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ABSTRACT . -

The maln.purpose of this the51s was to aetermlhe ;
le self«exc1ted 930111at10ns are poss1ble 1n plenum |
‘chamber aip cushlon vehlcleso B |
| A llterature gearch was conducted to determlne What
T*.work had been accompllshed to dateo, Theoretlcal predlctlons
',were made from an analys1s of a mathematlcal model, v
Expeflmental tests were conducted to verlfy uhe :
theoretlcal predlctlons.‘ | |
?Conclu51ons were drawn from a comparison of thév

ﬁheor@tieal'and'expefimentalﬂwork>infthis thesis. -
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o REFAGE :

The pregress made 1n alr travel durlng the last
vtwenty years has been.enormousg but lesser prqgress ;eems .
to, have been made 1n 1ncrea81ng the rapldlty of travel on SR
1and or over water»_ . R o
The air cqulon vehlcleg or- ground effect machlneyl

‘as 1t 1s often called, is- a new and unique way of surface
ﬁtravelq The air cushlon vehlcle uses no wheels and. it can:
lbe used - over water as well ‘as. over ‘land. The vehlcleﬂs
:englne drlves an 1mpeller,ﬁhat compresses the‘air inside
'and:ﬁnderethe/vehiele; The.preesure ef'the air lifts the;>‘
fvehicie eff‘thefsurface.bver Whieh it]is'-trav‘eling0 ESlnce
there is very llttle frlctlon between the vehicle and the
"'grounds the air cusblon vehlcle can be moved ea511y in any
'horlzontal dlrectlon by a small forcee |

‘ The ablllty to travel over muddy and marshy terralngv
and to traverse terraln.whlch has few 1f any 1mproved road

netsg makes the alr cushlon vehlcle partlcuTarly valuable o

in mllltary loglstlcal operatlons.‘

: At presentf»studles are belng made to detenmlne the ::-”

fea31b111ty of the alr cushlon Vehicle for many dlfferent

‘ useso. One of the more Spectacular achlevements resultlng

1



'vfrom these studles was the cross1ng of ﬁhe Engllsh Channel

on July 259 1959, by the SR le an air cushlon vehlcle f

' welghlng 8 500 pounds.l“"

: Whlle mos of"- the present mork on the gfound effectbalf

-'Amaohlnes 13 belng done on: the wanular Jet type vphlcleg the -

extreme sxmpllclty of the plenum chamber alr cushlon vehlcle 

‘ makes it very attractlve@ - The plenumudnamber type vehlclef'fj'

'iS'the subgect of the theoretlcal and experxmental work |

vi'kdescrlbed 1n,thls th93155 The sp901flc purpose of ﬁhls

v'the51s 1s to study the motlon of a boverlng plenum dhaﬂber\
alr cushlon vehlcle Whldh has been dlsturbed from an altln
'tude equlllbrium p031310n9 and-partlcularly to determlne‘
Whether self-excited vertlcal osc1llat10ns ars p0331ble;

A clrcular planform 1s assumed throughouta

s Refers to IList of References.



* CHAPTER I
'BACKZHOUND AND .THEoRi_C. ,-

1o l Introauotion - The two ba31c forms of ﬁhe alr

7.cush10n vehlcle are theannular Jet type and the plenum dhamber
typee Both types are called Ground Effect Machlnes (GEM)
because they utlllze a cushlon of 1ow pressure alr between
 the vehlcle and the ground to dbtain llft in excess of the
 ‘bas1c momentum change usually a35001ated w1tn alramOVLng

‘1Lft1ng systems@ Flgures 1o 1 and 1.2 shaw tﬂese 1ow pressureelg‘

o rcglons for both. types of vehlcleso The annuTar Jet cone

°f1nes a bubble of 1ow pressufe alr beneath the base of the

pvehlcle by means Qf a get of air exhausted around the perlphm":“f

ezycﬁ the.vehlclea; ‘The plenum.dhamber malntalns the IOW‘-

pressure air Wlthln the body 1tself@ Thﬂs alv is allowed

‘to 1eak out around the perlphery of the vehlclea When the

_floW inso elther vehlcle is equal to the flow out around

the perlphery'theAvehlcle,w1ll_hpven;at an alt;tu@e equllif:;

,brlum helghte~ | i | LT PR

c A search of the llterature pertainlng to air cushlon

v,fvehncles reveals that nwst of the work to date has been doneif”

- on the annular Jet type rauher than on the plenum.dhamber _ _

.type@ Whlle‘;tlls”thqught'that the-annular;get_yehlg%e-1s  -4
o , o :*;5; ' : N R
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Propeller

