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NOMENCLA TURE

W vertical load on one wheel

WT vehicle weight

p coefficient of friction between wheel (tire) and hard ground

I sideforce produced by one wheel Wp

FT turning force

ti yawing moment (for correcting sides lip)

moment produced by one whe~l in a free-rolling mode

moment produced by one wheel in a braked and skidding mode

moment produced by the wheel on the leading side of the vehicle in yaw
(referred to as the inside wheel)

/11(e) moment produced by the wheel on the trailing side of the vehicle in yaw
(referred to as the outside wheel )

~ yaw angle (angle between vehicle cente rline and actual travel direction )

ca angular velocity

m vehicle mass

r turning radius

x lon gitudina l distance from the center of gravity to the axis of the wheel

y lateral distance from the center of gravity to the centerline of the wheel

V travel speed

VI

_______________________________________________ - — _______



CONVERSION FACTORS: U.S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

These conversion factors include all the significant digits given in the conversion
tables in the ASTM Metric Practice Guide (L 380) , which has been approved for use

by the Department of Defense. Converted va lues should be rounded to have the
same precision as the original (see E 380).

Multiply By To obtain

inch 25 .4* millimeter

foot 0.3048* meter

m ile hour 1 .609344* kilometer/hour

pound-mass 0.45 35924 kilogram

foot-pound-force 1.355818 joule

* Exact .
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~IL I O N  I: LSL OF ~\ L\ lLIA RY DEVICES The concept of ground control for ACV’ s itself is
FOR ACV CONTROL by no means new . Retractable wheels were used on

the Bell Carabao (Chap lin 1964), and were later con-
verted to harrow disks for use on snow on the Green-

IN! RODUCTION land Ice Cap in 1964 (Abele 1966). For marine oper-
ations , hydraulically lowered tubes (“ wa ter rods ’)

(l ift ol the pr incipal  advantages of using an air cush- have been used by the Japanese on the MV.PP1 and
- , is the suspension sv’ te rn of a vehicle is the lack of MV-PP5 ACV’ s; on the MV-PP1 5 ACV , wheels with

iit,iel 11’ t~ 5 ( C i i  the ~ehiclc and the terrain surface , brakes were attached to the rods. The use of whee ls,
t hus m.~king the’ vehicle ’s operational capabilities in- not onl y for directional control but also for propulsion
depen dent of the mechanica l characteristics of the ter. and load support , has been discussed by Wong (1972).

a m su r t . i v e  mate rial . Ihe air cushion vehicle (ACV ) The use of ground contact aids for purposes other than
s~~ mp.ih le of tr .r~eI ing cq ua Uy well on mineral and directional control , and the relative merits of hybrid

~r,(,mn hL ic- n u ns , water , snow , ice , or a combination it •‘sCV s vs pure amphibian ACV’ s are not within the
uni v of these , its operdtion being constrained primarily scope of this study. The discussion here is limited to
by ~ ir f ice relief ec ,met re and obstacles , retractable ground contact devices or implements which

I he , t J ’ ~ irit .ugc- of not having cont act  between the act as moment producing brakes or rollers and do not

~ehicft ’ and (he terrain surface has to he regarded , how- serve as either propulsion or load support aids.
eve r , as a disadvantage from a maneuve rability poir To improve the directional control of an amphibi-
of -. isv . Not onl y thrust but also control of an am- ous ACV , the wheel is naturally the first idea that
phihian .V \  has to be achieved primarily by acro- comes to mind when considering over-land operations.
dynamic means (rudders , puff ports , direction of pro- For over-water and snow operations , some type of a
pelle- r thrust by py lon rotation , etc.), which have a brake in the form of a rod, a disk , or a skid wou ld be
re la t ive l y  slow response time and lack the directional the logical initial selection. The use of the flexib le
control precision of conventional ground contact skirt itse lf , or some simple attachments to it, may be
vehicle. Consequentl y, maneuverability of an ACV can an idea which has not been fully investigated.
become a serious operational problem where the vehi- Usually the most critical maneuvering problems are
d c ’s travel route is restricted by obstacles and steep encountered during over-land operations. Ordinary
slopes or when close-quarter turns arc required. ACV operations on water , except for special tasks or

