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NOTATION

Leakage area between fan chamber and cushion chamber

a Wave amplitude

a/I Wave amplitude to cushion l ength ratio

B Craft beam

C0 Discharge coefficient between fan chamber and cushion
chamber

C 1, C~ , C3 
Fan map coefficients

d2 
Cushion bag chord

• d~ Cushion chamber extension due to contact

F Contact vert ica l force

• F Froude number , U/ v’E~~
F Total contact vertical force, F + Fv 1 2

g Gravitational acceleration

H Heaviside function

hk Skirt  height

Craf t momen t of inert ia

ka Wave slope

k Terrain wave number , 2n/Aw

L Cushion length
L
4
- . 1 Skirt  height

S

£ Hei ght between skirt edge and terrain surface
‘I ,

2.’ Skirt submergence , -2.H(-L)

9 1 Deformation of aft skirta
Deformation of bow skirt
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M Total moment about the y axis

MC Moment due to vertical contact forces

M Moment due to contact f r i c t i o n

MR Moment due to air  flow reaction forces *

m Cra f t mass I
P Cus hion guage pressure

Pf Fan gauge pressure

p Cus hi on pressure , tota l

Ambient pressure , atmospheric

Q A i r  f low

Effective flow due to compressibility

Flow out of cus hion chamber

Q. Flow from fan to cushion chamber

• Ef fect ive flow due to craft motion

Effective flow due to terrain pump ing

R Cus hion bag rad ius  • 
~

• S Cushion area

t Time I
~~~

U Mode l speed

V Cus hion vo lume

x Positive coord i nate along craft length (+ forward)

xg Component of center of mass along x I
Moment arm of the cushion area along the y axis

F • z Positive coordinate In vertica l direction (+ up)

Component of the center of mass along z
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NOTAT ION (continued)

z Ter ra in  heightw

• ~a 
Seal angle , aft

Seal angle , bow

y Ratio of specific heats

Pressure difference across orifice

At Time increment

0 Pitch angle

A Terrain wavelength

A/I Nondimensiona l wave l ength

• X/2a inverse wave slope
‘. 1

Coefficient of f r ict ion

: p Cushion gas density

Ambient gas dens i ty

Nondimen sional fan flow

Design flow coefficient , 
~~ 

= 0.142

Nondimensiona l fan pressure

Design point pressure coefficient , IPc, = 0.054

• Encounter frequency , terra in frequency , 2TU/A
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ABSTRACT

An ana l ytica l model for predictin g the p i tch and heave

response of air-cushion- supported vehicles (ACV) during overland

operation is developed . The effects of air compr essibility and skirt

contact with the supporting surface are Included in the model. The

resulting anal ytical model is used to predict the response of a JEFF(B)

experimental model to period i cally varying terrain. These pred i ctions

show excellent correlation with experimental model data , thereby serving

as ver ification of the accuracy of the analytica l mode l for a

complete range of operating conditions for the JEFF(B) .

ADMINISTRATIVE INFORMAT I ON

This Study was sponsored by the Nava l Sea Systems Comand under
is —

Task Area S11+l 7 , Task 11+ 17 14; and administered by the Amphibious Assault

Landing Craft Program Office , Systems Deve l opment Depart ment , - D a v i d  W .

Tay lor Nava l Shi p Research and Development Center unde r Work Unit Numbe r

1-1180-001+ .
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INTRODUCT ION

The deve l opment of anal ytica l models for the prediction of

the motion of air cushion vehicles over random surfaces has

proved to be an extremel y difficult prob l em. Onl y a few anal ytica l

models have shown p romise of success (See References l ,2,3,8,~ ) • The

difficulties in developing a suitable anal ytica l mode l are attributed to

the strong nonlinear characteristics of the physical phenomena in

question. These nonl inearities arise from the deformation of the

vehicle skirts , the complicated air flow patterns In the supporting

cush io ns , and in genera l the nonlinear characteristics of the Interface

between the craf t  and support ing surface . If the supporting surface is

• deformable , additiona l non lin ear ities arise. In order to eventuall y

produce craf t  hav ing optimum des ign character is t ics , It is necessary to

deve lop anal yt ica l tools that accuratel y mode l craft  behavior. This

report presents the successful development of a nonlinear time-domain

mode l that can be used for predicting craft response in pitch and heave

during ove r land ope rat ions.  The anal yt ica l model developed does not

contain any artificial damping or restoring coefficients , artificial

inert ial or mass properties , or artificial tuning. All parameters

emp loyed are der ived direct l y from the phys ica l system under study. The

degree of success of the current analytical model is Indicated by the

excellent correlation results achieved wi th experimen tal model data. The

si mulations conducted for purposes of verification Included predictio n

of p i tch and heave for mot ion over sinuso ida l terrain , trapezo idal

terrain , ramps , t r i a n g u l a r  bumps , and step function changes in terra in.

The more interest ing sinusoida l resul ts are presented in this report.

*References are listed on page 28.
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I
- The anal yt ica l model presented in this report is appro-

priate for a model scale craft. Once the analytical model Is ful ly

deve loped , generalization to full scale requires only a stra i ghtforward

process of changing geometrica l pa rameters to full scale values. The

full scale anal ytica l model can be used in an extremely cost effective

manner for design optimizat ion studies , trade-off studies , and

performance pred ictions.

DEVELOPMENT OF THE MATHEMATICAL MODEL

The air cushion vehicle configuration considered in the anal ytic

model consists of a full y—skirted perimeter with two supporting air

cushions separated by a transverse stability skirt. The air cushions

- . and periphera l skirts are supplied with air from a fan chamber , which

In turn is supp lied with air from the lift fan. This general confi gur-

ation , which is illustrated In Figure 1 , Is representative of the

Amphibious Assault Landing Craft (AALC) Program JEFF(B) craft.

• All mathematical models are devel oped in a body centered

coordina te system having the z axis directed upward and the x axis

forward. Positive pitch corresponds to a bow up orientation . The

• ana l ytic model has been developed to compute ACV motion in three degrees

of freedom, specificall y pitch , heave, and surge . Onl y pitch and heave

• results are presen ted in this report since experimenta l data includ i ng

surge was not available for validation purposes . Means have been deve l oped

t . to extend the present mathematica l mode l to include all six degrees of

freedom.

• 

~;• 3 

4.~~ 9tA~~ r 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • ~4 •~~~~~~ . - . • • •.~ • -~~• - . 4

