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ABSTRACT

Pitch and roll responses of hovercrafE have
been extremely difficult Eo predict due t,o Ehe
complexicy of hydrodynamlc analyses on one hand
and the dlfficulcies of appropriate cushion scale
modeling on the oEher. The paper presents com-
parisons of pitch and ro11 sEiffness coefficlenrs
for overwater and overland operatlons. Data are
present,ed from model-scale and full-scale trlals
and analyt,i-c-numerical modellng. The effects of
model-scale on Ehe cushion dynamics relative Eo
rot,ational responses are presented and Ehe lmpor-
.Eant charact,erist.lcs of overwaEer and overland
responses are di.scussed.

INTRODUCTION

The hovercrafE has come of age ln the defense
forces of the United States Ehrough the adoptlon
of air cushion support for the U.S. Navy's Landing
Crafc Air Cushion (LCAC) program and rhe U.S.
Aruy's air-cushlon-supported loglstlcs prograrl.
As Eames2 rec.ntly nocea, hoverc.raft "offer unloue'capablllties for aurphlbious warfare whtch are
already being explolted ln assault landlng craft.
There ls no short,age of speclal appllcaElons for
srnall ACV's. They have already proved themselves
tn rlverlne warfare and for varlous dutles ln the
Arctic." These recent U.S. successes coupled with
Ehe decades of lnternatlonal experlence demonsErate
that'hovercraft appllcaEions are assured for the
future. Successful hovercraft appllcations are
usually special 1n nature but norually Ehe misslon
needs cannot be eastly neE wlthout the unloue capa-
bilities of an alr-cushlon-supporEed vehlcle. Am-
phlbious assault and mlne count,ermeasure mlssions
are typleal examples of excellent hovercrafE
applicatlons.

Technologlcal developments have kept pace on
an inEernational scale wlch Ehe constructlon and
deployment, of new hovercraft deslgns. The most
challenging problems faced by hovercraft desi.gners
have been analytical nodellng, model scallng and
full-scale evaluations. Analytical rnodels of
hovercrafc dynanics must lnclude all detailed
aspects of cushlon dynamics, fan performance,
flexlble skirts and compliant free surfaces. The
conplexiEies of Ehe nonlinear interactions among
these (and other) ccmponents of the hovercraft
have limited Ehe developmenc of fully validated
nonlinear tlne domain motion analysls routlnes.
In che second area of scallng of model-scale
motions to full-scaIe performance, t,he lar.rs of
Ehermodynamics prohiblt the dlrect use of model-
scale results. Since air ls norrnally the worklng

fluid for both model-scale and full-scale craft
(and therefore its compressibllity cannoE be ap-
propriately sca1.d3), desigr€:ES eir€ forced Eo apply
empirical considerat,lons and deslgn experience t.o
seakeeping evaluat,ions. FuIl-scale seakeeping
performance assessments constituEe a third problem
area. The difficulties of maklng accuraE,e measure-
ment,s are found both ln shipborne molions and in
t.he equally lmporE,ant area of sea staEe neasurement,.
A foolproof ruethod of measuring wave profiles in
short crest,ed dlrectional seas ln situ is sEill not
wiEhin our grasp.

This paper ls concerned wich t,he various
aspects of the evaluatlon of piEch and ro11 hydro-
dynamlc response of a pericell hovercrafE. Specific
analytlc predlctlons, mcdel-scale results and fulI-
scale trials are briefly summarLzed. Decails of
speclflc studles and complete performance resulEs
are referenced but not exhaustlvely covered in this
survey. This summary ls not intended to cover the
complete body of natlonally and lnternatlonally
developed technoloBy. Thls presentation concen-
trates raEher on a few specific aceonplishnents
which all relat,e Eo the sane lssue of pirch and
roII respocse of a speciflc ho.vercraft design.

I"IOTION PREDICTION AIID MEASUREMEIJT

Analytic Modeling

Hovercraft rvhich are supported on peripheral
cells (pericells) obtain their vertlcal plane sta-
biIlty froa subtle changes ln under ceII flow
conditions, modLfied dlscharge coefflclents and
changes ln pressure wlth ce11 contact area and
flexible geonetry. The comblned effect is a change
in the spatial dlstrlbuti.on and Ehe support pres-
sure which generat,es equillbrluur rest,oring motion
for the vehicle. The speclfic phenomenon of spatial
pressure dlstributlon has been exaErined in detail
by Moran and Schechter4.