While experience has shown that improvement and travel on narrow streams , are not as frequently con-
perfection of aerodynamic met hods would be the more strained by “elbow room” as are those on land. It there-
desirable approach for improved directional control , fore appears reasonable in considering ACV contro l
there is a practical limit to these methods; therefore , improvements to consider first those ground contact
the usc of ground contact devices requires considera - devices wh ich would be applicable to over-land maneu-
lion for providing more positive results. verability. It is reasonable to expect that a device
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suitable urn arid rri uv also be suit able in v ile r , wh ile h od, ’ -t - It /n- -Is / r ee . ru / Iu ,~ When the wheels
the opposite m,us not nic ce ’ss,n lv he true the ‘‘ s~jte ’r are t r ee ’  to not ate ‘,n the’ .j xle , the ,nil~ du re ’ c i : o r i  ri

- being a t s  pieal ev , t rn i p le  I It is also r i CLe ’ sS.ur\  to which the - i d ~ i c e e .ir i  act us along the ax f ~ ( r e fer

~~~ in mind t h ’  puk-nitial d . ,rr i , n ’ e ’ t hat could res ul t  to I g 1). I tn - i -b r , the ‘. awn ig  nuomennt produced
it - ui such .i d e s  cc  v~ hen use d on cu r  ta i n i  t pc ’s of r - h~ ea ch ~ Fic ’eb is

g~tn ic te r c . i :r is (tun dra , for e- v a c r r p l e ’ l  I hereton ~’ , r h ’
wheel de’,ers sonic at tent ion because it us the n ,st hi 1.. I ( 1
nbv lou’, ground Loi it r l Je~ u_ c , arid the u~~’ of the f l ex : -
the ’ sk i r t  should be considered because’ it m a y  repres e nt  arid the t ii ,ui moment fur both wheels in side and
t he least si gni f ica nt change t I  the b,i’,ic design of t I re  ulu hick ) is
s c b : e k ’  or i t s  components.

2 / s  (2 (

DISCUSSION OF WHEELS AS A v, bu ’e I is the s ideforce produced by one wheel and
CONTROL DEVICE .5 ~S the longitudinal di~t,ini~ e f rom t he \( V ’  center

of ~ as to th e - ,r ‘ if thc- sv hid ,
Anal y s is  it the rel , i t is c ’  ci e ’ c t : ’ ,enress of lie ‘in more In the u_ use of free- - rol l ing wheels , t he yawing mo-

ss hc’els as a e r i r t r  1 device for the d i re e t i i  n,u l st ah i lut~ nnent is independent of ~aw angle 3 , distance y, and
nf an AC’S ’ is based in this discussion on the tn!l ssu r ig vu l o u_ i i y  V, e xcept for any effect P may have on the
con ditions: 1) the wheels can be used in either a f r e e ’  coeb i i e i en t  of f r ict ion p. The yawing moment avail-
rolling or a braked and skidding mode , 2) the whe e ls able for d i rec t i o na l  stabi l i ty is a direct function of
are retracta ble , an d 3) the wheels arc not steerable h r  the longitudinal distanc e A . On a soft surface where
the purpose of comparing the relat ive e f fec t i ve n e s s  of wheel sinkagc can occur , ot her force components ,
va r iou s  w heel confi gurat ions and locations on the vc ’h i- such as bulldoiing and compaction resistance , and the
d c , only cases of corr t , ic t  with hard ground (no wheel lateral force on the sidewall of the wheel , would have
sin kage ) arc considered here, to be cons idered. Here only the vertical load on each

Five wheel arrangement conf i gurat ions and accom- sv hc’cl Ii’ an d p are considered; the rolling resistance
pany ing operational modes (free-rolling , bra ked arid is assumed to be minimal:
skidding, or l i f ted) are anal yied and listed in Table I.
Figure 1 gives the nomenclature ‘i f  the terms used in F li p .
t he report ,

hiode B: R ’hee/s braked and skidding. When dual
Dual wheels wheels arc in a non-rotat ing mode , the force will act

S i’v operat ional modes are practicable for use v y i th  along the direction of motion (refer to Fig. 1). There-
dual wheel arrangem ents . fore , t he moment arms are

Table I. Wheel arrangements and operational mode s analyzed.

____________ 
Arra,i~c ’rnrent 

_______

I~’f J ( / /  4he( ’/S Si,riilc iv heel  landeni wheels
,hlode Inside Outside Rear I r u / i t  Rear

A I ree Free Free Free I ree
B Braked Braked Braked Braked Bra ked

C Braked Free Braked Free
D Free Braked Free Braked
F Free Lifted
I Braked Lifted 

______ ______

*Arr angements arc illustrated in Figure 2.

Ti
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f igure 1 Schematic diagram of ACV

inside wheel: y Cus 13+.5 sin~3 A higher yawing moment can be achieved with the
wheels in the free- rol(ing mode than with the wheels

outsi de wheel: y cos~3—x sin 13 braked .
Mode C: Inside wheel braked and skidding, out-

an d the corresponding moments are side wheel free-rolling . From eq 3 and 1 the respec-
tive moments are

t1 tuo) = h i _~, cos~3 + e  sin ~3) (3)
MB(I) = F(y cos 13+x sin ji)

= —Fly cos (3—x sin i3). (4)
MF(0) Fx.

The tota l avai lable yawing moment is
The total available yawing moment is

hi 111, 1 = ti } 1( ) +M 8( F ly cosl3+x sin 13)
M b(I) F u~,)) = M B(I) +M ,.(~) = F(y cos f 3+x sin j 3 ) +Fx

÷(—F)  (y cosj3 —x sin13) = 2 Fx sin 13. (5)
= Fx(1 +y/ x cos 13+sin 13). (6)

Equation 5 is still applicable when, as a result of a
high ~3, both wheels are on the same side of the line of Mode D: Inside wheel free-rolling, outside wheel
travel , the respective moments being braked and skidding. From eq 1 and 4 the inside and

outside wheel moments are

~‘iib)~~ 
F(y cos l3+x sin 13)

M F(1) = Fx

F( —y cos 13+x sin 13)
MB( O) —F (y cos f 3—x sin 13).

resu lting in the same total moment as eq 5:
The total available yawing moment is

2 Fx sin (3.
MF(1)B(O) = ME(I) +M B(O) = Fx +(— F)( y cos 13—x sin 13)

Comparing eq 2 and 5:
= Fx( 1 —y/ x cosj3 +sinj3 ). (7)

2 Fx ~
.- 2 Fx sin i3

Since the wheels, of necessity, would have to be
that is , retractable , two more cases exist. With the outside

wheel lifted, the inside wheel alone can be used fo.
M~.(, 11) :.~ M B(I O) directional stability, either in a free-rolling or braked

and skidding mode (refer to Fig. 1). Using the outside

the relationshi p being wheel , with the inside wheel lifted , is not pract ical ,
since a negat ive moment results.

ti u / M r = sin (3.

--- ---=-

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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‘uI,)dt ’ L: /,nsuile ~c ’hee’/ free-rollinq, outside wheel Table II. Yawing moments for the six operational mode s
Iut t ~d. Ihe yawing moment equationt for this case is of a dual wheel arrangement.
the same as eq 1:

Case io ta/ yaw/ f i g  moment
hi E u , ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ 

-

i i , )  A M , 
~~~~ 

