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ABSTRACT

The Landing Craft, Air Cushion (LCAC) vehicle is a Naval hovercraft that operates in both a sea and terrain environment.
Riding on a 5 foot pressurized cushion of air contained by a skirt systern, the craft performance is determined by the nature
of the terrain beneath ii. The LCAC Full Mission Trainer, produced by Hughes Simulation System, Inc., simulates the
craft performance over undulating ground and obstructions-on the ground. This paper presents how the terrain database
is generated and how the craft cushion dynamics is modeled. A discussion of how the modeling of the craft cushion’
dynamics uses escape areas betweer the skirt bottom and the ground, and volumes of air within the:cushion to determine
airflow and cushion pressures is presented. The coefficient of friction implementation for the type of terrain is also

discussed.

INTRODUCTION AND BACKGROUND

In June 1986, the Landing Craft, Air Cushion (LCAC) Full
Mission Trainer (FMT) was awarded to Sperry, which af-
ter a number of mergers and acquisitions; is now part of
Hughes Aircraft Company - Hughes Simulation Systems,
Inc., Training and Control System Division, Flight Simu-
lation Operation herein after reflerred to as Hughes. The
LCAC FMT simulation is the first real-time full mission
trainer for a hovercraft. The craft dynamics model was
subcontracted to the ORI Inc. who had previously devel-
oped non-real-time software and performed test analysis on
the JEFF-B, a predecessor of the LCAC. ORI developed
the core dynamics algorithms during the first 20 months of
the program, at which Hughes became responsible for the
integration, refinement, tuning, and testing of the model.

Two separate [orce and moment models are implemented.
One for overland dynamic performance, and another for
overwater dynamic performance, hoth of which use com-

mon models for several surface independent dynamic forces -

and moments. This paper addresses the overland dynamics
simulation.

Description of the Craft

The LCAC, as shown in figure 1, is 88 feet long and 47
feet wide riding on a 5 foot high pressurized cushion of air

sion gearboxes and shafting . The two lift fans on each side
provide airflow to the air cushion below and the rotating
bow thruster above.

The LCAC vehicle has a compartmented flotation hull fab-
ricated of welded aluminum alloy piales and beams forming
water tight compartments. The skirt system components,
as shown in figure 2, consist of a peripheral skirt with
a spray suppressor, a longitudinal stability seal, and two
lateral stability seals. The crafl has a three compartment
cushion defined by the stability seals. The longitudinal sta~
bility seal is suspended from attachments and runs along

the craft centerline fore-to-aft. The seal goes from the

aft. peripheral skirt approximately 60 percent of the craft

length toward the bow skirt. The longitudinal seal has a

double bubble shape when inflated with strakes extending

down from the lower bubble to form a blade. Resiricting

gide-to- side movernent of the cushion air, the longitudinal

stability seal provides increased roll stability.(1]

The lateral stability seals are suspended similarly to the

_ longitudinal seal and extend across the craft between the

when fully on cushion and is capable of speeds in excess .

of 50 knots.
pounds.1| Four Lycoming TF-40B engines, two on each
side, power the craft. On the port and starboard sides, the
engines drive an aft mounted ducted propeller and forward
mounted double entry centrifugal lift fans using transmis-

The cargo capacity of the craft is 150,000
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longitudinal seal at the center to the peripheral skirt at
each side. The lateral seals are bag-shaped ending in cone
fingers, and restrict airflow between the forward and aft
chambers, providing additional pitch stability.[1]

