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ABSTRACT

An improved ani siaplifi=d modal for the
Hdeave-Pitch dynaamics o>f the XR-3 CA3 Surface Effect
Ship 1is davelopad £>c constant speal operatid>n. The
aonlinear ejuations of wnotion ac2 lin2arized asr>ut the
steady-state operatiny point. Time-iomain validation
is accomplish2al by comparisdn with th2 o5 D0F adial. A
signal flod gJraph of the craft iynanics is i1avelopald
and Mason's 3ain Rul= used to decsacaine the
cnaract2aristic S-Domain polynomiils describing tha
cract's vertical plan2 dynanmic ob2havior, with Bode
Plot analysis incluiad. Conclasions ars 1cawn ani
racoamandatisns £or further study are made.
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In 1973 Leo and Boncal [1] converted the Oceaaics Inc. 6
DOP Loads and Motions digital computar sinulatioa prograam
for the 100-B Surface Effect Ship to reflect th2 physical
characteristics of th=2 XR-3 craft. Since tanat +%ime <there
has been a continuous =2ffort at +h2 NPS t2 apdate and
iaprove on this simulatisa [2,3,4,9].

One of the major 13irawbacks of that program which
precludes regular use »of it for sea state operations
simulation is tae excsssive computational and turn-around
tines required [8]l . As it is pressntly iesired t> use the 6
DOF simulation for design and =avaluation studies of the
proposed 3K Ton 3ES contral System in varyiny sea stats
conditions, it 1is 1impdoctant to significantly reducs the
siaulation's computational tinme.

One ar=a where the pdssibility =xists to achiave a major
ra2duction in computational time is ti= mannsr in which
sidewall <forces and wmonents ars calculated. Ths prasent
form of tha 6 DOF progran uses a largs auaber o°f discrete
sections (28 per sidew#all) with an off-line tabls look=-up
scheme to deteramine the forces genarat=3di in =2ach discrete
section. The simple model derived by McIntyra [7] uses two
sections per sidewall wita vervy simplified geone:r that
permits on-lin2 computatiosn of tha forzas and ad>mants. The
result of eventual incorporation of tais sidewall geometry
and forces «calculation into the 5 DOF prograam should be a

significant reduction of computation and turn-arsund timas.

Another area of great interast in SES Siaulation is

10
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gaining iasight into the dynamic behavior of ta2 craft’'s
vertical motion of pitch and heava jue to pressire inducea

; lift forces generated in the planum 31ad seals. A5 stated in
ref (8] as recantly as August, 1973,

‘'The overall pracision >f th2 analysis 1s satisfactory
for predicting stability and manauverability. However,
several areas present vecy complex or difficult paysical
paenomena to analyz2 and further effort should be

invested to iaprove undarstanding of tnese.'!

Tha first area for contiaiing investigyation recoan=2anded was;
LY petter d=termination of pitch-heava dynanic
c8. 'Y

characteristi

An improved knowledg2 of th2 dynamic characteristics
brougat about by the prassure induc2d forces and moments
could 12ad to a reduction of tha computation time
reguired <for <craft simulation. Th2s2 pressurz z2:ifects

introducs a stiffening in th2 integration of s2a state
induced oscillations and a1 battar understaading of
k| procasses could lead t> the ra2moval 0of this stiffness

and thus reduced CPU tine.

In this work both of these areas are consider=3. Fircst
of 1ll the wvarious craft ohysical charactsristics are
nodelad, resulting in changes and iaprovements +o the
initial efforts by McIatyre [J] . Traese aquations are
linearizad about a steady-state opé:ating poiat using

a2 thea Taylor S2ries expaasion. Ih2 lin2arizzd =2gquations
& are cast into a State Space format ind simulat21 on che
: digital computer. Jomparison 1is =made bstween the
time-domain results of the linear aod=1l and th2 6 DOF

model. The tate Space reprasantation 1is used +to

ganerate a signal flow grapoh. Masoa's Gaia Rule is

11
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applied and the S-domain roots of tha craft's
characteristic equations are locat2d and it is shown
that somz simplification and ra=ducction of system order
is possible. The resultant S-domain polynomials are
used to generate 3od: Plots to graphically display the

craft's simplified freguency rssponse.

Conclusions are drasva and recoammendations are made
concerning the validcty of th2 model and areas for future

study.

Several procedural notes are in order. Bacause all
equations ar= to be solved digitally using th2 FORTRAN
computer language and because dijyital coaputar text
processing facilities were aus2]1 to generate tais
document, all formulas will be presanted in FORTRAN
format. In the thesis oody r=feranc2 to the ''aosnlinear
model'', ''six degres-of -fresedom 12321'!' or ''6 DOP'!
model all mean the Loads and Motions program as adapted
to the XR-3 ta2st craft it th2 Naval Postgraduats School
E31s Reference to tha linear aod21 «r=fars to the
linearizad mod2l of the same craft is develooed herein.

12
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IL. NONLINEAR XR=3 MODEL HEAVE AND BIICH EQUATIONS

A. BACKGROUND

The original development worx on the simplified
two-degra2-of -tfreedoa md>del was done by McIantyre (7.

Several weaknesses 1in the originil amodel wer2 noted by

McIntyre in that work.

The major portion »>f the work presented here was
involved in close axamination of 1ll aspects of the
original model, compirison of tae2 mdoda2ling tachniques
used therin with other mesthods and remodaling >t several
important craft physical charactaristics.

One major areir of invastigation was tae lack o2f pitch
damping in the original model, which rasulta2d in tha

v L SRR R R 19 <1 ¥ ) v o LTNIRN  e

addition of an added-nass effect toO the pitca moment

2quations.

Additional changes involve a ravision of th2 force
aquations for the rear seal, wmajor changes ia the wvay
the plenum champer is addeled (also added to taa lcads
and aotion 6-dof wmod2l [ ). and a more rigorous

o

development O0f the planing force ejuation of (M .

=—a

There are saveral areas of taeory conc2rninjy CAB SES

pas oy

modeling whera empirical data 1s lacking lae to

difficultzies with physical measur2aants., One such area

inviting closer inspaection was dynamic variation of the

13




af fective centar JOf oressure for the plenum gauga

f pressure lift effect. A possible approach 1is sujgested
» herein and included in the model.

B. ASSUMPTIONS

lhe following assumptions are mada for this constant
spaed, pitch-heave model:

1. Planing forces are concentratad ac the c2utroid of
the keel longitudinal cross section.

2. Total seal force is 1lump2l 4into a pressure
differential acting on the seal face area in contact
with the water passing ba2neath the sa2al.

3. Aerodynaamic forces on tha forward seal are
1 disregarded.
4. Dynamic wvariatioans in aom2nt lever arms are

disregarded for all momants axcept seals and tha moament
due to plenum guage prassure.

5. Dynamic variations in effective olenum rdy0f area
will be included.

5. Any lift 2ffects 1lue to aerodynamic forces are
luaped in with the planing forcas (for r2asons to be
ieveloped in Chapt IV.) The moments are iacluded in
plenum Jauge pressure aoments .

7. Constant seal leakage ar2a is 1issunad.

8. Since this nodel is for coastaint surg2 valocity,

14




drag and thrust forces are considared to be in
aquilibrium and in balaance for moments about th2 Y axis.

C. COORDINATE SYSTLEH

(see fig. 1)

1. The origin Oof tn2 cartesian coordinata2 system is
locatad at th2 calma-water 1line, 1longitudinally and
transversly coincident with the craft canter of gravity.

2. The X axis is the longitudinal coordinate defined
1s positive as X increases towards the bow of tae craft.

2. The Y axis is the transversa coordinate 1iacreasing
positively towards the starboard siie.

4. The Z axis 1is the vertical axis, 1iacreasing
positively in a downwari direction.

5. 2S is th2 vertical distancs from the <z2ater of
gravity to the keel.

5. 2 is the vartical iistance from the cala watar line
to the vartical centar >f gravity.

7. THETA is the pitch angle defined as positive as the
bow pitches up.

8. 2ositiva pitch moments ar2 da2fined as amom2ats which
tand to cause a positiv2 increase in the angls THETA.

——

D. SIDEWALL MODELING
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As it was desired t> keep all physical Jimensions
consistant with the six degree of freedom moia2l, scale
nodel drawings ware dev2loped with the data from the
sidewall subroutine ot that aod2l, All sidewall
dimensions us2d in this model wer2 taken from those
drawings.

The sidewalls are modaled in two sections, on2 forward
of the longitudinal >.3. and tha other aft. Fach
sidewall is considered t> be of coanstant width at the
vater line and the k2eol, with width increasiag in the
vertical direction according to an averaga deadrise
aagla.

The avarage forward sidewall area is found to be:

(see fig. 2 and 3b )

AVERAGE WIDTH = LDBAR1/ (2*«*TAN (DR1)) *+4S10

(II-1)

whare LDBAR1 is draft at focwacrd centroii, DRV =
average deadrise angle forward and WS10 is tha average
Keel width of the forward section. Therafore submerged
volume of a forward sijewall is givan by:

VOL = L1%* (LDBAR1/(2%TAN (DR1)) +WS10) *LDBAR?

(II-2)

where L1 is the length of a forward buoyant sac%ion.

Following the same procedures tha after sidawall width
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is:

(see fig. 2 and 3c)

AVERAGE WIDTH = LDBAR2/(2*TAN(DR2}) +WS20
| (II"3)

_ where2 DR2 = average deadrise angle aft
i LDBAR2 = draft at after buoyant ceatroid
P WS20 = average keel wiith aft

Submeryed volume of an after sijewall is then
determined to be;

VOL = L2% (WS20+LDBAR2/(2*TAN(DR2))) *LDBAR2

(II-4)

where L2 is the length >f tha2 after sidewall.

