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The main purpose of this thesis was to determine 
if se If -exo it e d e sc iliati ons <are po s s ible ^  plenum
chamber aih cushion'̂ .vehicles ® \ " 'v' /"'■

A literature search was" c endue ted to determine wha.t
work had been: accomplished to date . Theoretical predictions 
were made from, an analysis of a mathematical model <,

Experimental tests were conducted to verify the
theoretical predictions. •• ■

..Conclusions were drawn from a comparison of the 
theoretical and experimental., work in this thesis.
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: '!Etie p^ogpes during the 1 as t
twenty, years M s  •been" entiraous s but lesser prog ress seems 
to have been made in increasing' the- rapidity of travel on■ 
land or over water« . .y- yy v ; ■•y;- - '

The air. cushion vehicles or. ground effect machine /’ 
as it is often calle d» is-, a- new and unique way: of surface 
travel. The air cushioh vehicle uses no wheels and- it can 
be used over water as well as',over ‘ lands The. vehicle8 s .
. engine drives an impeller that compresses the air inside 
and under the vehicle. The pressure of the air lifts the 
vehicle off the -surface over which it is traveling® Since 
there is very little friction, between the vehicle and the 
ground*- the air cushion vehicle can be moved easily in any 
horizontal direction by a small force. ..

. , ' The ability to. travel over muddy and marshy terrain*
and to traVerse , terrain which has few if any. impro ved r oad 
nets* , makee the air cushioh vehicle particularly valuable 
in milit ary 1 ogist ic al oper at ions, " , ,'

• present* • studies are being made to determine the,
feasibility' of the .air ' cushioh/ vehicle for many different 
uses o One of the 'more, spectacular achievements resulting



from these studies was the 'crossing of the 'Bngrish Charmei -' •
on Buly 251959> hy th© SR"H3,s . an air .cushion vehicle •' V. > , r-- 
weighing .8̂ 500 phund.s„ 'i ;. \: . h ,' V . ■ v ; '
. . fJhile most of the pr-esent Trork on the ground effect ,

machines is heing done on the annular jet type vehicle^ the v 
extreme simplicity of the plenum chamber a ir cushion vehicle ; • 
makes it very attractive® The plenum chamber type vehicle 
is t he subject of the theoretical and experimental work . , ■
described in this thesis® : The specific purpose of this 
thesis is t© study the motion of a hovering plenum chamber 
air cushion vehicle, which has been disturbed from an alti
tude equilibrium .position^ and • particularly to determine 
whether self-excited vertical oscillations are possible.
A circular pianform, is assumed throughbut® '

if Refers to Lis't of References. . ,

•-'.a.'
. . f :

,xt;C

- ,'h



CHAPTER 1

- \ ' : BAcmRoum - :

: lal ■ Introduction =■ The two basic forms of the air
cushion \vehicle ar e the annular je t type and the plenum db.amber 
type® -Both types are called Ground Effect Machines (GEM) 
because they utilize a cushion of low pressure air between 
the vehicle and the ground to obtain lift in excess of the 
basic momentum change usmlly associated with air-moving . -
lifting systems a. Figures lei -ahd Idi. show the se low pressure 
regions- for /both: 'types of •-vehicle s0 The annular j et con
fines a bubble ef: low pressure, ■air beneath the base of thev 
vehlcle:/S#' me ahsh'-.Ae^ df air e.xha-us ted around the pe.ribh^ 
e-zy of the vehicle« - The plenum ch amber maint ains the low : % 
pressure air within the body itself® This air is allowed 
to leak out around the periphery of . the vehicle e When the 
flow into either yehicle is equal to the flow out around 
the pefiphery the vehicle will hover, at an altitude equili
brium heighty y: ■; ;'■; : • ■ . "• / y :: y /'•/ •:"'
,' ■ : A search of the literature/, pertaining to- air-cushion ’
vehicles reveals that most of the/ work to date has been done / 
on the annular Jet type rather than on the plenum Chamber ’ ■
type o While it is thought that the annular Jet vehicle Is ■
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mo re, adapt ab le to c oramer e ial. ua e $> it 1 s _ too early to con
clude that the annular:jet inherently erijoysa a performanc e 
advantage over the plenum dhantoer vehicle because the plenum : 
chamber vehicle has: not received the same amount of attention 
as the annular jet. - -■ '

"" ■ .log Sxis ting theory and e%perimental data for - ‘ •
plenum chamber air cushion vehicles-”. While the plenumA L ,  ,,  : — ,
chamber vehicle is endowed with structural simplicity» the. 
internal flow $.n& performance 'Characteristics are far from 
simple® in example of the complexity.of internal flow is 
indicated by the existence of.negative lifting pressure at 
comparatively low height-td-vehicle diameter ratios (h/D)*̂  
under certain cpndifelonsThe performance characteristics 
are. mors difficult''to describe f or the , nsimple" GEM than 
for conventional aircraft since plenum: chamber pressure and 
altitude have..f irst order effects in- addition to the first 
order effects' due to velocity and attitude found in con-:if; 
ventional'aircraft'^',’ ' f:'X' " "C - V
„ : The original work done in power: estimation for ' .'
plenum chambers was .b ased on the ,,as sump tion that the ve lo
cities in the plenum chamber are low enough so that the lift 
on the vehicle is due only to plenum chamber static pressure ? 
This assumption'is true only for low h/D1 s«, More recent 
theories for the plenum chamber assume that the lift on the 
vehicle is due to the static pressure within the chamber and 
momentum thrust® However^ f or h/D below CLIO it has b een