Figure 1.1
Region of low pressure air

cushion for annular jet

Propeller

Figure 1.2

Region of low pressure air

cushion for plenum chamber
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’more adapuable to - ccmmerclal useé it is too early to cobw"
clude that ‘the annular Jet 1nherent1y engoys a performance
advantage over the plenum.dhamber vehlcle because the plenum
chamber vehicle ‘has nOu recelved the same amount. of attentlon
as the annular Jetez | |

”flnz Ex1st1ng theory and - experlmental data for

plenum.chember alr cushlon vehicles- fhile the plenum

'.c chamber venlole 1s endowed with structural 31mp11c1ty9 the

1nterna1 flow and perfonmance characterlstlcs are far frdm
p smmplee An~example of the . complex1ty of 1nternal flow is

,1nd1cated by the ex1stence of negatlve llftlng pressure at

comparatlvely low helght to vehlcle dlameter ratlos (h/D)5
“under certaln condltlonse_ The performance characterlstlcs
'are monadifflcult to descrlbe for . the “51mple" GWM than
for conventlonal alrcraft s1nce plenum chamber pressure and ,
'.altltude have‘flrst order effects 1n'add1tlon to the flrst
order effects due to veloclty and attltude found 1n con«jf‘
h ventlonal alrcraftoéx n S T |
“The orlglnal work done 1n power estlmatlon for

plenum chamberS‘was based on the assumptlon ﬁhat the velo~

. cltles 1n ‘the plenum chamber are low enough so that the llft

_on the vehlcle is due only to plenum chamber statlc pressure?
ThlS assumptlon is true only fdr low h/D's0 Nore recent
ik bheorles for the plenum chamber assume that Hae llft on. ﬁheAs

veblcle is due to the statlc pressure w1th1n the chamber and

 momentum thms-toi Howeverg fqr_h/D below Q10 it has been



l  found that test “eesults9 for pJenum.ddambero w1th the floW'J; ;ﬁ“,

attached to the walls correlate w1th theoreklcal predlctlons

*Y,deWhlch assume that the llft on the veh;cle is due only ‘to

bplenum dhanber statlo pressure,6?j“‘”"

5 B

The state. of ﬁhe art has" progressed £o the pomnt Where el

ﬂ,stablllty tests are belng conducted foc alr cushion VethIGSsV
'eWhlle much more’ work will be requlred 1n the fleldg certalq
.characterlstlcs have been 1r1d::v.catede Free hover fllghts of -
.fplenum chamber. models have 1naicateds¢atlc 1nstablllny 1n
vpltch and roll for h/D above abouto 0537 In the model in
reference 7, the flow was attached to the walle - The reason"f
for mgls static 1nstab11ity is apparently due 5o momennumL”“
_ thrust at the perlphery of ﬂne vehlcle@ Slnce»the flow is
'”attached to the wall9 the flow at tne ex1t has a vertlcal
componentw When the model is tllted the vertlcal ve1001ty -
decreases at the 31de closest to the grounda Th;s decrease- -
ln'veloc;ty will decreasefthe momentum thrust:at tﬁis edgevof:f
g'the vehicle@ The change of the moment about the center of
vgrav1ty of the vehlole due to this decrease in momenuum
'.thrust will be destablllzlng@
| In. other expevlmental tests 1t has been detenmlned
“; that ﬁhe statlc pressure within the plenum.dhamber varies
‘-1nversely WLth a functlon of ﬁhe square of the helght as
_compared W:Lth the mverse llnear varlatlon of the ennular

"Jetos The statlc preesure 1s also a functlon of ﬂde fourth -

’power of the ratlo of the fan dlameter to the overall plenum:f‘7""



chamber dlameﬁere_ | ~
Other eXperlmepts‘showed that when the dlschafge area"

is greater than the fan area, the.dlscharglng jet;lS\nOt |
capable oflnalntalnlng a. seal between the plenum chamber and
‘the atmosphere.g‘ Under such condltlonsg ‘the plenum dnamber*l
',1s sald to be vented to ﬁhe atmosphereei Flgure 1 S shows a:'
'characterlstlc flow pattern of the alr 1n the- plenum chamber;
then the chamber 1s‘vented'to ﬁheAatmosphereg,uhe-tOual _
preSSurerwiﬁhinwﬁoe;chamber approaches atmospheric.pressure—:
and the statlc pressure within the chember mus G be ‘below:
atmospherlc pressure due. to bhe hlgh ve1001ty re01rculat1ng
"Aalro‘ A negatlve 1ift is produced s1nce the statlc pressure
‘“on the inside walls of the plenum dhamber is less than thejf
>atmospherlc pressure on the out31de walls of the dhambere'
!iAs the helght of the vehlcle 1ncreasesg the reolrculatlon:'
:decreasesav At h/D fg there is very llttle clrculatlon
and uhe flow of alr approaches a Jet flowo | |