E. SEAL MODELING

A aajor change in McIntyre's amod2l was made by
remodeliing the stern s2al. In *ha original modal a large
negative mom=2at was required to place the pitch
equations in steady state equibibriua. Investiyation of
seal <forces as preseatad in (3] revealed a large
discrepancy between th2 after seal forces generated in
McIntyre's model aad calculations bpased on the
information in (] . This discrepancy was further
supported by actual s2al load jata presented by lLayton
in Q@ . All seal dim=asions used in this aodel were
taken from data preserted in Q0 . Seal hinge locations
were taken from the dati used in (3.




Seal lift force forward is gesn23ratad by pl2num gauge
pressure acting downward on the seal face area in
contact with the water passing underneath the seal.
This downward force <c¢2sults in 1 1lift €£orce being
generated as the downward movement Jf the seal lisplaces
the wvater beneath it.

rhe seal is considered to have a straight forward face
which runs from the hinge point at tha plenum roof to
the opottom of the k221 at an angle determined to be
best-fit from the data in ref. QQ . The wett2d surface
of the seal is coansidered t> lay parallel to 1ad on the
water at the point wher2 the seal face interca2pts ¢the
calm water line. as a ra2sult forward seal lift 23quations
are:

ASEAL1 = WSIDTH*XSEAL!1

(II-5)

XSZAL1 = (LD-L3*TAN (THETA)) /SIN(31)
(II-6)

LD = draft at the C2.G

L3 = distance from C.G t> point Of contact for forward
seal face.

LD - L3*TAN(THETA) = draft at forward seal face contact
point

31 degrees is the intecior angle of tha seal.

The after seal wett2] area is deteramined in a similar
manner to ove :

ASEAL2 = WIDTH*XSEAL2

18
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(II-7)

XSEAL2 = (LD+L4*TAN(THETA))/SIN(32)

(I1-9)

In this model forward seal pressure is considerad
equal to plenua pressura. As a rasult forward s=2al 1lift
. is :

HSEALF = PBBAR*ASEAL1

(II-9)

r——

Since plenum Juage prassure tends to force tha after
seal wupward, resultiny in venting of the planum air
mass, the rear seal is operat=d at 1 pressure slightly
above that of the plenaun to reduc2 the ventiny tendency
Of the after seal. As a result tae 1ftar seal ra3quires a
modification in moi2ling. In McIntyre's work the
pressure diffecential (PSEAL-PBBAR) only was considered
in the lift force. Howaver, as oraviously stat2d, there
Were large discrepanci2s in comput2d loads as compared
to wmeasured data from [10]. Thac2fore in this model ,
the seal working pressure is consiisr2d to b2 233AR plus
differential pressure. As 1 rasult after s2ial lift is
given by:

| HSEALA = (PBBAR+PDIFF) *ASEALZ

; (TT=10)

e e e - — o .
o 2 N . e




F. PLENUM MODELING

In th2 work preseated by McIntyre the plenum was
considered a box with the only dynamic diamensional
variation being 1in the I direction. Howevar (as can be
sean in fig. 1), althdagh the forward edgs can be
assumed to be reasonably constant in tae Y-2Z plane, the
forward face of the rear seal slop2s rather steeply.

Therefor2 th2 plenum langth (in th2 X directina) varies
rapidly as dratft varies. As a r2sult th: 2ffective
plenum roof area consists of that area from the after
edge of the forward seal to the forward aing2 point of

tha rear seal, plus the vertical projection of the
unwaetted forward face oOf the r2ar seal. As an
additional consegueunce it can be se2n that the 2ffectiva

plenum center of prassur2 varies fore and aft as draft
- varias . In fact as draft iancreases the C.P. aoves
' forwvard.

The followingy variable names will oe used to describe
the plenum chaamber (see fig. 4.)

LPR = length of plenua roof froam th=2 rear 2132 of tha
forvard seal to the aingy2 point Of the after s21

LPWL = length o5f plenum at tha k22l froam the after edge
of th2 forward seals *> the transoa.

LP = length of plenum at the waterline.

3UBHGT = vertical distance from tha pl=anua roof ¢5 tha
bottom of the k2el at the center of gravity.

AB = plenum soffaective rr>0f area.

Using the previous d2finitions, the plenum rd>>f length
and area is:




LP = LPWL- (LPWL-LPR) *(LD/BUBHGT)
(II-11a)

and e2ffective plenum roof area is

AB = WIDTH®*LP
(IT-11b)

with the result that lift due to plsanum gaug2 pressure
is:

HPRES = =-A3*PBBAR

(II-11¢)

As a comment d>n the complexity of th2 lift forces of
this aodel adte that for <constant plenum pressure
increased Jdraft results in dscreased plenum lift.

G. CRAFT DYNAMICS

. PRlanum Aic Mass and Prassurg Zguagions

For the purposes of this m@mod21 tne r2ar seal
leakage area 1is considered constant siaca
otherwise would lead to modeling a wvery Jdifficul+ and
poorly understood dynamic process. In addition *he
planum pressur2 VS air mass procass 1is assumed to b2
adiabatic in nature. Pan charactaristics aras taose used
in the constant air leakige heava only model »>f Gerba
and Thaler in [14]J . Air flow iato the plenua is taken
as positive.

21
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Tharefore the airflow into the chaamber is given

; Qin = N*(QIO-K3*PBBAR)

T T R ¢ o, R TR, T |

(II-12)
| f
:
E Where N is th2 nuaber of fans supplying air to the %
F plenum, QI0 is the equilibrium air flow rate for the fan t

with zero gauje opressure and X3 is the slope of the

fans' airflow VS jauge pressurs curve .

Qout is airflow out of the plenuma and is
determined py ta2 seal l2akage ejuation:

Qout = Cn*Al* (2%*P5BAR/RHOA) *%x1/2

{(II-13)
Whera Cn = s=2al leakage co2fficiant, Al = seal leakage ,
ar2a, and RHOA = mass density of air. Ther=2£sre mass :
flow rate is: :
MBDOT = RHOA*(Qin-2out) !
(II-14) ¢
¥
The pl2num air dynamics are considesred in s
equilibrium when 2in = Jout g
&

Absolute Plenum Pressur2 is dstarminad from th=
adiabatic gas law to ba:

Pb = Pa*(MB/ (RHOA*PBBAR) ) **GAMMA L




{II~=19)

and,

PB3AR = Pb-Pa
(ITI-15a)

Where Pa = ambiant atmospheric pressure (LBF/FI**2 GAMMA
= adiapatic process coefficient, Pb = plenum 2absolute
pr2ssure, and PBBAR = pl=num gaug2 pressure.

2. Buoyan: Facces

Buoyant force 1is calculated by the submerged
voluma multiplied by th2 mass density of the fluid times
the Jravitational constant.

Therefore forward ouoyant forca is:

ABF = -2*RHO*G*VOL

(IT-16)

Where wvolume is given by 24qn. II-2, 830 is *he
mass density of water (slugs/ftx*3) and 3 1is <tae
Jravitational «constant. The factor of 2 is introduced
to account for 2 sidewills. The total expression for
HB? is:

HBF = -2%RHO*G*L1*LDBAR1* (LDBAR1/ (2*TAN (DR1)) +WS3S01)

{(TE=11F)

Following the same pattern,

&3




HBA = -2%*RHO*G*L2*LDBAR2* (LD3AR2/(2%=TAN (DR2))=W31))

(II-18)

3. Seal Forcsas

Forward seal forcs is j=atermined from egn. II-9 to

be:

HSF = -PBBAR*WIDTH* (LD-L3*TAN (THZTA)) /SIN(31)

(ZE~T9)

wh2re HSF 1s tae aeave force due to rorward seal.

In a siailar manaar HSA is:

4SA = (P3BAR+PDIFF) *WIDTH= (LD+L4*TAY (THETA)/SIN(32)

(II-20)

McIntyr2 introduced the planing force phaadcmena ia
his model to account for the proven fact that <¢he CAB
SES tends to decrease it's draft and pitch down as speed
incr2ases. His developma2nt of th2 planing =quation was
not well explained aad the basis for selection of the
planing coefficient was not clesarly stited. Ra2id2l [12]
did a special investigation of the planiag force
phenomena. His results wsere bassd on flat platz planing
affects to approximate the flat bottom of the craft

sidewalls.




Since the water 1is in contact Wwith th2 vertical
portions of the sidewalls it was f£21lt a mor2 accurate
represencation was a=2eced. Barnaby [13] states that
water contact on the vertical sijes of a Aaning bull
rapidly reduces planing lift advantage since one of the
advantages of a planing hull 1is r=duced dray due *o
vettad surface. plaaing lift results in a speed
sensitive tradeoff betw2en static lift (buoyant 2ffects)
and dynamic 1lift (planing effact) that i3 directly
proportional to the angl2 of attack (for small planing
angies) and ¢the sjuare Jf the velocity. Tharafore the

planing force is of the form:
HPLAN = KeVUx%x2xTHET)

From Reidel's work,

HPLAN = 0.S5*AREA*V**2xpT«SIN(THETA)

for small angls approximations tais siaplifia

Ui
ot
o

HPLAN = RHO®AREA*V**2=pI*THETA

-
-

®
.
w
w
la]
o
w
tr
<

Which is the planing force for a £lat p

w

1
gives no siaple formuli for the lossas du=2 td
so we ar2 left with anrn arbitrary loss coefficient,
PLCOEF such that:

HPLAN = (PLCOEF) *2*RHO*AREA®V**2%xpPTxTHETA

The added factor of 2 accounts for 2 sidewalls.