~~~~~~~ -~~:::~
--
~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J1~ T.. T T .J1JI~ ~~



—-
~~~~~-- ~~~~~~~~~~~~~~~~~~~~~~ __________

The basic equation of motion for heave Is given by

m
~~~

P1S1
+ P 2S2

+ F
~~

-m g (1)

where* the products P1S 1 and P2S
2 represent the vertica l force arising

from the forward and aft cushions , F
~ 

represents the vert ica l force

ar is ing from skir t  contact wi th the supporting surface , and mg repre

sents the gravitational force. The differential equation describing

pitch is given by

= PiSiC~i~
xg) + ~2~ 2 ~‘~2 

- xg) + M

+ P1B(hkl 
- hk3

) {z g + 
~ 
(h~ 1 + hk3)} (2)

+ P28(hk3 
- hk2 ) {z g + ~ 

(h~3 
+ hk2 ) }

The f i rs t  two expressions appearing on the right hand side of the

above equation represent the pitching moment arisin g from the

forward and aft cushion pressure forces respect ively. M represents

the moment produced by skirt  contact with the supporting surface

and arising from air escaptng under the skirts. The last two terms

represent moments identified with the pressure different ials tha t

exist ac ross the skir ts .

~~ * A complete description of all symbols appea rs In the notation section .

14
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The above second order d i f ferent ia l  equations are so lved

directl y by a Tay lor series expansion us i ng evenl y spaced t ime steps ,

At. Extensive sensitivity studies were conducted to determine an

• optimum integrat ion time step and to assure that integration instabi li—

ties were not encountered. Various exciting forces were used during

these sensitivity studies. In each case, the step size At was decreased

until variations in final results rema i ned less than 1 percent. A time

• step size of 0.0025 seconds proved sufficient for 1 percent accuracy for

all cases examined in a model scale simulation .

Expressions for the various forces , moments , and pressures

appearing on the righ t hand side of the above differential equations are

• 
. deve l oped in subsequent sections. The expressions are imp l emented in a

digital computer program wh i ch is used to generate the predicted

results presented in this report.

CUSHION PRESSURE MODEL

The pressure in each chamber of the seqmented cushion of the air

cushion vehicle is assumed to be spatiall y un i form , with forces acting

at fixed centers of pressure , T~ and ~~2. In the actua l ACV there wi l l

exist  a pressure gradient in each of the cushions ar is ing mainl y from

the mass t ransfer of air (4 , 5, 6). This pressure gradient will depend in

part on craft orientation and velocit ies and in part on the changing

geometrica l characteristics of the solid surface supporting the craft.

The changing pressure distribution w i l l  alter the location of the

cente r of pressure during craft motion.

5
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The current approximation is adequate provi ded the pressure

gradients are small. A detailed examination of the effects of the

pressure gradien t would require solving a set of partial differential

equations with temporally and spatially-dependent coefficients.

A numerica l procedure of this type is currently be i ng investigated

under a separate effort.

For a given fan air flow rate, Q, the pressure in the

intermediate chamber between the fan and the forward and aft cushions

is assumed to be represented by a simple quadratic form ,

Pf — C 1 + C2Q + C3Q
2 (3)

This model takes Into account duct ing effects and fan characteristics .

