niar-e of ~ ~ie ~eioc~ :y. The refore the

planin~ force is of ~~e f o r m :

= V~~~2*~ 9E T A

From ~eidel’ s work ,

~iPLAN = ).5*AF~EA *V**2*Pt*SIN (T9E2.~)

(::— : 1)

f o r  s~~all angle approximations t n I 3  s~~~pLifies t :

~PLAN = ~HO *A~~EA*V* *2*P:*THzT A

Wh :ch is the pL~ ning force for a f.at plate. ~a:r.a~’y

gives no simple formula for the losses ia-e to ~m me r sio~
so we are left wit h an ar5it :ar~ loss coeffic :ent ,

PLCOE F such t n a t :

~1P L A N  ~?LCOEF) *2s 3*.A R~~A **2*?I~~:~1~~:A

(:1—:: )

The aaded factor of 2 account~ f o r  ~ sIdewalls.

The planin g area is ta~ en from t scale drawincs

25
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developed f r o m  s i d ew a l l  d a t a , and t h e  f o r c e  is assumed
to act at the centroid of ~he flit keel surface , which
is consistant with Reidel’ s w ork. The loss coefficient
will be developed in the section on achieving

equilibrium.

5. 
~~~~~~~~~~~~~~~~~ ~~ ~~~~~~

Com b ining equa tions 11—Ma ,II— ila , and Il— li c
resu l ts in :

HPRES = —P3BAR *WIDTH*(L?~~L_ (LpW L_ L pR)*(LD/BUB~~~r))

(11—23)

ó.  Total  Lif t Forces

~ift Total = H P R E S  ~ FI3F + H B A + H SF + HSA + HPLAN

which must exactly eqial craft weight (W) for the hull.
to be in ver tical equilibrium , or ;

~ HPRES + HBF + HBA + ~!5F 4 HSA + HPLAN = 0

(II —2L~)

defines equilibrium conditio n in heave mo tion .

h. CRAI’T PITCH ~O’1E~NT EQUATI0~IS

1. BuoIaat  ~~~~~~~~

• 25
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_  _ _ _•_ _ _ _ _ _ _ _ _

For w ard b u o y a n t  m m e n t  is the  f o r w a r d  b u o y a n t  l i f t
times the effective lever arm , or;

PBF = —HBF* (Lever arm forward ) 
-

PBF = —HBF*L5

(II—25~

Note that the negative sign results from the

definition of positi~’e nomen :s and the fact that upward

forces are negative by definition.

I

PSA = HB~~LEVER A R I

P B A  = hBA*L6

(11—26)

using the same reasoning, after buoyant moment is:

PB  total = PBF + ?BA

(11—27)

2. 5

• Since the seals are relatively distant from the

c.~~. dy n a m i c  variations in the lever arm s are consider ed

in seal moment equations and are developed nere .

27
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The seal. f o r c e  i~ mo~ eLed to ac t  a t  th~
l o n g i t u d i n a l  c an t e r  o f t h e  seal w e tt fl length. rherefore

t~~t~~ e f f e c t i v e  l ev e r  am t o r  * he  se a l  m o m e n t  is:

PL~ F Li — X S E A L I / 2

wh~ ra PLSF = m o m e n t  lev~ r arm for seal forward. As a

r e s u l t :

PS? = — EISF’PL.SF

PS? = — EIS F~~( L 3 — ( X S E A L . 1 / 2 ) )

(It—2~ )

In a similar •;ann?c

= L.4 + XSEAL2/2

?SA kisA h *PL 3 A

= dS~~~( L 4 + X 3~~A . 2 / 2 )

(TI — 2 -~)

PS TOTA L =

Note that the dyn am ic pitc h sen sitivi ty tO m om °nt
a r m  l e ng t h  is i n c l u d e d  in  t h e  ~CS~~A A ~ t e c n s  a 3  i c t i n e d  in

~~uation.s II—, and I r — ~~.
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3. ~~~~~~~~

For the planing force ~ievel pe1 in eluati on 11—22

the planing force is concentrated at th e centroid of the

f l a t  keel w h i c h  r esu l t s  i n :

PP L A N = L7~ HPLAN

• (11—30)

~~• ~~~~~ ~~~~~

First the dynam i c vari atio n in effective center of

pre s su re  w i l l  be d e v e l o p e d .  (see f i g . ( 3 ) )

p l e n u m  l en g t h  is t acen from ~gua tion lI—na to be

12 = LP~L—(L ?WL-LP~ ) *(L.)/3UBH3T~

Defininq LDIFF to be

LDIFF = LPWL-L2~

( I l — i l )

a n d ,

= XCP0+ (L.DIFF*LD/9!JBKGr)~’2

( 11— 32 )

w h e r e

29
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XCPO = L P W L / 2 — X C G

(11—33)

an d XCG is the distance from the transom to the C.G.

(see fig. 4 .)  Finally,

PPRES = —HPRES*XCP

(11—34)

5. 
~~~~~ !~~IU ~~~~~~

Any frictional damp ing terms dependent upon the

square of pitch rate (i.e. tangential velocity about the

i axis) disappear when the Taylor Series expansion is

carried about tine zero rate eluilibrium point. Since

for small signal approximation the model should reflect

actual craft charactecistics , it was hoped that the F
changes in seal an d plenum mo deling woul d reveal t h e

missing damping characterist ics. A s it turned out this

was nc)t the case. Examination of the hydrodyaamic

equations in 
~~~ ] revealed  an added mass effect dependant

upon a cross velocity term between Linear X direction

velocity U, pitch rate ~~~, and added—m ass at the stern
• A33S due to slea d.er body theory applied to the sidewalls

. This mo m en t is:

FP —A33S*XLSS**2* (J *T~!ETADOT

(11—35)

~hare XLS S is the distance from the C.3. to t h e  st ern ,
and THETA DOT is pitch rate.

30
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A33 S TSS**2*RHO*PI/8

(11—36)

where !SS is the cross section width of the side

wall at the stern waterline. Therefore ,

FP D A~12 —2*XLSS**2*A33S *~ *THETA 3~ r

= — 2 *P I ~~~L S S **2 *Y L S 3 * *2 *R ~ O~~U *T9~~TD3T / 8

(11—37)

The factor of 2 is introduced to account for two

s idewal ls .

o. 
~2t~~

Since t h e  m o m e n t s  ar e  a l l  r e f e r e n c e d  to t h e  c r a f t
cen ter  of g r a v i t y ,  th e  craft weight contributes zero

moment in that frame of r e f er e n c e .  T h e r e f o r e  total

momen ts are:

2SF • PSA + 2SF + PBA . PRES + P P L A N  + PDA ~1P =

( 11— 38)

I. HE AVE ACCELERA TION ~QLIATIONS.

From Ne wt on ’s law , accelera tion and force are related

by:

31
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F O R C E  = ~1ASS*ACCELERAT1ON

Por the linearized model we are interested in the

acceleration on the c r a f t  and as a r e su l t :

ACC E L E R A T I O N  = FORCE ! SAS S and therefore the heave

equat ion  of motion becomes:

Z 000T = (HBF+HBA+HSA+HPL&N+HPR !S) /tlASS

(11—39)

where ZDDOT is the second deriv ative of 1 wita respect

to time.

J. PITCS ACCELERATION EQUATIO NS

Angular acceleration is:

TH E TADDO T = PTOTAL/IYY

where ITT is the craft inertial moment about ta~ f axis.

A s a result total angular acceleration is;

THETAD DOT = (PBF+PBA+PSF+?SA+ L?PLAN+P2RE S+PDA~1P) /1!!

(11—40)

This completes the derivation of all nonlinear

equa tions needed to describe the two-degree-of-freedom

CA3 SEE. In the following chapter these n o n l i n e a r
equations will be linearized using the Taylor Series

expansion about a s teady  s t a t e  o p e r a t i n g  p o i n t  whic h

wiLl  result  in the egu a t i o n s  ne eded to g e n e r a t e  a

32
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d y n a m i c  d i g i t a l — c o m p u t e r  s i mu l a t i on  of c ra f t  m o t i o n  in

t he t i n e — d o m a i n .

‘1

I1



III. ~~~~~~ Q~ ~~ à : ~~I~~ 2~~~~~~L

A. T A YLO R S E R I E S  E X P A N S I O N

For small  p e r t u r b a t io n s  a b o u t  a s t e ady  s ta te  o per a t i ~~
poin t  the nonlinear function 1 can oc app rox ima t ed by:

3 = Z ( X ,’f)

Z ( 3 ) + d Z  =

where ~~Z/èX) and (~Z/ô~ ) are the partial derivatives

of t ne  fun c t i on  3 ev a l u a t e d  at t he steady s a te
opera t ing  point  X ( O )  , Y ( O )  . Cancelling the stealy state

values from both sides of the equation yields the

different~.al model equations :

= (bZ/3X) *dX+ (aZ/bY)*1T

and

=

wher e d~~,dZ , and dY are the differential variabL-~s for

Z , I, Y respectively, (~ Z/ÔX) and (àZ/~ Y) are the

partial derivatives of I evaluated at the steaiy—sta ’~e

opera ting point. 

• - _ _



B. LINEAR I3ATION JF THE ~OD~ L E2 ’J&TLONS

I
There are basically four equations to liflearize for

the  t w o — d e g r e e - o f — f r e e d o m  mode l :

C O D O F  ? ( Z ,T H E T A ,~~B)

= ~ t z .r H E : A , r i~~r & D o r , M a )

~ 8DOT = (~ ,~I5)

=

‘ a er e f or e  tne eq’~iations f : r  t h e  d i . f f e re n t : t l  st a~~
var~i.ab~~es -tr~~:

(~~?/ dZ)  s’d~~. (i~’/Ir~
{
~ rA ) • i T~1.~r A .  ( iF/ i~~3) •~~M !3

(111—1)

(dG/dl) ~iZ~~( 1 i  TA) S THETA . (j~~/~~M 3~ sd~j 3

(IIr—~ )

d~13DJ ( I~1’d2) •~~~~ I ( I .1 ’•~T~t 2 A ~ • i r 1 ; r A .  (dH/i~13i •I’~5

(tI!— 3)

JS

— _
~~
_ _

~~~~~ • 
— --—- -— - • 

- — ~~~~~~~~~~~



- -

d?3~ A~ (dI/dZ) •d~ + ( i r / I r H : T A )  5d~~iETA + (dI/d~ B ZdNB

(111—4)

Note tinat the Left hand s u e  va :iab1~es are

differ entials, not time derivati ve s.

