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1. INTRODUCTION

The U~ Navy/Marine Corp’s amphibious as~au1t mission represents an
Idea l application for the unique characteristics of the air cushion vehicle
(ACY).

The purpose of this Navy technology program, dl rected by the AALC
Program Offi ce of the David W. Taylor Naval Ship Research and Development
Center (DTNSRDC), is to be able to compare cushion systems.

During the last two decades ACV ’s have been designed and built to suit
many different appl ications. The advent of skirts or seals, that allowed the
cushion height to be increased considerably without proportionate increases

• In lift power, transformed the hovercraft principle into a viable means of
providing air cushion support.

Five major forms of full scal e cushion systems have been developed by
independent companies. These are the Aerojet-General loop/pericell , the Bell—
Aerospace Textron bag/finger , the Bertin multi cell jupe, the British Hovercraft
Corporation tapered skirt and the Hovercraft Development Limited loop/segment.

In each of the above cases , the general desire has been to produce a
cushion system that would provide a craft wi th ability to operate at relatively
high speed over an uneven surface. The constraints have been very different
as well as the modes of development, but the end products have a great deal of
cownonality. However, there is no coninon data base to allow direct comparison
or to select the best configuration for a particular application.

For the amphibious assault application, the size of the ACV Is limited
by the need to operate from the well-decks of exi sting amphibious assault lift
ships. The payloads are comprised of combinations of already defined vehicles,
pallets and other cargo, some of which are very dense and others which require
a lot of deck space with clear drive—through capability. It is desired to be

• able to operate in a range of conditions of temperature, wind , sea state, surf ,
beaches and terrain.
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1. INTRODUCTION (Cont’d)

The “Best” design will be dependent upon not only the performance
of the craft under all these conditions but on the total or life cycle costs
which Includes such things as maintenance and replacement costs as well as
the acquisition and direct operatIng costs .

~The prime objective of this cushion comparison program 
is to be able

to obtain data on the various existing cushion systems, that can be compared
directly in the context of the amphibious assault mission. -.~ul~~ ca1e data
Is very limi ted and does not provide a good base for comparison. ~The use of
a series of scale models, built and tested to a coirmon standard, will provide

~ means of obtaining basic performance data that can be compared directly. ~ - 
-

•

The requirements for such a set of models Is addressed In Section 2.
The use of the models and the test program is described In Section 3. It was
necessary to prepare a prel iminary design and description of the model , as
reported in Section 4, to obtain an estimated cost and schedule for the model.

~~ This Is reported in Section 5.

The results of this planning stage of the program will be used to
establish the detailed requirements for the design and building of the models,
the test program and the comparison of the cushion systems including full scale

- ~~ • considerations. The cost and schedule guidelines will also be established.

The draft of this report was submitted and- compared with the corresponding
draft reports for the other model types. As a result of the comparison, a
coordinated set of model design criteria was prepared by the Navy Technical
Office (Ref. 9070 1182:2GW, dated 26 January 1979) and forwarded for consideration.
This report now Includes changes that reflect consideration of the given design
criteria.
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2. MODEL REQUIREMENTS

‘Ihe model Is to be a dynamically similar representation of an air
cushion vehicle (ACV ) designed to the requi rements of the Navy’s amphibi ous

assault mission. The purpose of the model is to provide data for the compar—
Ison of cushion systems.

A review of the test requirements in Section 3, in c junction with
the requirements for the model , resul ted in the selection o linear scale
factor of 1/12 full scale for the model~ ~~ c~~ ce~~ c- \ ’

The features considered most important are the flexible skirt that
contai ns the rushi on, the lift fan system and the lift air distribution system
together wi th the general hull form.

The amphibious assault lift ships , that are to carry the ACV ’s,
Impose strict limits on the major dimensions of the craft. These are to be
reflected in the model .~~~iese dimensions are given in Table 1, which suninarjzes the
model - requirements~ and criteria, and are illustrated in Figure 1.