= Fx (2)

Mode F’ Inside wheel braked and skiddinq, outside B M11(, ,,) - Ex (2 sin (3)
wheel lifted . I’rom eq 3: ( tu Ii(i)I N) = ~A (sin f3 + y/ x  cos 13 + 1)

t) M ,.~ ~~~ ~ 
= Fx (sint3 — yLv cos (3 + 1)

I.!~5(,~ ‘~ F),t - u_ ’s 13 ’.s sinl3)
F M I.h) = Es

= Fx (yJx cos l3+sin l3). (8) F M B (J) = Fx (sinj3 y/.5 cos L3)

Comparison . The yawing moment equations for the
six cases are compared in Table II. In any mode where
braking of either one or both wheels is involved, the in a free-rolling position (for 13 .‘: 30°) with the outside
yawing moment is a function of the yaw angle (3. When wheel lifted.
only one wheel is braked , the moment is also a functio n In arrangements 1 and 3 wherey/x = Yr (Fig. 3a and
of they/x rat io. 3c) for yaw angles of less than approximately 40

0
, the

To compare the relative effectiveness of the six highest yawing moment can be obtained by having

wheel mode cases on the directional stabil ity of the both wheels in a free-rolling mode (mode A). For j3 ..-

ACV , some practical y/x ratios have to be selected. 40°, a slightly higher moment is achieved with the in-