The coefficients C 1-C
3 

used in the current study were obtained f rom

experiments conducted by the David W. Taylor Nava l Ship Research and - I

Development Center (DTNSRDC) on a model of the JEFF(B), an Amphi b ious

Assault Landing Craft (i). This simple nonlinear equation was chosen

for conven i ence and can be easil y replaced by tabulated va lues, more

complica ted fan maps, or analytic models of the dynamic response of the

lif t fan and air distribution systems.

The pressures in the forward and aft cushion s are obta i ned J
from air f low continuity equations and from discharge equations for the

• various orif i ces between the fan chamber and each of the cushions ,

between each of the cushions and the atmosphere, and between forward

and aft cushions. The continuity equation specifies that the sum of the

6
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input flow to a cushion , the output flow, and the ga ins or losses due to

• compressibility must equa l zero. The equation of continuity for the

forward cushion Is

~ei ~~~~~~~~~~ -ç1 + Q
3

+ Q
1 
= 0  (4a)

and for the af t  cushion

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(4b)

where Q;1 and are the inlet flows from the fan chamber , 
~e3 is the

stabi l i ty  ski r t  f low between the cushions , 
~‘ei 

and 
~e2 

are escape flows

through forward and aft skirts , Q~~ 1 
and are the a ir flows associated

with changes in cushion voium e due to craft motion , Q and Q are the

air  flows resulting from volum e changes arising from varying terrain ,

and Q
1 

and are effective air flows associated with air compressib ility

effects and the rate of change of density of the cushion fluid.

The relationship between pressure and air flow through various

• operdngs is specified by the general orifice equation

= CDI A .
/2AP/P (5)

where C 0. is an or i f ice  discharge coefficient associated w i th  or i f ice

area A~ , and AP is the pressure difference across the orifice .

The discha rge coefficients used in the present analys is have

been derive d from experimenta l studT~s
’current.1y underway. Geometrica l

data were obtained directly from the 1:12 scale JEFF(B) mode l used in the

validation experiments. Orif ice areas consisted of a large number of

small o r i f i ces  of various shapes . The measured leakage area represented

a lowe r bound since small leakage areas could not be accuratel y measured.

7
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The escape areas under the skirts and the stabil ity seals

are calculated by Integrating the gap between the bottom of the skirt

and the supporting surface unde r the skirt perimeter. The resulting leakage

area depends upon the craft motion and craft orientation , which are

computed in the motion simulation , and also upon the terrain geometry

relative to the ACV. The anal yt ica l model for the l eakage gap employed

in the simulation results presented in this report is given by

t(x,z, t) — z + xe - hk(k) 
- z ( ~ + Ut) (6)

where hk is the skirt heig ht , 
~~ 

Is the terrain profil e, U Is the craft

veloci ty , and 0 is the pitch ang l e which has been assumed to be smell.

The small angle approximation is appropriate since pred i cted pitch angles

are typ icall y less than 6 degrees. A negative val ue for L indica tes

that the skirt Is in contact with the surface, i.e., there Is no gap,

In wh i ch case ~ is set to zero. In order to handle the case in which

t<O, L can be written as L’— -2.HfL), where H(L) is the Heaviside function.

AIR FLOW DUE TO CRA FT PUMPING

The craft pitch and heave motion resu lting from in teraction w i th

its environment causes the volume of the forward and aft cushions to

k change as a function of time . The contribution to Incompressible flow

resul ting from craft motion is assumed to be equal to the product of the

craft ’s average vertica l vel oc i ty in the chamber in question and the cross—

sectional area of the forward or aft cushion , as appropriate. The craft

pumping term is therefore given by

— + (!c - Xg) e}s (7)

8 
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I

where S Is the cushion cross-sectiona l area and ~x is the location of

the cushion centroid. The cen troid of the cushion is assumed to be at

the center of the cush i on segment under examination .
I

AIR FLOW DUE TO TERRAIN PUMPING

The a i r  transport effect of forward motion over fixed terrain is

given for each cushIon segment by

— 1
L2 !_ z(x ,t) B dx 

(8)

where B is the cra ft beam , x is measured along the length of the craft ,

and L 1 and L2 are the x pos it ions of the cushion fron t and back boundarie s.

For free surface simulat ion this term is referred to as wave pump ing and

must include the celerity of the wave field.