The skirt Is obviously of prime importance as the object of the program
is to make a comparison of different cushion systems. It is recognized that
proper representation of all the structural characteristics of the skirt is not
possible within the context of Froude scaling. This is primarily .due to the fact
that the full scale material s have low valued elastic constants and are subject
to severe distortions under static and dynamic load conditions. The selection
of materials for models is limi ted and the model skirts must generally be
constructed of woven nylon fabrics of the same physical properties as the full -

scale. For dynamic similarity the properties should be appropriately scaled.
• Young’s Modulus, for instance, should vary as the linear scale factor. The

density Is correctly the same regardless of scale. The thicknesses should be
scaled and then thee weights would be in the right proportion.

For inflated membranes , the tensions are related to the local curvature
and pressure difference across the surface. Some errors in shape and action
result from non—scaled elongations due to these membrane tensions.
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2. MODEL REQUIREMENTS (Cont’d)

For members that have significant thickness, such as doubl ers and
stiffeners, bending loads can be appreciable and are dependant upon the Young’s
Modulus, which as discussed above will not be to scale. This results in model
ski rts being much stiffer than is appropriate to full scale. The errors may
be minimized by using the thinnest possible material and omitting doublers and
stiffeners where appropriate. Bonded joints are usually much wider than scale,

- :  because of limitations in fabrication technique and the adhesives that add
further stiffness. - 

-

These scaling problems are probably the greatest shortcoming in attempt-
ing to compare skirts through model tests as the errors are virtually impossible
to be compensated for on any theoretical basis. Empirical correction factors
may only apply at certain scales for certain configurations under special condi-
tions and are not universally available.

Since all skirts rely on the lift air pressures for inflation, and this
will be similar for models of the same scale, under the samc conditions, it would
seem appropriate to use the same material for all ski rts, to minimi ze the differ-
ence between the different models. The suggested material is “Belfiex 40h1 ; a
lightweight, 70 denier nylon fabric of approximately 1.7 oz/sq yd proofed to a
total weight of 2.3 to 2.4 oz/sq yd. This compares to the 18 oz/sq yd nylon fabric
used on both JEFF(A) and JEFF(B) that was coated to a total weight of 50 to 90 oz/
sq yd. It Is evident that this material has greater than scale stiffness but is
considered to be of the minimum workable weight.

The lift fan system Is extremely important as this supplies the air
t~ the cushion and contributes to many of Its properties. The maximum lift
capability is obviously determined by the pressure that is provided by the
fan. Similarly, the ability to traverse an uneven surface such as waves is
dependent upon the ability to replace lost cushion air with the air flow
generated by the lift system.

The overall power required to operate the craft under given conditions,
Is dependent upon the efficiency with whi ch the necessary pressure and flow
can be provided and also the effect that the cushion has on reducing drag
and hence the propulsive power demands.

HI 
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2. MODEL REQUIR~4ENTS (Cont’d)

The cushion must also provide appropriate stability characteristics to
react the effects of wind and operation over waves or uneven surfaces , the craft

generated propulsion and control forces and non-optimum location of cargo loads.
The dynamic characteristi cs of the cushion system determine the craft motions

• 
• • that will occur in response to operation over uneven surfaces . These cushion

static and dynamic characteristics are affected by the lift fan and the distri —
bution system including the air distribution wi thin the ski rt. The design
operating point on the fan head flow characteri stic curve , the slope at this
point,and the shut-off pressure or pressure at zero flow are generally accepted
to be the key characteristics . The performance of scaled fans of very small
size (3—4 inches in diameter) is inevitably less than that of their full scale
equivalent. The losses in the model ducts is usually higher so an increase in
fan operating speed is reconmiended to compensate for the losses . Calibration of
the total system is important to establish the actual performance obtained so
that full scal e equivalent condi tions can be determined.