'Jo
1’7

taken from the scale drawings

The planing area
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developed from sidewall data, and the force is assumed
to act at the centroid of the flat keel surface, which
1s consistant with Reidsl's work. Th2 loss co2fficient
will b2 developed in the s=2ction on 2ichieving
equilibriunm.

Cemabining equations II-1%a ,II-11b , anid II-11c
results in:

HPRES = ~PBBAR*WIDTH*(L2WL- (LPWL-LPR)* (LD/BUBH3T))

(II=23)

6. Totai Lift Forces

Lift Total = HPRES + HBP + HBA + HSP + HSA + HPLAN

which must exactly 2qaal craft wa2ight (W) for the hull
to be in vertical eguilibrium, or;

W + HPRES + HBP + HBA + HSF + HSA + HPLAN =0
(II-24)

daofines 2quilibrium coadition in heava motion.

d. CRAPFT PITCH MOMENT EQUATIONS

25
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Forward puoyant moment is the forward buoyant lift

tinmes the effective lavar arm, or;

PBF = —-HBF* (Laver arm forward)

PBF = -HBP*LS

(IT-25)

Note that the a2gative sign results from tha
definition of positive noments and the fact that upward
forces are negativs by 1afinition.

PBA HBA*LEVER ARH

PBA HBA*Lo6

(IT~26)

using th2 same reasoningy, after buoyant moment is:

PB total = PBF + PBA

(LI=27)

Since the seals ace relativaly distant from the

C.G. dynamic variations in the lavar arms ar2 consider=d
in seal momant 2gquations and are daveloped nerz. h




The seal forca is modalad to act

longitudinal center ofthe s2al watt2d length.
the affactiva laver aran tor the seal aoment is:

PLSP = L3 - XSEAL1/2

whara PLSF = moment levar arm for seal forward.

result:

-HSF*PLSF

o

wi

L]
"

U
vi
i)

1]

-HSF*(L3- (XSEAL1/2))

In a similar manaec

PL3A = L4 + XSEAL2/2

PSA = HSA*PL3A

PSA = HSA® (L4+XSEALZ2/2)

PS TOTAL = PSF+PsSA

At the
Fherefore

(II1-28)

(IT=29)

Note that the dynamic pitch sensitivity t> moment

arm length is included in the XSZAL tarms as Jafined 1in

aquations II-5 and II-3.




g 3. PRlaniag Yoment

For the planing force devaloped in ejuation II-22
the planing force is coacentrated at th2 centroid of the
flat keel which results in:

PPLAN = L7*HPLAN

{II-30)

4. Pl2num Pressucs Yament

First the dynamic variation in 2ffective center of
pressure will be developed. (see £i3.(4))

plenum length is takxen from 2gquation II-11a to be

LP = LPWL=- (LPWL-LPR) *(L)/BUBHGT

Defining LDIPF to be

LDIFF = LPWL-LPR
(IT-31)

and,

XCP = XCPO+ (LDIFF*LD/BUBHGT) /2
(IT1-32)

where
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XCPO = LPWL/2-XCG
(IT-33)

and XCG 1is the distance from th2 transom td the C.G.
(see fig. 4 .) Finally,

PPRES = -HPRES*XCP

! (IT-34)

—— v — -

Any frictional damping teras dzpendant upon tha
square of pitch rate (i.=2. tangential velocity about the

Y axis) disappear when the Taylor Series expansion is
carried about the zer> rate ejuilibrium point. Since
for small signal approximation th2 modsl should reflect
actual craft charactecristics, it was hoped that the
chanjges in seal and plenum modeling would raveal the
missiag damping characteristics. As it ‘urna21 out this
was not the case. Exanina*ion 2f +the hydrodynanmic
aquations in [9] ravsaled an added mass effect dependant
upon a cross valocity term between linzar X direction
velocity U, pitch ratzs Q, and adisd-mass it the starn
A33S due to slender body *heory applied to the sidewalls

. This momen* is:

FP = -A33S*XLSS**2*(J*THETADOT
(ZX=35)

Whare XLSS is the distance from th2 C.3. to th2 stern,
and THETADOT is pitch rata.
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A33S = YSS*%2*RHO*PI/S

(II-36)

whare YSS is the cross section width of the side
wall at the stern waterline. Therefors,

FPDAMP = -2%XLSS**2%A33S*U*THETADOT

= =2%PIRXLSS**2*YLSS**2*R{O*U*THZTDOT /8
(IT-37)

The factor of 2 1is 1introduced to account for two
sijevalls.

6. ZIotal Mdoments

Since th2 momeats are all rafer2nced to the craft
centar of gravity, the craft wa2ijht contributas zero
moment in that frames of refesrance. Therefora total
moments ara:

PSP ¢+ PSA + PBF + PBA ¢+ PRES + PPLAN + PDAMP = )

(IT-38)

I. HEAVE ACCELERATION EQUATIONS.

From Newton's law, acceleration and force arz related

by:




FORCE = MASS*ACCELERATION

For the linearized md>del we ar2 interest2l1 in the
acceleration on the craft and as a result:

ACCELERATION = FORCE/ MASS and th2rerfore the hesave
equation of motion becomes:

ZDDOT = (HBF+HBA+HSA+HPLAN+HPRES) /MASS
(IT~-39)

where 2ZDDOT 1s the second d=rivativa of Z witi respect

to time.

J. PITCH ACCELERATION EQUATIONS

Angular acceleration is:

THETADDOT = PTOTAL/IYY

dhare IYY is th2 craft in=2r+tial mom2nt about taz ¢ axis.
As a result total angular acc=leration is;

THETADDOT = (PBF+PBA+PSF+P2SA+DPPLAN#PPRES+PDAMP) /IY¥Y

(ITX-40)

This completes the derivation of all aonlinear
2quations needad to dsscribe the two-degree-of-freedon
CAB SES. In the following <chapter thess 2aonlinear
aquations will be 1linearized wusing the Taylor Series
expansion about a steady stata operating poiat which
will result in the ejuations n2eded to J2nerate a
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III. LINEARIZATION QF THE J24VE-PIICH Z2UALIONS.

A. TAYLOR SERIES EXPANSION

For small perturbations about 1 steady stat2 spera¢ing
point the nonlinear fuanction 2 can be approximated by:

Z2 = 2(X,Y)

2{0)+dZ = Z(X(0) ,Y(0))+ (3Z/d) *dZ+ (JZ/dY) *4¥Y

whare (32/9X) and (dZ/0Y) are the partial derivatives
{ of the function 2 =2valuated at cthe steady state
L operating point X(0) ,Y¥(0). CTanca2lling the st2iiy s<tate
values from both sidas of the eguation yields the
differential model squations:

12 = (3Z2/2X) *dX+ (22/2Y) *4Y

and
Z = 7(0)+dz

: where d4,dX, and dY are the Jdicfferential variables Zor
! Z, X, Y respectively, (22/4X) 2and (d2/2Y) are the
partial derivatives of Z evaluatad it the steady-state
operating point.
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B. LINEARIZATION OF THE MODZL EQUATIONS g
!
|
There are basically four equations to linearize for i
the two-degree-of-freedoa model:
i
ZDDOT = P (2Z,THETA, ¥B) ‘
THETADDOT = G(Z,THETA,T4ETADOT,MB)
‘ MBDOT = d4(2,48)
|
P3BAR = I(Z,M4B)
therefore the equatioas for th2 Jdifferential state
variablies are:
12000T = (dP/37)=dZ¢ (d8/4dTHETA) *dTHETA+ (dF/3N8) *348 f
(III=Y)
H
1 ITHETADOT = (dG/dZ) *1Z+ (1G/dTHETA) *i1THETA+(1G/3M3) =d N8 :
L
(ZI11-2) s

443007 = (dH/d2) *32 ¢+ (11/3THETA) «dTHET A+ (dH/dNB) *iMB

(L£1X=3) i
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1P3BAR = (dI/d42) *dZ+ (AI/ATHZTA) *dTHETA+ (dI/dMB) *3M8

(ITI-4)

Note that the left hand side variables are
diffarentials, not time derivatives.

C. LINEARIZED EQUATIONS

1. 2laaum ALz Mass €Llo¢ Dacivativas

2in = N*(QiQ-K3*P3BAR)

(II-12)
Qout = Cn*Al* (2*PBBAR/RHIA) **1/2

(IX-13)
M3DOT = RHOA*(2in-Qout)

(IXT=-14)

as a result the differaantial ejuation for MB8DOI becomes:

dM3D0T = RHCA*(dQin-dQ>at)

—
-
(]
[

|
N
—

d2in = (d2in/d2) *dZ+ (d2in/dPBBAR) *iP3BAR+ndQin/3148) *dMB




{ITTI~6)

dQin/dPBBAR = -N*KJ

The partial derivatives of Qin with respect td> 1ll other

variables are zero.

jQout =
(dQout/d7Z) *dZ+dout/dPB8BAR) *dPBBAR+ (dQout/dM4B) *3iM8

dQout /dP3BAR = Cn*Al*((340A/2«PB3AR) **1/2) /R401A
{ZTT-1)

The partial derivatives of Qonut witn respect ¢to all
other variaoles are zerd>. Insertiny 2quations I[II-6,and
LII=7 3ato II=14 yields tha ejua<tion foc tha
differential variable 3¥BDOT:

iM3DOT = (-RHOA®N=*K3y-Ca*il=((RHOA/2*PSB3AR)*%1/2))«dPBBAR

(IT1-15)
2. 2lanus jauge pressuce Decivativss.
Pb = Pa*(Mb/RHOA*VD) «x3AMNM]A
(ITI-38)

and

PBHAR = Pb-Pa




Since Pa is considered constant Witnin the time frame of
this model,

dPBBAR = dPb
(LIT=39)

AS a result,

iP3BAR =
GA4MA®Pax (48 (0) /RHOA®VD (0)) ** (GANMA~-1) *d (MB/RHOA*VB)

Wnersa

S . .