The air for the cushion and seals is supplied by four lilt
fans through a set of cushion vanes. The air flows into the
inner and outer bags which are around the perimeter of the
craft, then through feed holes on the bottom of the inner
bag into the fingers of the skirt and subsequently inte the

air cushion. Air for the stability seals is directed from the

bag. Ajr escapes from the cushion under the skirt.
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The core of the dynamics algorithm and preliminary de-
velopmental code were realized by ORI, Inc under contract SHROUDS
to Hughes. Hughes completed development; then modified :
and enhanced the model and developmental code during

the intensive integration and testing phases of the project. ~

Interfaces to Oiher Simulation Systems

The LCAC FMT overland forces and moments model in-

terfaces with several other simulation systems. A major - ENGINE & APLS

interface is the visual system, which provides terrain con- COMPARTMENTS CONTROL

tour feedback information under selected craft points. The GOMPARTMENT

terrain feedback points are used to define the overland dy-

narmics skirt escape areas and the cushion volumes under Figure 1. Landing craft, air cushion {L.CAC).
the craft. The propulsion simulation system interacts with Source: SEAOPS B

cushion dynamics by receiving the bag pressure from the
dynamics and sending the airflows from the lift fan system.

The weight and balance simulation system provides the
overland dynamic model with information about the craft
gross weight, mass and the displacement of the craft geo-
metric center relative to the center of gravity. The media
simulation sysiem provides the terrain type under the craft
and location and size of objects on the terrain plane (de- )
rived iz correlation with the visual system). The equations FINGERS . PERIPHERAL SKIRT
of motion simulation system exchanges information with  gppay
the overland dynamic system. The overland forces and me-  gUPPRESSOR
ments are sent to equations of motion system. The craft
state including craft pitch, roli, heading, height, speed, and
transformation matrices are used by the overland dynam- :
ics model. - LONGITUDINAL

TERRAIN © " STABILTY SEAL

LATERAL

Terrain Data Needed by Dynamics

The overland dynamics model requires the height of the (a)

terrain under certain points along the craft cushion perime-

ter and at certain poinis wilhin the cushion and along the

stability seals. The model uses an even spacing algorithm

under the craft cushion to compute skirt gaps and cushion

volumes. The craft cushion is approximated as a volume

of 80 feet by 40 fect by 5 feel. CRAFT ATTACHMENTS o o wEB

The height of terrain data points are arrayed in a5 by 5 OUTER BAG INNER BAG
matrix in the craft XY body plane, the X axis points being SPRAY SUPPRESS% -
20 feet apart and the Y axis points being 10 feet apart as DucT S FEED HOLES
shown in figure 3. The middle point of the array {element ) .

. . . FINGER FLAP
3,3) is set al the geometric center of the cushion. The over-
land dynamics model uses the array arrangement to define

FINGER

the compartments of the cushion by placing the longitudi-

nal stability seal along the aft half of the craft length and

the lateral stability seals transversely across the middle of -

the craft, with the seals meeting at the geometric center

point. The model linearly interpolates the terrain data be- (b)

tween the points along the peripheral skirt and points of

the stability seals for use in cushion volume and skirt gap

calculations. Figure 2. (a} LCAGC peripheral skirt system and
stability seals, {b) LCAC cross-sectional view of
skirt bag and fingers. Source: SEAOPS

'SPRAY SUPPRESSOR DEFLECTORS
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Figure 3. Height of the terrain points relative
1o craft XY body plane

vation t

The visual system is the source of the elevation data used in
the terrain feedback model. Each land polygon represented
in the visual system has an equation associated with it
from which the visual system computes the elevation of
any point on the polygon. Because the LCAC is a slow
reaciing vehicle (compared with a jet), the visual system
computes 5 new elevation points under the craft 50 times
per second.

The visual system computes the data at 15 craft points
and sends the data o a terrain feedback model which uses
the poinis to determine the other craft points’ height of
terrain through a weighting funciion, This provides the
overland dynamics with the height of the terrain at the 25
craft points.

Surface Data

The undulation of the terrain feedback data is limited by
the computation time and the amount of storage space
available to the visual system. The terrain planes that
make up the visual database’s [and are isosceles right tri-
angles whiclt are 41 feet on a side. Since the dimensions
of the cushion are 40 feet, by 80 feet, it becomes critical
to make the vertices of the terrain plane as close together
as possible. Due to the image generator processing lim-
itations, the: closest they can be is 41 feet. The terrain
is a plane between the three vertices of the triangle and

is hinged from one terrain plane to the next on a given
side.[3]

The visual system shades the various triangles to reflect
the type of terrain and the slope of the land. The terrain
type changes discretely with the crafl movement from one
terrain basis set to another. A coeflicient of friction is used
in overland dynamics in association with each particular
terrain type so that the craft dynamics changes as the craft
traverses from one terrain type o another. Examples of
different terrain types incorporated are: concrete, sand,
marshland, and grass.