The hull is of less significance to the cushion comparison tests than the
• skirt or lift system as normally there is no contact between the surface and

the hull. However, the geometry of the skirt is dependent upon the hull shape
and the Infl ated geometry of the full scale craft Is restricted by the maximum

- • height, length and beam limi tations of the lift ship wel l decks . In extreme
conditions the hull may contact the surface and therefore its shape in potential

• impact areas is of concern. The shape depicted in Figure 1 shows inclined
plating on all edges of the hull bottom, and at the bow. The angles must
be considered in conjunction with the form of each skirt and so cannot be
specified. Similarly, some form of landing rail or pads should be included .
A relatively large landing pad area is required because of the l imited load
bearing capabilities of the ship well deck, and of unprepared landing sites.

• The radii at the hull corners can be varied to suit the skirt,but it
is desirable to leave the maximum possible space withi n the hull for machinery
a~dother items. Also , It will be more convenient to have straight ramps across
the full payload deck width.

8
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2. MODEL REQUIREMENTS (Cont’d)

The bow ramp shall be 3.048 m (10 feet) above the baseline and the
• stern ramp 2.4384 m (8 feet) above the baseline. The sidewall height shall

also be at least 3.048 (10 feet) but a maximum of 3.81 m (12.5 feet)

The 1.524 in (5 foot) hull depth, from hull bottom to payload deck is
• that used by both JEFF(A) and JEFF(B) and was arrived at in consideration of

maintaining overhead clearances and yet minimi zing structural weight. For the
model it is essential to minimi ze weight changes due to water collecti ng in
voids .~n other water traps, therefore, the model should be completely foam
filled.

In general there is little problem in constructing scale models of
adequate overall strength. There is need to consider how to take the local loads
due to the skirt attachments, lift fan machinery, propulsor(s) (if used) instru-
mentation, ballast and the various test rigs. Previous Aerojet models of this
type have included continuous major full depth longitudinal structural members,
spaced 0.0889 m (3.5 inches) either side of the model centerline. Additional
longitudinal , transverse and edge members are provided for the other local
loads. This arrangement would be compatible with the 0. i 524 in x 0.1524 m
(6—inch by 6—inch) and 0.1524 in x 0.2032 (6—inch by 8—Inch) pad requirements for
tow gear that were called out.

Because of the magnitude of the loads, it is suggested that 0.008 m
• - (1/4—inch ) Aluminum plates be used in place of the 3/4 inch mahogany speci-

fied. These plates can be very securely mounted to the model by means of
through bolts in the major longitudinal members . They can also be removed
and replaced for convenience In making changes and drilling and tapping
holes to suit particular fittings-.

-Experience has shown that is best to tow model s .through a fixed
reference point close to the model center-of-gravity. The added realism
obtained by towing through a higher point representing the centerl ine of the
propulsors is offset by the adverse pitching (and/or rolling) moments that
result from using higher than full scale equivalent forces to accelerate
the model . -

9
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2. MODEL REQUIREMENTS (Cont’d)

A fixed reference point is more convenient than attempting to
relocate the tow gear for every change in model ballast condition. For
further convenience the center section of previous models have been left with-
out foam filling to allow clearance for pitch and roll gimbals and force
measuring block gages.

• . The outer sk in of models have been constructed of plywood on occasion
• but fiberglass has been found to be more durable and is preferred. The Internal

- 

members can be of suI table wood, including plywood, as they can be well pro-
tected. Pressure ports and other instrumentation can be secured by means of
screws and/or epoxy resin or similar methods as required.

- 

-

L
I

‘ 1

I- .

I 
• 

-

~
•. ~ - 10

U ~~ ~ kJ4~ L J ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ - .~~~~~~~~-••-• - - -~



3. TEST PROGRAM

The selection of the “Best” cushion system involves the considera-
tion of many factors . The comparison of a single performance character-
Istic of the different systems, such as model drag under a particular set
of external operating conditions, appears simple enough. It soon becomes
apparent that even this is not really simple because of the number of

• • 
parameters involved In even setting the model operati ng conditions. The
most logical basis for comparison would be the full scale design condition.
This might be expressed in terms of operation at a given speed in a certain
wind and sea state condition. The sca li ng and control l ing of the forward
speed is straight forward. The wind cannot be represented in the tow tank
and even if the full scale sea state can be defined there are problems in

• representing it. For instance, only long crested waves can be generated
In the linear tow tank. These are thought to be more adverse than a real
sea with an equivalent wave energy point spectrum.