Since the center of gravity is usually somewhere near side wheel braked and skidding and the outside wheel
the geometric center of the vehicle , the maximum prac- free-ro lling (mode C).
tical x distance would be limited to not more than It should be noted that the numerical value of M
approximatel y Yr of the vehicle ’s structural length. Since for arrangement 3 is exactly twice that of arrange •
the length/beam ratios of ACV’s are usually close to 2, ment 1 , since the x value in arrangement 3 is twice the
the maximum practical y distance would be approxi- x value in arrangement 1. (The M 3 = 2M2 relationship
mately iA of the maximum x distance. For convenience , is implied in the relative scale of the M axis in Figures
/ ~ of the vehicle length will be considered as a unit of 3a and 3c.) Everything else being equal , the value of
measurement of x andy. Therefore , the value of x can M varies directly with the value of x for all wheel mode
vary from 0 to I and the value of y from 010 Ii , the cases (refe r to Table II).
typical y /x  ratios ranging from n/2 to 1. For maximum directional stability with a dual wheel

For the sake of comparison , the more likely wheel arrangement , the most effective w heel location is as
location arrangements were selected as shown in Figure close as possible to the rear corners of the vehicle , as

2. The moments, computed for various yaw angle (3 shown in arrangement 3. For anyy/x ratio, the avail-

conditions and y . s  ratios of 1 and Vi, are summarized able yawing moment is proportional to the longitudinal
in Table Ill and are plotted in Figures 3, 5 and 6. distance x for all braked and free-rolling wheel corn-

For arrangement 2, wherey/x = 1 (Fig. 3b), it is binations. The influence of the lateral distancey is

evident that for any yaw angle, the highest yawing mo- relatively less significant , since in the moment equations
ment can be achieved by having the inside wheel braked (Table II) y appears only in the y/x term. For free-

and skidding and the outside wheel in a free-rol ling rolling modes , the moment is independent ofy.
mode (mode C). The next most effective procedure is Figure 4 shows thc 13 vs y/x relationship at which
to have both wheels in a free-rolling position (mode A), the yawing moment for both wheels free-wheeling
which produces the same moment regardless of the yaw (mode A) equals the moment for inside wheel braked
angle. Mode B, both wheels in a braked position, is not and skidding, and outside wheel free-rolling (mode C);
an effective control method for small yaw angles; a i .e.
higher moment can be achieved by using only the in-
side w heel in either a braked position (for 13 < 450