The fo rm of the above expression is of par t icula r i nteres t

when the terrain has a simp le trigonomet ric p rof i le  s ince arbi trary

profiles can always be represented by a suitable Fourier series . If

the ter ra in , z~,, is given by

z
~

(x ,t ) = a cos(k
~x + ~ t) (9)

and the integrat ion Occurr ing in the expression for is carr ied out ,

the ter ra in  pump ing term for the bow cushion becomes

= __ { (cos k L/2 - 1) cos wt  — sin k L/2 sin wt}  (10a)

and for the aft  cushion

a Bw

~w2 
= ____ — cos k

~
L/2 ) cos wt — sin k.~L/2 sin ~ t} (lob)k

~

p 
~~~~~~

. 
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AIR FLOW DUE TO COMPRESSIBILITY OR CUSH ION PUMPING

The effect of the compressibi lity of the air In the cushion

of the ACV can be represented to first order in time rate of change of

density by an air flow term given by

• 
— VP/P8 (‘1)

where ~ is the cushion air densi ty and p1 Is the ambient air dens i ty.

An ad i abatic isentropic equat ion of state is employed to relate the

density to the pressure in the cushion . The state equation is given by

1 + 
~~~ 

—

where 
~a is the ambIent atmospheric pressure and ‘

~
‘ is the ratio of

specif ic heats. If the state equation Is so lved for ~/p8 the resu lt

is

1
• 

- ~
,,a !~8

where the last expression is obta ined by neglecting terms of the order ,

~~~~~~~~~~~~ (
~ ~~~~

Y Pa

10



W

The ef fect ive air f low due to compressibIl i ty , which Is the true

cus hi on pumping term Q ,  can be determined as a function of pressure by using

the above expression for 
~‘~a’ 

resulting in

V ;/p~ V p/ (Ypa ) (12)

SKIRT FORCES

The analyt ica l mode l for the force F
~ 

a r is ing  from skir t  contact

with the supporting surface is high l y nonlinear even though simplif y ing

assumpt ions are made in modeling the skir t  geometry. It is assumed that

the mater ia ls  used in constructing the skirts are sufficiently f lex ib le

that restoring forces associated w i th  the material  can be neg lected. It

is also assumed that f r ic t ional forces a r i s ing  from contac t w i th  the

supporting surface do not deform the skirt in the body x d irection ,

imp l y ing that when contact is made the skirt compresses in the vert ica l

direct ion onl y. An i l lus t ra t ion of the skirt deformation during contact

wi th the supporting surface is presented in Figure 2. The vertIca l force

associated w i th  the supporting surface contact arises from the cushion

or sk irt bag a i r  pressure act ing over the surface of contact. In terms

of the variables i l lus t rated in Figure 2 , the total vertica l force

arising from the bow skirt contact is given by

tp

F = P B(d2 - d,) + 2PfBd
1 1

where B is the skirt beam, B(d2 - d
3

) is the skirt contact area, 2Bd3
is the skirt bag contact area , P1 is the cushion pressure , and Pf Is

the ski r t  bag pressure wh ich is assumed to be the same as the fan chamber

pressure. The above express ion can be wri t ten In terms of the skirt

_ _ _ _  ~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _  
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height L5 and the angle 
~b that the sk irt makes with the vertical. The

resultant force is given by

F 1 
= P1B(15 tan ~b 

- d
3
) + lPfBd3 (13)

The distance d
3 

can be ob tained from the effect ive radius of the bow

skirt bag Rc and the bow skIr t  deformatIon height 9’b’ hence ,

d3 ={ (& ‘b - L3) (zR
~ 

- t 1b +

The af t  skirt is modeled without a bag. Hence, the vert ical

force associated with aft skirt  contact Is given by

F2 
= (P f 

- P2
) BC’ tan 

~a 
( 14)

where p2 is the af t  cushion pressure , 9
~ a is the deformation of the aft

skirt, and ~a is the angle the aft skirt makes with the vertical. The

total vertica l force F
~ 

is then given by

Fv — P1B(L5 tan ~b 
— d3

) + 2Pfd3 
+ 

~2~~~a tan 
~a

Occasional ly the craft hull above the skirt bag will impact the

supporting surface . When this occurs , the vertica l force is replaced

by a rapidl y increas i ng function of the deformation height. The defor-

matlon of the skirts , U , can be written In terms of the mathematica l

expression given for R. in Equati on (6)

— -2~(L/2, z, t) H(-&)
(15)

— —R.(—L/2, z, t) H(—R.)a

where H(9-) is the Heaviside function .

12
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SKIRT MOMENTS

Three different effects are considered in modeling the moments

due to the ski r ts.  These effects are the reaction phenomena arisIng from

a ir escaping from the cushion under the skirt , frictiona l effects due

to skirt contact wi th  the supportIng surface , and sk i r t  deformation

effects during skirt contact with the supporting surface. The reaction

moment is given by

M
R 

= P 189- (L/2 , z , t){z + hkl + ~2.(L/2 , z , t)} HU)g 
(16)

+P2B2 ( L/2 , Z , t ) {z g + hk2 + ~~~~L/2 , z~ t )}  u1(~ )

The sea l contact moment is obta ined by mul t ip ly ing the seal con tact

forces by appropriate moment a rms and s umming. The results are

Mc = F 1 (L/2 + 

~ ‘b tan 
~~ 

+ F2 (-L/2 - •
~.Q ’8 tan a )  (17)

where Equations (13) and (14) have been employed . The moment ar is ing

from frictional forces is given by

- & b
) - F21J(hk2 

- £ ‘a) (18)

where ~i is the coeff ic ient of f r ic t ion. The total sk i r t  moment M is

give n by

M = M
R + M C + M  :

1

F

k
0
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SOLUTION OF AIR FLOW EQUAT IONS

The continuity equations for the forward and aft cushions

given by Equation (4) can be written as functions of the unknown