(1/RHOA®VB (0) ) *dMB+ (4B/RH0A) *d (1/VB)

n o

1 (MB/RHOA *V3)

(1/RHOA*VB (0) ) *dM3- (MB/RHOA*V3*x*2) *dV3

"

3 (M3/RH0A*VD)

avs a (VN=-AB*LD)

dva

]

~43 (0) *d1LD/43Z~1D (J) *daB/4z

rameapering that:

than

dLdrdz = 1

wa now need tha partial of a2ffective plaanum roof
area witn respect to 2. Defining
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| A3 = AbAL- (ABWL-ABR)*LD/BUBHGT

(III-10) T

[ ABWL = WIDTH®LPWL

ABR = WIDTH*LPR

fucther deifininy

A3DIFF = ABWL-ABR

which 1is a constant, th2 effactive planum roof area is:

AB = ABWL-ABDIFF*=LD/BUBHST

using the previous definitions the partial of =2£fective

COOL ar=a becomas:

b

daB/4d2 = -ABDIFF/BUBHG! §
!

(ITI-11) |

i

and the differential volume is: ?
¥

ivb == (AB(0)-LD (0)*2=(A3DIFF/BUBHGT) ) =3l f
(TIT=123) 1

with the result that k

i(413/8H0A%Vb) = (1/RHOA%VDb (0)) *di +

(M5 (0) /RHOA*®VD (0) **2) % (AB (0) -2*LD (0) * (ABDIFT/BJI2HGT) ) *d2




finally,

dPBBAR GAMMA*Pb (0) *((1/Mb(0)) *44D +

{(1/Vb(0) * (AB (0) =2%LD (0) * (ABDIFF /3UBHGT))) *iZ
(ITII-13)

3. Heave Force Darivatives

Tha total heave force equation is:

H(total) = HBF+HBA+HSF+HSA+HPLAN+dPRES

The total partial derivativas will be don=2 term by

tarn.

For the forward buoyant £orce the following
simplifications are mais:

HBP = -2*RH0*G*L1%LDBAR1* (LDBAR1/ (2% TAN (DR1)) +W310)

let K1 = 2*RHO*G*L1 then,

HBP = -K1*LDBART* (LDBAR1/ (2*%TAN(DR1)) +4S10)

where LDBAR1 = {(LO=LSTAN (THETR)) . Combining
pravious twWwo 23quations,

t
f 2
[

HBF = =K1*(LD-15%TAN(THETA))*
((LD=LS5*TAN (THETA)/ (2*TAN(DR1)) +4S10)

4o




assuming small pitzh angles, TAN (THETA) can be
approximated by THETA ¢hich results 1in the following

simplification:

HBF =
-K\'(LD-LS*THETA)*((LD-LS*THETA)/(Z*PAN(DRI))*HSlO)

Taking *the partials of 48F with raspect t> 2 and

THETA yields:

1 (HBF) ,d2 = =K 1% ((LD (0) ~L5S*THETA (0) /TAN (DR 1) ¢WS10

(IIT-14)
and
d (48F) /4T HETA =
K1*L5% ((LD(0) ~LS*THETA (J) ) / (2*TAN(D/r1)) +#S10)
+K1% (=LS/ (2*TAN(DR1)) *(LD(0) =LS*THETA (0})
Which simplifies to :
d (HBF) /ATHETA =
K1%L5% ( (LD (0) ~L5*THETA(0)) /(TAN(DR1)) +43510)
(I IT~15)

Using the same aporoach, the partials for buoyancy
b Y

force aft are:

i (HBA) ydz = -K2% ((LD (0) *L6®THETA (0)) /(TAN (DR2)) +WS520)

(LIX~=T6)
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d (KBF) /dTHETA =
-Lo*K2* ((LD(0) +L6*THETA (0) / (TAN (DR2) ) +WS10)

(ITI-17)

For the forward s2al the total differentiils are:

DHSF =(d(HSP) /d2) *dZ+(d (HSF) /dTHETA) *d THET
+ (4 (HSF) /APBBAR) *APBBAR

the following simplification is mada;

dSF = —-P3BARXWIDTH*(LD-L3*TAN (THSTA) /SIN (31)

(II-19)

let WIDTH/SIN(31) = K3 and TAN(THETA) = THETA, then,

HSF = =-K3*PBBAR® (LD-L3*THETA)

with the resultant partials being:
P g

d (HSF) /dZ2 = ~K3*PBBAR (0)
(ITI-18)
i1 (HSF) /JdTHETA = K3*L3*PBBAR(0)
(IIT=-19) ;
|
i (HSF) /dPBBAR = =-K3% (LD (0) -L3*THETA (0)) §
|
(ITI-20) ’
{
{




The partials of after seal force are founi in the

same manner to be:

dHSA = (d (HSA)/dZ)*dZ+ (d (HSA) /7ATHETA) *d THETA
+ (A (HSA/dPBBAR) *dPB3AR

HSA = - (PBBAR+PDIPP) *WIDTH* (LD+L4*TAN (THETA)/SIN(32)
(II-20)

let K4 = WIDTH/SIN(32) and assume small THETA s> that;

4SA = —-K4* (PBBAR+PDIFF) *(LD+LU4*THETA)

the partials then becone:

d (HSA) /42 = -K4x (PBBAR{J) +PDIFF)

(ITI-21)
d (H5A) /dTHETA = -Kd4* (PBAR (0) +PDIFF) *L4

(LII-22)
i (HSA) /APBBAR = -K4* (LD (0) +L4*THETA (0))

(ITI-23)

Next the planing force partials are derivad:

HPLAN = -2%PLCOEF*RHO®AIEA XV**2*DI*THETA

let KPLAN = (2*PLCOEFF*RHO*AREA*PI) than,




HAPLAN = -KPLAN *V*%x2*THETA

and,

-
o =gy

d (4PLAN) = (A (HPLAN) /ATHETA)*dTHETA

for this constant speed model, therafore,

i (HPLAN) /ATHETA = -KPLAN*V (0) **2

(III-24)

Plenum Gauge Pressure lift was dsfined to be:
HPRES = -AB*PBBAR

(IT-11¢)
as a result:
i (HPRES) /dPBBAR = -A3B(J)

(XIr-25)

4. Rizch Momsat Pactiils
The total moments acting on the craft ares:

PTOTAL = PBF+PBA+PSF+PSA+PPLAN+PPREZS+PDANP

(II-38)

The partials of II-38 will be found term by tarm,
peginning with the forward buoyant aoment:
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P3F = -HBF*LS
(II-23)

tharefora:

d(PBF) = ~LS5=*d (HBF)

so that:

i(PBF) = ~L5=(3 (HBF) /d2) *dZ2-LS*((d (H3F) /ITHETA) *3ATHETA

and the partial of the after buoyant moment is:

PBA = Lo6*HBA

(IT-26)

dP3a = Lox*dHBA

tharerors,

d(?BA) = Lo* (1 (HBA)/1Z)*iZ+L6* (d (H3A4) /ATHETA) *dTHETA

(L1X=27)

Seal forces partials must include th2 dynamic
variation in lever arm length, which for *h2 forward
seal is:

PSP = -HSP*PLSF

or,
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PSF = (PBBAR *ASEAL1)*PLSF

tharefore,

d (PSF) /APBBAR = ASEAL1(0) *PLSF (0)

and

d (PSP) dZ = PBBAR (0) *d (PLSP*ASEAL1) /42

where

d (ASEAL1*PLSF) /dZ = PLSP (0) *d (ASEAL1) /42 +
ASEAL1 (0) *d (PLSP) /12

ASZAL' = WIDTH* (LD-L3*TiETA)/SIN(31)

and

PLSP = L3-(LD-L3*THETA) /2*SIN(31)

tharefore,

d (PLST) 742 = =1/ (2*SIN(3 1)

and

1(ASZALY) /dZ = WIDTH/SIN(31)

as a result,

d (PSP) /dZ = PBBAR(0) *((PLSF(0) *WIDTH) /SIN (31) -
ASEAL1(0) /(2%SIN (31))

S i——

(III-28)
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(III-29)

EE

L d (psf) /dTHETA = PBAR (0) *3 (PLSF*ASEAL1) /ATHETA

d (PLSF*ASEAL1) /AdTHETA =
PLSF(0) *d (ASEAL1) /ATHETA+ASZAL1(0) *d (PLSF) /ATHETA

LN (PR v e A

d (ASEAL1) /3THETA = -L3*AIDTH/SIN (31)

d (PLSP) /ATHETA = L3/ (2%SIN(31)

as a resulte,

1(PSP) /ATHIZTA = -2334R (0) * ((PLSF ()} *L3«WIDTH) /5IN (3 1)~
ASEAL1(0) *L3/ (2*SIN(31))

(III-30)

For the after seal the derivativaes proce=2i in the
manner:

PSA = - (PBBAR + PDIFF) *ASEAL2*PL3A

d(PSA) /dPEBAR = -ASEAL2 (0)*PLSA (J)
X (III-31)

In the same manner as shown in the pravious
paragraph, the partials of moment 3dus to seals aft with
respect to th2 other variables ara: !
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d (psa) /dZ = -PBBAR(0)*((PLSA(Q)*WIDIH) /SIN(32)¢+
ASEAL2 (0) /(2*SIN (32))

(IIT-32)

d (PSA) /ATHETA = -PBAR(J) *((PLSA(J) *L4*WIDTH) /SIN) 32)+
ASBAL2(0) *L4/ (2*SIN (32))