As far as the model condi tions are concerned , each should be run
at It ’s own optimum condition which includes selection of lift system set-
ting and trim or center-of-gravi ty location. To establish this will take
a series of runs for each model .

Perhaps the most meaningful measure of comparati ve performance
becomes the total power required for both lift and propulsion. This requires
knowledge of propulsive efficiency to convert a measured drag to required
thrust and hence power. Al so the lift system efficiency Is required to
convert lift air flow setting to an equivalent power. If all these details
were known then one could make a reasonable judgment for that set of condi-
tions. •

• 
- The next problem is how to deal wi th other basic performance char—

acterlstics such as ride, controlability and sensitivity to off-design condi-
tions. An example here Is that one cushion system may have a very low total
power requirement if say the center-of-gravity is adjusted within fine limits
but then require a considerable increase in power if the center-of—gravity
Is moved. What if the alternative system that Is being compared requires 

______ - 
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3. TEST PROGRAM (Cont’d)

a l ittl e more power than the f irst system at Its opt imum condi t ion but does
not suffer as large an increase in power requirement for the same specified

- 

•~ 
center-of-gravity shift resulting in lower total power requirements at the
extremities of the range. Maybe the average drag over a required range would
be the most appropriate measure. If a mission profile were defined it may be
more appropriate still to weight the significance of some part of the total
range of parameter variation. All this may be rather academic if the perfor-
mances are radically different. Until at least preliminary test results have
been obtained, the decision to run more deta iled tests should not be made .

Having conducted these basic performance measurements at or around
design conditions,- it will be important to determine that other important
requirements can be met. Ability to accelerate through hump without

‘ excessive increase in power, provide an acceptable ride, and be readily
control 1 able wi thout fear of divergent motions such as plow—in , broaching

— 
- in surf or yaw build-up during turns leading to pirouetting or even overturn.

These phenomena are very difficult to evaluate directly from model tests
as they depend upon the craft control characteristics and having an oper-
ator - in the loop.

Even if all desired tests can be run on the models, and suitable
methods are available for the interpretation of the results there still re-
main questions of how to convert to full scale and how to evaluate other

• aspects such as wear, accessability for maintenance, failure modes, acqui-

• sition costs and life cycle costs. The total impact of the cushion system
- 

• selection on the ability to fulfill the mission is even more difficult to
assess as it includes such considerations as vulnerability and availability.
Full scale data will be essential before all of these effects can be taken
in account.

The suggested test program has been reviewed on the basis of the
discussion above and the various options and coninents are suninarized in Table 2.

L _ _ __ 
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4. MODEL DESCRIPTION

The requirements for the model have been described in Section 2 above.
These have been based on considerations of model scale and of the test program.

The major dimens ions and other key parameters of the full scale craft
are given in Table 3 together with the corresponding model values based on linear
scale factors of 1/10, 1/12 and 1/14. Generally the larger the size of the model ,
the smaller the errors due to imperfections introduced by scaling. To be compat-
ible with the tow tanks and the other facilities at DTNSRDC at Carderock, Maryland ,
a 1/10 scale probably represents the largest practical model that should be con-
sidered. Models of the Amphibi ous Assaul t Lan ding Craft (AAL C) JEFF(A ) and
JEFF(B) have already been tested at 7/100 scale (1/14.3 scale) and 1/12 scale,
respectively. The smaller scale of the JEFF(A) model was selected to be compatible
with the tow tank facilities of the Stevens Institute of-Technology in Hoboken,
New Jersey. The larger scale of 1/12 was selected for the JEFF(B) model and most
of its tests were conducted at Carderock. This scale of 1/12 appears to be the -
best compromise for the tests envisioned and to be compatible wi th the DTNSRDC
facilities.