pressures P1 P2, and Pf 
by using EquatIons (3), (5), (8), (io) , and

(12). The explicit form for the resulting pressure dependent functions

is not presented here , since eva l uations of the functions in the

computer simulation program proved more efffrient.

The three-dimensional generalized Newton-Raphson numerica l

procedure is used to sol ve the resulting equations for the pressures

~~ P2, and Pf required in the equations of motion . Since the equatIons

involved do not contain very complicated expressions in terms of

pressures , a more sophist icated numerica l procedure is not warranted .

Convergence is occasional ly slow due to osci l latory roots. In these

cases , convergence is accelerated by automatically in i t iat ing the i terative

procedure with a priori va l ues equa l to averages of the osci l la tory roots.

This only occurs when the computed va lues are close to the solution .

The algorithm used in imp lementing the Newton-Raphson procedure

¶ has other features wh i ch improve convergence. The capab i l i t y  of de-

creasing the predicted refinement by a given fraction proved qui te

useful in el iminat ing a frequen t ly encountered prob lem characteristIc of

many Newton-Raphson algorithms , namely overestimating parameter refinements .

Time histories of the cushion pressures generated by the Newton—Rapl~son

solution procedure were examined in detai l  for a wide variety of cases .

Al l  values for the pressures and the time rate of change of the pressures

were always consistent with the corresponding craft or i entation and

motion variables . -

LIL~~~ ~~~~~~~~~~~~~~ ~~~~~~~~
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EXPERIMENTA L VALIDAT ION OF ANALYTIC MODEL

Extens i ve correlation stud i es with experimenta l data were

carried out in order to verify the analytica l model presented in this

report. A 1/12 scale model of the JEFF(B) craft was used by DTNSRDC

in an experimen ta l program In whIch the model was tested over a wide

• range of terrain types representative of obstacles that might be en-

countered in a realist ic overland operating environment. The experiments

included towing the model over solid periodic waveforms of a wide range

of amp litudes , wave lengths , and encounter frequencies . The results of

this experimenta l program are presented in Reference 7. The model was

constrained in surge during the experiments used for the correlation

results presented In this report and hence numerica l ‘esuits are pre-

sented onl y for pitch and heave response.

The numerica l imp l ementation of the anal ytic mode l was exercised

as presented . No artificial restoring or damping coefficients were

introduced , a practice that is all too comon in mathematica l modeling.

Computed response magnitudes were not modified , and no attempt was made

to adjust mean va l ue responses . The analytic model was used in as

phys i call y pure a form as could be developed and the result Is that

exceptional agreement is obta i ned between the experimental data and the

analytic predictions. The successful verification wh i ch has been obta i ned

is essential as a demonstration of the va l ue of the anal ytic model in

the overall effort of research , des i gn , and testing of air-cushion-
¶4

supported vehicles . 

: 
_ _
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The va l ida t ion  resul ts wh ich are presented here are shown

in terms of pitch and heave t ransfe r functions. The p itch transfe r funct ion

is de fined to be the pitch angle root mean square (RMS ) value normalized

by the wave slope , and the heave transfe r function is defined to be the

heave RMS value divIde d by the ampl i tude of the period i cally vary ing

- • terra in . The predicted response of the craft was obtained from the t ime

domain anal ytical mode l results after steady periodic motion was reached .

For the per iodic waveforms modeled , this condition was always reached

- - in less than two encounter cycles. The actual response va l ues were

obtained in terms of the RMS va l ue of the variabl e in question over

one cycle of the exciting force or terrain. During the simulation

comDutations a moving average of the response was computed in order

to determine equilibrium operating conditions.

Most of the experimen ta l and anal ytica l transfe r function s

in these sect ions are presented as a function of wave length normalized

by craft length rather than as a function of speed or encounter frequency .

Presentation in this manner is appropriate since the response of the craft

is more sensitive to the wave length than to speed.

Figures 3 through 8 contain analytica l predictions for the

first harmonic tran sfer function for a sinusoidal excitation and the

corresponding first harmonic transfer function computed from experimenta l

data for craft motion over trapezoidal waveforms at speeds between 4 and

15 knots. As i l lustrated by the figures , the agreement between predicted

and experimenta l results is exceptionally good . Such excel lent  agree—

merit between anai yt ical model predic t ion s and exper i men tal da ta has not

0 been demonstrated prev ious ly or presented in the l i te ra ture  for air-cushion—
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supported vchici es . Discrepan cies occur only in region s wherc slopes

are rather steep, making It difficul t to carry out accurate experimenta l

• measurements. The predIcted trends with respect to speed agree very