(ITI=33)
E The partial of planing moment is:
PPLAN = L7*HPLAN
(IT-30)
4 (PPLAN) = L7*3d (HPLAN)
1 (PPLAN) /3THETA = =LT7*KPLAN*®V (0) *=2
(LII-34)

For this constant spee2d model 1ll other partials are
identically zero. Th2 Planum Gauge Pressure also has
dynamic variation in the moment l2var ara and the
derivatives are:

PPRES = -XCP*HPRES
(IT=34)

tharefors,

4PPRES = =-HPRES (0)d (XCP) -XCP (0) %4 (4PRES)




where

£CP = XCPO+ (LDIFF*LD)/(2%3UBHGT)

theretore,

d (XCP) /3Z = LDIPPF/(2*BUBHGT)

and

4 (PPRES) = = ((HPRES (0) *LDIFF) / (2*BUBHGT)) *d2
-XCP(0) *d (HPRES)

substituting e2quation (III-25) yi=lis:

i (PPRES) = = ((HPRES(O) *LDIFF) /(2%BUBHGT) ) *dz
+XCP(0) *AB (0) *dP3BAR

Finally, the partial of pitch daaping mom2nt is:

PDAMP = -2%PI*XLSS**2%Y[ SS**2*RHI*u*THETADOT/8
(IT=37)

let

2*PI*XLSS**2=YSS**x2*«RHO /3 = KDANP

than

PDAMP = ~KDAMP*V*THETADIT

as a result, since this is a constaat speed mod:2l,
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1 (PDAMP) /ATHETDY = -XDAMP*V (0)
(III~-35)

where THETDT is ¢the first deaerivative of thata with

respect to tiae.

S. Total Ddiffergntials

Since F = ¥4 = A and th2 interest i1s in
d(P) /M. the result
being that all differantials must da divided by crafs

accelaration teras, A = F/Y and 3JaA

mass to achieve the lasired lin=3arized heave results.
Th2 same gJensral comnent holds true for momant
differentials, that is; they all aust be divii2d by the
craft aoament Of inertia about the Y-axis.

All dif€arentials 2aust be sort2d by tha variable
of differentiation so that the linearized diffarential

2quations of motion may be written. As an 2xaapla;
1zZ20D0T = ((d (HBF)/d2Z) + (3 (4BA)/42)) /MASS) *d2Z +

The State Variable repr2sentation of th2 systenm
will be preseated 1ia a1 later saction of this chapter,
however it is convenient to define the State Variables
at this time.

€t
X = (d2,12P0T,dTHEDA,IrH4ETDT, dNB)
(LII=36)

and




{ = iPBBAR
(III-37)

since PBBAR 1s ndt a state variable the definition for
dP5BAR aust be substituted for dP33AR ia all ejuations.

e
1=
Iea

o. TIotal Heave FPorce Jiffsrentiils

Here the total differentials will be found. No
2xplanatory taxt will be inclided wunless special
supstitutions requiringy an aside are ana2csssary.

Th2 puoyancy tarams are:

DHBZ = 3 (HBF)/dzZ + d(H81)/dz

(E1I~38)

A term aust be iacluded which was not previously
decrived to account for the sensitivity of s2ial forces
du2 to PBBAR since it is not a state Vvariabla.

DHSPZ = (d (HSF)/dPBBAR) * (3 (PBBAR) /32)

as a resules,

d (HSF) /dPBBAR = =-K3* (LD (0) -L3*THETA (0))
(EII~20)

and

DHSFPZ = -K3* (LD (0)-L3*THETA(D)) =d (P3BAR) /42

siailarly for the after seal moment:
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i (45A) /dPBBAR =-K4* (LD (D) +L4=THETA (0))

(III-23)
and
DHSAPZ = -K4* (LD (0) +Lu*TdETA(Q)) =4 (PBBAR) /42
Tha total seal force differential in Z becomes:
DHSZ = 4 (HSF)/dZ + i(HSA) /42 +DHSFPZ + DHSAPZ
(LTI ~39)

For plenum gauge pressurs lift differential the

same substitution must be made.

ddPRZS = -AB(0) *dPBBAR

thereforz,

DH2Z = -AB(0)*d (PBBAR) /312

(ITI-4 QY

Define +the sensitivity coefficient of Z2D0T *o 2

to Dpe:

DZZ = (DHBZ + DdSZ + DHPZ) /¥ASS

(III-41)

7. Total Differentials in THETIA

it i e e 2




-

The following partials are now defined:

DH3TH = 4 (HBF)/I1THETA + d (HRA) /4dTHZITA

(IIT-42)
DHSTH = 34 (HSP) /ATHETA +3 (H3A) /QTHET!

(IIT-43)
DH2TH = 3 (HPLAN) /3THETA

(ITI-44)

Define th2 sensitivity coefficiant of ZDDIT due *o

THSTA to be:

DZTH = (DHBTH + DHSTH + DHPTH) /MASS

(IITI-45)

Here since dPB3A2 is not a state variidble the
partial of PBBAR with rsspect to 4B must be supstituted

in the plenum lift and seals lift taras.

i (4SF) /dPBBAR = <K3% (LD (0) -L3*THZTA (0))

-

(ITI-20)

by substituting d(PBBAR) s/dMB for 3i23B3AR the result is:
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d (4SFP) /iMB = -K3* (LD (D) -L3*PHETA (0)) *i (?BBAR) /143
(III-46)

similarly,

1}

1 (HSAP) /dMB = =KU4* (LD{0) +LU*THETA(0))*1 (PB3AR) /148

(LII-47)
d (HPRES) = =-AB (V) *dP3BAR
using the previous substitution yields:
d ({PRES)/d4B = -AB(0)=1 (PB3BAR) /dMB

(III-48)

The sensitivity coefficient of h2ave du2 t> MB can

now be Jefined to be:

Di43 = (d (HSFP) /dMB +d(45AP) /dMB + 1 (4PRES)/d¥B) /¥ASS

(ITI-49)

. Total Pitch Momeat Diffarentials in Z

———— m R ena Sl — —_—_——_—_—es =a

DPBZ = d(PBF) /42 + 4 (P8A) /dz

(III=-50)

The dJdPBBAR substitution yi2lds the vpartial of

seals with respect to pressure with raspsct o 2.
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DP3FPZ = ASEAL1(0)*PLSF (0)*d (PBBAKX) /dZ
(III-51)

! DPSAPZ = —-ASEAL2(0)*PLSA (0)*d (PBBAR) /132
(IIT-52)

therefore the total seal differential in Z becones:

DPSZ = DPSFPZ + DPSAPZ +d (PSF),/dZ + 3 (PSA)/dz

4 (ITI=53)
Next the Plenum 331ge pressar2 ctarm is iacived:

i(PPAES)/dZ = -HPRES (0) *LDIFP/ (2*BUBHGT)

i (2PRES) /dPBBAR = AB (0) *XCP (0)

tharefors,

DPPRESZ = AB (0)*XCP(0) *1 (P?BBAR) /1izZ

and

DPRESZ = {4 (PPRES),/dz +d(PPRESZ) /12

|
i
(LIT=54) I
|
l
The sensitivity coefficient of THETA with respect i

to Z becomeas:

DTHZ = (DPBZ ¢ DPSZ ¢+ DPPRES) /IYY

o b




(ITI-55)
10. Igotal Moment Diffscentials ia THETA
DPBTH = (d (PBF) /dTHETA + d (PBA)/4T42TA)
(LIT-56)
DPSTH = (d (PSF) /ATHETA + 4 (PSA) /iTHETA
(III-57) |
!
|
E DPPLTH = d (PPLAN)/dTHETA
; (III-58)
é define the sensitivity coofficient for THETA t> be:
:
!
j DTHTR = (DPBTH + DPSTH + DPPLTH) /LYY
i (III-59)

Also, derfine tae s2ansitivicy coefficiant in THETDT
to be:

DTHDTH (d (PDAMP) /ATHDT) /1YY

(LII=60)

P
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iP3AMB = (d (PSA) /APBBAR) * (d (PBBAR) /dMB)

(ITI-61)
dP3FMB =(d (PSP) /dPBBAR) * (d (PBBAR) /AMB)

(ITI-62)
DPSMB = DPSAMB + DPSFMB

(III-63)

Inserting the dPBBAR suostitution yields the pactial of
pl2num gauge pressure momant with raspect to M3:

1 (PPRES) /dPBBAR = -XCP (0) *DHPRES

d (HPRES) /dM4B -AB(0) *1(PBBAR) r/d¥3

DPPMB = XCP(O) *AB(0) *d (°3BAR) /dM38

(III-64)

Define the sensitivity coefficient of THETA due *o
MB to be:

DTHMB = (DPSMB ¢+ DPPMB) /IYY

12. TIotal Diffecentiils of Air Yiss

(ITT=55)




d(4B8) /dMB = (4 (MB) /dPBBAR) * (d (PBBAR) /dMB)

define the sensitivity coefficient to be:

DMBMB = d(M4B) /d¥B

(IIT-66)

define the sensitivity coefficient in Z to be:

DM3Z = 4(MB) 4z

(III-67)

D. TOTAL {ODEL SENSITIVITY COEFFICIENTS

1. Hsave Sensitivity Coefficiants

2 —— —— s e — —

The sensitivity coefficients for the linsarized
differential equation in heave acceleration are:

Dz2zZ, DZTH, and DZMB.

The sensitivity coefficients for +he linearized
differential equation in pitch accaleration ara:

DTHZ, DTHTIH, DTHDTH, and DTHMB.
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The sensitivity coz2fficients for plenum air mass

are:

DMBZ, and DMBMB.