Objects on the Terrain

Walls, ditches, logs, boulders, and other objects on / in the
terrain plane are features that the craft dynamies responds
to and for such purpose, they are modeled as cylinders rel-
ative to the terrain plane. The cylinder, with the base on
the terrain plane, is placed upright such that the cylinder
is in the Down axis in the North-East-Down axes system
and as such may be at an angle to the terrain plane if the

‘terrain plane is canted. An object may be defined as a
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series of cylinders, as long as the cylinders do not over-
lap. Refer to figure 4 for an example of a special feature
model. A data file with information on all the special fea-
ture cylinders in the visual database is generated and used
to determine which features are within the craft influence
region. The distinguishing characteristic of a special fea-
ture is whether the craft can dynamically maneuver over
the feature. Trees, buildings, and other cultural features
are treated as collision volumes and as such are not placed
within the special feature database.[3]

Tor each cylinder, the location {x,y,2) of the cylinder reja-
tive to the terrain plane, the radius, the height, and a type
index of the cylinder is defined. With the craft cushion
defined as 40 feet wide, the special feature cylinder radius
must be less than 20 feet so that the overland dynamics al-
gorithm can modify the appropriate cushion volumes and
skirt gaps.

(b)

Figure 4. {a) A cylinder on a canted terrain plane,
(b) A feature made of multiple cylinders



CRAFT CUSHION DYNAMICS

~ Overall Approach

The craft moves on a cushion of pressurized air that is sup-
plied by lift fans and escapes under the fingers of the skirt.
The actual craft experiences continuous pressure changes
and the pressure within the bow bag is probably differ-
ent than the pressure thal is in the side inner bags or the
stern bag. There may also be different pressures within
a given compartment of ithe cushion. ¥For developing a
program that operates in real-time for training purposes,
several limitations and simplifications have been adopted.
" Spatial pressure variations are neglected, meaning the bag
pressure is the same for the bow, sides, and stern. The
pressure within. a given defined compartment of the cush-
ion is the same through the whole compartment. Airflow
to the stability seals is neglected. Varying air densities
within the system are nol modeled. The skirt bag on the
perimeter of the craft is modeled with a constant inflaed
volume, which means that skirt bag deformation due to
contact with external objects and volume changes of the
bag are ignored. Reverse airflow, from the skirt bag to
the [ift fans, is not allowed. The model does not correctly

respond to extreme airflow conditions (airflow beyond the~

capacity of the lift fans).

The equations io define the airflow between the lift fans,
the bag, the cushion compartments, and the ambient atmo-
sphere are implemented with steady state solutions. The
airflow equations use the pressures within each of the com-
ponents of the declared airflow sysiem, to define the move-
ment of air. With the steady state solution, the pressures
and the airflows balance out. The above airflow equations
account for pressure changes due to terrain pumping and
craft pumping. Terrain pumping refers to the effect of the
changing terrain under the craft. Craft pumping refers to
the effect associated with the craft translational and an-
gular velocities.

The continuity equations have many types of flow rate
terms. [2] :

0= Qup - Qepr+Qrp+ Gie+ Qs+ Por — Qn
{cushion 1)

0= Qapz+Qopr+Qrre ~ Q12+ Quos + Qoz — Qn
0= Ques+ Qors + Qrpas~ Q13 — Qs + Qoz — @na

0= Qr~Qn-—-Qn—0Qi—Qcs (bag)

where;-
Qasr = atmospheric escape flow rate, cushion n, .-i:it:d
ferred to as ft¥/s | (orifice Aow equation)
Qcrn = craft pumping flow rate, cushion n, fi1%/s
Qrpn = terrain pumping flow rate, cushion n, fi*/s
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[re-

Qm-n = flow rate, cushion m to cushion n (may be positive
or negative}, ft%/s (orifice flow equation)
Qon = compressibility flow rate, cushion n, f13/s
Qin = flow rate, bag to cushion n, ft¥/s (orifice flow
" equation)

@r = total for inflow rate to bag, f1%/s
Qop =

compressibility flow rate for bag; ft%/s

The equations are processed by assuming that for a given

- equation (not including the bag equation), the solution for

the given pressure while holding the intercushion Aows con-~
stant is reasonably ¢lose to the true simultaneous solution.