C. ~~~~~~~~~~ E~ UAr1ONS

1. 
~~~~~~ &~.i ~~~~

= N~~. .2:J—K~ ’P33A~)

(TI— i:j

= Cn 5~ l~~(C~ PB9AR / .%)’ 1’~

( : r — 1 3 ~

“SDOT

( I I — 1 ’ e ~

as a result the differential e piat~ on i-o r ~8O3 b ecomes:

d~~3DJ = CA~~( t ~ in—d ~~ it )

(!:1— ~ )

(i~~in ’i )  •dC~ (i~~i~~/ d ? B B A ~~) •I~~3~3 \ R + n d Q i a / d ~~8) •~~1E ~



(111— 6)

dQLn/dPSBAR =

T in e  p ar t i al  d e r i v a t i v es  of ~in  w~~t~ respec t t all other

variables are z e r o .

(d ,~out / i ) • . ~~~~ut/iP3~~A R ) S8AR+ (d ut/i~iB~ ~ I.’~3

d~~ ut/ .P3BA~ = C *((fliA/ *P53 )**t/~ )/R1)~

(111—7)

nine part~.ai •IerLvat: es ~f ,~-~‘zt w it i respect to all

ot~ er va:ia1~les are zerD . Thsertin; equations t t — ~~,a~~1

~~to 11— 14 v~~ei.ds th.e e;sa~~~or~ for the H

~i:fe:er.tial va :iabl~ diBDor:

= (— iHDA*N*K~~_Ca~~ L* ( :RHCA /2~~P5~ A~ ) ~~1/, ) ) ~d?~33 A ’

(Il—ic)

(tTt— ~ )

= Pb— ~’ t

• -~--~~~~---~~~~~~~~~~ -



Since ~‘a is cons ide red  constant iitni~ tne time fram e of

th i s  m o de l ,

d P B 3 A R

( 111— 9)

As a result ,

=

~A~~~A*Pa* (~iB (J) /RH~)A *Vb ()) ) •*(3A~i3.A— 1) *d (~1B/R H3A*~(B)

i ( .’!3/R h QA~~V3 )  z (1/RHOA*VS ()))*d ~iB+ (~ 8/RdOA)~~d (1/V6)

d (~13/R.~1OA~~V~ ) (1/RHO ~~~~~(J ))*d —(~~B/Et!1OA*V3**2) *dVE

~-1N
~V3 = a (VN—A5~ LD)

d V 3  = — A . 3 ( O ) ~~dL~ / d Z — L ~~~)) *dAB / dZ

renem~ ering t~~~~~ t :

LD = 3+ 13

then

I L D/ d I  = 1

we  n o w  n e ed  t h e  partial of cifective pl enum roof

area wita respect to 3. Defining

38
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(111-10)

= W 1 D T H~~LP~~L.

A B~ =

firth et deia.nin ;

A 1FI~ =

is a constant , ne effective plenni :‘oi area is:

A3 A I— . DIF ?~~L~ /E,LJ 3~-LT

.sin
~ 

the D:-ev:ous defiattions tne partial of efiect iv~
roof acea b e come s :

= —A3DI :?/3U5~~,.~

(111—11)

and tne difff erent ia . vol-inc is:

175 —(. (0)-LJ(C)~~~~(~ 3DIFF/3UBFi~ r))~~d

(111—12 )

t h e  r e s u l t  that

I (13/R~1OA~~Vb ) (1/aHOA ~~’b()) ) •d3

( (0 )/ OA*Vb (0)~~*2)* (AB (0)_ ~~*LD(3 )* (A 3DI?~’/BJ~~H G T ) ) *dZ

3q

• 
~~~~- -~~~ 

- - 
•— ~~~~~~



fi;ially,

I P E B A R  = GAL~MA*Pb (0)*((1/Mb (0))*d~Ib #

(111—13)

3. Heave Force Derivatives

The total heave force equation is:

~1(total) = HEF+~iBA+HS ?+HSA+H? LAN+HPE ES

The total partial derivatives dill be done tern by

tern.

For the forwar d buoyan t force the following

sinplifications are nale :

H3F = — 2 *R H O * G *L 1 *L D B A a 1~~ ( L C B A R 1 / ( 2 ~~T A N ( o a 1 ) ) + w s 1 0 )

let  K 1 = 2 * R HO *G *L 1  then ,

HE ? = —~c1*LDBAR1* (LDBAR1 / (2*TAN (DR1~~)+4s1 0)

w aere LDBAR 1 = (LD—L5TAM (TH ~~~A) ) . Combining the

pr ev ious  two c~ ua t ioas ,

= —K1 ~~(L~—l5~ TAN(THETA ) )~
((LD—L5*TMI (THETA)/(2~~TAN (DR1) )..4S1))

-• • ~~~~~ • • • • • ••



• a s su m i n l  s m a l l  pit:~ aniles , T A N ( T F1~~~A) can be

~ppr x~ mated by THEIA whi ch results it th~- followinq

• sinplit icatiort:

• ~tSF =

_
~~1* (LD—L5 TFi~ TA)* ((LD L5*T TA) f(2*TA~~(DRl)) f ~~~ O)

Taking tue partials of ~i8F with respect to 3 ar~1

r!f~:A yi~ lds:

— K 1 ~ (~ LD (J)—L5~ T~ ErA~ J) /T.\N (DR . )) +W513

( 1 1 1 — 1 4 )

an i

• I ( H B F ) / I T H E T A  =

-: 
~ 1”L55 ((LD(0) — Lo~~THETA (3) ) /(2*TA N (D/rl) ) .i~S 1O )

- .j ~ 1~~ ( _ L 5 / ( 2 * T A N ( J i ~1H • ( L D ( J ) — L o ~~f H ~~T k ( O ~~)

• 
~hiczi simplifies to

I (HE?) /dTH TA =

~~1~~L5~ ( ( L D ( 0 )  — L5 ~~T~~~T A ( 3 )  ) / (TAN (DR II ) ~‘i S 1~ )

( t n — 15)

Using the sane aporoach , the p a r t ~~al3 f r  buoyancy

torce aft are:

I ( H B A )  i-i .. = — N 2 ~ ( ( L D  (0) -L. ó~~TH~’TA (0)) / ( T A N  (D ~~2 ) ‘

( I  I I — 1 ‘i’ )
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d(HBF)/0.THETA =

—L o *K2~~((LD(0) +~~ *fl1ETb~ (0) /çrA~ ( 0 R 2)  +~~S10)

(111—17)

For the forward seal tine total differ enti als are:

DMS F =(d(HSP)/dZ)*dZ+ (d (uSF)/dTHEr&)~~drHE T

•(d (HSF)/IPBBAR ) •dPBBAR

the following simplification is m ad e ;

HE ? = — P 3 E A R ~~~ID TH ~~( L D - L 3 * T A N ( T H . ~T A ) / S I N ( 3 1 )

( 1 1 — 1 9 )

le t  W I D T H / S L N ( 3 1)  = K3 and TAN(THETA) THET A , then ,

= _ K 3 * ? 3 B A R ~ ( L D — L 3~~r H E T A )

wi th the resultant partials being:

d ( H S F )  /dl = —~~3.PBBAa (Q)

(III—1P ~)

I(HSF) /ITHETA K3~~L3*PBBAR (O)

( I I I  — I 9)

d (HSF)/IPBEAR = — K 3~~(LD(0) —t.3~~T H E T A ( 0 ))

( 1 1 1 — 2 0 )
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The partials of after seal force are founi in the

same m a n n e r  to be:

(1 (liSA) /dZ) ~dZ~ (1 (liSA ) fdTH~~rA ) SITHETA
+ (d (HSA/dPBBAR ) •dPB3AR

liSA = 
_ (?BEAR+PDIFF)*410TH* (LD+L4*rAN(THETA),S IN (32)

(11—20)

let K4 = W L D T H / S I N ( 3 2 )  a n d  a s sume  sm a l l  T H E T A  so t h a t ;

l i SA  = —~~4~~(P95AR+PDIP Fp~~(LD+L 4~~~U E T A )

t ine  pa r t i al s  t h e n  becom e:

d ( l i SA)  / 13 = — K4 ~ ( P B S A R ( 3) ~ PDI FF)

• ( 111— 2 1)

1 (liSA) /dT H ETA = —~~~4~~ ( PBA ~ (0) +PDIFF) LJ4

(111-22)

I (HSA )/IPBBAR = —K4’(LD(0)+L4~~T H E T A ( 0 ) )

(1 11—23)

Hex t the planing force partials are derived:

H?c.AN —2*PLC3EF*RHO*~~ EA*V** 2*?I*rHErA

let ~PLAN = (2*PLCOE ~ ?~~ liO 5AREA~ Pt) then , 

~~~~~~~~~ 

• ~~~~~~~ L~~J



- -

HPLAN = —KPLAN *V**2*THETA

and ,

d (HPLAN) = (d(HPLAN) /dTHETA)*dTHETA

for this constan t speed model , therefore ,

1 ( H P L A N ) /d TH ETA = — K P L A~1*V (0)*+2

(tII-2~ )

Plenu m Gauge P ressure  l i f t  was defined to be:

HPRES = —AE*PBEAR

(ZI—lic)

as a resul t:

• 1(HPRES) /dPBBAF —AB(3)

(111—25)

4 .  P~ )lowent 2
~~~~

jA1
~

The total moments actin-3 on tine craft are:

PT OTAL = P B F + P B A + ? S F + P S A ~~P P L A N + P P R 3 S ~~P D A ~iP

• (II—3~)

The pa r t ia ls  of 11-38 will be foun d tern ny term ,

oeginaing with the forward buoyant moment:

44

• - -  ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~



= —HS F~ L5

(11—23)

the r e f o re :

~~ P 8F) — L 5~ d ( H B F )

so that:

i ( P B ? )  = _L5* (I (HBF) /IZ) ~dZ—L5~~((d(u3F) /ITHETA) 5ITHETA

(t1 — 2b)

and tine partial of tine after buoya nt moment is:

P E A  = Lo 5HBA h

• 

- 
( I I — 2 b )

IP3L = Lo*IHBA

t aere z ore ,

1 ( ? B A )  = 16* (1 (H BA) /11) *11.16* (d (liSA) /dTHETA ) •ITHETA

(111—27 )

seal’ forc es partials must include the d y n a m i c
va r i a tio n  in lever a r m  l e n g t h , w i n i c h  f o r  t h ?  f o r w a r d
seal is:

PS? = —H S F *P L 3 ?

or ,
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—_—.