. The sensitivity coefficiaats for Planiaa Gauge
Pressure are:

DPBZ, and DPBMB.

E. STATE SPACE REPRESENTATION

The state matrix form of a dynamic system is:

LD0T = AX + BU

-«
iz2
W
N
@®
<

X = a vector of variablses rspresenting tha states

Of 3 set of first order linear differential 23juitionms,

and U is the vector of forcing functions, and A and B
are the nmatrices O0f the raspectiva jains. Tha form of
the equations is:

X1DoT = X2
X2D0T = X3
X3DOT = K1=*X1 + K2*X2 + K3*X3

Y




tor the

linearized

madel of

variables were defined to be :

tha CAB SES the state

t
X = (d2, dzpor, dTHETA, 4THETDT, 34B)

AS

a

result

the

state matrix rcepreseantation of *he

linearized unfocrced Heave-Pitch 1n0da2l is:

<ot |

X20Q0T
X3DOT
X4 00T

{5D0T

h— J

and

dPB3BAR

III-69

DTHZ

DMBZ

OPBZ*X1

DzTH

DT HTH

+ DPBMB*XS

-
Q Q
9 DZMB
1 J

OTHYDTH DTHMS

0 DHSH%J

X3

X4

X5

e

(ITI-63)

-




The linearized model 3developedi 1in <chaptsr III was
vaiidated against the the Six-degree-of-freedon
nonlinear model. There were sevaral changes maje in the
simulation ta2chnigues used, and it the same time the
changes in center of pressure dynaamic variation and
planing <forces were =2nterad 1intd> the 6 DIOF modal.
Estabiishment Of egquibibrium for the linear ad>del was
accomplished off-line using a TI-59 projrammable
hand-h=21d calculator with printer.

The first chang2 in simulation technigque is the
Jp2rating point at whicn the linear saasitivity
coefficisnts «are avaluated. In MciIntyre's mdiel these
coefficients were evaluzted at th2 1initial oJparating
point. In this work the coefficiants are svaluated at
the final steady-state ejuilibrium point since this 1is
customary in linearization work.

The second major change in simulation was the method
used to Jetermine <¢the planing force loss co2f£ffi
(PLCOEFP) and the establishment of the ar
location of the initial plenum center of pressure. 1In
this model all heave focces ar=2 well defined (1s nodeled
narce) with the exception of planing force lift. As a
result, craft weight ani all heave £forces 2axcapt that

F ‘ du2 to planing lift are summed ind the resiiual assumed
to be due to th2 planing phemonena. This resijual is ;
|
then usad *o0 deteramine (off-line) the value of PLCOEFF. |

)
Note that this method also accounts £oc aany lift due to {
aerodynamic forces oan tane bow that wera disregarded.
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Next all moments are supn=d about the C.G. except the
mowent due to plenuam pressure lirt. The residuil aoment
is assumed to be due to plenum pressure., This rasidual
is used (again off-line) to estaovplish the initial center
of pressure. This saccounts for any aoments not
previously accounted £or (such as aerodynamic forces on
the bow.) McIntyre used the planing lift coefficient to
force the model into agreement with the 6 DOF wnodel for
natural pitch fregquency and used 1 largs, arbitrary, and
static aoment <to forc2 the @mod21ls into st2adyv state
pitch angle agreemaat. It was [alt that using the
present method ot letermination would 1l2ave tha
equations in a form that would be @more amenable to
@xtraction of the factors nost dirasctly affecting craft
characteristics as aodel=d herein.

A. LINEAR PROGRAM DESCRIPTION

User's instructions have been iaclud=ad as apoendix 2.

The program <flow <can be 1isolata2d into foar main
sactioans.

1. First the values for craft wa2ight, draft, pitch
angle, pleaum pressure and spe=2d are entaced. To

initialize plenum air mass, draft is used to solve for
initial plenum air volume, which is then usad with
initial plenum gauge prassur2 o sSolve equatisoa TTI=-15
for plenum air mass. 2juation II-12 is then solved for
Qin. Qout is set 2qual to Qqin 2and eguation II-13 is
solved for seal leakage area. All other heave and pitch
nonlinear equations are solved and their values are
listed along with resiiuals of heave 11d pitc
summations. Thase resiluals are addad to +the initia
values of C.5. and angualar acceleration and ta2 initia




values are saved for the time domain simula+tion section.

2. The sames operations ar2 carriad out Zor tae steady
state values of weight, draft, pitsh angle, anl plenunm
prassure. The residuils, forces aad moments are again
listed.

3. These steady state values ar2 used to evaluate
the sensitivity coefficients d=avelopad ia chapter TITI
which are also listed.

4. Finally the stat2 variable solution 1s simualated
using a four-point fix2d step Rung=s-KXutta alyorithm and
isted for the print intarval desired. The option is
included to output eithar prianter plot graphical display
using the NPS printer plot susroutine PLOTP or the X-Y
Versatec plot subdbroutiae DRAWP. Th2 lattar should be
us2d for final rcuns only, with PLOT? asad on
intermediate rcuns. Provisions ar2 aade for ap to 300
discrete output points for th2 <time Jomain *abular
listing.

3. SIX-DEGREE-OF-PREEDOM MODEL SOLUTLION

Two changes were mad2 in the 5 DOF amaod=2l to accoun* in
a3 more analytic manner £5r th2 obsarvad tandancy of the
XR-3 to pitch down as speed increased.

“he first change wis to remove an 2mpirical egquation
us2d to corract the center of prassur2 [S5] and reolace
it with the dynamic center Of pressur2 variation
developed in chapter II.

The second change wsas to include 1in th2 sidewall
subroutine the nonlinear eqguation for planing €£forces,
4ith  tha 1loss coefficient adjusted to =mak2 up (as
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closely as possible) for 1lift loss jue to th2 vrevised
modeling of the plenum chamber.

Finally, the 6 DOF molel was ran at both 5722 lbs and

6030

Qoparating points, followed by tha2 waijat c2moval
transient run for tiae domain validation 2% *ta23 linear
heave-pitch modal.

EE
nodel

changes and to aore <closely astabl
initial location of ths center of prassure. The large
amount

run tae nonlinear model precluded iancluding taiyt study

in

X-iirection thrust was held constant duriag the run with

tha

increasing at the end af the fiva second rua. This

affect will be further 1iscussed in tae a2xt saztion.

C. COMPARISON OF RZESULTS

The

shown

should be noted th
*

this work. Also, for ¢tae nonlinear aodel,

lbs weight to establish the initial and final

"

the 6 DOP

=

ct
Fow fu
<
2 (9]
rl

St

ta2

i

t fu

h

(t

a
is needed to =2valuate the two

w
[

L8]

sul
Li

w
(g}
-
)

irbitrary

of CPU and turn-around prograam times rajuirad4 to

result that speed was 30.33 knots 2aad still

graphical output for <the five second rcuas are !
in <figures 5 through 8 for the linear nodel and

£ijures 9 through 12 £5- the nonlinesar model. The fixed

iategration step size was 0.005 se: for the lin2ar amodel

and Q.

001 sec for the ndnlin=ar aodal.

e
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In general both models exhibitad a rapid imitial

reduction in pressure fr>llowed by a smooth transiant
back towards the final operatiny pressur2. Por the
linear model the minimuan occur=d at 100 ailli-ssconds,
and 110 milli-seconds €for tha 3 DOF model, with the
respective pressures being 21.38 and 21.30. Ta2 final
values were 24.31 and 24.08 for the linear and aonlinear
model respectively.

As can be seen from the grapahical data 2xcellant

agreement was acheivad bpetwean the two models.

to
.
o
1
w
rt,
ct
L]

ransient

(see fig. 6 and 10)

both models exhibit a smooth axponeatiz pe

ot

Ity
transient towacds the final, lcwar steady-stata dJdraft.
The linear model transiant settles towards a lower value
(6.04 inches as comparel to 5.44) waich is ian parct
attributed to a difference in modeling of the seal
forces. The nonlinear 1o0del uses 1 complex <combina*ion
of hydrodynamic and aydrostatic lift where the linear
model uses a siample prassure differantial effect. \Also,
since the noeclinear amddel is sattling to a significantly
lower pitch angle (s=e para. 4 below), the planing force
effect is reduced in that model.

3. c.S Acgelaration

(see fig. 7 and 11)

Both modasls show a rapid positive transient in
tr

acceleration that closely follows the negativa ansient
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in plenum pressure. Both models reached th2 initial
peak positive C.G. acceleration at approximately 20
milli-seconds after the plenum prassurs coamplated the
negative transient. he 1linear mod=2l appears to have
greater coupling between pitch and heave lookin3y at the
C.G. acceleration, but this is not actually supportable
since the linear model has gresater pitch amplitude
excursions about the expomential pitch transient to the
lower steady state value (see fig. 8 and 12.) In
general the two models show excellent agr=2=2ment in

transient and damped C.3. acceleration behavior.

(see f£ig. 8 and 12)

It 1is 1in this area that the two modsls are in
jreatest disagreement. B3oth exhibit a3 general damped

sinusoidal behavior aboat a cent=ar 2xponential transisnt

to a lower steady state value. In both <casas the
initial axcursion is downward. The natural pitch
fequency of linear modsl is approximately 4.3 radians

per second, whereas the nonlinear model =2xhibits a
natural pitch frequency of 6.98 radians per second.
There 1is felt to be one major factor coatributing *o
this large discrepancy, which is th2 inclusion 2f the
planing force in the noalinear mod=sl. Data pr2s2ated by
Thalar and Gerba [J4] showed a natural pitch frejuency of
5.3 radians per second and auch higher oscillations
about the exponantial transisnt. It is felt that the
simplifi=d planing forces of the linear a3d21 are
included in the much mocs complex hydrodynamic =zquatiocons
of +the nonlinear mod=2l and ar= therefore redundant in
that model. Due to tinme «constraints, that avenue of
investigation is 1left <for future studies. Th2 linear




model 1s tending towards a steady state valuz on the

order of 0.45 Jdegrses wh2reas the nonlinear model is
tending towards approximately 0.30 degre=s. This 1large
discrepancy is partially due to the redundant planing
force in the nonlinear model and the fact that speed is
also increasing in th2 nonlinear mod=l which tends to
accentuate the planing force and force the =craft to
pitch down.