From the requirements described in Section 2 and the general geometry of
• 

- Figure 1 , a more detailed layout has been prepared, Figures 2a and 2b include struc-
tural details. The construction concept employed has proved to be very effective
on a number of similar models. A simple plug is made which represents the hull

• form. A plaster mold is then made from the plug . The outer skin of the model is
then formed inside the mold from fiberglas in a manner similar to that used fpr
the majori ty of modern small boats . This outer skin provides a watertight shell
for the model. An alternative method is to construct a female mo]d directly.

The internal structure is bonded to the skin. It Is configured to take
the model towing forces and to support the lift and propulsion machinery and to
provide overall bending and torsional stiffness. Members are added to take local
loads such as the skirt attachments. This Internal structure is most conveniently
fabricated from wooden strips with plywood webs as stiffeners. Some parts-, such
as air ducts, can more conveniently be made from light gauge sheet metal or fiber-
glas.
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4. MODEL DESCRIP1ION (Cont’d)

None of this construction is in any way representative of the full
scale structure. It yields an extremely stiff model that acts essentially
as a rigid body. Therefore, it cannot be used effectivel y to determ ine l oad
conditions during wave impacts or similar data.

Further stiffness and complete watertight Integrity is obtained by
- 

. 
foam filling the entire hull volume except for the required air distribution
ducts.

It was also foun d convenient on previous models to leave the centra l
bay unfilled to allow space for a gimbaled pivot with its center located at
deck level. This has the disadvantage that water can collect in this space
and change the effective model weight. The top of the deck must be sealed

• with a layer of fiberglas to prevent water from soaking into the foam filling
or the wooden members . Since the model is to have freeboard above the cargo
deck level , additional scuppers or overboard drainage holes must be provided
to allow any water to drain from the deck. Internal dra ins are inconvenient
because of the cushion pressure acting upon the enti re undersurface of the
hull.

It is estimated that the weight of the hull, using the construction
described above would be no more than 41 kg (90 ib). This would allow a weight
of 16 kg (36 lb) for the skirts and lift fan machinery to obtain a bare model
weight of 57 kg (126 ib). The desired range of running weights, center-of-
gravity locations and moments—of-Inertia would be obtained by the use of ballast
in addition to the parts of the towing gear and instrumentation supported by the
model. The ballast can be in the form of lead plates that can be rigidly attached
to the model and/or standard laboratory weights. For consistency during the
test program it is important that the weight and balance can be readily checked
while the model is in the test rig.

The towing gear should be arranged so that the model can be lifted
and supported completely clear of the water surface for weight and balance
checks and to keep the skirts drained. If the model is allowed to float
off-cushion for any period of time, adequate time should be allowed for
any water trapped in the skirts to drain before the model is towed at high
speed. 
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4. MODEL DESCRIPTION (Cont’d)

• The skirts shall be of scaled geometry and represent the deta i l of
• the full scale skirt to the maximum practical extent. Particular attention

should be paid to the attactvnents and any afr leakage paths that they form.

• The skirt shall be constructed of a woven fabri c that is completely
• 

- sealed wi th an appropriate coating to represent the basic characteristics
• of full scale skirt materials. It Is recognized that structural properties

• cannot be modeled with true dynamic similarity but careful judgment should
- - be exercised to make it as representative as possible. It is also recog-

nized that drag forces generated by the skirt depend upon friction coeffi-
cients that vary with Reynolds number that cannot be maintained simultaneously
wi th Froude number. -

The lift fan performance also is dependent upon Reynolds number. If
fans could be constructed with perfect geometrical simi larity, their per—
fonnance would not quite reach the true scaled values due to Reynolds number
effects. In practice, they cannot be made with scaled accuracy and further
losses are inevitable. To compensate for this, a moderate increase in speed
can be utilized to obtain the required flow. However, the pressure losses
throughout the system may not be quite to scale. Alternatively, the fan may
be made a little larger. Since the correction cannot be predicted precisely, -;

it will still be necessary to calibrate the system and adjust the fan speed
to achieve a particular flow. Adjusting the fan scaling may also lead to corn-
promises In other associated parts of the system such as the diffuser or ducts
that distribute the lift air to the cushion.