PSF = (PBBAR *&3EAL1)~~PL 5F

therefore .

d (PS?)/dP B BAR = A SEAL1 (0)*PLSF(O)

( 111— 2 8)

and

d (PSF)dl = P8BAR. (0)*d(? (.SF*ASEAL1)/IZ

w h e r e

d(ASEAL1*PLS?)/IZ = ?LSF (0)*d (ASEAL1)/d1 +

AS EAL 1 (o) * 1 (p L s F ) / l a  P

AS3AL 1 = WIDTH* (L)~~L3*rHETA) /sIN(31)

• and

P13? = L3— (LD—L3*THETA ) /2*SN(31~

th erefore ,

i (PLSfl/IZ = -1/(2~ SI?~(31)

and

I (ASEAL 1) /13 = i I D T H / S t~4 ( 31)

as a result ,

d (PSF) /dZ = ?B8AR(0)* ((PLSF(0) *WIDTH )/SIN (31)_

A3EAL1(0)/ (2*SI~~(31))

46
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(111—29)

d (psf)/I?HETA = PBAR (0 *3. (PLSF*ASEAL1)/dTHETA

1 (PLSF*AS EAL1) /ITHETA =

ci(ASEAL1)/ITHETA = -L3~
,
~tDTH/SIN (31)

d ( ? L S F ) / I TH ET A = L 3 / ( 2 ’ S IN ( 3 1)

as a resul t ,

d (P5?) /dfliZTA = —~ 33AR (0)*((PLSF (~ J*13*WI D?~i)/~ rN (31)—

A S E A L 1 (0) *L3/(2*SIN (31))

(1 11— 30)

For the  a f t e r  seal t h e  d e r i v a t i v e s  pr oceed in th~
m anner :

-

~

P SI  — ( P B B A R  + PDI??)*ASZAL2*PLSA

d(PSA) /dPBBAR = _ASEAL2 (0)*PLSA(3)

(111—31)

In th e same manner as shown in the previous

p a r a g r a p h , t ine  par t ia ls  of m o m e n t  d u e  to seals aft with

respect to tine other variables are:
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= ~P8BAR (0)~~( ( P L S A ( ~~)~~~1D H) /SIN(32 ) .

ASEAIm 2 (0) /(2~ S1N (32)

( 111— 32 )

I (PSA) /ITHETA = —P BAR(~ I S ( (PLSA (J ~ *L4*~~IDT9) /SI~~) 32)  +

A SB AL 2 ( 0 )  ~L 4 / ( 2 *3IN ( 3 2 ) )

(111—33)

The p a r t i a l  of p l a n i n . i  m o m e n t  is:

P P L A N  = L7~ HPLAN

( 11— 30 )

Li
~~~ 

N)

1(PPLAN)/ITH!TA = — .7*KPLAN~ V (J)~~~ .

( 1 1 1 — 3 4 )

For this constant speed model ~lI. otner oar tL als are

:dentically zero. The Plenum 3au~ e Pressure also has

d y n a m ~~c v a r i a t i o n  in  t h e  m o m e n t  l ev e r  arm a n d  t h e
deriva tives tare :

PP 3ES = -~CC P~ K P R E S

(11—34)

t h er e f o re ,

1?P R E S  = —HP RES (0)1 (XCP)  — : ( C P ( 3 )  ~ d ( H ~~R E 3 )

_ _ _ _ _



w acre

= x c p o . ( L D I F F * L D ) / ( 2 s 3 u 3 H G r )

th e r eto re ,

d (XCP)/IZ LD1?F/(2~ BUBH~~T)

and

( P P R E S )  = — (HPRES (3) *~~J[ FF) / (2*~~-J3H~~T) ) •I~
— C CP (0) ~d ( H P R E S )

substituting equation (trI— 25) yields:

I (?PR~ S) = —((li?RES (J) ~LD!FF) /(2~ 3UBH~ C) ) ~IZ

Finally, tne par tial ot Ditch dam ping m om e n t  is:

PD A~1P = —2*PI*ILSS**2*YLSS**2*RH351*THETADQT/B

(11— 37 )

let

2~~PI *X L SS *~~2~ !SS**2~~R HD ,’8 ~(DM1 P

th e n

P D A~ P = — KDAMP *V *TH~~~AD D~

as a r e s u l t , since t his is a c o n s ta nt  speed  a o i e l ,

‘49
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I t ?)A~~~) /1~~9~ TDr = —~~D?~~?’V (0)

(tt 1— 35~

i:i ~~ re  THErD: ~s t : ~e :~~:s t  ~L~:ivat ive 
)~~ the ta wi th

respec to time.

•‘• . £~21~~1 ~~~~~~~~~~~

~ A ani tn ~ ~nte :est i s  in
accelerat~~on t e u i~s , A ~~~~~~ a n d  IA = 1(F ) ,‘~~~~. t~~~~ result

~~~~~ zna t all ff-e r~ n t t a is n i~~e o~ I i v ~~Ied b y  craft

~~o acaieve ~he ~~ ;irei l~~nea:i:ed heave results.

r~~ same gen era l comn ent h-~lis true for n ment

u~~:teren: i tls , tna i s ;  the ’~ ~~~ mu st ~~ iiviie~ t’y t n e

craf t mome nt of inerti a about the ! —a x i s .

A lL •. ffer-en t~ al5 ~ust be 5otted by m e  variable

of differenti ation so t n ~~t the L~~nearized fiff� r en ti. a l.

equations of moti on nay be w ri t t en. ~-s an e x a m p l e ;

I~~JD J T = ( ( I ( H B F )  / 13) + ( .1 (13A) /i.) ) ‘~ A33) *13 +

I
T~~ St a t e  / a rj a r l e  re t~r e s e n t at ~~oa of toe system

V

~L be presented in a later section of toi - c~~a~~te:,

howeve r ~t is convenien t to lefine the State Ia:iahles

at this time.

• = ( I 3 ,i :Dor , d r H E r A , d r H ~~’t ~:, P~3)

~ t 
—

an d
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IPEBA R

(111- 37)