foXmS .ttiat test re suits ̂ for plenum da ambers -with the flow : 
attached to ■ the walls ■ ,c brrelate with theore t l-palupredic t'lon's ■ 
uAloh assW on t;M;Vehicle Is due' only to :,
plenum ohanber static pressure,® .
• ■ The state of the art has progressed to the point there
stability tests are being conducted for'air cushion vehicles, 
iJhile much more, work will be required in the f ieldg certain 

characteristics have been indicated^ Free hover flights of 
plenum chamber models have indicated static instability in 
pitch and roll for h/D a hove about 0® 03,7 In the model in ; 1;
reference 7$ the flow was attached to the wall6 The reason 
for this static instability is apparently due to momentum 
thrust at the periphery of the.vehicle® Since the flow is 
attached to the waflj, the flow at the exit has a vertical 
component. When the model is tilted^ the vertical velocity '< 
decreases at the side closest to the ground® This decrease 
in velocity will decrease- the moment vim thrust at this edge of 
the vehicle, The change of the moment about the center of 
gravity of the vehicle due to this decrease in momentum 
thrust will be destabilizing® . , - f

, In other experimental tests it has been determined ■ . 
that the static pressure within the plenum chamber varies 
inversely with a function of the square of the height as 
compared with the inverse linear variation of the annular 
jet*8 The static pressure is also, a function of the fourth 
power of the ratio of the fan diameter;to the overall plenum



.chamber diameter0 . .
Other experiments showed that whenthed is charge area 

is greater than the fan area, the discharging jet is not 
capable - of maintaining a^Seal between the plenum chamber and 
the at mo sphere . ® Under such conditions, the plenum .chamber • 
is said to be vented to the. atmosphere«, Figure 1 <,3 shows a- 
characteristic flow pattern of the air in the plenum chamber. 
When the chamber is vented to the atmosphere,, the ■ total . 
pressure within • the chamber appro ache s atmospheric pres sure * 
and the static pressiu^e within the chamber, must be below 
atmospheric pressure due.to the high velocity recirculating 
airo A ’negative lift is produced since the static pressure 
on the inside walls of the plenum- chamber is less than the 
atmospheric pressure on the out s ide walls of, the chamber & . - 

. As the height of the vehicle increases, the recirculation 
decreases« At h / D s ;1, there is very little circulation 
and the flow of air;approaches a jet flow. ■ ■ ■.

Free hover stability tests have shown that strong;
. . .vertical pulsing can take place at certain h/D8 s 0” This ' 
vertical oscillation is the primary subject of this, thesis.

. - le5 Theoretical, model and assumptions Figure 1 ®4 
shows the sys tern under cons iderat ion.v It includes the plenum 

. chamber, the f an system,. the • air ‘within the chamber,- and the 
.. air in the volume beneath . the plan form area,; S> 1 :;V

.. , % - - The f p liowlng assumptiohs are used in the theoretical
study of the model: - ' '' 1 ;
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Figure 1.3
Characteristic air flow pattern for plenum 

chamber vented to atmosphere
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Figure 1.4
Model system and sign convention for 

displacement
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a) The mass rate of inflow of air into the 

system is constant for small displacements from equilibrium 
hover position.

b ) The lift on the model is due to static 
pressure only at low h/D’s. (Other experiments have shown 
that the exit jet velocity in the X direction of the air 
from the plenum chamber is sufficiently low at these h/D's 
to justify this assumption.)

c) The mass of air in the system is much 
smaller than the mass of the hardware of the system.

d) The air in the system is in local thermo
dynamic equilibrium at all times.

e) The compression of the air in the system due 
to the vertical oscillation of the vehicle follows an isen- 
tropic process.

f) Viscous danping is assumed, and the damping
coefficient, c, is assumed to be linear for small displace
ments from the equilibrium hover position.

1.4 Qualitative analysis of mass flow in system
during displacement from equilibrium hover position - The
continuity consideration yields the change of mass per unit 

• » 
time, m. For the equilibrium height, H, m = o. If the
equilibrium hover height is chosen as the zero datum plane
and displacement, X, in the upward direction is positive,
then m will be positive for negative values of X and negative
for positive values of X. Figure 1.3 illustrates this
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convention.

1.5 Equation of motion of theoretical model - The
equation of motion for the plenum chamber can be written by 
consideration of the forces on the chamber shown in the free 
body diagram of Figure 1.5

cX
P(X)S +X

Displaced 
posit ion
Equilibrium 
hover posi

tion
H

7 7 7 7 7 7 7 7 7 7 7 7 7 7 ^7---7— T

Figure 1.5 Free body diagram of theoretical model.

mpX = - cX + PHS + P(X)S - mpg (1.1)

P(X) is the gage pressure above or below the gage pressure 
within the plenum chamber at equilibrium hover position,
Pjt, expressed as a function of the displacement, X. The 
constant forces m^g and PjjS are equal and opposite and 
counteract each other.