The shafts, bearings, supports and other details of the lift fan mach-
inery will not be to scale , but can be designed to fit within the same gecinet-
rical constraints as the full scale system.

The l ift fans will be powered by one or more variable frequency motors
of a nominal 1 HP , 400 Hz , 3 phase type. Since the craft configuration calls
for a set of l ift fans on either side it can be more conven ient to provide a
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4. MODEL DESCRIPTION (Cont’d)

motor for each side. There -Is greater flexibi lity to place the motors
to ot~tain the most couvenient balance condition. They can still be fed
from a comon supply or be fed and/or controlled independently. Further
consideration of the test plan may lead to a requirement for independent
control . If the l i f t  fans are to be controlled independently, considera—

• tion must also be given to the use of some device to prevent return flow
through idle fans.

• The contemplated test plan includes self propulsion tests which
• would require an air propeller. A single modular unit could -be placed on

the deck but would requi re the removal of an equal wei ght of ballast. This
may not be physically possible. An alternative would be to have a pair of
propulsors that could be placed syninetrically on the deck or even have
variable locations to serve the same purpose as the ballast as wel l as pro—
viding thrust. At th is stage, It does not seem worthwh i le to pursue their
design, at least, until the requirements are more definitive .

• 5. MODEL ESTIMATED COST AND SCHEDULE

L - - The model design and build schedule referenced In Table 4 approximates
to a 4—5 month. effort, past experience tndfcate.s that this Is a realistic and
achievable time frame. Two determ tntng factors affecting the schedule will
be the initial design effort of the model machinery package. The latter would

• be an 8—1 0 week task and would in fact Be the pacing Item for the completion
of the model . The initial model design and drafting phase is considered to

• be a two man level of effort , this would be required to expedite the fabrication
of the model plug and machinery package.

Obviously in terms of time and liaison effort it would be desirable to
have the model bu ilt and assembl ed by one vendor, however, in practice this
has not been possible to arrange . As the schedu le i nd icates the model has been
broken down Into four components, I.e. hull - plug or pattern, hull - fiberglass,
fan machinery package and skirt. Some effort has been expended In locating
vendors with the necessary expertise who have already demonstrated their capa-
bilitity.
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5. MODEL ESTLMATED COST AND SCHEDULE. (Cont~d1

One of the more complex and costly pieces of hardware is the machinery
package. The mixed fl ow fan at 1/12 scale requires a specific fabrication
technique to achieve the necessary accuracy and finish. The vendor located
(Tecma Co. ) previously manufactured a 1/6 scale mixed fl ow fan which necessitated
considerable effort In perfecting the necessary fabrication technique.

One problem experienced has been locating the source for a 1 HP AC
motor. The method that most electric motor manufacturers use is to construct a
motor from standard design details to a customers requirements. An “off the
shelf” l ight weight AC motor in this power range appears to be very difficult
to locate. A cost and delivery schedule was obtained from Western Gear for a
potential twelve motor order in the 1 HP range. A basic cost of $995 each was

- - quoted (and is used In Tabl e 5), this would only include standard production
testing. The del ivery schedule of 52 weeks quoted for the twelve motors would
obviously not be compatible with the suggested model construction schedule.
Further discussions with Western Gear resulted in the possibility of decreasing
the number required to just two motors and a 3 month program. This would increase
the unit cost to $1800. Further conmUnicatlon with the vendor regarding cost

a~dschedule is required prior to a firm price and schedule 
coninittment. The

power source for the model is considered to be the only real soft spot in the

overal l suggested model program.
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