since PBBAH ts nD a s at -~ varia o )e toe definit ion for
dP~ 3~~ mu st be su~~~t :t-e t ~d f o r  ~P33AH ~n all e;uations .

~~~• i~;.~A ~~~~~

Here the tOtli 1~ fferentials will ne found. No

~~ J L ~~o a t 3 r y  t e x  s iLL ne in c i u i e . I  un less  spec ial

~u nst~~r-1 m 1 ~ ns r~~~ui :~~n~ an is:de are aec~~ssa:y.

m e  ouoyanc v erms ar~~:

3 rL5 Z = I~~ h B F ) /d :  + d ( H 9 ~~) / 1z

(111—38)

A term m ust be i~ cL-i ded wh im was not previously

de:~~ve d to account for the sensitivity of seal forces

l u e  to  P S E A R  3:n-ce it is not a 5 tate Variable. L

D i iS?3 = (1 (HSF) ,‘iPSBAR ) •(i (PSSAR) ‘~~~)

as a result , I

I (U S ? )  / I P B B A R  = —r~3~ (.D (3) —L3 *THET4(J)

(111—20)

DH S F?3 = 
_
~~3* (LD (0) _L3 * :9~~TA ( 3)) ~ i ~?ud~~R) /13

sin ila r l~ for tne a.ft.~r ~eai mo m ent:

5 1
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d (H3A ) /dP3B&R =—K 3* (L~ (3)+L4~ THETA (0))

(111—23)

an-I

OHSAPI =

m e  total seal fo rce  differentia l in Z b ecome s :

= d(HSF)/dZ + d (USA) /dZ +DH SFP Z + DHSA?Z

( 1 1 1— 3 9 )

For plenum gauge pressure lif t differential the

same substitution must be made.

—13(0) ~dP3BAR

toerefore , H

= —A B (3)*d (PSBAR )/dZ

([11—43)

Define tine sensimiv Lty coefficient f 1)DJT to Z

to ne :

DIZ = (DliBZ + OUSZ + D H P ) / ~ A SS

(111-4 1)

7. ~~~~~~~~ ~~~~~~~~~••~~
j
~ 

j
~
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The fo ilo~~~r.-~ ~~rtia Is a r e now iefined :

~~H 3 T M  = ( H B F ) / .I T H E 1’~~ 4

( 1 1 t— ~~2)

DHSTH = I (HSF) /dT~~ TA #1 (HEA) /ITHF2I

(1:1—43)

I (HPLAN ) /dTH~~~A

([11—44)

Define tin e sensitivity coeffirient of IJD)2 -due to

rH:TI to ~e:

= (3H~ TH + DHSTH • DHPTH) /MA ~ S

( 11—45)

Her e since dPS 3A~ is no t a state v~ ri13ie the

partial of PBBA R v~.th respect to 13 must be suostituted

in tine plenum lift and seals lift term s .

• 1(~iS?)/~i?~~~AR =

( 1 1 1— 2 0 )

ny suost ~.t ut i n g  d ( P B 3 A R ~ /i~~3 f o r ~?~ 3?~ tine result is:
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-~~ (ISFP) /IriB = — K 3 *  (LD (3i —L3~~rHET~~(o) ) ~i (?BBA- ~) /I:~3

(II t— 4b)

si.ailarly,

I (~{ S A P )  / 1MB = — K 4 * ( L D ( 0 ~ #L ’3*r~1ETA (J) ) ~J ( P B E A R )  /1MB

( 1 1 1— 4 7 )

J (IPR:s) = —A B (J )*dP~ii3AL ~

u s L n9 tue prev ious su isti t uti ~~n y i e l d s :

=

(tII— 4~~)

Th e sensit ivity c o e t f i m i e n r  ~~ h~~a v ~- lii e t o  M B m an
now be ~ietinei to be :

D~~.1J = (I (HSFP) /iJIB # I ( 1 3 1 p )  ,‘L ’lB I ( R ~~~)/I~13~ ‘MA ~~S

(t1t— 4~ )

V

¶ . Pjt:in Mo~ eit D~~~~~: tia1i i n  Z

= d ( ~~3F)/d: ~

T h ~ IPBBA R Sub 3t j t  U t  ion y i~~ld~ the oa rt~~il of
i e i i~ w i t ~~ r espec t  t - ~ p r e s s u r e  w i t : ’. r~~3p-ect  t o

-L 

- - 
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D P i F P Z  = A SE A L 1 ( 0 )  ~PLS? (0) *d (PBBA:t) l i z

( 111— 51)

DPSAPI = —A SEAL2 (0)~~PLS~~(0)5~~(PBBAR) /di

( 111— 52)

t h e r e f o r e  the t o t a l  seal d i f f e r en t i a l  i n  1 b e con e s :

DP~i1 D P S F P Z  + DPSA PZ +1 (P~3F) ,‘13 + I ( P S I )  / 13

(III— ~ 3)

Neh t tine Plenum ~a a~~e pressure t e r m  is i c r i v e d :

I ( P P ~i~~. 3) / 1 Z  = — HP RE S (0~ ~LD F?/(2’sB tJ B i1~~r)

I (~ PR~~S) /d?BBAR 15(0) *XCP (0)

tner efore ,

i)PPRSS L 13 (C) ~ X C P ( 0 )  *1 ( P 3 B A R )  / 1 3

a n d

0PR~ SZ = d (?PRES)/dZ ÷i (PPREsZ) /13

( 1 1— 5 - 4 )

The sensitivity :o~~ffimient of THET A wi~~o respoc 4

to Z becomes :

= (DPSZ + D P S Z  + DPPRES ) /1YY

______________________________________________ 
______________ ____ — —
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(111—55)

10. ~~~~~ ~~~~~~~ ~~~~~~~~~~~ ~a ~~~~~~~~~~~~

JPBTH = (d(PBF)/ITHETA + d (PBA)/~1m L f~~rA )

(111—56)

DPS~~ = (I (2SF) /ITHETA $ -1 (PSI) /Jr9~~2A

(111—57)

DPPLT:1 =

(1II— ~ 8)

detine toe sensitivity :oefftcieot for ~H~ TA to be:

D T H T H  = (~~P B T H  ~ DP STI - I  ~ D P P L 2 ~i) ‘[‘( ‘1

(t I 1—5~~)

Also , define toe sensit~~vi:y coefficien t in ~H E T D T
to be :

DTHDTH = (L1(PD A~1P)/1TH~~T)/IYY

(111 —60)

11. Total M on en t 1 r f e r ? n ~~ia l s  in  M 2

Sb
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d23&MB = (1 (PSI) /dPBBAR) * (d (PBBAR) /1Mb)

([11-61)

IPSFMB = (d (2SF) /IPB3AR) ~ (d (PB3AR) /1MB)

(111—62)

0 2 5 M B  = D P S A M B  + D P S F M B

( 1 1 1— 6 3 )

Inserting tine IPBBAR suostitution yields ta~ partial of
p l e n u m  gauge  p r e s su r e  m o m e n t  with respect to MB:

I(?PRES)/dPBBAR = —~CCP(D)*DH?REs

= — 13 (0) *1 (PBBAR) /dM3

= XCP(0) *~ 3(Q) ~d(?BBAR ) /1MB

( 111—64)

De f i ne t h e  s e n s it i v i ~~t co e f f i c i e n t  of T H : L A  lue  t~~~

MB to be:

~THMB = (DPSMB + DPPMB) /IYT

([It —~~~ 5)

12. TOtal Different~~iLs of ~ir lass
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1 ( M B )  / 1MB = (1 ( M B )  / I P B B A R )  * (I (PBBAR) /dMB )

d e f i n e  t ine s en s it i v i t y  c o e f f i c i e n t  to  be:

D M B M B  = d ( i i B ) /d M B

(111— 66)

define the sensitivity coefficient in Z to be:

DM3Z

(111—67) r
I
ID .  roTAL ?~ODE L S E N S I T I V I T Y  C O E F F I C I E N T S

1. 
~~~!& ~~~~~~~~~~~

Tine sensitivity coefficients fo r  the l i nea r i z e d
differential equat ion in heave acceleration are:

DZZ , DZT H, and DZMB .

2. fitch i~~~vit~ ~~~~~~~~~~~~~

The sensitivity coefficients for the iLnearized
differential equat ion in pitch acceleration are :

DTMZ , D T HT~i, D T H D - T U, and DTHMB .

3. ?ienu~ ~~~ ~~~~ a~~~~~n ~~~~~~~~~~~

-• -
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Tine sensitivity coefficients f o r  p l e n u m  a i r  mass
ar e:

0 3 , and D M B M B .

- The s e n s i t iv i ty  :o e f f i c i e a t s f o r  PLetim Gauqe

Pressute are:

OPSI, and DPBMB .