The pericell design ls simple in eoncept and
effective in pracEice but dlfficult to model ana-
lytically due to the subrlery of rhe srabiliry
mechanisms. An advanced modeling of che dynamic
restori.ng and damplng mechanisms and thelr many
complex tnteractions for a pericell hovercraft has
been presented by Moran and Kim5. Thls analytical
model provides a predlction ln the nonlinear regime
of the dynamic motion of a pericell hovercraft over
a noncompliant su-rface i.n four degrees of freedom:
piEch, heave, surge, and ro11. The designation of
noncompliance implies no greater restriction than
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Fig. 1 Schematic flow diagram for a pericelt hovercraft
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normally accepted in seakeeping models but is an
indication of the exact free surface condltlon.
The analytic modeling of sway and yaw necessary t,o
complete Ehe full six-degrees-of-freedom character-
ization has been presented previously by Moran6
in a model which contains a different analytical
model for vertlcal plane response.

The eushion flow system modeled by I'toran and
K1m5 is shown schemati.cally ln Flgure 1. The major
concern in this model is the design of the skirt
and cushion air supply systems which provide hover-
craft lift and stablllty. The pericell sysrem
consists of a serles of peripheral cells attached
to a flexible supporEing air dlsrrlbutlon loop which
ext,ends around the craft perimeter. The lift system
does not have any internal cushlon subdivision or
stability keel. Each pericell is a complete loop.
Air is supplied by two separate systems as shown in
Figure 1. The physical characteristics of the
system have been analytlcally modeled in the detail
necessary to accurately represent the complete non-
lj.near behavior of Ehe hovercraft to operate over
any t,errain or wave surface.

Damoing

Veloclty-dependent daurping is one of Ehe most
difficult phenomena to analytleally nodel. The
damping charact,eristics can be examined only from
the notion of t,he craft rvhlch results from the
complex interactions between the system dlscharges
and the pressure distributions. The major source
of damping for a pericell hovercraft ls ln the
nonlinear behavior of rhe air flow escaping through
the gap between the ceII and the ground or free
water surface. The second mosE lmportant damping
nechanism is the characteristic functlon of the fan
which generaEes ai.r for the craft llft sysrem.

The fan function ls subject Eo an unsteady
back pressure which normally is a time-dependent
function itself. Most fans operating under dynamic
conditions develop hysteresis pres.sure/dlscharge
relatj.onships with Che funcEion dependent upon the
maxi.mum pressure, minimum pressure, oscillation
frequency and Ehe harmonic content of the tirne-
dependent back pressure. For normal variations in
back pressure, the fan characteristic function is
nonlinear (r,rithout hysteresis and rnay be adequately

represented by a quadratlc polynomial which allor.rs
a parametric evaluati.on of Ehe fan charact,erlst,ic
on vehicle damping. These results and rnodellng
characterlstics have been previously presented by
Moran and Jennings/.

Hovercraft darnping ln pitch or roll is quantl-
fled by the coefficlent, l, ln the exponential
function whlch characterlzes t.he decay in a declin-
lng oscillatj.on. The pitch response, for exarnple,
may be represented as:

aa

= eo 
"*pt-B(e)tlcostruC6ltl

ln which the pitch rate (6) ls found ro be a func-
tion of amplltude ($o), amplirude dependenE damping
(B) and amplitude dependent frequency (or). The
enpirlcal results of a decllnlng osclllatlon ex-
periment on a 7 /LOO scale nodel of a perlcell
hovercraft are shown ln Table 1 by l"lurray and
I.Ioran8. The table shows the pitch and ro11,
natural.frequencles, and damplng coefficients
with and wit.hout heaving notion at zero speed
over a solid surface. Heave oscillation alone
could not be obtained since the damping eharac-
teristlc of the hovercraft ls so large that less
than one ful1 cycle of motion \ras measurable. The
ro11 natural perlod and ro11 damplng vrere obtained
from the heave readlng. This was possible since
the characteristlc motion of the pericell hover-
craft in ro11 is such that the craft, sinks as Ehe
ro11 angle ls increased. The ro11 decay coeffi-
cient glven in the table therefore represents a
coupled ro11/heave motlon. As expected the natural
frequency ln ro11 is significanEly higher Ehan the
correspondlng frequency ln pitch.