The orifice flow equation is used to determine the airflow
between a boundary of the cushion/bag.[2]

Q = AgCop/ 35

where
Q= flow rate, ft3/s
Agp = escape area, fi?
Cop = orifice discharge coefficient
§P = pressure differential across orifice, either {bag .
pressure - cushion pressure), difference between
two cushion pressure, or. (cushion pressure - at-
mospheric pressure), [b/ f1? ’
p. = air density, slug/ft*

Standard orifice flow equation assumes constant fluid density.[2]

Cushion compartment pressures are used to compute the

. forces and moments thai the cushion causes on the craft.

Skirt frictional forces and moments are computed based on
the terrain type the craft is over.

The cushion escape areas are used in the airflow conti-
nuity equations and are computed from the length of the

- given skiri segment and the height of the terrain beneath

the skirt points under consideration and the height of the
skirt edge at the points. The height of the skirt edge at
a point is determined by using the altitude of the geomet-
ric center; the height of the skirt, and the altitude offset
associated with the displacement of the point from the ge-
ometric center as computed by means of a hody to NED
transformation matrix. The same formula is uzsed to com-
pute the intercushion areas below the stability seals by
using the height of ihe seal rather than the height of the
skirt.

A skirt gap occurs when the skirt edge does not touch
the ground. A skirt deflection occurs when the skirt edge
is lower than the ground such that the escape area is
negative.|2]

The height used for cushion volume calculations is the
same as the cushion escape area for the peripheral skirts.
For the stability veals, the height is adjusted for the differ-



-comprise the compariment.

ence between the seal and the peripheral skirt. The height
for the cushion volumes for the interior volumes (the point
is noi under a peripheral skirt or a stability seal) is com-
puted the same as the cushion escape area, including the
offset for skirt height. When tlie cushion volumes are com-
puted, the addition and subtraction of volumes is based on
the plane defined by the peripheral skirt bottom, rerpem-
bering that the skirt height has been treated as a constant
height initially.

The cushion escape areas are modified to account for skirt '

deformations which resull in a loss of area. Refer to fig-
ure 5. The total escape area for a compartment of the cush-
ion is computed from the individual skirt segments that
Cushion volumes are com-
puted by multiplying the effective average height by the

cushion compartment area. The effective average height is -
-computed from the skirt escape heights using a weighting

function.

TERRAIN

(b)

Figure 5. (a) Skirt escape area example,
(b) Cushion volume example

Cushion Volumes/Areas

As with any simmulation that operates in real-time, the is-
sue of meeting requirements within the restrictions placed
on the software by hardware becomes a balancing act. The
host computer where the craft dynamics computations are
done, is a Gould 32/ 9780 computer with land dynam-

ics operations performed at 30 hertz, at this time. With
the craft cushion treated as compartments, & compromise
was needed between developing the necessary craft perfor-

mance integrity and the host computer system time and

memeory requirements. The compromise reached was the 5
by 5 matrix of craft points. This means that the peripheral
skirt is made up of 10 foot segments for the bow and stern
- 4 segments each, and 20 foot segments for the port (lefi)
and starboard (right) - 4 segments each. I processing time
becomes critical, it may be necessary to reduce the amount
of segments on each side, and correspondingly the nurnber
of volumes which are in each cushion compartment.

Escape areas beitween the cushion compartment and the
ambient atmosphere is the summation of the escape ar-
eas of each segment of the peripheral skirt in the given

cushion compartment. The forward cushion compartment

is the summation of the cight cushion volumes defined by
the 4 segments laterally across the 2 segments longitudi-
nally. Each aft cushion compartment sums 4 cushion vol-
umes defined by 2 segments laterally across 2 segmenits
longitudinally,

The terrain pumping flow rate is compufed for sach cush-
ion compartment using the cushion compartment area as
projected onto the terrain plane and the rate of change of
the average height of the terrain under the cushion com-
partment (including effects of objects on the terrain).