we ll wi th  the measured trends In these regions , and in these and a ll other

reg ions the predicted results are wel l  w i th in  the expected experimenta l

accuracy .

Genera l trends that are representative of the expected craft

• - behavior are quite apparen t in the analytica l results presented in this

report. in the long-wave— l ength l imit , it Is expected that the craf t

mot ion w i ll be pa rallel to the wave surface . Consequentl y, both the pitch

and heave transfer functions approach unity In the long-wave-length l imi t .

As the wavelength approaches small va lues , the effects of the peaks and

troughs under the craft  tend to average out , producing no net moment

or heave force . Hence in the short-wave-length lir n t the envelope wh ich

contains the maxima of the transfer functions should finally approach

zero.

The detai led behavior of the response includes null po ints at

in tegra l fractions of wave- l ength—to—craft—length ratio. These null

points ar ise from a resonance type of phenomenon between the cus hions

and the wave terrain , resulting in cancella tion of contributions to the

force and moment assoc Iated with bow and aft cushions and wi th  null

condit~~ns for craft and terrain pumping terns so the null points will
U’

be sharp if the craft l ength is wel l defined . in the present analytica l

model for the skirts , allowance is made for craft length changes due to

- 

_

; 
skirt contac t with the terrain. These changes in length tend to reduce

17
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the s ha rpness of the null points , an effect that Is quite apparent in

both the predicted resu lts and the experimental data. This type of

response behavior imp lies that the skirt model , although simple , Is

valid.

APPLI CATI ONS OF THE ANALYTIC A L MOD E L

An a ir cushIon vehicle motions or simulation model may be

emp loyed wi th assurance in craft dynamics studies onl y after It has been

thoroughl y va l idated through correlation wi th  experimenta l data. Having

shown that the present ACV mathematica l model performs correctly for

overland operation in two degrees of freedom over rigid periodic

waveforms , i t is appropriate to present a brief investigation of various

dynamic characteristics of the ACV. Included in this overview of dynamic

response character i s t i cs  is an invest gation of l inear i ty in the pitch-

heave response , an examination of the magnitude of terrain pump ing terms

in the mathematica l model, a demonstrat ion of the effect of modifications

i n the properties of the fan curve on vertica l plane mot ion , a brief

exa min a t ion of the effec t of compressibi l i ty of the cushio n fl u id , and an

i nitial investigation of the subharmonic character of ACV overland

res ponse.

RESPONSE LINEARITY

The degree of non linearity in the overland response dynamics

of the ACV analyt ica l model has been investigated as a function of terrain

amplitude for sinusoida l exc itation over a range of encounter frequencies .

The results of this investigation are presented in Figures 9 through 12.

L
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• - Pitch and heave transfer functions are shown in Figures 9 and 10 as

functions of wave slope for fixed values of wavelength. Results are

obta i ned for various frequencies by changing the speed of transit over

the wave field. For a linear system the transfer functIons would appear

as straight horizonta l lines , indicating that the pitch and heave response

at a given encounter frequency is directl y proportional to the wave

amp litude. The deviations from constan t response appearing in these

figures indicate the degree of nonlinearity observed at specific exci tation

frequencies. it is evident that for any specific exc i tation frequency

• there are regimes in wh i ch the ACV response may be classified as linear

and other region s in the wave amplitude domain in which the nonlinear

behavior of the vehicle is dramatic. Factor-of-two variations in the

response amplitude are not unconron for small wave slopes , but the ACV

response tends to be more linear for steeper waves. It should be noted

that the peaks In the pitch transfer functions sh i ft toward larger wave

amplitudes as the craft speed Is decreased . It is especially important

to note the manner in which the heave inflection point moves to larger

wave slopes with decreasing speed. The curve presented for 46.8 knot

operation (13.5 kts model scale , F “1.56) shows that the magnitude of

the heave response doubles in the middle of a range of wave slopes

representative of common terrain.

The predicted transfer functions are presented as functions of

encounter frequency In Fi gures 11 and 12 for three different wave
.~4

amplitudes , in this presentation , all three normalized curves would

• 
- coincide for linear system response. The large differences among these

19
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curves indicate strongl y nonlinear behavior exhibited by the ACV as the

wave ampl itude approaches zero. Over the range of amp litude ratios (alL)

considered , the frequency associated wit h the pitch resonance shifts to

higher frequencies for f la t te r  terra in ( i . e . ,  sma l ler way, ampl i tudes).

The peak heave resonance frequency behaves in a similar manner , moving

to a hig her frequency with decreasing wave slope . The implication of this

behavior , in which the nonlinear character in ACV response dom i nates