E. STATE SPACE REPRESENTA TION

2he s t a t e  m a t r i x  f o r m  of  a d y n a m i c  sys tem is:

~~~~~~~~~~~ 1X + BU

w h e r e ~ = a vect or of variables representing t~~e states

of a set of first order linear differential e_ lua tion s,

and ~J is t h e  vec to r  of f o r c i ng  f u n c t i on s , a n d A a n d B
a r e  the  m a t r i c e s  o f  t ine respectiv e gains. Tine form of

the eluations is:

X100 - T  = X 2

~ 200T X 3

X3 00T = K1 *Xt + r2 ~~(2 ‘- ~(3*X3

59



to: the  linear ized  z od e l  of th e  C A B  SES ~he st&te

var i~~ les were defined to be

tx = ( d o ,  dZDOT , ITHETA , I T H E T D T , 1M B)

As u result the st~~t e uatr :x :~ presentat~~ n of t h e  
-~~

linearized unforced Hea~ e—Pit m h ~o1el is:

~~ 1DOr 0 1 3 0 0 ~~1 I

03: 0 DzrH 0 DIMS

X3 00T = 0 0 3 1 3 X3

DTHZ 3 D~ MTH ~r9DFH DT HI 3

X5DOT DM 33 0 3 0 DMBM S

(III-6~ ) I-

a n i

d?93A~ OPB 3*X1 + DPBMB ’XS

-L 

_  _ _ _ _ _  
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IV .  £L~i~ ~~~~~~

The l inea r ized  mo de l  leveloped in  c h a p t e r  I I I  was
validated against the the Six—degree — of—freedom

nonlinear mo del. Ther e were several changes m ale in the

s i m u l a t i o n  t e c hn i gu e s  used , an d  at  t in e  same t i m e  the
m a n ~~es in center of pressure lynam im variation and

planiaq forces were enter~ i into rae 6 D3F model.

Est4biisnmen-t of eguibibrius for tine linear m~~Iel was
accomplished off—line using a TI—59 pro;:ammable

hand—he ll calculator with printer.

Th e f i rs t  c h a n g e  in s im u l a t i o n  t e c hn igu e  is t h e
. perating point at whic u the linear sensitivity

coefficients ~ere ev~ Laated . In Mcintyre ’s m old these

c o ef fi c i e n t s  wer e e v a lu i t e i  at  t i n e  i n i t i a l  p e r a t i n o
point. In this worK the coef imients are evaluated at

tine final steady—state eguilibrium point since this is 
—

customary in Linearicatior . work.

The second m aj o r  c h a n g e  in s i m u l a ti o n  w a s  t i n e  m e t h o d
used t o  d e t e rm i n e  t h e  p l a n i n g  f o r c e  loss : o e f f i c i e n ~
(P L ~ J~~~F) and t h e  e s t a b l i s h me n t  of t he  a : b tt : ar y
location of tine in itial plenum center of p:e~ 3ure . In

th:s mode l all heave f~ tces are dell defined (as modele~
nere) with the exception of p laning force lift. As .~

resul t , c r a f t  weight ani al l  h e a v e  f or c e s  ~x c e p t  th~~t

due to planing lift ar~ s u m m ~ d and tne re sii -iaL assumed

to ne due to th~ planing ~hemone na . This :~~~i i u a 1  i s
th e n used to  d e t e r m i n =  ( o f f - l i n e )  t i e  v a l u e  o~ P.CO~~F?.

• 
~li~te that this m ethod also accounts foc any Li :t d ie  t o

aerod ’;naiic forces on to~ ~~~ t hat W e L ~ 1 -a r~~e~~.

- s.. n — - - —



N e x t  a ll  m o m e n t s  a r e  s u n n e d  a b o u t  tine C.~~. except t h e

m o u e n t  die  to p l e n u ~a p r e s s ur e  l i rt .  The r e s i du a l  w o m e n - t
is assum ed to be du ~ t o  p l e n u m  pressure. This residual

is used ( aga in  o f f — l i n c i  to esta.,l is h tine initial center
of pressure. This ‘ccounts for any momen ts not

previously a c c ou n t e d  f o r  ( s u c h  as aerod ynamic forces on

tine bow .) Mcintyre used the ~laaing lift coefficient to

f or ce  t ine  m o d e l  i n to  i ; r e em e n t  w i t : i  t h e  ~ D~)F i~-ode 1 for
natural pitch frequency and used a Lar- e- , arb itr ary, and

static mo :nent to  f a r c e  th~ models into steady sta ’e

pitch angle agreem -~nt . I! -wa s felt that us in~ the

present metuod of lete rmi n ation would L e i v . e  t h e
e qu a t i o n s  in a f o r m  t t i t  w o u l d  be m o r e  a n e n a ~~ie to p
e xt r a c t i on  o: t h e  f a c t o r s  ~ost I~~:ectl~ affe ct:nq craft

caurac teristics as mode Led herein .

A. i.INEA~ PRO3RAM DES CR IP T I O N

ise r ’ s i nst r u c t ion s  have b e Cfl i n c l ud e d  as a p p e n li x  ~~.

The ~roq:am L I O W  can be i so l a t e d  ~n t o  f o u r  m a i n
sections.

1. Firs t the values for cra ft  w e i g a t , d r a f t , o i t c i
ani le , plenum p:essur~ mn~ s~ eed are ente:ei . ~o

initializ e plenum air ma ss , drift i s  used t o  s o l ve  f
initial plenum air vo lum e , wn:c in ~s t - i e n  u s~~d w i t h

~n~ tial plenum gauge p r e s s u r e  to s ol ve  e q u i tt n 1 1— 1 5

fo r  p l e n u m  air mass. ~1uation 11- 12 ~s tn-e n solved for

~ iri . ~out is set equa l to Qin ~nI equation :1-13 is

solved f :  seal Leakage a:~ a. A ll othe~ i n e aV - ?  m l  ~ : th

nonlinear equations a:� solvei ari d t -ieir values a r - i

li s ted a long wi t- i t?siIumls of h~~ave a~~i pi t ch

s u m m a t i o n s .  T h e s e  r es i~~ia l s  ~re a i d e d  to t~~-~ in itial

v a lu e s  of C.~~. an d  a n g u l a r  m c c e i e : a t : on  a’i d m e  i n i t i a l
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values are saved fo r  t h e  t ime domain  s i mu l at i on  sec t ion .

2. Tine same op~ r a t i o r i s  a re  ca rr i ed  o u t  fo r  t~~e s t e a d y
state values of weight , draft , pit~~ri angle , a n d  p l e n u m
pressure. The residuals , forces and moments are again

listed.

3. These s t e ady  st a t e  va lues  a r e  use-I to e v a l u a t e
t h e  s e n s i t i v i t y  c o e f f i ci e n t s  l eve loped  in  cna ~~ter III

which  are also lis ted.

~i .  Finally tine stat e variable solution is sinilated

using a tour—poin t fixed step Runge— ~~atta algorith m and

listed for the print interval desire-I . Tine option is

i n c l u d e d  to output e:ther p r in t e r  PI Dt graptm~ cal  d i s p l a y
u s i ng  t ine  NPS p r i n t e r  olot  s uo r o ut i ne  ?L OT?  or t i n e  X — !

V er sa t ec  ~L-o t su o r - ou t i . a e  D~~A W P .  T i n e  l a tt e r  s ino i m i d be

used f o r  f i n a l  r u n s  o n l y ,  w i t n  PLOT? u s e d  on

intermediate runs. Provisions are m a d e  f or  u p  to  300

di sc r e t e  o u t p u t  p o in t s  f o r  the t i ne  ioiaain t a b u l a r

l i s t i n g .

3. 31X—DEG REE—O ?— FREEDJM ~OD~~L SJL~~TI U N

wo chan g es were  made i n  t in e  ~ D 3F ~od e i  to a c c o u n t  in
a more analytic manner for the observed teniancy of tine

IR— 3 to pitch down as speed increased.

2he first change was to remove m a  emp i r i c a l  equa t ion
used to correct tine center of pressure L5] an d  r~ olace

it with tine I:inamic center of pr essure  ‘r a r i a~~ion
developed  in c h a p t e r  t i .

The second c h a n g e  w a s  t o  i nc lude  in t in e  s i d e w a l l
s u b r o u t in e  t ine  n o n l i n ea r  e q u a t i o n  f o r  p l a n i n g  f o r c e s ,

-w ita the loss coeffirient adjusted to ma ~~e -up (as

_ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~



closely as possible) for lift loss due to mne revised

modeling of tine plenum chamber .

Fina l ly , t ine  ~ D D F m o d e l  w a s  r an  at  b o t h  ó 7 2 2  l b s  a n d
bO~ Q lbs weight to establish tine initial ari d fina l

o p e r a t i ng  p o i n t s , f o ll o w ed  b y t ine weig ht removal

t r a n s i e n t  run  for time -domain val idation f t a c  l i n ea r

h e a v e — p i t c h  m o d e l .

It should be noted that furtuer study of m n - c  ~ DO?
m o d e l  is needed to e v a l u a t e  tin~c results of  t n e  t w o

c n a n ge s  and  to  m o r e  r l - o s e l y  establish tin e arbitr ary

initial location oi the center O~ p r e s s u r e .  The Large

am o u n t  of CPU and  t u r n — a r o u n d  p r o ~ :am t i m e s  :~~~u i r e 3  to
run tue nonlinear model p r e c l u d e d  i n c l u d i n g  t~~m t  s t u d y
ifl  this w o r k .  Also , f or  t i e  n o n l i n e a r  m o d e l ,
X—Iirection thru st was neLl constant -iurtn ~ the run ~tth

tine result t:iat speed -wa s 3J.~~3 i aots mriJ. st~ ll

~n c r ea s i n ;  at t i n e  end  of tine ftve second c i i .  T h i s
effec t will be furtner 1~~scusse i tn t r i e  next se~~t i ri .

C. CO~~1PAR ~~~SJ N  OF ~~~~ S U L j ’3

The grap hical outp ut f o r  t h e  f t ~’e second r u n s  ar e
Sine -i n in figures 5 tn rou u h S to: trie linear node. and

f l iu r e s  9 t h r o u g h 12 fo r t h e  n o n l in e a r  model .  The f ix e d
1ategrat~ on step sire was 0.005 sec for tine l i n e a r  m o d e l
and 3.001 sec for tin e nonlinear aodel .

1. Plenna dauge 2:-?~ 3J :-~ ‘:~~nsiint

(see tig . 5 m d
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In generai bom a mot- ~ls exhto ~~te - d a rapti initial

:e1u~ tion tri pre ssure fel~~~~~d oy a smooth transi ent

oa-r k * w u : d s  mine z i n a l  o p e r a t L a ~ p r e s su r e .  F o r  t h e
£~~~ea r j~ de l  t h e  mi n i m u ~ o c c u r e d  at 100 m~ ll i - seco n 1 s ,
a n t  11 3 mill~~— secends f o r  the DJF model , w i t i n  t h e
respe ctiv e ~ressu:es ~~iag 21 . 3i n  m l  21.3 0 . Tic final

values i-crc 24 .31 an d 24.38 for the linear and nonlinear

mode l  r e sp e c t i v e l y .

can be seen from min e grapni cai d a t a  e x c e l l e n t
agreem ent was acheaved oem ~ e-~n tin e two models.

2. 3 r a i m  T r a n s i e n t t

(see f i~~. 6 a n d 13 )

both models exinini t a smooth exponential t fp - e

t r a n s i e n t  t o w a r d s  t a e  f i n a l , l cw e r s t e a d y — s t a t e  ~:af -t .
T rie linear model t ansient settles towards a lower value

(o .0~ inches as compared to 5.~~~) nich is in parr

at t r ib u t e d to a d i f fe r e n c e  in m o d e l i n g  of t i n e  seal
fo rces . The n o n l i n e a r  nod -e l uses a c o m p l e x  c o n b i n a i o n
of hydrodynam ic and n?Irostatic Lift where tine linear

m o d el uses a s imp l e  p r e s su r e  d i f f e r e n ti a l  e f f e c t .  A l so ,
s in ce  t h e  n o n l i n e a r  m o d e l  is s .�tm l~~ng to a

l o w e r  p i t c h  a n g l e  ~see p a r a .  3 b e l o w ) , th e  p l a n i n ~ f o r c e
e f f e c t  is reduced in t~~am model.

3.  C .~ Acce~~~~~tion

(see fig. 7 and 11)

Both mode ls snow i rip~~j po sitive transi ent in

acceleration that closely follows tri e ne~~tt ive m rm ns ien ~
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in p l e n u m  pressure .  Both models reached the initial

pe a.~ pos it i ve  C . G .  a c c e l e r at i o n  at a p p r o x i m a t e l y  20
milli—seconds after the plenu tu pressur e completed tine

negative transient. The Linear model appears to have

greater coupling between pitch and heave looking at tinC

C.G . acceleration , but this is not  a c t u a l l y  s u p p o r t a b l e
since the linear model has greater pitch amplitude

excursions about the expoffential pitch transient to tine

lower steady state value (see fig. 8 and 1 2 . )  In
g e n e r a l  t h e  t o  m o d e l s  s h o w  e x c e l l en t  a - i r e e m e n t  in

transient and damped C .. acceleration behavi or.

~~~.