) or M, 
~~~~ 

M B(l)F( , ,) .

4
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A2 F s — -
Duai Whee i Operat,onai Mode

A — — Both tree-roiting ,/‘B Both braked and ,~g C
C — - — Outside tree , inside braked ,/
0 — ‘ Outs,de braked, ins,de free -

- Inede free, outside iitted /
F ‘ ‘  lnside braked , outside tit led
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Figure 3. Yawing moment vs yaw angle for wheel arrangements 1-3.
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Tabl e III. Moments , in terms of Fx , of various wheel arrangements
and operational modes for various yaw angles.

Yaw angle, j3
Arrangement Mode ~f 20 40° 60° 80 90°

Dual wheels
A 2Fx 2 / A  2 1-.k 2 F x  2 / A  2 E x
B 0 0.684 1”x l.286 Fx 1.732 1-A 1 .970 Fx 2 / v

= Yr C 1.5 Ex  1 .8I2 Ex 2.026 F.~ 2.1 16 Fx 2.072 Fx 21x
y.s =Y r  I) 0.SFx 0.872I’A 1.260 Fx 1.616Fx L898 Fx 2Fx

F F’1 Ex Ix Fx IA Ex
F OS Fx 0.812F~ I.026Fx 1.ll6Fx 1 .072IA Fx

Dual wheels

2 A 2Fx  2 F x  2f’x 2 Fx 2 Fx 2 F x

y Y 2  B 0 0,684Fx I,286 Fx I.732 Fx l.970 Fx 2Fx
v = Y r  C 2Fx  2.282Fx 2.409Fx 2.366Fx 2.lS9 Fx 2Fx

y- ’~ = I D 0 0.402Fx 0.877 Fx I.366 Fx 1.81 1 Ex 2Fx
E Fx Fx Es, Ex Fx Ex
F Fx I.282Fx I.409Fx 1.366 Fx 1.1 59Fx Fx

Dual wheels
3 A Same as for arrangement 1

B
C

x 1 D (Note that the absolute numerical value of M for arrangement 3
y,!x = i/2 E will be twice that of M for arrangement 1, since the value of x for

F arrangement 3 is twice that of x for arrangement 1.)
Single wheel 

A Fx Fx Fx Fx Fx Ex
B 0 0.342 Fx 0.643 Fx 0.866 Fx 0.985 Fx Fx

Tandem wheels
5 C Fx 0.658 Fx 0.357 Fx 0,134 Fx 0.015Fx 0

For any f3 and y/x combination below this line , where in the signs of the sideforce vectors have to be made
MF(I O) > MB(~) f(O) , the maximum directional stability when computing the available turning moments.
is achieved by using both wheels in a free-rolling mode;
above th is line , where M F(o O) < M B(j )F( ( ,),  the use of Single wheel
the inside wheel braked and skidding and the outside Arrangement 4 involves a single wheel, either free-
wheel free-rolling is the more efficient mode, wheeling or braked, on the vehicle centerline behind

Yaw angles during ACV travel in ordinary crosswind the cente r of gr avity (Fig. 2).
conditions are usually below 30° or 400

. The free- Mode A: Wheel free-rolling. From eq 1:

roll ing wheel mode would, therefore, be the usual meth-
od for directional stability withy/x ratios of V2 or less. M F = Fx.

It should be noted that in the case of a turn away
from the existing direction of travel, that is, the direc- Mode B: Wheel braked and skidding. From eq 3,
tion of the desired turning moment being opposite to with y = 0:
that required for counteracting yaw (in this discussion
referred to as the yawing moment), appropriate changes MB = Fx sin (3. (9)
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operational modes for various yaw angle wheel arrangement 4.
and y ,~ri ratio combinations.

As in the dual wheel case. The M 8(ft,,n1) is negative because the direction of
F(fr,,nt) at any 13 is opposite that of F(r ear) . The total

= sin~3. yawing moment is

Since for the ‘ama Fand x the single wheel arrange- ‘~~I-( rea r )B(fr on t) = M F (rear) +M B (f r ( , n i)
ment provides only Yr of the moment available with the
dual wheels , the single whee l would ha~a no practical = Fx+( —Fx sin /3 ) = Fx ( 1 —sin / i ) .  ( J O )
advantage , unless it can be installed farther back (in-
creased distance) and designed for a higher load W The opposite arrangement , rear wheel braked and
than the dual wheel arrangement. The % 1 values for skidding, front wheel free-rolling, results in a negative
various (3 angles are compared in Table III and plotted moment. The front wheel in this arrangement serves
in Figure 5. no usefu l purpose as long as it is not steerable. The 41

v alues for mode C are shown in Table III and plotted
Tandem wheels in Figure 6.

Arrangement 5 involves two wheels at the vehicle
centerline , one ahead , the other behind the center of Application to existing ACV s
gravity (Fig. 2). For a vehicle the si ze of the re la t ively la rge Bell

Modes A and B: Both wheels free-rolling or both Voyageur, for example , the directional stability in
wheels braked and skidding. In both free-rolling and terms of the total yawing moment provided by the
braked modes the total yawing moment is 0, when x = most effective dual wheel arrangement (arrangement
x 2,  and only a relatively small moment could be ob- 3) would be as follows:
tam ed atx 1 > x 2 (Fig. 2). Thus , these modes are im-
practical . Assume: Gross weight = 80,000 lb

Mode C: Rear wheel free-rolling, front wheel braked x distance = 25 ft
andskidding. Fr om eq 1 and 9, for x 1 x 2 x:  y distan ce = 12.5 ft

y/x = ½

M E(r ear) = Fx Load on each wheel w = 5% of gross = 4000 lb
Coeffic ient of friction p = 0.5.

M B( f ront)  = —Fx sin (3.
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~~
5 in a free-rolling mode (mode C) on a hard

F = = 2000 lb/wheel Figure 9. Finger rollers.

= 2Fx = 100,000 ft-lb.
control of ACV ’ s several other concepts could he

For a vehicle the size of the Bell Viking, using dual considered.
wheels in a free-rolling mode (arrangement 3, mode C), Any retractable rod, in contact with the terrain sur-