The characterist,lc amplltuCe dependence in
pitch damping for a hovercraft ls shorrn in Figure
2 from an experimental investigation by lloran9.
The decay coefficient (B) is plotted here as a
functlon of the average pitch rat,e over one decay
eycle in a declining oscillation experirnent. The
peak responses ln both frequency and decay coef-
flcient with increasing oscillation amplitude
coincide with the beginning of skirt contact with
the surface. The.nagnicude of Ehe pitch induced
heave motlon is indicated by the dashed curve rsith
ordinate at the right of Figure 2. The initiation
of pitch lnduced heave motion is also coincident
with skirt conEact with the surface.
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Stiffness

The pitch and ro11 stlffnesses of a pericell
hovercraft are characterized as angular noments
which are funct,ions of the pitch or ro11 angle,
respectively. llonent coefficients are easily
obtainable on full-scale hovercraft by moving
weights on the deck and recording the resultant
angular decllnacion. The AALC JEFF(A) has under-
gone a series of such full-scale experirnenEs at
the Navy's ExperimenEal Trials Unit. These trials
also included experimental evaluations of the
hovercraft lift fan and skirt system performance
which Lrere reported by luloran, I^laEers, and
Jenningsl0.

Tab. 1 Pltch and ro11 response coefficlent
for a perlcell hovercraft at zero speed

NaEuraI Decay
Type of Frequency Coefficient

Oscillation trtr, l/sec B l/sec

UODEL-SCALE VALIIES

Pltch 8.6 2.8
Roll/Heave 16.5 3.5

FIII.L-SCAIJ VALIIES

Pitch 2.3 O.7
Roll/Heave 4.4 0.9

The pitch and ro11 moment trials were per-
forned overland in order t,o resErain and stabilize
the vehlcle durlng testing. Comparlsons of the
pitch and ro11 moment coefficients L'reasured on t,he
fuIl-scale JEFF(A) and on a 7/IO0 scale model have
baen reported by Jennings and tlatersll and are
shown ln Figures 3 and 4. There 1s extremely good
correlation beEween the model- and full-scale pitch
st.iffness coefflcients throughout che complete
range of plt,ch angles. The ro11 response corn-
parison is good for decllnations less than 1.0
degree but, deviates for larger angles.

Several significant findlngs have been re-
ported by Jennings and t^Iatersll. The first is EhaE
both pltch and ro11 stlffness are greater r+hen Ehe
vehicle ls subjected to bow down trim than at even
trim. The increase l.n cushion stlffness may be
due to closing off the leakage path between the
perlcell and the cushlon at the lnner attachment
point. In a cushion rnodiflcation study, the in-
stallation of an lnner attachment seal on t,he bow
pericells lncreased pltch stiffness aE large bow
down pitch angles. WiEhout the inner attachment
seals, the bow pericells do not contribute slgnlfi-
cantly to favorable stabillty of the skirt system.
Flnally, it ls clear that the use of rnodel-scale
experlments Eo predlct overland cushion borne
stiffness is adequate 1f the model represents
the full-sca1e sklrt configuration to sufflclenE
accuracy.
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Fig. 3 A comparison of the pitch stiffness of the
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modeling of noncriEical elemenEs not only is un-
necessary buE may lead to unwarranted numerical
error accumulation. For a pericell hovercraft, the
crltical element is the modeling of cel1 extremitiesr--
in the proximity of the associated free surface or (

terrain which in t,urn deEermi.nes the under-cell flow
characteristics.

A single exarnples of the validarion of Ehe
analyric model is shor*n in Figure 8 where Ehe
hovercraft pitch and heave responses to Eraversing
a large overland gully are present,ed. IE is clear
that even under this severe excitation which exer-
cises the fu11 'nonlinear charact,er of the model,
Ehe predlcted model-scale response 1s excellenE. A
general observation for both overland response and
seake.eplng response co perlodic wave forms is that
the simulation predicts a slightly greater reaction
to the initial disturbance chan is experimentally
observed. This effect remalns in the subsequent
motion in the form of a damped oscillation.