(see fig. 8 and 12)

It is in this area that tine two models are in
greatest disagreement. Both exhibit a general damped

sinusoida l behavior about a center exponential t:ansient

to a lower steady sta t e value. In both cases the

initial excursion is downward. The natural pitch

fequency of linear mode l  is a p p r o x i m a t e l y  L4 •3  radians

per second , whereas the nonlinear model exhibits a

natura l pitch frequency of 5.9~ radians per seccnd.

Tneze is felt to be one major factor contributing to

this larg e discrepancy, which is the inclusion of the

planing force in the nonlinear model. Data prese nted ~y

Thaler and Gerba D~i showed a natural pitch frequency of

5.3 radians per second and much higher oscillations

about the exponential transient. I t is felt th at the

simpl ified planing forces of t~ e linear m odel are

included in the much m ore complex nyd rodynami c egua ti~ ns

of tine nonlinear model and are tacrefore redundan t in

that model. Jue t~~ time constraints , that ave nue of

investigation is left for future studies. Tne linear
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model is tending towards a st~~ady sta te value on the

order of 0.35 degrees whereas tri e nonlinear nodel is

ten ding towards approxi m ate ly 0.30 degrees. This large

discre pancy is partiaLLy due to the r e d u nd a n t  planing

force in the nonlinear model and tin e fact tha t speed is

also increasing in tne nonlinear model -which tends to

accentuate tine planing force and force tine craft to

pitch down.

In the next ch apter a si~ nal flow graph will be

developed and t~ason ’s Thin Rul e applied to ex3lain the

linear ~oiel characte r:stic response ij’. a nore

ana iyt~~cal fashion. 

~~-~~- - 

~~~~~~~~~~~~
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V. SI ;NAL ~-‘LJ~ ;!~.1 i’!-~ A.~D ‘!AS~)N’S gA IN R J L E

A. I~~f~ 0DtJCTION

Che Stat-c Variab les d-~tine~ in ch apt II ar~e used to

develop a signal flow graph of th e :raft h eave — pi tch

dynam ics. iason ’s ~a in  r u l e  is a p p l i e d  to t h e  si g n a l
:l-o~ ~ra~ n to der ive analyti cal S-dom ain po lynom ials

xpress~n~ tne transfer munctio n s ~or pitch mo m ent in~~o
pitch angle , heave accel~ ratioa into draft and the two

cross g a i n s .  & s i n c  ty ? L c a l  jam s calculated in the time

d om a i n  p r o g r a m  ~-~ve loped  i n  C h ap t  I I I  t h e  roots  of  t h e s e

polynomials are locat ed and it is shown that p i t ch

d y n a n ics m ay be v e r y  closely appr oxim at~~1 by a

secon-i~ orier system. ~-1eave dynamics are also

simpi~ tied.

-lsin-q a simplified ae~ roacin to r~~e tr~ quency response

of t i n e  c r af t  to  n o n  c a l m — w a t e r  c~~- i i n it i on s , t i n e  basics

are developed for later sea—star -c model wor~c. ; dynam ic

system m c I e l i n ~ p r o n r a m  a v u i l m o l e  a t  t i~~ Nav al

Postgraduate School is used to generate Bode plots for

tin-c craft ’s fr c~juency response in ~-I eave and Pitch und er

the simp lify inj -assumptions. 3

8. 3i~~1A L FLOW GRA P -{ k~~ALYS :S

Fig 13 -was gen~~ra t-e d iii ng the s~~n~~i~-iv i t”
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coe~ fict ents d~~t L : ~e 1  i n  , h a pt~~ Lit . From hat ~ri~~h ~he
foliow:ng feei — ror w ~~- 1 ~~i I m- ~-~-th 1~~~K i .~ops ind p h s  were

Ldent it  icc. :

1. Fe-e d ~‘orwar t , I ( ’-i ~’mA ) :n~~o r : L r A .

P1 = (1/IYY )* (1/S.*2)

2. Fee~1 Foriii ~~, j  (j’.) ~~.

=

3.  Feed F o r w  t r ~~ ~~~(~~~~ j L ~~~’ )  ~~~

P3 ~1/IYy )*DZrH*(1/s**4)

~~. reed Forward , U~~~) ~n~~o ~~~~~~

~~L4 (1 ,’IASS ) ~DTHZ* (1/S*~~3)

5.FeedbacK Loops.

L i

=

Li = ( D~ fli)*(DT~1Z)/SI* 4

=



= /S~~~~~.

Lo = ~~~3:-1B/S

~~~~~~~~~~~~~~~~~~~~~~~~

C.  MASON ’S G A I N  RU L E A~~P L I ~~

.~ason ’s gain rule for a closed multi-loo p system is: p

wher e ,

= t:aas m~ ssion gain from an input to a~ output

node.

DELTA = t i n e  g r a p h  d e t e r m i n a n t

D E L T A c  = cofact-or f t h ~c ~c t i n  p a t h

Pc = gain of the direct path from input to outout

~Jsiag  ~ason ’s g a i n  r i l e  t h e  g r a p h  d et e r ~~i n a n t  (~~~Lr ~~)

is found to be f t~~e f o r m :

D ( s )  (3 5*S**5 + 34~ s~~’4 f 33*s’*~~3 32 *s**2 4. 81~~S 4.

80) /S~~~5

i’h -c forwar-i Jtrect p ath 1 (THErA ) t o  TEL~~ A is:

~4 1 ( s) = (i i L U)  ~ (1/S-**5) ~(A3s~~**3 ~~~~~3** ’ -~ ~~~~ A - ’~

Tin -c torward p at h 1 (Z t o  ~ was f o u nd to  0 t :

70
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N 2 ( s) ~~~~~~~~~~~~~~~~~~ * ( A 3 $ ’ 3 *4 1 3 + A2~~s~~ 2 + kl4s +

A0 )

The for w ard dir ect p amu U(THETA ) to Z is:

N3(S) = (1 /ITT)  ~D:r~-i~~(S ~

The forwa-r d path for draft coupling into pit ch (13(Z) 
—

to  THd rA is:

N4 = t 1,~ A S s)~~D r H z ~~(s 4.

D. SOLUTiON 3? THE IN DLV t DUA L P3LTN0~ IAL S

The gains used below were take n from a typ ical ‘ime

d om a i n  run as deve loped  in ch a p t e r  I V .

= — 2 1 7 8 . 0
D Z T H  = — 1 .~1 .3
DZ~1B = —5. ~99,, Q

28.78

D TH T~{ = —22.31

DT~I M B  = 72.1

DMBZ = —28.79

D~ BMB = — 7 3 .  1 1

1. 
~~~~~~ ~~~

Inserting ~- n~ num - cri~ aL values for t n c  t y p r c i l

sensitivity coefticients list-cd above and using only th e

71
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domi.aant terms where possible , the roots of the graph

determinant were found to be:

DELTA = (S~ *2 + 71.8*S + 2Oó6)~~(S 4. 0.5036)* (SI*2 +

0.72*5 +22.74) /S**5

These factors represent a pair of compLex poles

located at  — 3 5 . 7 1 ±  j27 .~~L4 , a real pole located at

- O . 50~~5 , a pair of co~~-plex conjn ;a te roots l cated at

— 0.360 + j  ~ . 75 5  , and a fift h order .~ero located at the

origin.

2.  Solu t~~~n 2.~ ~L1L~L

N i ( s )  = ( 1 / I Y Y ) *  (S * O.327)~~(S**~ 4. 7 2 . 6 8 ~~S ~ 2 1 4 6 )  /S**5

This polynomial factors into a real zero locat~ d

at —0. ~27 , a pair of comple x conjugate zeros located it

~ 
j 2 8 .7~4 , and  a f i f th  o r d e r  po le  l o ca t e l  a t  the

origin .

3 .  So1utioç,~ of N L ~L

N2(5) = (1/MASS) *($~~*2 4. O . 7 ~~2 1*s ‘ 2 2 . 3 ~~) *

72.38) /S**S

Which factor-s into a pair of comple x ;-~njuoa e

zeros located at —J. 385~ + j 4.712 , a r~~ L zero ar

—72.3 8 , and a fifth order pol e locate~ at the D~~~~~~~jfl.

~~~~~~~~~~~~~ 
_L~~



4. ~OA. ut iOn  °t ~~~~~

Ni (S) = (1/ITT) *DZTH* (S 4 7 3 . 1 1 )  /S**4

Which represents a real zero at —73.11 , an d a

fourth order pole at the origin .

5. Solu t ion 0

N4 (S) = (1/MASS)~~D~~dZ~~(S + 7 l .11),s*~~

wh i ch  has t i n e  s a m e  p o l e  a n d  Z e r o  l o c a t i o n s  as
N 3~~S).

5ii~1PLIFICArION OF TRAN S?E .~ ?UNCTIJNS

U
1. 

~fl~L

Ti(s) r H E T A ( S ) / U ( ? H E :~~~, 3)

Therefore from Mason ’ s ~ -ain  R u l e :

Ti (5) = ~1 (5)/DELTA

i’l (5) = (1/ITT) ~ (S 4 35.34 ~ 428. 7) * (5 + 0.427) /

(S + 35.1 + j 27.84)~~(s + O . 5 3 8 ) * ( S  4 J .3~ ~ I 4.7~~~~~)

_ _  - ~~- --- -~~~~~~ - -~~~~~~~~~~~~~~ - ~~“- ~~-~~~~~-~~-- ~~-—-~ --~~~--



To simplify let t.he complex conjugat e zeros at

—3b .3Le ~ j28.7 cancel the poles at — 35 .9 # j27.8L4 , and

t ine  real. zero  at -~~.4 2 7  ca nc e l l  t t i -e pole at -0.508.

Tine result is the simpLified second order system :

T i ( s )  = (1/IYY)/(S~~ 2 + 3.72~ s + 22.74)

Inspection of the time domain pitch response wi~ h

respect to natural frel-aen y and dampimg confirms this

basic underdamped second order response .