the available moment on a hard surface would be: face, would act as a brake on the same princi ple as that

of a handbrake used on a toboggan to correct for side-

Assume: Gross weig ht = 40 ,000 lb slip or to produce a turning moment. A curved , round-
x = 15 ft ed bar , resembling a field hockey stick (Fi g. 7) or a
y = 7.5 ft skid in the form of a saucer (Fig. 8), could be used as

y/ x = /2 a brake for directional control. The applicable mo-
Load/wh eel = 5% of gross = 2000 lb ment equations would be the same as those for a

p = 0.5. braked and skidding wheel discussed previously. Since
in many situations the braked wheel is not as effective

F = Wja = 1000 lb/wheel as the free-rolling wheel, other forms of non-rolling
ground contact brakes may not be the best solution in

= 2Fx = 30,000 ft-lb . terms of control efficiency or durability, but they may
be easier to install with minimum structural alteration

Structural constraints and the ocation of the center and may result in more convenient maintenance. Be-
of gravity may require place ment of the wheels at a cause of its shape, the saucer-type device would have
location other than assumed here; however , the values the least damaging effect on organic terrain surfaces ,
shown above give an idea of the order of magnitude of an important consideration when operating on tundra.
the yawing moments that would be provided for direc- Utilization of the flexible skirt itself as a control
tional stability by this type of a ground contact control device warrants serious consideration. The use of re-
aid, tractable ro llers or rolling disks , installed in the skirt

fingers (Fig. 9), may prov ide a very effective , yet sim-
ple, directional control method. Another method of

OTHER CONTROL DEVICES utilizing the skirt as a ground contact control device is
discussed in Section II.

Although retractable wheels are the more obvious The most serious disadvantage of using any non-
ground contact devices for the directional stability and rolling ground contact device would be the potential of

8
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various turning radii. ous angular velocities.

excessive wear when operating on mineral te rrains or In the case of an ACV, the turning force is generated
other hard surfaces. by yawing the craft relative to its direction of motion

It may very well be that the selection of a ground so that a component of the propulsive force becomes
contact device would be dictated to a considerable available for turning. This can be done b~’ an aerody-
degree by the terrain type on which the vehicle will namic force with the puff ports, by rotating the pylons
operate. A harrow disk type of device may be perfectly on which the propellers are mounted, or in the present
suitable for operations on permanently snow-covered case , by generating a side force wit h the wheels.
areas such as Greenland or Antarctica, but would be If the craft is assumed to follow a steady-state cir-
unacceptable on tundra where soft wheels or saucers cular path about a point , the turning force FT that
may be the only suitable implements. must be generated is

F r = mrw 2 (11 )
TURNING FORCE

where m is the vehicle mass, r the turning radius, and
While the yaw moment is a source of directional w the angular velocity.

stability, the turning force contributes to the maneuver- The relationship between angular velocity and turn-
ability of the ACV. An optimum control configuration ing force for an 80,000-lb vehicle for various turning
should consider both fac tors. radii is shown in Figure 10. The same data are replotted

There is not a direct relationship between the turning in Figure 11 showing turning radius vs turning force for

radius of an ACV and its yaw angle. just as in the case various angular velocities. (The turning force that can
of a conventional aircraft , an ACV can operate at a be developed by an ACV will usually be a characteristic
large yaw ang le while moving in a strai ght line. It is of each particular vehicle; therefore , it has been treated
reasonable to state that the longitudinal axis of either here as the independent variable.)
an aircraft or an ACV is seldom oriented coincidentally Figure 12 shows , in a nomograp h form , the rela-
with the direction of motion. The turning forc e on an tionships between vehicle weight, turn ing force, turn-
aircraft is developed by banking or rolling the craft so ing radius and vehicle speed. An example (dashed line)

that a horizontal component of wing lift can ac t radially, is shown for an 80,000-lb vehicle capable of producing

directed toward the point about which the craft is a turning force of 1000 lb; to make a 200-ft radius
rotating. turn , the vehicle speed has to be kept to 6 mph or less.

-
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turning radius, turning forc e and vehicle weight.

A higher speed would result in a higher turning radius, With the dual wheel arrangement for yaw angles of
unless the turning force can be increased, less than approximatel y 40°, the highest yawing mo-

ment is achieved by having both wheels in a free-
rolling mode. (The moment produced by a free-rolling