A second equation relating P(X) and X can be obtained 
from the gas law expressed by

<Px ♦ PH t Pa>Vx = mxRTx U.2)

where Px is P (X) as defined above, P is atmospheric pressure.



and.Y^1 s Vg «$»' XSo . Differentiation with respect to time$ ahd 
remembering that Bg ;is constant s yields ■ - -

P(X) s m^RY^"-1-)! 4 . ( R T ^ ’ -̂ymCX) » ( ^ R T ^ " 2^  {iea:) ;

: The compression of thie mass of air within the chamber 
itself is assumed to, be adiabatic and reversible® This con
dition permits the use of the isentropic relation .

. s constant . ..(1*1)

which can be differentiated to yield T as a function of Yx ®; -

i  " Txvx'"1|.1"^Vx • (1,5)

Combining the above equationss we get
. ■ : o « ' n e .■ ■■ ■ •- ' :

P(X) = (-kmxRTxYx'"<d)Vx i (RTxVx"1)m(X) • (1*6)

The volume of the sys tern c an be expressed by:

'■ V vx E Vh + sx - . ; , (1.7).

and the rate of change of volume wi th'respect to time is
• - ® v ' . ; ■' ' ■ ■. . ■ : ’ ; ; ' ; : " ' . ■. '

^  r SX 1' ; ; (1,8)

. Substituting the result from 1,8 into :,l06s the ex
pression for the rate of change of pressure becomes



The coefficient of JC represents the change of pressure with" 
In the pile num. chamber. due t o a change Tn' vo lume of the : : 
system and the coefficient' of m(X) represents the change of ■ 
pressure within the plenum chamber due to the .change .in mass 

v of hhe ̂ system®; '-h ' ■  ; ;i. vy;:. f i-'.: _ ■:
- ' ' Differentiating 1«1 with respect to time and substir
tuting I;69 for P(X) S the fo llowing' equation results ' ’

4 cZ 4 ' (kmxRTxVx="2SS)X- (RTXVX”1S)m (X ) h 0 ■ , ; / (1*10 )
V  ' f  ' -': ' ; ; : :

This' equation d.escribes the dynamic behavipr of the model 
sy'stemt . ’ - . . - . .

For use in qualitative stability analysis of equation 
lelOs m will now be expressed a.S a. function of X»-. Since 
m(X) is the fate of mass accumulation in the system, we can
sax . : p hi '

m(x) " fiTi^x ~ - (&^wrd)X f  r (loll)

where f]vi«&i'ts the constant mass inflow rate and 
( hxve ̂  ■6° ( f>xve'7r d)X is the mass outflow rate * At

hover height, H, • ! . ■

■; ; - e r A  • d * 12)

For very small displacements from the hover position, ^  and 
vg change slightly to become px and vQ as -shown in 
equation lelle As a first approximation, these changes can



be considered negligible 9 and equation 1.11 reduces' to Hie . 

linear form / ' " :• '■ ;  ̂ f

. Using this result in equation lolO and substituting

.(Pv<PW^Pti) • F RT :>/ the: equation:' of motion of the modelx • 11 a‘\ 1.x.:, x; / ■ ' / . ■̂■' • ■ :
for small displacements about the equilibrium hover position, 
becomes ': - / - / . ; ' '

x" t tit i ' Jc(PxtfH4Pa)qfe® x >  g ) W a s  X e 0
=P ' : ' : x ;-;'—  - T!E|---------(1.14)

.: 1.6 Theoretical stability analysis and predictions - 
Inspection of equation 1.14; shows .that it is' linearj, allow
ing use of the Routh criterion for a qualitative analysis 
.for'-.stability:. < :"v •;'-v b-;-;- : •,- ■ v: . v

for a cubic linear differential equation such as
■ •. ’ ■ ,' -'-Oto & ■ ' ee @ - • 'X X'-’ . '  ' . ■> .

V:; (1.15)

whiclayhasithe Xcharactierlaf 1c, vqquation '' ’ - ' . ' : ■

,■ - - . : ;6 f; , \ ; (1-16)X

the complete eriterion for stabilitys according to Rouths is
that, all coefficients"&t ■ are-positive and that M.q «

Since all of the "sighs of the coeff icients are' posi- ' 
tive9 ,the only addiflbnal requirement for'-stability is 
AlAg>Aos This condition requires that ■ ' : r



which reduces .to’ '

' ' " hod 1 ■ : : . - ■ • hr . ; ; (I0I8)
.4l»p. ; \r:: r  h r -  . ' : :

• ' . Prom the model, to be .testeds  d - 103 ft» 3 ittp s 0=21
slug,,/ /The ■ specif ic tieat- ratio# k« is assumed to, be lo4»; :
: To/estimate' Ver 6he ' Cqmt ion ' \ - ̂ ; • y

. ' h  ■ ■ '

■ will be used®;; For  ̂1 inch .of ■ water, • and p x - 0S.0023# - 
Ve ~ 67 ft/sec ® : (The validity of assuming the static pres- 
sure is approximately :1 inch of water will be shown in the 
-experimental portion ,of this t h e s i s s y s t e m  to be 
stable, the .damping coefficient, .0? must be greater than . 
about 31 Ibf sec/ft® .It is reasonable to assume that the 
actual c is far less. than, this value ■ for •the mo del tested, 
.and therefore the system:is unstable.. . _