In the next chapt=r a signal flow graph will be
developed and Mason's 5Sain Rul2 applied to exolain the

linear =model <charactercistic cesponse in a more

analytical fashion.
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A. INTRODUCTION

The State Variables defined in Chapt II are used to
develop a signal flow graph of the craft h=2ava-pitch
dynamics. Mason's 3ain rule is applied to thz signal
£low graph to deriva analytical S-domain polynomials
axprassing the transfer functions for pitch momsnt into
pitch angle, heave acceleration into draft and the two
cross gains. Using typical gains calcgulated in the tinme
domain program developed in Chapt III the roots of these
polynomials ar2 located and it 1is shown that pitch
dynamics may be very <closely approximatad by a
second-order systenm. Heave dynamics ars also

simplified.

Using a simplified approach to th2 rfreguency rasponse
of the «craft to non calm-water conditions, the basics
are developed for later sea-state model work. A dynanic
systen modeling program availabla at tae Naval
Postgraduate School is used to generate Bode plots for
the cract's fraguency cesponse in Heave and Pitch under

the simplifying assumptions.

B. SIGNAL PLOW GRAPH ANALYSIS

Fig s was genaratad using the seasitivity
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coefficiants defined in Chapter I[II. From
following feed-forward aad reedbiack loops
identified:

1. Feed Porward, U(IM4BTA) into THETA.

P1 = (1/IYY)*(1/5%%2)

2. Peed Porward, U(Z) into 2.

e
-
u

(1/MASS) * (1/S5%%)

-

3. Feed PForward, U(TiEBTA) into Z.

u

3 (1/IYY) *DZT H* (1 /S*%4)

4. Feed Forward, U(Z) into IHETA.

P4 = (1/MASS) *DTHZ* (1/S*%y)
5.Feedback Loops.

L1 = DTHTH/S%*2

L2 = DTHDTH/S

L3 = (DZTH) *(DTHZ) /S**i

L4 = (DZMB) *(DMBZ) /35 **3

that 3jraph the

and paths were

LT LT N TR ST

LIP3

g




Lo

|}

DMBUB/S

L7

(DZTH) *(DYBZ) * (DTYM4B) /S**5

C. MASON'S GAIN RULE APPLIED

Mason's gain rule for a closed multi-loop systaa is:

T = SUM (Pk*DELTAk) /DELTA

whars,

T = traansmission gain from an 1input to an output
node.

DELTA = the graph da2tarminant

DELTAk = cofactor of the kth path

Pk = gain of the direct path from input to output

Using Mason's gain raule tha graph deterainant (DELTA)
is found to be of the form:

D(3) = (B5%S*%5 + BUxskxy ¢ BI*ks%%k3 + Beskx) + Bl*s +

BO) /S**5

The forward direct path ¥ (THETA) to THETA is:

N1(s) = (1/IYY)®(1/S%%5) * (A3*s%*] ¢ A2%s**x2 + A1*5 + AQ)

The forward path U (Z) to Z was found to be:
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N2(S) = (1/MASS) *(1/S%%5) ®(AI*S**3 & A2%S**) + L 1&s ¢
AQ)

The forward direct patn U(THETA) to Z 1is:

N3(S) = (1/IYY) *DZTH*(S + AQ) /S%*y

The forward path for draft coupling into pitch (U (2)
to THETK is:

N4 = (1/MASS) *DTHZ* (5 ¢ AQ) /S*%y

D. SOLUTION OF THE INDLVIDUAL POLYNOMIALS

l'he gains used below were taken from a typical *ime
domain run as developed in chapter IV.

D2z = -2178.0
DZTH = =-121.3
DZM¥B = =5499.0
DTHZ = 28.78
DTHTH = -22.31
DTHMB = 72.1
DMBZ = -28.79
DMBMB = =73.11

1. Solution of the scaph Degerainant

Insertingy the nunerical wvalues for tha typical

sensitivity coefficients listed above and using only the
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dominant terms where possible, the roots of the graph
determinant were found to be: 3

DELTA = (S*%2 + 71.8%S + 2066)%(S ¢ 0.5086) *(S**2 +
0.72%S +22.74) /S**5

These factors rapresent a pair of complex poles
located at -35.71+ j27.84 , a r2al pole 1located at
-0.5085 , a pair of conplex conjugate roots liocated at
-0.360 ¢+ j 4.755 , and a1 fifth order zero locatad at the

origin.

N1(S) = (1/IYY)*(S + 0.427)% (S*%x2 + 72.68%S + 2146) /S*%5

This polynomial factors into a real zer> located
at -0.427 , a pair of coaplex conjugate zeros located at
-30.34 +# j 28.74 , and a f£ifth order pole locit2i at the

origian.

J. Solution of N2 (S)

N2(S) = (1/MASS)*(S*%*2 & 0.7721%5 + 22.35)%(S +
72.38) /5%%5

Which factors into a pair of <complex conjugate

zeros located at =0.3856 + J 4.712 , a real zero at
-72.38 , and a fifth order pole located at the srigin. %
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N3(S) = (1/IYY)*DZTH*(S + 73.11) /S**y4

Which represents a1 real =zero> at =73.11, and a
fourth order pole at th2 crigina.

5. Solution Qof MY (S)

N4 (S) = (1/MASS) *DTHI*(S + 73.11) /S%%y

Which has the same »pole and zerd locitions as
N3 (S) .

E. SIMPLIFICATION OF TRANSFER PFUNCTIONS

T1(S) = THETA(S) /U (THETA,S)

Therefore from Mason's Saia Rula:

T1(S) N1(S)/DELTA

T1(S) (1/7EXL) (S & 35.30 ¢ A28, 1y &[S ¢ Q.82 7
(S # 35.1 ¢ J 27.84)*(S + 0.508)%(S ¢ 0.36 ¢ 3 4.755)

13




To simplify 1let the complax conjugat2 z2ros at
-36.34 # j238.7 cancel the poles at -35.9 # 3j27.84 , and
the real zero at =-0.427 cancell tha pole at -0.508,
The result is the simplified second ocrder systea:

T1(S) = (1/IYY)}/ (S**2 ¢ 0.72%s + 22.74)

Inspection of the time domain pitch response with
respact to natural frejusny and dampiag conifirms this
basic underdamped second order respoase.

T2(S) = Z¢S)/U(%,S)

T2(S) = (V1/MASS)*(S + 0.2856 + ju.712)*(S + 72.38)/
(5*%2 #35.1 & J 27.34)%(s + 0.5035)*((S +0.35 ¢
j4.755)

Canceling the pole 2t =-0.36 & j 4.755 with the
zero at =-0.3856 ¢ Jj4.712 results in the siaplified

responsae:

F2(S) = (1/MASS)%(S + 72.33)/(5 + 0.508) % (5*x2 ¢ 71.8%5
+ 2060)

Further simplification can be =made if (S +
72.33) /¢S + 0.508) is approximated by 72.33/(S ¢ 0.508)
(which is valid for loajer time period cousiderations.)
AS a result T2(S) becoass:




T2(S) = (72.33/MASS)/(5+0.508) *(3%%2 & 71,945 + 2066)

which has poles locatel at =-0.508, and =-35.3¢ 327.83
This is in Qquite close agreemant with th2 results
obtained by Thaler and 3erba 14 for the sam2 airflow
condition (K9 = 1.0) for their heave-onliy linearized
aodel. Their rasults wer2 a real pole at =-0.33 and a
complex pair at -35.1¢ j34.4 . This is of the forrm:

T(S) = K/(S + 0.38) % (S%*2 + 70.2%S + 2415)

3. Z3(S)

T3(S) = 2(S) /JU(THETA)

Here it is noted that ther2 are no pole zaro pairs
that conveniently cancel so that tae transfer fu
becomes:

T3(S) = (1/LYY) *DZTH*S® (S + 72.33) 7
(S + 35.1 ¢+ 3 27.8u)*(s+ 0.5085)%(S ¢ 0.36 ¢ j4.775)

Making the simplification used in th2 previous
section, the result 1is:

™~

TI(S) = (72.33/IYY)*DITH*S/(3%%2 + 71.3%S ¢ 2055)« i
(S ¢ 0.508)«(S*«2 & 0,72%5 + 22.74) i

t

Which can be furtaer siamplified by lookiag at the H

long teim respoanse vice initial <faw milli-saconds *o
1
(S/(S + 0.508)) = 2 so that:




T3(S) = (142/IYY)*DZTH/ (5**2 + 71.8%s + 2055) % (5%%2 +
0.72%s + 22.74)

4. BAS)

| Since the transfer fundtions are the same excep*
for the gains the solutions are the same except for the

BT

gains:

e

; T4 (S) = (1/MASS) *DTHZ * S*(S + 72.33) /DELTA §
4
whare the same simplifying assumptions may be applied. :
s
¥

5 F. SIMPLIFIED BODE PLOT ANALYSIS
| 3
. ;
i §
| V. sSiaplifying Assuzption :

M (see £ig. 12)

T

|4 The assumption is mades that the crarft linearized
H frequency response traasfer funcctions can be s2parated |

into two transfer functions.