2 .  ~J~L

t2~ S) = 1 (S)/U(,3) t
= (1 ,’MAS S) 4 (S + 0.3856 + 14 . 7 1 2 ) * ( S  + 7 2 .3 8 ) /

(5~~~~~~ +35. 1 + j 2 7 . 8 4 )  g (5 + 0.5085) * ((5 +0. 3i + r

Can celin g t i n e  p o i c  at  -J . 3 b  
~ 

j u.755 w ith t h e

z e ro  at  —0.385o • j4.71 2 r-� suits ~a the s i . a p u if ~~e-d

response:

r 2 ( s )  = (1/MASS)*(S + 7 2 . 3 3 ) / ( 3  4 0 . —~O4 ) * ( 3 * * 2 ~ 7 1 . 8~~S
+

Furt het simplrf i:ation can oe ma4e i f  (S + H

72.33)/(S + 0.508) is app roxim ate d by 72.3i/ (~
( w h i c n is val~ -i fo r  Ion ;~~r tim e peri od consi1cm ~t m O n - ~~. )

As a result T2 (S) become~~:

_______________ 
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T2(S) = (~~2.33/MAS3)/ (i4J.~~38~~*(3**2 71.8~~

wnz.ch r.as poles locm~ ei ~~- — 0.50~~, .n~ ~~~~~~~ 12 ’ .93

is ~ r4 ~ nite : L o - ~-~ a~~r~~~ n e n t  ~ L t n  m~ i~~

obtained by rhaLer and ~~r~ a 14 fo_ ine sane a~.rflow

condition (.~g 1.0) for the~ r n-eiv e—onL v L~~n e - a r i : e d

~iodel. their :esul s ~er~ a r ea l pole  at —U.H and a

com pl ex p a i r  a t  — 3 5 .  1~ 13 4 .4 . m i ;  ~s of the f rm :

K / ( S  + J~ 3$) * (3**’ • ‘3.~~~S + 2 4  1~~)

3. 
~~~~

Ii
r 3 ( S )  = 2(S)/U (TMErA )

Here it i s  n o t e d  t h a t  there ar e  n o  p o l o  z e r o  r~ai rs
tha t conveniently cancel so th at rae transfer f u n c ’ion
5ecomes:

T 3~~S) = I/ITT) ~~~ JH~~S~ .3 
4. ‘ ....i J) /

(5 + 35 .1 + j  27 .Su)*(s÷ 0 .±~J 85)*(s s. 0.3o + j 4 . 7 ’S)

~i a-cing tue s~~mp lific~~t iou u sed  ~n z~ie ~ron oi - ~
section , tine ro~ uLt .s:

13(3)  ( 7 2 . 3 3 / I T Y )  *D Z *3/ ( ~~** . e 71 .$*3 • 23~-~~)

(S  + 0 . 5 J 8 ) ~~~( S * * 2  + 0.72*5 ~ 2 2 . 1~~)

which can ne fur t~~e~ : npL ~ f~ ed oy l-ooc~ a~i at rh- a

~onq te ra r e s p o n s e  v i ce  i n i t ia l  m e w  m L ~~i — ~~-~c o n d s  to
(S/(S + 0 . 50 8) ) = 2 so t a a t :
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T3~~~) = (1L42/IYi)*DZTH/ (~ **2 + 71 .3”s + 2066)* (~ **2 +

J .7 2 *s  + 22.74)

4. ~~ jSj .

Since the transfer fiindtions are the same except

for the gains the solutions are the same except for the

;a~ins :

= (1/MASS) 4DtHZ * S*(S • 72.33) /~~ELTA

w h er e  the same s im p l i f y in g  a s su mp t i o n s  m a y  be ap p l i e d .

h

F.  3 1M?L I FI ED BODE P LOT A N ~ LTSIS

~~. ~~~~~~~~~~~~~~

(see f i g .  12)

The assumption is mad e that the craft linearized

frequency response transfer functions can be separated

into two transfer functions.

Tine first block G 1 ( ~~,J,...) expresses the

disturbing mom ents and accelerations generated by the - 
-

craft interacting with the waves . This function was
developed by Thaler and Ge:ba D4J for the n e a v e — c a ly

model .  In t h a t  s imp le r  model  t ine  f u n c t i o n  31 was a

com plex function ot encounter fre-guency, an gle of

incidence , craft length compared to encounter wavelength

etc.. This portion of t h e  overa l l  f r e q u e n c y  :es~~o nse of
this model is left for futur e work due to time

76
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constrain ts.

rhe second block 32 (We) r e p r e s e nt s  t i n e  ~e a v e — p  i tch

d y n a m i c s  of t h e  m o d e l  as  d e v e l op e d  in c h a p t — ~r s 1 , II! ,
and IV , which respond to t h e  d i s tu r b i n g  ~ 3m~~n t s  an~i

accelerations from block 31.

the Transfer functions Ti and r2  ( un s in p l i f i e d )
were simulated using the I B M — 3 b 0  s i m u l a t i o n  l a n g u a g e  DSL

w ith .3 = j.~ with the following r esults.

2. Bode Plots f o r  P i t c h  D y n a m i c s

(see f i g s .  15 a~i~ 16 )

Figure 15 repr esents the nor~~alized (numera tor

gain constants set to 1) gain ~n d3’ s versu5 Omega.

Note that the abscissa scale  is J~~e-7 1 i n  p o w er s  o f  10

since t h i s  iS a con~~-en~~en t means to ac~iieve a

ioqaritin~ ic scale on t~~e 1~—T plotter ou tpu t. ~s can  be
seen tine response strongly supports tac simplification

to  s e c o n d — o r u e r  system . These plots represent tine f ill

t r a n s f e r  fu n c t : on  1 (~~~~ i vice t i n e  s i i pl i f i e d  sY s t e m .
?1 Tur~ 16 further suDoort s t~~e s~~.ap iifica -tion as the

pna se plot starts at zer o - I -~;:-~es an d snow s onL y a v e r y

sl~ g n t  ~~OSit~~~V~~ ~ r.c re a s e  ~~r : o t h e : a o i d  ch an -~~ F

to ward — 180 cha :acteristic of an und -erdamped ~ys~~em.
Als o n o t e  t h a t  abov e t h e  d a m t ~-~u natural f : eq~~-e n c v  t i n e
i a i n i t u I - e  ~l~~t f alls at  - 1 2  iB ‘er o c t a v e .

3. ~oie [‘Lots for ~~ ave ~v n a ~i~ cs

( .3cc f i g s .  17 and i d )

7~7

________
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Figure 17 represents the normalized ~a;ni tude

ve r sus  Om ega f o r  the heave dynamics. The 3ystem is
characteristic of an o v e r d a u ~ped third order system with

small gain  increas es at  t h e  cr a f t ’ s natural p i t ch
frequency , which represen ts tine pitch dynamics feeding

back into heave dynamics. However the gain magnitude

curve rias alr eady fallen 20 dB below it’ s lower

— 
fre~ uency respo nse gai n b e f o r e  tac pitch coupling begins

to manifest itself. As can be seen in fig. 18 the phase

plot shows the same third order pole response with

slight secon d order zero influence at the natural pitch

frequency.
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v:. C JN- ~LJ-~tON3 ?~ND ) t ~~N~~~Tt-).S

As shown in :ha?t-ers IV an d V the simpli f:e- .i

?itc in— H-eave m odel developed he:eLa is a v e r y  r e a s o n a b l e
s in u l a t i o n  of t h e  c~— 3  t e st  c ra f t  f o r  t a e  ~ iv e n

or~ :at~ ri~ coa~ Lti ons . ~~~~e , Pressure , aid C .3 .

A c : e l - ~r at  ion w ere in iery clos e a 3 : ee l eu t .  ?~. ::h o n t h - ~
~)tin?r hand snow ed sone ~iffer~ nce in natur al frequency

a n d  J a n p i n g  f i c to : .  I: is f e l t  t h a t  ta~~S d i f f e r e n c e  is I
L’:Lma:iLj a t t r i b u t a b l e  t~ t n e  inclusion of a redund ant

~L~~a~~n~j force calcula tion in tie 6 D3~ model.

.~istor:cilly the results of the ~ D3F com p uta ti ons 14

for ~:tcn response nave neen v e : -j  si~~t l a r  to  t h e  r es u l ts

to :  t a e  L i n e a r  m-o ~.el , in  o o t i n  n a t u r a l  f : e iu e n cy  a n d

nao pin~ cina:acter :sti:s. Thts can be attri but ed to t r i ~
tact t h at  t i n e  -a d - ~i t i o n a L  pLanin g f .cce iid not ex~.st in

~~n-~ :~~~~ n a l  S D3~ p r o g r a m .

one of t he maj or cor i c~~rns  w i t h  tine o ~3F eod~~L 9
:s t h e  e x c e s s i v e  c o n p u t i t  ioaa l t i m e s  ~ n v o l v ~ei  in

s C a — S t a t e  s~ mu latioas t~~e conclusion m ay be drawn th at j
e~~-~n t u a l  s ub s t i t u t i o n  of t h e  s~~d e w a l i  an d  s e al  f o rc ~
l inear mod eL ~~uin~.oa in tne ~ JO F pr ogr am w i l
s u ns tu n t ~~all y r e d u c e  C ? J  t i n~~, w~~t n  s n e  r e s u l t a n t  loss

in c om o u t a t io n a l  a c c u r a cy . B y w a y  of c:m~~a r i so n ,
i : s r ega : di ng  c o m p i l i n ~ t i m e  a n d  o u t p u t  t i m e , t i n e  l i n e a r

tel :elui:ed ipP:~~~:mateLi ‘~ seconds of PU tine fo r

the 5 second sim ulation a’in i l-~ t a ?  ~ J~~ ’ model :e ui:~ -d ~

~i;4u tes )f ‘~~ZJ for t~~ 5 second run. T ni s is a

t i m ~ i m p r o v e n ~~nt on rae order of ~J times.

?‘ro a the tim e—domain olenum jauge pr-~ssu:~? d a t a  it can

7 ~) 

-
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1

oc seen that the dyn am ic variation in effective plenum

roof area nas a noticeable e f f e c t on m e  p l e n u m  pressure

transient behavior is compared to previous resuLts 14 . ~ 
-

The i n it i al  p r e s s u r e  d o w n  t r a n s i en t  was faster , dropoed

to a lower value , and began it’s recovery more ;uickly.

The:~ fore tine pl enum roof dynam ic variations strongly

affects tue C.G. acceleration characteristics of the

craft and therefore it’; transient behavior.

he l ’jn amic  c e n t e r  of ?r essure  v a r i a t i o n  d ev e l o p e d
n e r e i n  p roved  to be a y en  draft sensitive p~~~nomenor ..

Although the leng th of the other Lever arms as modeled

he re in  c h a n g e  b y  a sinilar amount , percenta ge of

v a r i at i on  is radicalL ; different . For the seal the

v a :ia t~~on is on t he  o r d e r  of i n c h e s  in  10 feet , w h e r e
t he  v a r ia t i o n  in l ev er  a r m  f o r  p l e n u m  p r e s s ur e  l i f t is
on the  order of inches in a single foot (or less.) This

imPlies that dynamic .?. v a r i a t i o n  ~s the dom inant

factor in steady state pi tch anole versus steady state

draft.

P l an i n g  fo rces  as incLuded :n m i s  model are now in a

f o r m  where the basic factors as f a r  as c r a f t

construction cna:acmeristics are readily recognize~~.

2h:s force provi des part of the answer to  c r a f t
pi nch—dow n characteristics a~ initially investi~~ited by

~e~ del C9~ , w i t h  t h e  r e m a i n d e r  of t i n e  m o m e n t  b e in g

developed by the 2.?. variation for pressure. T h e

planing force provid es a cl~ e as to how , during

construction , the craft’ s pitch amplitude excursion

ch~~r i c te ri-st i : s  m a y  be r o n tr o l l e d .

5everal areas for f u t u r e  i n v e s t i g a t i o n  h a v e  become

apparent in this wor~ .

1. V e r i f i c a t i o n  of  ~~ e e f f e c t  of dynam ic center of

80
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pressure variation and planing forces as incorporated in

the o DO? m odel -over the entire spe-? d o p e r a t i ng  r a n g e .

2. Incorporate the simpl e ~oueling for sidewalls a n d

seals into the 6 DOF model and investigate the trade—of f

between CPU tim e and computational accuracy.

3. A closer look at  t~i e  seal f~ rces used herein. t

is possible that a simo le gain factor needs to ~e

i n c l u d e d  in  t h e s e  e ;u a t  t o n s  in o r d e r  t o  o p t : m i z e  t h e

steady—state seal forces wi th respect to actual l- ad

data as measured dur:n g experimental test runs oi the

craft 1-)

~~
. Incorporate sea state forces and m oments into the

s i m p l~~f :ed  m o d e l  by  s im u l a t i o n  of t h e  f o r c e s  a n d  m c i n e n m s

t h a t  a re  gen e r a t ed  b y  c r a f t  i n t e r a c t i o n  w i t h  t i n e  sea.

Ev aluate m e  accu r acy f tine me taod used b~i co mpari son

with data generated oy the simple model and mte 6 ~~~
mo del :n sea—sta te condit:ons.

5. A n a l y t i c a L  i nv e s t i g a t i o n  of t h e  c r af t  p h y s i c al

characteristics that have ~:edominant influence on the

n at u r a l  o i - c h  f r e -~-aen:y an~ d a m p ing n i  us:n~ t ine cain

t e r m s  from tine results of tin e signal flow grapt analysis

ione in Thapter ~J .

o. Use the s~ mp iifie1 model to develop a ride—comfort

control system. 2est tine resulting design on t i e  f~
m ode l , and compare t ine results otained -w ith nho s~
su ~~ges ted  cv aJ iR L7] . tt nas ocea caown e~~~~ric~~l l y
to: some tim e tha t t n C  c r a f t  e.c :i i~~i tc d  s r m ~~Le s e c o n d

or-icr behav~ o: rn t ine pi t ch wde. ~Iow that ta i-~

na.s aeen analjticalli verified the impli cati ois for an

aumom at~ c control system for p it :-n r e s p o i se  ar e
powerful. A si~ip L e control s~~;tem can be vi;ual::ed

~31
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t h a t  does  not  i n v o l v e  e i t h e r  c o m p l e x  o p t i m a l  c o nt r o l
s’ steai design wo:~ or hardware. A simple accelera tion

an1 ra te f e e d b a c k  c o n t r o l  s y s te m  is i m p l i e d , w i t h  t he
p o ss in i l it y  ot  a d d i n g  -a speed  i n p u t  to  t h e  s y s t e m  ~-o
co~ pensat e for the localized linearity of t~~e c r a f t
characteristics.
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~~~-m~~ 

-



— - - - - - - — - - -— ~-~~~~~~ —---— -~~~~~~~~-- --- — — - - -- — — - - - -- -—  --  ~ --~--— —
~~~ - -- ~~~~~~~~~~~~~~~~ 