From the' interpretatioh in sectipr 1 ®4 of m as a 
.func11on of'displacement,. and the change;of the lifting 
: pressure within the chamber due;to'change.in volume. 0f the: 
systems- the pha se v: angle .1 be t ween th e 1 if ting- prossure within 
the plenum chaatber;and';displacement should be”:approximately
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Prom the preceding analyseSj, it can be concluded?

a) The vehicle should oscillate once it is 
disturhed from the equilibrium hover position®

b) The phase angle between the plenum chamber 
lifting pressure and displacement should be approximately 
90°. - - :

c) Stability is promoted by small exit velocity 
ve and large size to weight ratio d as well as by a large 
damping coefficient c.

mp
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■ : ' I Sms-ll plenum chamb er model ' The‘ small pie num.
; chamber was made, fnom a .round dish pan® Figure 2® la is a • 
photograph of the model as it looked after it was Instru
mented for', te sts <,: '-Figure: ,2®2 shows the dimensions of the .: . 
model and the location of the six pressure taps used during 
the tests®;- Set’ screws'whioh permitted the model to be 
..:supported at heights up to -ahout two. inches^ -are also shown 
in Figure 2®2. - ; . •• ■ "

Hn electric motor Was used as the power source for 
the modele The mdtor was rated one-s eventh horsepower and 
the rated speed of the motor was 109000 rpm® The speed of 
the motor was controlled by a variac. model airplane■ 
.propeller was used for the fan blade» The propeller was ‘ 
originally a 12-G,-propeller9 meaning that the propeller was 
twelve inches in diameter and the pitch (6) was such that 
the propeller would theoretically travel six inches forward 
for each revplutioii®. Due to the size of. the model9 the 
propeller; was cut down to eight inches in length® The . . 
propeller protruded one fourth inch into the plenum chamber 
as shown .in Figure SQ2. ' ' f': • '

ldVv:T- ' ; - f



Figure 2.1a
Small plenum chamber model and test apparatus

mumii

Figure 2.1b 
Large plenum chamber model



Scale li208 (Apprerbaate)

Fan

Figure 2.2
Small plenum chamber me del dimensions 

and location of pressure taps
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2.2 Large plenum chamber model - The large plenum 

chamber model was made from a round tub. Figure 2.1b is a 
photograph of the model as it looked during testing. Copper 
plates were soldered to the inside of the tub to provide 
surfaces to accommodate fourteen pressure taps. Two other 
taps were located on the lip of the periphery of the model. 
Locations of these pressure taps are shown in Figure 2.3. 
Four metal rods were attached to the top of the model in 
order that the weight of the model could be counterbalanced 
to change the weight which had to be lifted during hovering.

The same fan system that was used for the small 
plenum chamber was used for the large plenum chamber.
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Figure 203
Large plenum chamber model dimens lone 

and location of pressure tape
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HEPEHIJHENTjm PROCEDUKS '

- 5»I Self~excited vertical oscillations ~ The prima- 
ry subject of .this thesis is the. study of- the motloh: of a 
hovering, pienuni chanib er air cushloh vehiele i/tiich has been , 
disturbed from its equilibrium .posit iohe The experimental 
testing of the small plenum'chamber . S dv vbrif y vt hethe ore t i - 
oal prediotldns' of Ghapter I consisted of the following 
two tests; ' . ' . '

a) Observation of the motion of the vehicle 
when disturbed, . . . v . ■ .

b) Determination of the phase angle between . 
the :pl6num chamber pressure and the displacement. •

The first part Of the first test was accomplished 
by permitting the. plenum chamber to attain its hovering 
height with.maximum, voltage rating applied to the fan 
motor®. The power input at this hovering height was 518 '.
watts® i.11 motion of the vehicle, was s topped by steadying 
the vehicle by hand after it re ached its maximum height®
• Then the model was displaced in a negative (downward) 
direction and the motion of themo del w as observed®, .̂ t y  • 
this same heightj the model was observed wheh no external



dist’uipbihg force was placed on the model?. For all free 
hover testingf /the itiodel was restrained from rotating or - 
traversing by two strings attached to the periphery' of the 
modelf • y V-:' > m-:; ' . . v ' y / '

For: the second part of. the first test* the power to' 
the fan motorywas ,adjnsted to -1 using the variao.
At this power the model hovered at a height just off the 
table „ As in the first part of the" test^ all motion of the 
model was stopped by steadying the model by hand® The 
model was observed while' havering' at this height when no 
external; disturbing force was applied and the motion was •. . 
observed when a disturbing external force was applied® . ■
• .; The last part of the first test was conducted by ad- 

.jnsting the.power to the fan motor to two values^,300 watts 
and 230 ;watts|„ between-the extreme : values used- in parts >. 
one and two ® 'Again the mode 1 was steadied by hand and the 
motion of the model w as observed. ' . '

The -second tesf was conducted t o determine if a 
phase angle b etween the plenum .chamber lifting pressure and 
the displacement, could be observed® A schematic diagram 
of the test apparatus, used in this test is shown in Fighre 
3.1. • Figure 2d a  is a photograph of the model and other ■ 
apparatus- in position for the .test®. - ' .

' The ’pressure variations wi th time were. measured by 
a Statham temperature.compensated pressure transducer which 
utilises strain sensitive resistance wires arranged in the
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form of a Wheatstone bridge to detect pressure changes*
The compensated temperature interval is - 65°F to + 250°F. 
The pressure range of the transducer is \ 1 psi. This 
pressure transducer was connected to the pressure tap on 
the model by a short one-quarter inch rubber hose. The 
lifting pressure within the chamber, as sensed by the 
pressure transducer, was recorded as a function of time on 
a multiple channel Sanborn recorder.