CONCLUSIONS wheel is independent of the yaw angle.) For yaw
angles above 40°, a sl ightly higher moment can be

A comparison of the relative directional stability in achieved by braking and skidding the inside wheel and
terms of the total yawing moments produced by the leaving the outside wheel free-rolling. Braking both
sample wheel arrangements is shown in Figure 13 . The wheels is not an effective method; it becomes com-
sample wheel arrangements and operational modes used parable to the other two only when the yaw angle
in the comparison are approaches 90°.

With the single wheel arrangement, the free-rolling
Dual wheel arrangement (y/x = ½): wheel mode is more advantageous for directional

1) Both wheels free-rolling stability than the braked mode, especially at small yaw
2) Inside wheel braked and skidding, outside angles.

wheel free-rolling Suitable ground contact devices arc by no means
3) Both wheels braked and skidding. limited to wheels, and their selection would be dictated

to a considerable degree by the terr ain type on which
S ingle wheel arrangement: the vehicle was to operate. Nonrolling brake type

1) Wheel free-rolling implements may be more practical in certain applica-
2) Wheel braked and sk idd ing. tions, such as operations on snow, and smooth, round-

ed saucer type devices appear suitable for use on tun ’
The yawing moments in Figure 1 3 are expressed in dra. The evaluation of the effectiveness of these de-
general terms of Fx and assume no wheel sinkage. vices for directional stability would involve the same

approach as that for braked wheels.
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I iqi l re 13. Relative directional stability of various dual and single wheel operational modes.

SECTION I I :  USE OF FLEXIBLE SKIRTS However , even if a craft uti lii es all of the aerody-
FOR ACV CONTROL namic controls available , maneuverability remains

marginal . Operation in terrain having many obstacles
must be conducted at a slow speed , and terrain with

INTRODUCTION steep slopes is impassable. In briel , it can be stated
that the amphibian ACV which depends on aerodynam-

One of t he admitted problems of operating amphib- ic control and propulsion is restricted to a rather limited
ian air cushion vehicles on land is the limited rnaneu- set of terrain conditions .
verability available 1 m m  aerodynamic controls . \loct To resolve the operational problems of ACV’s and

use a combination of aerodynamic controls increase the area in which they can be successfully
that may include rudders , puff ports , asymmetric thrust operated , many proposals have been made to produce
from multi ple propellers , control of thrust by rotation hybrid vehicles that can use either the air cushion mode
of py lons on which propellers arc mounted , and skirt or ground contacting mode o f operation , dependent up-
lift devices that cause a rotation about the longitudinal on terrain conditions. The approach that was taken in
axis. With the exception of puff ports , all of the de- the brief study reported herein was to attempt to intro-
vices or tec hniques described are obvious from their iiuce control by .i ground contacting device with mini-
descriptions . Puff ports , which demand defi~,ition , arc mum change to the basic mechanisms of the vehicle.
located either at both the bow and stern or at the bow The component closest to being ground contacting
if a c,’alt , and they consist of ports with controllable is the flexible skirt which is fundamental to the am-
doors that can be opened to allow a blast of ai’ to Cs- phibian ACV concept. Therefore , the objective of the
cape perpendicularly to the longitudinal axis of the study was to selectively convert the flexible skirt into
vehicle. The escaping air produces several hundred a ground contact device without modifying its basic
pounds t,irce , which when coupled with a relatively function. One of the advantages sought by proponents
long moment arm , provides a significant torque to turn of hybrid ACV’s is the use of a ground contact device
the craft, that not only improves control but also is a source of

11 

.- - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



piopukiiiii. It was  obv ious at the I~uise - t t hat the skirt layers ol flexible ’ material . The inner layer had set es

is a most unl ike - I’, viiuii.,e’ of a propu ls ive -  fi ,rce - , Thus, of small holes along its periphery and the out e r la~ e-r
interest wa~ c int ine d t ,  the exa minat ion ol means had a sing le- large hole in its center . The area of the
to improve con tro l , large hole was the- same as the total of the .ii e’as of the

small holes. A narrow annulus was cenienie-d around
the large hole and between the two la~e’rs . It ssas tound

THE FLEXIBLE SKIRT AS A that the valve ’ responded to much hiwe r levels of vacu-
CONTROL DEVICE - um when the annulus was installed.

When the first experiment wa s positive , a second
It the skirt is to be used as a ground contact de- apparatus was constructed which more c losely approxi-

vice , the first problem is to achieve ground contact , mated an air bag on an A( .V . This apparatus is show n
1 he onl~ pie- s i ,us uses of the- skirt in gr iutid co ntact  in I igures 16 and 17 . In Figure 16 air is being pumped