the dynamic performance for the flatter terrain , s disturbing since it

is under these conditions that one expects linear theory to be appl i cable.

Fortunate l y the concern is only academic since the actua l ACV response

is minimal.

TERR AIN PUMPING

- 
The expression “terrain pumping ” refers to changes in the cushion

a ir flow due to motion of the craft  ove r te rra in of varying eleva ti on .

For a sinusoidal terrain , the terrain pumping effect results in a sinu-

soidal air flow term (ç) in each cushion. When the bow and aft cushion

discharges are in phase or additive , the heave response is magnified .

Likewise , whenever the changes in bow and aft  cushion are out of phase ,

t he pi tch response w i l l  be mos t affected. The t ime-average of the sum

and d ifference of the two f l ow s is shown in Figure 13. Examination of

the f lows show s that the difference peaks at a wave-to-cush ion- length

rat io of 1 (~ /L 1) and has a null po int at the half craf t  length (V L— O.5 )

whi le  the sum peaks at a wave-to-cush ion-length rat io of 2 (A /L — 2) and

has a null point at unity (A/ i—i). This phenomenon explains the appearance

of null points In the pi tch ~nd heave response but since both pitch and

heave are strong l y coupled , the maximum responses are expected to occur at

I- 
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wave-to-cushion-length ratios shifted somewhat from these Integer va l ues.

This is quIte evident from the transfer function results presented in

Figures 4 through 8.

Other factors also determine where the maxima and minima will

occur. Among these are the resonant response of the cra ft in p itch and

heave and the interaction of the skIrts with the supporting surface. This

• interaction results in a speed-dependent minimum In the heave response

at a wave—to—cushion- l ength ratio of 1.3 for a full—scale JEFF(B) speed

of 27.7 kts (F~—O.93) and at about 1.1 for a speed of 52 kts (Fn1 1
~
74)•

This result may be interpreted as follows . The contact forces given by

Equations (13) , (14), (16), (17) , and (18) are hig hl y nonlinear and thus

can be expected to shift the minimum response point away from un i ty .

Since the wave pumping term increases linearly with speed or encounter

frequency , it would tend to dominate the response at hig her speeds.

it is observed in Figures 6 and 8 that the heave minimum is closer to

a reduced frequency of 1 at 52 kts (F 1.74) than it is at 27.7 kts

(FnrO.93). 
n

LIFT FAN CHARACTERISTICS

it is important in the design of an ACV l i f t  system to determine

the effects that various fan characteristic curves w i ll have on the

dynamic performance of an ACV. The present ACV ana lytica l model may be

empl oyed to parametrically i nvestigate lift system and fan flow modifi

cat ions . Two numerica l experiments have been performed: changes in the

total flow (q,) at a given pressure (~P) and changes In the slope (d’Vd~)

of the pressure—flow curve at the mean operating point. The fan maps used

21
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In these simu lations are
• 
shown in Figure 14 and the dynamic response

• character is t ics associated wi th  the fan var iatIons are shown in Figures

15 and 16. The re sponse characteristics should be compared with the

response resulting from the nom i na l fan performance curve . The major

change in the p itch response occurs for a decrease in the l i f t  system

• discharge fo r which the resonant poin t is found to increase in magnitude

and move to a lower frequency . Increasing the slope of the fan map tends

to f la t ten the p i tch respon se and also shi f t  the peak response to a lower

frequency.

Modifications in fan performance may be expected to affect heave

• response more than p i tch , and It is found that the heave response to

modifications in fan discharge is rough l y opposi te that of the pitch

response. As the flow is increased the magnitude of the heave response

increases a t f requencies hi gher than the resonant frequency, while at

frequencies be low the resonance range there is almost no chan ge in

response. Fina l l y, there appears to be practicall y no effect on heave

response when the fan slope d’4~/d4~ is increased.

SUBHARMON IC OSC I LLAT IONS

Osc i l l a t i ons in pitch and heave at frequenc i es lower than the

encounter frequencies are predicted by the analytica l model. The

presence of subharmonic oscil lation s is quite evident in the pitch and

heave time histories presented In Figure 17. ThIs subharmonic ac t i v i t y

arises from the nonlinear character of the analytical model.

Half harmonic osc i l la t ions  in both pitch and heave begin at

nond ime ns i onai or reduced frequencies h i gher than 7.0 for a terrain wave

22
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- • amp litude (a/L) ratio of .02 and a wave-to-cushion-length ratio of

1. 65. The magnitude of the subharmonic oscil lations Increases to a

maximum at a reduced frequency of 8.3 and decreases to a negligib le

value at a reduced frequency of 12. At a smaller wave amplitude ratio

(a /L. — .01), subharrnonlc oscI l lat ions do not appear in the reduced

frequency range considered (0 to 15) in the present investigatIon .

However , when the ambient atmospheric pressure is reduced to 0.08 atm

additional subharmonics occur , ranging from the 1/3 to 1/5 subbarmonics.

These additional subharmoriics are attributed to compressibility effects

which are significan t at reduced pressures . At some encounter frequencies