The displacement, with respect to time, of the model 
was measured by two s train gauges mounted on a thin flexible 
bar. This bar w as clamped in a heavy vise, thus forming a 
cantilever beam* A stud on the bar was positioned on top 
of the motor so that a vertical movement of the plenum 
chamber would cause a deflection of the bar. This deflec
tion of the bar caused the vertical motion of the model to 
be sensed by the strain gauges, A low level pre-amplifier 
and the same recorder used to measure the pressure varia
tions were used to record the vertical displacement of the 
model* A small external force was placed on t he model by 
the cantilever beam, but it is felt that this force was 
sufficiently small for the small deflections involved that 
the only effect it had on the system was to act as a very 
weak spring force.

The lifting pressure variations and the displacement 
were recorded simultaneously on the multiple channel Sanborn 
recorder. Examination of the recording permitted a



qualitative measurement of the phase angle between, lifting-. 
.pressure in the plenum chamber- and the - displacement« : .

>• ; A third test was conducted to determine thefre-
qtienoy: of osc'illati'on.'a't different power Inputs to the fan : 
motor:« ■This test consisted of recording the static pres-. ■: 
sure variations^ from pressure tap number th.ree9 on the 
model, at. different power inputs to the fan motor® The 
frequency of oscillation,was obtained by counting the,num™ 

'iber bf' cycles. for 3-6, seconds arid dividing by the t ime on 
the Sanborn'recording, .. , .

• 302 Plenum chamber .lifting pressure as a function
of h/D - In order to determine the plenum chamber lifting- 
pressure as a function of h/D, ..the small model w as support- 
ed solidly at heights varying from 0 to 1 ™  inches by. three

' ■ , ■ ' ■ " ' ■ ■ .. . ' ■■ '• . To - - .

Set ■screwSa and the plenum chamber static pressure was 

measured at .each height... A 36, inch water manometer a with 
one leg connected to pressure tap number three on .the model 
by a three foot length of one-quarter inch rubber hose and 
With the other leg vented to the atmosphere<> was used to 
obtain the gauge value of the static pressure within the
plenum chamber® . The reading on each leg of the manometer ,
was taken at the mid-point of the small random •fluctuations 
which were present® Each reading Was recorded to the near
est 0 ®025 inch®

3,3 Negative lift characteristic - The lift on the 
models as a function of h/bs was measured to compare the



negative lift characteristic of the snail model used in 
the experim.ent.al portio.n of this thesis with the negative 
lift characteristic reported by other authors= The plenum 
chamber was supported: by a spring balance attached to the 
motor housing by a small wire sling. A:constant voltage 
input t o the fah motor - was used throughout the tes t . The 
model wapT raised ̂ thbnine,. different heights by exerting a 
force on the ..spring balance^ The spring balance was read - 
for eachiheight. .The height was read to the closest l/32
inch and the spring .balance: was re ad to the. closest l/4

■ • , 5.4 .Pressure distribution in large plenum chamber -
In order to; determine a qualitative analysis of the pres-' 
sure distribution within the plenum ch amber.,, the large 
model; weS 'tiflownf,: at three different heights, hue to the.; , 
weight bf vthe. model and the limited capacity of the fan^ : 
the •model .had to be counterbalanced with external weights 
before it wduid hover at other than very low h/bis. The 
pressure ta.ps on the plenum chamber were connected to a 
multiple: manometer which permitted the pressure within the" 
chamber to be visualized for.the different heights.



: ' : - , • CHAPTER: IV' ; -V • . . ’ ■/ -

,4d  Comparlsori' of theoretical stability predic
tions and .experimental re suit s  ̂ The small plenum chamber 
os.e.lllale3 with self-excite dosclllat ions as predicted In. 
..Chapter- 1. At h/D9 s h e t we eh be 'OG'6' and 0.009 ̂ the hl^iest 
attainable h/D with the fan system usedj the model oscil
lated vertically In a v iolent manner» • •
. , According to equation 1o149 the amplitude of the
oscillation should ihcrease to infinity. For h/Dis greater 
than0o0Q6s the small plenum chamber was observed to oscil
late with an increasing' amplitude until it came into 
contact: with the surface over /which it was "flying"«,
After coming into cpntact with this surface3 the model 
continhed to oscillate wi th, cons tant amplitude * ■' . :

To. test ipr static.' stability, at the highest attain-, , 
able h/D- the model was tilted in roll and pitch. The model 
responded with vertical oscillations only, which indicated 
static stability. The model also:exhibited static stability 
at very low h/D*s« Since the tests on the model indicated 
static stability at the lowest and highest h/D1 s> the model • 
was apparently statically s table in’ the regime where the



tests were conducted*, This result was expected since the 
model was ope rat ing at h/fo5 s,. where "-the; velocity of the air 
leaving the chamber in the X direction is assumed to b e 
. Stifficiently low so the lift due to momentum thrust is 
.negligible. V  ; . ' i ^  .