were to p r y  dc a braking lorce or to reduce the into the bag, and in Fi gure 17 air is being evacuated.
amount of debris blown abi,ut by the air escap ing A vac uum of less than I in. of mercury was s ut t ic ient
t hrough the air gap. Thus, the complete skirt  periphery to comp letely close the valve.
was forced into contact with the ground, but other A great many schemes were examined for the ground
than developing a retarding force , no directional con- c ontacting devices but almost all had to be discarded
trol was involved, because they either would damage the terrain or were

The skirt l ift device resulted in a rotation of the themselves subject to damage. The device selected is
craft about the longitudinal axis , which may have’ pro- hardly elegant; it is simp ly a hard rubber disk molded
duced a modest turning moment , However , the fact into the llexible fingers which would drag along the
that the device has been abandoned on more recent surface upon deflation of the hag. The disk appears
ACV designs leads one to conclude that it was not innocuous to the environment and unlikely to be easily
effective , damaged. The drag produced by the disks when the

The approach taken in this study was to determine skirt is fully deflated appears significant , although
methods of forcing the skirt into contact with the computations were not made to estimate its magnitude.
ground surface with some degree of selectivity. A It is likel y that control of air flow would have to be
contact surface which would result in minimal damage selective so that only parts of the skirt could he placed
to and from the terrain was seen as necessary. The in ground contact, and when more drag was required ,
resulting concept is shown in Figure 14. The depar- greater and greater proportions of the bag could be de-
tures from conventional ACV technology consist of flated. Thus, internal baffling of the bags might be
an additional duct between the skirt bags and the lift found necessary.
fan , the use of a flow control to direct air flow by one
or another of the ducts , a membrane valve to prevent
debris from being ingested by the lift fan, and surfaces MODEL TESTS
molded into the flexible fingers that would serve as
ground contacting devices. The operation of the sys- It is evident that the scheme proposed can best be
tern is clearly shown in Figure 14. The flow control investi gated by means of a model. A small scale model
can direct air either into the air bag as shown on the incorporating the flow control , membrane valves , and
left or out of the bag as shown on the right. However , attachments to the f lexible fingers could be constructed
the membrane valve is actuated by very modest vacuum at a modest cost to establish the potential of the pro-
levels so that once the valves are closed, there is little or posed system. There seem to be enough questions con-
no flow out of the hag and into the fan. Thus, a long cerning the practicality of the device to make detailed
delay between deflation and inflation would not occur. computation of the skirt behavior and resulting drag

Several experiments were conducted to estab lish the forces of less significance than determining whether the
effectiveness of the membrane valve. The first appara- idea can be made to work at all .
tu s is shown in Figure 1 5. The valve consisted of two
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CONCLUSIONS

f’ tc ’s iiiu’, a t te - m p t ’~ at p r i d l k r r r g  Irs bird A ( -V de-
ices t O e -  had i c’sul t s ranging I ruin disaster to clear

ta i~ ur e. It iria’ , be t hat i l l  - it’d ear lier at tempts were
cli omed by an infant technology, but it is the writer ’s
.1-Iniu rl that thy’ , t a i l e d for the- same reason that al’

‘Il ,, t Ir’, hr id mechanism s tai l :  when an attem pt is
‘:ade ’ i i i  r f c ’ sl~.’rl .1 me-e harnsin tii I per.,re in two dis-
I lIe 115 lit f e - re n t en v ironme n ts , the compromise s di.’-
manded j r’ so r~re, ii t hat the h’. hod becomes good in
n ens j r rome- nt at a ll . I he’ gii,il of the proponents of
I I  hr cl - \ (  \ S ~S to de-’,i,’l p a machine’ th.it operates

~y v ’ l i  bot h in ~ n J r t r rrs suitab le t i n  -\( V’s and in con-

dit ions sti r i ,i f’ l ,’ t o t  anti ve - h ri . le- s. I lggi’st  that ~il lc1 ’

w e l r i ~ e ei Ii, pr idui.c’ a e- rnp letv ’ l ’ , s uitab le- land
ve h icle - 01 a o nrp lc ’ Io - is  suitable iS ,htel s1 ’hr~ le , it is

.ilnr st  ft peiess ii assume that we c ar t  produce a ve hi’

t ’lc thdt is i~i iod i t t  both re-g inres. It s re-cog nieed that
this is .in unpopu lar op inh i ill to hi,ld , arid that the
proponents for Irs lirid machine-s argue-, with er good
I (‘.1500 , that if ,ve can improve the’ c i Intr i l nn land a
l i t t l e  w i t hout d, ini,igir r-a perf ormance - in other regimes
‘.sc’ should dvi so . lo th Is  argument I answer: ‘‘ Agreed ,
if and when we lids C ex plo ited the ,icrod~ namica lly
ci , ntr  nl ! c - d -\ L \ to i ts  ful lest , and this w e have not, ’’
Of e- urs~ , t his last s t a te ment is in the realm of op inion
and suh;ect to dispute. Perhaps further tests on skirts
as control de~iccs will disprove it ,
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