- - -

A P ? E ~J D I X  A

L I N E A R  ~ E S :~OD E L ~J5~~R ’ S  G U I D E

A. General Comm ents

The p r o g r a m  as l i s t e d  f o l l o w ln ~ A p p e n d i x  3 is i n t e n d e d
for useage via the hot card reader at NPS.

Et is i n t e n d e d  to r u n  ~n F o r t r a n  G w i t h  P l o t t i n g

o p t i o n  ( P R O C  = F O R r C L P . )

The p r o g r am  is st r u c t ur e d  on t i e  a ssu m - o t i or i  t h a t  t h e  H

i n i t i a l  an d  f i n a l  s t a t e  va r i a b l es  ar e  in  e q u i l i b r iu m

p r i o r  to da ta  e n t r y ,  bu t  wi l l  run  r e g a r d l e s s .  T h e  f o r c e
a n d  m o m e n t  r e s i d u a l  l i s t i n g s  w i l l  in d i cat e  t h e  v a l u e  of
imo a lance, if any.

he c r a f t  p h y s i c a l  d i m e n s i o n s  ir e  -alt e:a~~le by
c n a n ; ln g  t i n e  c a r d s  in t r i e  c r a f t  dimension secti n of the

m a i n  p r o g r a m , w h i c h  a re  k e y e d  to the  c r a f t  geo~~e tr r

n en e i n .

3. Da ta  Deck S et u p .

The  / * and  / /3O .S~~SI N  D D * ca r d s  a re  i n s e r t ed
following the end card in Subroutine VE R SA ? , followed by

t ine data deck as described

1.Plot option card ( ?L)T) , f o r m a t  11. I?L-J r  = 1 =
V E ? S~~T E C  X — Y  p l o t t e r  o u t p u t .

I P L O T  = 0 = ? R T  P L.3r o u t p u t

83
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2. Lis t option card (11.1ST) , Format Ii

IL I S T  = 1 = Forces  m d  m o n t en t s , -w i t h  r e s i d u a l s  and  all
sensi tivity coefficients listed .

ILIST = 0 = Input craft operating conditions only

l ist  cc

3. Time and I n t e g r a t io n  v a r i a b l e s .
TI , T?, NPTS , N S r E P  Form at (2F10. L4 ,2t10 )

Ti = problem start t i m e  ( n o r m a l l y  3 . 0 )
= ?roblem stop tim e (seconds)

n u m b e r  of tabular ou tpu t points desired.

N S T E P  = n u m b e r  of i nt e g r a t i o n  s t e p s .
n o t e :  it is best ~ o m a k e  N ST ~~? a n  i n t eg e r  m u l t i p l e

of NP - 2 S , a n d  a e v er  less t h a n  N P T S .

4 . P l a n i n g  c o e f f i c i e n t  a n d  a r b i t r a r y  c e n t e r  of p r e s s u r e

~n o ut , i .e.  aE A ) ( ) AK ? , PL C O E F F

F o r m a t  = 2 F 1 0 . 4

3. I n i t i al  C o n d i t i o n s  c a r d .

he i n i t i a l  c r a f t  c o n d i t ion s  ace  read  in in  t h e

following order: w e i gh t  ( L b s . ) , D r a f t  ( i n )  , P i t c h  a n g l e  H
P E S A ~ ( p s f ) , an d  s pe e d ( f p s . ) F o r mat  is  SF 1 0 . 4

~~. F i n a l  C o n d i t i o n s .

The final conditions are read in t i n e  f o l l o w i n g  o r der
an d format: wei ght (Lbs) , Dra f t &in ) , P i t c h  a n g le
peg) , an d  ? 3 B A R ( p s f ) ,  F i r m a  ~ F 1 3 . 4 .  S i n c e  t h i s  is a

c o n s t a n t  speed m o d e l , i n i t i a l  a n d  f i n a l  soe~ d m:-e

a s s u m ed  equ a l .

7 . Label Cards .

~abel cards for V~ RSA. r E C  o u t p u t  a r e  t~~e last  10 c an s.

- - -
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There are five graphs in this mode. Draft (jn) , C.G.
A c c e l e t at i o n  ( L ’ s ) ,  P i t c h  A n g l e  ( D o g . ) ,  P i t c h
A c c e l e r a t i on  (D e g / SE **2)  , ar i d P B 8 A t ~ ( E a c h  g r a p h
r equ ir e s  t w o  label ca:~ds , F o r m a t  ( D A 3 )  , w h i c h  p r i n t  on
t w o  lines  be low t h e  g r a p h .  T h e  g r a p h s  ar e  outp ut in the
or - I cr  l i s t ed  a c ov e .
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