In the regime of h/t)5 s below about 0a006 the small 
model was f ound to be statically and dynamicaily s tablet 
Since the main subject of this ; thesis is regimes of insta
bility due to s. elf-excited oscillations,, the • study of the 
observed sfable regime is limited to a possible explanation 
as follows;- : - ' 1 : , ' ’ :/ \ ’ . ... " ’

: if; fô r all; values of small displacements X s. m 
be c omes. e s sent lally, in depen deht of X and approaches;; zero/ 
equation 1«10 can be reduced to . -

: i cX i ..(.kmxRTxYx”2S2)X -i- C = 0 ' . (4.1)

The cons tant fo.rce.Gt .arises from the integration . of • 
equation 1 .1 0  and can be shown to be zero by inspection of 
the forces on the system in Figure' 1 .5 . This form of ' 
equatibni.lO represents a stable system.

■ An analysis of the systemigives a qualitative . 
picture of m e At zero hover height, equilibrium hover 
height and a height where the model is out of ground effect 
m s 0. : In addition, m is independent of X out of. ground 
effect . It is ■ thought that it is- possible t hat m ,can be 
independent;.-ef. X for very .low hover heights. also. For .
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t&iA.eondition? equation 4,1 is the equation of motion, 
r -1,' The large plenum. chamher model had the same gener

al. characteristics as those shown by the small model» No 
attempt was made to determine'•scaling effects "because the ■ 
models'were not geometrically similar. • • ' - :

• : Theoretical predictions in ..Chapter- I show that the 
phase angle hetweeh 'the ■ s tStic ‘preqaimef in t W  plenTmi - 
chamber and' the .d isplacement sho.uld be ^proximately 90° e 
.̂ igure .4*1, made by the multiple channel Sahborh recorder, V 
shows the simultaneous changes in- displacement and pressure , 
with respect to time« The record was obtained from a test 
on the small plenum chamber model. The displacement and 
static pressure are Shown to be approximately 90° out of 
phase as predicted. . „ ? \ _ '

4.2 Piscussion of other experimental •observations- 
Figure. 4.2 shows frequency of oscillation of the small 
plenum chamber.model in fret hover as. a function of power 
input to the fan motor. Since the theoretical' analysis p 
was performed primarily to predict instability, no theo» . 
retieal numerical values of frequency were predicted. . The; ■ 
larger volume of the system at the higher fan powers .would1 ' 
be expected to decrease the frequency. The experimental, 
curve shows this; . . ..

. . Lift on the small plenum chamber, • when, supported at 
various .heights, is' shown in Figures' 4.3 and 4,4 as a 1
function of h/b. At h/L’s greater than aboutOeOS the static ■ .
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Figure 4.1 
Variation of pressure and displacement 

in small plenum chamber with time



I I t

t r:j r,— hrf-
j -  4 -

t

'T"
6_

“t- t:

Frequency,. J_4
i ir " if

In cycles

4 " '

“ J v'i -

4*7 -j——j- —

4-

—1-~
0

- - U .

, i
4 i r

4'l. 1 , i . i

4 7.4
< J : -I --

1“ ■:: •!

4 - 4 - 4  i -

.1 ! L

t . " .

: r

h— : t-
I «

: _ _ i „
- L r .4  -  - j . : - - : - - . . ;  j— rf--

! I — 1. i r . ' N r - !" rl

200 220 240 260 280 j— 4-

■

- 4

-1— r

- ! : !- f :i— 1—r
—h

Power to fan motor. In watts 
 Figure 4.2  L j i

Frequency of vertical oscillations of small plenum 
-i— chamber as a function of power input to fan motori . i i i . ! i I ' i : I l • I : I
IT - j- — • j. .-4 . -I

7—4 j— T  : - - 4:

*h.
! j  1

-r-H-

17 —

14 j ! •r --i - j  i 1
I 1 I: 1.



:S:

Lift, In _ 0.0
pounds i

- 1.0

2-0

0.2 | 0.3 I 0.4
h/D L. I

*-|—— -*—-1 ■ ■ ■ - j—— —I

. ..
1
1 1

"4""
.1

i | ' -f"i

■
-j..— — -— j— f-—

~ r  

.1

Figure 4.3 
Lift produced by amdll model aa a

t
-4- ——

I' ; i

:,_r
 r --]■
: • !  i

■ i• -1
— i— 1— !—  

 :_1_i_

function of h/D
t :

•;p--

—t-

. . .L .

nt:
.j_
, !

! :

4-:
-L-

I:
u-r



4~-i

-0.2
5 ... "0.4CO

• 08

e 4.4

Plenum chamber static pressure function of
  j



pres sure wi thlp: &  e' plem#! oliamber is less than - the .atmos- 
pher'ie pressure on the outside walls of the chamber<> This.
. negative, lift is,: belio#eh. to: be. Sue to high velocity , ' • -
re circulat ing air wi thin the plenum chamber as no teS in , 
/Chapter I . At a height of l^O inch,, h/b s 0=06, the .Sis- . ‘ 
charge area-of the small plenum diamb er model is approximate 
ly equal to-; the fan area,, According t o experiments • cited ■ 
in Chapter I, the plenum chamber should be :vented to 
atmosphere, at this height. Honever, it was observed in 
the- experimental Wprk in this thesis that the maximum 
negative "static pressure /occurred, at an h/D of about 0»D8 
which is greater than the h/t) #iere the fan area is equal, 
to the discharge area. Two possible reasons for this 
difference are :that W  ■ of the re oiropiating, air -
in the’1 chamber did ,not .reach its maximum value until the 
h/D si 0,08" was reached or that a veha-contrac ta exis ted at -.
. the exit of the plenum-, chamber which in eff ec t re due e d the 
discharge are a,. ■ The presehdedof a vena-contracta has been , 
rep or ted. by other authors. g