The effects of objects on the terrain {special features ) are
achieved by increasing or decreasing the appropriate skirt
escape areas and cushion volumes. The most tedious part

“of the algorithm is determining which cushion compart-
-ments and escape areas have to be medified and by how

much. The actual changes in volume and escape areas are
handled when the continuity equations are processed since
they represent an influence of cushion airflow and pressure.
The volume changes modify the volumes that are used in
computing the compressibility flow rate. The escape area
change is reflected in the flows out of each cushion using
the orifice flow equation.

The compressibility low rate adjusts for effects associated
with the changing pressure within a given cushion; bag.
The flow rate is determined assuming an adiabatic pro-
cess for a perfect gas to relate density to pressure. The
compressibility flow rate for each cushion compartment is
computed from the rate of change of the cushion pressure
for the compartment, the adjusted volurne of the compart-
ment, the ambient atmospheric pressure, and the ratio of

-specific heats.
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Craft pumping is the apparent How rate due to craft mo-
tion. For example, if the craft undergoes a positive rofl
rate, the starboard cushion pressure increases due to a de-
creasing volume while the port cushion pressure tends to
decrease due to an increasing volume.[2] The craft pump-
ing flow rate is determined for each cushion compartment
and involves the craft pitch rate, craft roll rate, craft trans-
lational velocities in the body axis system, the location of
the cushion centroid, and the cushion compartment area.
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The skirt system has skirt auxiliary forces associated with
it. While the lift fan system airflow momentum drag and
air resistance drag associated with the craft are not dis-
cussed in this paper, they are insignificant overland due to
the low speeds the craft operates ai {they are included in
the model since they become significant for speeds over-

water}. The skirt auxiliary forces are modeled two ways:

frictional contact and pressure-related. Frictional contact

forces are forces associated with contact through skirt de-

flection, flutter, turbulence, etc. Pressure related forces
are forces associated with jetting airflow.

The skirt frictional force associated with contact is based
on the coefficient of friction of the terrain, the craft gross
weight, the deflection of the skirt, the deflection rate of
change, and the velocity of the craft. ’

The jetting forces associated with airflow are determined
from the escape area of the skirt segment under consider-
ation and the pressure differential between the given cush-
ton and the ambient air. If the craft had zero pitch and
rell on.a flat surface, the jetting force would then move
the craft based on which cushion had a higher pressure:
higher aft cushion pressures would move the craft forward,
higher port cushien pressure would move the craft star-
board (right). )

CONCLUSIONS

The Landing Craft, Air Cushion - Full Mission Trainer’s

(LCAC-FMT) training requirements dictate the need to

provide enough different terrain slopes and types to give
the crew a wide experience base. The data concerning the
terrain representation is visually provided by shading and
shape.

Dynamically the craft needs to respond to the changes in
terrain and the obstacles on the ground so that the crew
learns avoidance techniques. To get the dynamic response,
the overland algorithm uses the height of the terrain at
given points under the craft and the information for the
objects on the ground to determine the varicus cushion
compartment escape areas and cushion volumes, which are
used to eventually determine the forces and moments act-
ing on the craft.

In the real world, the craft skirt and the terrain are con-
tinuous systems that are complex and interactive (sand
will blow out from under the craft, marsh reeds will bend,
trees will fall, the craft can be destructively crashed). In
the trainer, the complexity has been down-scaled and the
interactive nature has been simplified to accommodate the
limitations previously presented.

The simulator will be an excellent training tool because it
does provide positive initial training as well as refresher
training to qualified crews. The representatives from the
Navy who have been involved with the testing of the trainer
feel the performance that the overland dynamics program
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,[2

has generated will support their training requirements. The
créw that train on the LCAC-FMT will be better prepared
to take the craft over terrain.
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