the simulation t imes were not long enough to reach steady per iodic motion

In pi tch or heave. This occurred at the points in the encounter

frequency spectrum where the response oscillation contained more than one

subharmonic or when the dominant oscillations were undergoing a transition

from one predominant subharmonic to another.

CUSHION COMPRESSIBILITY

Compressibility of the cushion fluid appears to have a mino r

effect on model scale response at normal amb ient (atmospheric) pressure.

However , the compressibility effect for model scaie predictions at a

lower ambien t pressure (over-pressure), corresponding to an equIvalent

full-scale operating envlronrnent , can be significant. The response of

the craft at normal atmospheric pressure is compared with craft res ponse

• at 0.08 atm in Figures 18 and 19. At the lower ambient pressure the

• effects of subharmonic osci l lat ions are sIgnificant in the range of

wave- to—cushion- length ratios between 1.5 and 2.5 (1.5 < A/ i < 2.5) , as

23
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Indicated by the occurrence of a double peak at the lower pressure .

For the normal pressure case the lowest harmonic predicted is at the

encounter frequency. The appearance of a secondary peak for 0.08 atm

ove r—pressure may be a t t r ibu ted to changes In the subharmonic response.

The predominant subharmonic response Is due to the 1/2 harmonic

throughout the first peak for both heave and pitch and the 1/3 harmonic

for the second peak.

Limited analytica l results for over—pressures of 0.05 and 0.033

atm pred ict  a greatly enhanced response. The main resonance peak magn i-

f ications in the heave and pitch transfer functions are as hi gh as 10 in

certain cases. These results are not presented here s ince the goa l of

the exam i nation of cushion compressibility Is the predict i on of full-

scale ACV response. Other components of the ACV dynami c system w i l l  be

modified in the continuing examinati on of scale effects in order to

assess the exact nature of the effect of cushion fluid compressibility.
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CONCLUSIONS

A successful analytical model has been developed to predict the

nonlinea r pitch and heave response of an air-cushion-supported craft.

The time-domain analytica l model is appropriate for predicting the

dynamic response during overland operation . Althoug h the anal ytical

model is quite genera l, the motion predictions have been presented for

an ACV configuration that is a suitable representation for the AALC

Program JEFF(B) craft.

The predicted results obtained for both pitch and heave transfer

functions over a complete range of operating conditions are compared

with available experimental data. The excellent correlation of the

H results establishes the accuracy of the analytical model and demon-

strates its usefulness as a research and development tool. To this

end , various parametric sensitivity studies have been conducted to cx—
i~ .

plore the effects of response nonlinearity, cushion f luid compress i-

• • b ii ity , and variations in fan performance. The result of the l ineari ty

investigation ind i cates that the predicted pitch and heave transfer

functions have reg i mes of linear and nonlinear behavior as functions

of craft speed , amplitude , and wave length of the encountered wave-

field. In genera l , the non flnearit ies appear to dom i nate for small

wave slopes (approaching zero) and hi gh speeds.

Cushion fluid compressibility effects appear to be minor for a

model-scale craft. However, when ambient pressures are reduced sig-

nificantl y in order to effective ly model a full-scale cushion 1 the

effect of gas compressibility tends to enhance the pitch and heave

2,
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response. Fairl y large (approx i matel y 15 per cent) parameter vari-

ations in the anal ytical fan model can be tolerated without an appre-

ciable deqr~ctation in predict ed craft dynamic performance. This

appa rent lack of sensitivi ty to fan mode l changes indicates tha t fan

system parameter optimization to decrease power requirements may be

a possibi li ty.

RECOMMENDATIONS

The present ana l ytic mode l has been verified on a model scale

throug h an exceptional ly successful correlation between numerical and

experimental response functions. Based on these resui ts  it is

• recommended that the fol lowing inve~ tigations be initiated .

(1) Extend the simulation model for full-scale JEFF(S) cha r-

acteristics and perform full-scale predictions.

(2) Extend the mode l to include the cushion pressure gradient.

Since the predicted effects of gas compressibility proved

more si gnificant for an effective full-scale craft than

for the mode l , it is expected that the pressure gradient

associa ted with air flow in the cushion may have a major

influence on full-scale craft response.

(3) Extend the mode l to include the capability of predicting

motion in all six degrees of freedom.

(4) Perform addition al parameter optimization studies ,

especiall y for lift system performance.

-
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- (5) App ly the predictive analytica l model to the AALC Program

JEFF (A) craf t .

(6) Examine the function and efficiency of proposed vert ical

• plane control devices and procedures. Investigations of

th is type are meaningful onl y if performe d on a ful ly

validated mathe matical model.
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