' The same negative static pressure was observed ■
;in the large plenum chamber model, .Figure 4.5 is a . ‘ 
photograph of the large plenum chamber model supported by 
a harness,, A multiple .tube manometer;:shows the negative 
static pressure in the.chamber. The - tops of the manometer 
'tubes, beginnihg at -the lefts were connected to pressure 
taps, 2 through- 15 as shown iniFigure 2,3, in that, order®



Figure 4.5
Negative pressure in large plenum chamber model 

(Model supported by harness)



The f i f ’t h  tiib.e f ro m  th e  r i g h t  s id e  o f  t h e .m ahom eter ?/as . 

co n n e c te d  t o  tap , h im h e r I f  on, th e  l i p  o f th e  p e r ip h e r y  o f  

th e  model® " The' t w e l f t h  tu b e  ' fro m  th e  l e f t . on th e  manome™ . 

t e r  was p a r t i a l l y / c l o s e d  and gave in a c c u ra te  'read ings® .

Tubes, 1 5 1 7  iS j, /1 9 s . and 20 we r e /v e n te d  to ,  th e  a tm osphere .. 

As i l l u s t r a t e d  b y  th e  p h o to g ra p h y  the  s t a t i c  p re s s u re  w ith - ' 

in / t h e  cham ber i s  be low  a tm o s p h e ric  and is  a p p ro x im a te ly  > 

u n ifo rm  Over th e  i n t e r i o r  s u r fa c e  o f  th e  dhamber® The 

p re s s u re  ta p  lo c a te d  on. th e  p e r ip h e r y  o f  the  m o d e l's  l i p  

shows a v a lu e  be tw een th e  a tm o s p h e r ic  and p lenum  chamber 

s t a t i c  p r e s s u re .  T h is  v a lu e  in d ic a te s  t h a t  th e  v e lo c i t y  

o f  th e  . a i r  b e in g  d is c h a rg e d  i s  le s s  th a n  th e  v e lo c i t y  o f  

the. r e c i r c u la t i n g  a i r  i n  the . cham ber.

4 .5  0o n c lu s 1ons -  '

a )  S e l f - e x c i t e d  v e r t i c a l  o s c i l l a t i o n s  a re  

p o s s ib le  in  p lenum  c h a m b e r .v e h ic le s .  /

b )  P r a c t ic a l  va lue .s  o f h /D  f  o r th e  p lenum  

chamber, a i r  c u s h io n  v e h ic le  p r o b a b ly  w i l l  be l im i t e d  to  

le s s  th a n  a b o u t0 .0 5 . A u th o rs  o f  re fe re n c e  5 co n c u r w i t h  

th e  w r i t e r ' s  f i n d in g .  The s e l f - e x c i t e d  o s c i l l a t i o n s  can 

.o c c u r w i t h in  t h i s  re g im e  o f  o p e ra t io n .  "

■ , . A t h ig h e r  h /D 's .  a n e g a t iv e  l i f t  c h a ra c 

t e r i s t i c  can be d e v e lo p e d .' I n  th e  e v e n t o f a sudden 

p o w e r, decrease  t h is  c o n d l t i  on , o f / /n e g a tiv e  l i f t  c o u ld  o c c u r s 

w i t h  /S e rip u s  e f f e c t s  on, th e  v e h ic le - 's  pe rfo rm ance®  ' ■

.•/ /'' V -T hese //c6nc lus ibp :S ':'/#bv> e h s e n t ia l ly i . " q u a i l ia t lv e / in  ' ;



nature since jâ l; possible pertinent parameters were not 
controlled due to limitation'of the.scope of.the thesis 
apd time? but they.'do indicate the: general nature of 
expected behaviorV : ' I ' 1 J \ '

. It is .recognized' that the' work, accomplished by this 
.thesis is, general, in nature and. cannot be spplied to larger: 
model plenum chambers '‘ without' further tests, being conduct- .; 
ed in which all the pertinent parameters are:.controlledo 
However^ It. is felt that this thesis will be of consider
able value in planning further tests in .this field. ;
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• APPENDIX A 

S'XIBOLS ■

Symbol v.  ̂ ^aantity ' * ''  ̂- ' ;
"o'' :: Viscous damping coefficient .
■ G V Oonstant: of integration
" t>) d ; :,":. ; iBlaaaetej?; of open end of , plenum \
v:q v V :S^vlty constant' - '; , .
, Hf ''v- ' v ■ ■ Height above ground at equilibrium hover

's ; '■ ■ i posit ibn :• ' : ' ■ , ■
h . . : HeIght above ground
k'-h , Specific heat ratio (cp/cv)
m : - _ , Mass ; ' : : • . ; - ..
nip  ̂ .Mass :of' model ' ■
• P -:\g_ Pressure , . ' . ;
E' ' Gas constant 1 :•
3 ' " Planform area (Does not include area of lip)
Sh . Planform area.of base of annular jet type

' : v •./ ■ . vehicle. ' ' '
Sx' Discharge exit area (Perimeter of planf orm
‘ ' multiplied by height / of bo 11oin of plenum
' ‘ : chamber above ground) :

T; ̂ 1 . r Absolute' temperature . .