These simulation model results may be classi-
fled as untuned. Tunl.ng of a simulation model may
be accomplished by modifying various model charac-
Eeristics wiEh the objective of matching the
computed results for operatlonal conditions corre-
spondlng to available experimental data. For an
air-cushlon-supported vehicle, the major tuning
parameters are Ehe lift system discharge and the
pressure ratios between the cushlon, peri.cells, and
the flow loop.
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Fig. 4 A comparison of the rol! stiffness
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Detailed pitch and roll stlffness derivations
have been reported by Cavanagh, Rlcci, and Hi11s12.
The pitch stiffness derivative (Ile) for the JEFF(A)
shown ln Figure 5 is compared wtth the observed
constanE nodel-scale derivative. InEerestingly,
the ro11 stiffness derivative (X6) shown ln Flgure
6 indi.cat,es a dramatic dlsslurilarlty between rnodel
and full-scale results. One of the more interestlng
dynamic characterlstlcs of pitch stiffness 1s the
over-wat,er speed dependence measured during a fulI-
scale Eria1l2. The effect of wind speed ancl sea
state is clearly evident in the pitch derivatives
shown in Figure 7 demonstraEing thaE hovercraft
stability is not an environmentally independent
consi.deratlon.

Overland Response

The ultimate test of worth of an analytical
simulation rests in the accuracy of predlction of
known hovercraft behavior. Previous air-cushlon-
supported vehicle simulatlon nodels have suffered
from a lack of validation or poor agreement with
measuremenEs. There are two major factors which
seem co dominate good agreement between measured
and conpuEed motions. The first is that the Eost
critical elements of the dynamic systern must be
carefully identified and second receive major
detail in modeling. Identification ls not a

trivial task since it requires repeat,ed iteration
of a simulaEion model during development Eo deter-
mine the critical element,s as accuracy ls refined.
The detailed modeling must also be a developnental
process since excessive detail or cor:rplexiEy in the
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It ls possible chrough a tuning process to
brlng the naEural osclllation frequencles and damp-
lng coefflclents for pltch and heave inEo closer
agreement rrith those experlmentally observed.
There are few data available to substantlate as-
sumpEions on the behavior of flexible feed holes
under dynamlc conditlons and so nodifleatlons Eo
statl.c measurements may occaslonally be justlfiable
under the present state of knowledge. We know that
the numerical oodel behaves much Eore efficiently
than the actual vehicle since Ehere are no holes
ln, nor cracks beEween, the numerlcal perlcells.
Experience with hovercraft models proves that they
always leak cushlon alr and usually ln a most non-
unlforur and unpredlctable manner. Settlng a
mlntmum flow area ln the slmulation model 1s
therefore a justiflable way to account for such
physlcal anonaltes.

Seakeeping Response

The slmulatlon program has been extended by
Lln and Anatol3, and Kin anrl Llnl4 to account for
the effects of a compliant free surface through a
relaxation equation. The computed seakeeping re-
sponse for the pericell hovercraft shows rati.onal
performance under reasonable wave condiEions. Since
the simulation method operates ln the time domain,
the hovercrafc is subject to initial eondition
t,ransients and it appears thaE several computa-
tional cycles are required to dissipate the effects
of the lniEial conditions and achieve an equilibrium
dynanlc response.
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SU}'OIARY

A large body of enpirical lnformaEion and
several evaluation techniques currently exist for
analyzing Ehe pitch and ro11 dynamics of a peri-
ce11 hovercraft. A r,rathematical model and adjunct
computer simulation have been developed Eo pre-
dict the nonlinear dynamic rnotion of a pericell
hovercr.afE in operation over large amplitude
disturbances. Sir.rulaEed results compare well
wiEh available neasured responses from fu1l-scale
and model-scale studies. FulI-sca1e pitch and ro11
stiffness derivaEives compare ext,remely well with
model-scale results for pericell designs. Rota-
tional motion dar.rping has been found to be a more
difficult parameter to predict and dependable full-
scale measurements are extremely rare.

The ultinate interest in piEch and ro11 dy-
namics stems from our need to dependably predict
static and dynamlc stabillty. "No widely accepred
stability standards for amphibious ACV's exist for
operaEion underway aE high speed. Adequate st,a-
bllity, over the years, has been judged, for each
craft principally from Ehe experlence of model-
and full-scale testingl5." This problern area will
conEinue to command our atte[Eion ln all future
hovercraft design evaluatlons.

NO}IENCLATURE

Ko

Me

RoIl derivative coefficient, dk/dQ

Pitch derivative coefficient, dM/de

; rime

B Decay or damping coefflcient

e Pitch angle, positlve bow up

6 Pirch rare, dO/dt

0 Roll angle, positive starboard down

O RoIl, rate, d$ldt

o Frequency
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