The first block e B4 (O ) S exprasses the
disturbing moamsnts and accelerations generata2d by the S
crart interacting with the waves. 2ais function was |

developed by Thaler 1ind Garba [14] for the hesave-only
model. In that simpler model the functiona 51 was 21 t
complex function of encounter fragquancy, 1agle of
incidencs, craft length comparad to encounter wavalength
etC.. This por+ion of the overall fraquency response of {

this model 1is 1left for future work due ¢o time
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constraints.

The second block 352 (We) reprasants the heave-pitch
dynamics of the model as developed in chapters II, ITT,
and IV, which respond to the dJisturbing wmom2nts and
accelerations from block G1.

The Transfer functions T1 and T2 (unsiaplifisaq)
were simulated using the IBM-360 simulation lanjuage DSL
with § = jW with the following rasults.

2. Bode Plots for Pitch Dynamics

(see figs. 1S and 16 )

Figure 15 repra2s2n+ts +th2 noranalized (numerator
jJalin constants set to 1) gain in JB8's versus Omega.
Note that <the abscissa scale is Jdme3a in powars of 10
since this 1is a coanvanien*t ameans to achiesve a
logarithaic scale on the X-Y plottar output. 1As can be
seen the response strongly supports tne siaplification
to second-order system. These plots reprasent the full
transfer function T1 (iW) vice th2 simplified systen.
Pigure 16 further supports the siaplificatian as the
pnase plot starts at zero degr=2es and shows only 2 very

slight positive incr2ase p

"

ior to the rapid change
toward =130 characteristic of an underdamped system.
Also note that above th2 damped natural f£requency the
nagnitude plot falls at -12 1B per octave.
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Figure 17 represents th2 normalized 1pajnitude
versus Omega for th2 h=2ave dynamics. The system is
characteristic of an overdamped third order system with

? small gain increases at the craft's natural pitch
frequency, which represents thes pitch dynamics feeding

back into heave dynamics. Howevar the gain magnitude
curve nas already fallen 20 dB below 1it's 1lower
frequency respoase gaia o=2fore the pitch coupliag begins
to manifest itself. As can be seen in fig. 18 thz phase
plot shows the same third ordsr ©pole response with
slight second order zero influenc2 at the natural pi<tch

freguancy.

Sha




As shown in <Chapters IV and V <the siaplified
Piich-H=2ave model devaloped her2in is a very reasonabla
simulation of the XR-3 test crart tfor the given
operating coaditioas. Heave, Pressure, aad e Ga

ccelaration were in very close agr2ema2nt. Pitch on the
other hand show=2d some 3ifferenca ia natural <£fregquency
and damping factor. It is felt that this differsnce is
primarily attributable t> <¢he inclusion of a r=23undant
planiag Zorce calculation in the 6 DOF model.
distorically the results of the 5§ DJIF computations 14

£Or pilitch rasponse have been vary similar to th2 rsasults
for the linear amodel, in Doth natural fregusncy and
damping characteristics. This can be attributad to the
fact that the additional planing force did not =2xist in

the original 6 DOF prograa.

Since one of the major concerns with the 6 DIF model

the 2xcessiva coaputational times 1avdolved ian

b

S
2a-state simulations the conclusion may be drawn that

/7]

evantual substitution 0f <the sijewall and seal force
linear wmodel =2guation in +the 9 DOF progranm will
substantially reduce 22U %ine, with some resultant loss
in computatisamal accuracy. By way of comparison,
disregarding compiling time and output time, the linear
nodel rejuired approximately 9 saconds of CPU time for
the 5 second simulation whils th2 o DOF model ra23juired 9
minutes of ‘CPU for th2 5 second rua. This d=s 2a

computation ¢ime iamprovement on th2 order of 60 times.
L P

Prom the time-domain plenum Jauge prassure data it can




o —— .

Ty

pe seen that the dynanic variation in effaective plenum
roof area has a noticeable effect on the plenum pressure
transient behavior as conpar=d to previous results 14 .
The initial pressure down transient was fastar, dropped
to a lower valu=2 , and bagan i%t's recovery more guickly.
Therefor2 the plenum r£>5f dynamic variations strongly
affects <tae C.G. acceleration characteristics of the
craft and therefore it's transient behavior.

The dynamic center of pressur2 variation 3eveloped
nerein proved to be a very dratt sensitive ph2nomenon.
Although the 1length of the other lever aras as modeled
herein <change Dy a similar amount, parcentiage o
variation is radically Jifferent. For the seals the
variation is on the order of inches in 10 22%, wherse
the wvariation in levar arm for plznum pressur2 lift is
on *he order of inches in a single foot (or lass.) This
implies that dynamic C.P. variation 1is th2 lominant
factor in steady state pitch angle versus stealy state
dratt.

Planing forces as included in this model are now in a
fora where the basic factors as far as c¢ratt
construction characteristics are readily recognized.
This force provides part of the answer to craft
pitch-down characteristics as initially investigyated by
g21del [, with +=hes remaindar of the mom=snt being
developed by ¢the <C.P. variation for pr=assure The
planing force provides a clue as to how, during
construction, the «craft's opitch amplituds 2xcursion
characteristics may be zontrolled.

Saveral areas for future 1investigation hava become
apparent in this work.

1. Verification of thas effect of dynamic ceanter of
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pressure variation and planing forcs2s as incorporated in

the o DOF nodel over the entire spe2d operatiny range.
2. Incorporate the simpls modeling for sidewsalls and

seals into the 6 DOFP model and investijate the trade-off

between CPU tim2 and computatioral accuracy.

3. A closer look at th= seal fgorces used her2in. Ie
1s possible that a simple gain <factor needs to bhe
included in these eguations in ordar to optinize the
steady-state seal forces With rCa2spect to actual load
data as measured during experimental test runs of the

craft 10 .

4. Incorporate sea staite forces and aoments 1into the
simplirfi=d model by simulation of the forces and mcments
that are generated by cratf+ interaction with the sea.
Evaluate the accuracy of the m=2thod used by coamparison
with data generated by the simple model and th2 6 DOF

model in s=za-state conii+tions.

5. Aralytical investigation of the cratftt physical
characteristics t*that hav=2 predominant influenz2 on %h2
natural pi“ch frequency and dampiag by using the gain
tecms from the results 5f the signal flow grapan analysis

done in Chapter V.

o. Use the simpiifi2i moda2l to davelop a rides-c

o
control system. Test the resulting design on th=2 6 DOF

model, and coampare the results obtained with those
suggestad by RJH4R [7]. It has bean xnown 2apirically
for some time that the craft exhioited simple secon

order behavior in the pitch mode. Now that this fact
has been analytically verified the implicatisas £for an
automatic control system for pitct respoasa are

powerful. A simple :control system can be visualized

4
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;
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that does not involve =2ither <complex optimal control
system design work or hardware. A simple acczleration
and rate feedback contrd>l system is implied, with the
possibility of adding a speed input to th2 system to
compensate for the localized 1linearity of the craft

characteristics.
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APPENDIX A

LINEAR SES MODEL USER'S GUIDE

A. General Comments

The program as listed following Appendix 3 is in*tendad
for useage via the hot card read=r at NPS.

It is intended to run in Poctran G with Plctting
option (PROC = FORTCLGP.)

The program 1s structured on the assumption that the
initial and final state wvariablss are in egquilibrium
prior to data entry, but will run rzgardlsss. Tha force
and moment residual listings will indicate th2 value of
imoalance, if any.

The <craft physical dimensions ars altarable by
changing the cards in the craft dimension sectidn of the
main program, which are keyed to the <craft geometry
nerein.

3. Data Deck Setup.

The /* and //GO.SYSIN DD =* cards are iaserted
rollowing the end card ia Subroutinz VERSAP, followed by
th2 data deck as described

1.Plot option card (I2LOT), format IT. IPLOT = 1 =

VERSATEC X-Y plotter output.
TIPLOT = 0 = PRT PLOT output

83
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; 2+  List option card (ILIST). Pormat k1
ILIST = 1 = Forces and moments,with residuals and all .

sensitivity coefficients listed. H

ILIST = 0 = Input craft operating conditions only 3

listed. I
E

3. Time and Integration variables. &

TL, TP, NPES, NSTEP Pormat (2F13.4,2T10)

Ti = problem start time (normally 0.0)

TF = Problem stop tine (s=2conds)

NPTS = number of tabular output points desir=a4.

NSTEP = number of intagration staps.
note: it is best to make NSTEP an integer aultiple
of NPTS, and never less than NPTS.
4.Planing coefficient and arbitrary center of pressurse
input, i.e. READ( ) AKP, PLCOEFF
Format = 2F10.4

5. Initial Conditions card.

The initial <craft conditions are read in in the
following ordsr: weight(Lbs.), Draft (in), Pitch angle
(D=g.)), EBBAR (psf), and speed(fps.) Format is SF10.4

6+ Pinal €saditions.

The final conditions are read in the following order
and format: weight (Lbs), Draft (in), Pitch angle
{Deg) , and PBBAR (psf), Format 4F10.4. Since this is a
constant speed wmodel, initial and £final speed ar=2
assumed 2qual.

Te Label Cards.

Label cards for VERSATEC output are the last 10 cards.

|
!
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P —————— W——

Paere are five graphs in this mode. PrafE(ia) , C.G.
Acceleration (G's) , Pitch Angle (Deg.), Pitch
Acceleration (Deg/SET**2) , and PBBAR (Each graph
reguires two label cards, Format (648), which print oa

, two lines below the graph. The graphs are output in the
; order listad above.
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