$im® i..;.:V;vV; : v . .; -;': - v; :
V . . Volwie ' - ■ • - • ■
Vg-. Volume of plenum dh.amber and volume under
/ , • plan form at -equilibrium hover height
Vq Velocity component: perpendicular to die-

- " charge area; ; ; \  • ' '

X - Displacement of plenum chamber from
'; P-; ; equilibrium hover height -d. ,

: : Density " V . \ \

: Duhscrlpt ' ' ..x: .  ̂ :
H • • Indicates equilihrium hover position '
■ "a ‘ • - ■ Atmospheric pressure ■ , :
' d ' ' ' ; . Dynamic,‘Pressure . :'
- x , Indicates. a disp.lacemenfc . from the ... .
• ; i equtiSbrlumidpver height-i'j -.x-.

A dot above a symbol denotes d( :) ", for example
:V- V/ b':- ' '

m dm ''v ■ ■ ' ' ■ ' .. . ' -
• dt . .■  ̂ \; i ' , . . ' '
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: . : D A T A . " ;;

Data f or frequency- of vertical oscillation of small model , 
. ; : ; . (Figure 402)

Power to 
in watts 
Accuracy

fan motor# 
> 1 watt

: ‘ ty^mnber; oi ̂  • 
cycles#:

Time period-for 
cycles counted# 
in seconds#
; Acpwacy 4  O.QS .

205 " :■ - • ' ' 21e 0 ': 7 -- . 30 20 > V
225 , '
249 ; ;:; 24>0-:;:v .; V - 3 . s o  . r :.v  -r;
268 . 3014 / r -
290 ■ 60 40 : , - ' - d ’ ■ - ;
318 33.0 -. • 5o60 ;; : i  ;;
■ S T a k e n .  f rom Sanborn recorder record :



Data for lift produced by small .model (Figure. 4 6 5).

He igbt of bo ttom of model. - V:- ' 
above table, in inches " 
Accuracy ^inch '.'̂v . ;. v .

Spring scale 
/reading'
Accuracy ̂  ■ _ ' ’ \ - : 

" . 8 pound

5/8 . . ,

i/2 - : ; , 7; 1/4

s/4 ' V ■■ 1 7 3/4
11/4 . : . ■•■■■•■
I V ,  . ‘ 7 3/4

- ' '; - i:
;:'a 1/4:

4 . : l ' ' ' v - ■ . 5 3/4 : : /  •

5 ' ' -V' M
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static-'pressure ' in small model . '(Figure 4,4)

Pressure.readings* v- Pressure^ ■ Power to . 'Height of '
in inchesi. "of mater :3 differencial f an, mo bottom of
‘Accuracy" -5- 0a01S ;• between lef t •• .. tor » in. ‘. model from
inch for each leg - leg and right watts table. 3
of . manometer " leg ofmano- " Accuracy Accuracy .

meter .f 1 watt ■K 1/64 incl
Accuracy, f 0.025 : ;. .3 A 3 ,i-'inch . 'x;::/- " -

heft leg Right leg"

2,430 0,450 •. 2,000 .. 330 ; o f -
2,430 - , 0,450 2 <000; " '; 529 1/32
2 s 425 0,475 < 1<975 - ' 326 2/32 ■
2,250 , 0,700 ^ 1,550 % , .320 3/32
2el00 V 0,850 ; .. 1.250 . - 33'-. 318 3 4/32 ■
2,025 : 0,900. ' ; 1,125; 318 3 5/32 .
1® 975" ' 6,950 ■ ■ 1,025 . ;:3: -324 3 ■ •,3 '6/32 :3
1.950 1,000 1 0.950 33" 3" - - 326 ;v 7/32
I, 875 ,1,0563.' :''0<825':3,3 ..3'". A; ' 330 3:. 8/32 .
1.800 1.150 303650< .33' :; ; 3. 330 3 : 9/32
1,750 • • 1,206: * I/ . 0 ®550v ' . 338 m / m
1.675; ; 1,250 0,425 '3: ... ' 3 339 11/32 ,
1.650 . li 325 • 0,325 .  ̂. 3 339 ■ 12/32 '
1.550- 1.400 : : 0.150 .3-' - " 341 314/32
1.450 - 1,450 0.000 341 . 16/32
1.575 ' ' : 1,625. 'P- ■"0,250. "3 , :3.A-3 - : ■ .345" ' 20/32 3 3:
1.225 1.750 -0,525 . ,. 3 346 24/32
1,150 .- -..■2 1® 850 “v 1 .■*03700 3 ' < • 341 3,3 . 28/52 -
1,075 1.925 1, '-0<8503 3 - -3 -.3 340 32/32
1^000 . ; 2 , 000: \ ' ,,-1,0003;, :3:3. . . . 345 36/32 '
0.925 2,050 -1,0753 ' 3 ; 3 - 3 346 ■33 40/32
0,925 2,050.: -1,0753 • • 3: 348 44/32 .
1,125 : • 118Y5 - "3-6,750 " ' 3 x; 3 3 355 30: 58/32 '
1,150 . 1,800 -0,650 350 58/32