o Free hover stablllty tests have shown @qab strongcn
ﬁvertlcal puls1ng can take place at certaln h/D?sin‘uThis‘
vertlcal oscillablon is bhe prlmary subgect of thls the31sa-‘

»1 3 Theoretlcal.model and assumptlons -’ Flgure l 4 -

shows - the system under con51deratlona‘ it 1ncludes the plenum

o_chamberg the fan ‘system, the alr w1th1n the chamberg and the - ;-5‘"

'ealr in the volume beneath the - planform area, So

The follow1ng assumptlons are used in the ﬁheoretlcalpi‘

study of the mode1° SR



Figure 1.3
Characteristic air flow pattern for plenum

chamber vented to atmosphere

System \ Equilibrium
boundary W\ hover
Weight

Figure 1.4
Model system and sign convention for

displacement



a) The mass rate of inflow of air into the
system is constant for small displacements from equilibrium
hover position.

b) The 1lift on the model is due to static
pressure only at low h/D’s. (Other experiments have shown
that the exit jet wvelocity in the X direction of the air
from the plenum chamber is sufficiently low at these h/D's
to Jjustify 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 inthe 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 wvehicle follows an isen-
tropic process.

f)Viscous danping is assumed, and the damping
coefficient, ¢, is assumedto 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, é. For the equilibrium height, H,I: = 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 wvalues 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 Displaced
posit ion
P(X)S +X
Equilibrium
hover posi-
tion
H

T 7 7 7T 7T 7T 7T 7 7 7 7 7 7 1*7---T-T

Figure 1.5 Free body diagram of theoretical model.

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

P(X) 1s the gage pressure above or below the gage pressure
within the plenum chamber at equilibrium hover position,
Pur, expressed as a function of the displacement, X. The
constant forces m"g and PIS 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 4 PH t Pa>Vx = mxRTx U.2)

where Px 1is P (X) as defined above, P 1is atmospheric pressure.



DR E R

"wqd'vxﬂg VH'¢'XSQ ‘Differenfiatipn with.respécf'to timegjana;é;5 f

remembéring.that PH-iS odnsﬁanﬁ, yields

X) = meV )T v (RT v, )&(x} - (m BTV )V

The'éompression of Ehe mass of air within“ﬁhé'qhamber

) v | . (135) . ..

1tself is assumed to be adlabatic and rever31b1ee‘_ThiS'ch~ ¥'

dltlon permits the use of the 1sentrop1c relatlon
TV T
which cen be differentiated to yield T as & function of V.
o - . ‘ ul 4 o - . | A L . o .
T = TyVe —(1-k)Vy S . - (1.8)
Combining the above equationég we get

P(X) = (-kmgRTuVx 2)V, 4 (RILV,"1)m(x) | (1.6)

* The volume of th§ syStém<fan be expressed by

=:constant R ' o L _.(1;4)“s:«v“

Vg = Vg 4 SX . S @y

andvthe rate bf'change’of volume with respect to'time;is:‘

Vg =zSx B xlgsi

Substltutlng the result from 1.8 1nto 1 6, the eXm; ,g"

pression for the rate of change of pressure becomes'

P(X) - (- kmeT v =‘zs)x: + (RT,V; ”1)m(X):q




1The coefflclent of X represents ﬁhe Change of pressure Wlthmtiﬁﬁb

‘1n the plenum chanber due to a change 1n volume of the

' system and the coefflclent of m(X) represents the dhange of e

f,pressure w1th1n the plenum dhamber due to the change in massf -

| Q*of the systema

| leferentlatlng 1.1 Wlﬁh respect to tlme and substl—‘nf
tutxng 1 §°) for P X), the follow1ng equatlon results

- x * _Q_Xi 4'(kaRTvaﬁ'zs?)X.f—(RT;CVJ'{'“ls)m(X)_i,é.o' S (1.10)

R T TRy

'Thisgequation’déscribésvthe;dynamicfbehavior of ﬁhe_mbdel

éyétem;'

1é109.ﬁ will now be éxpressedfas a. function of X.- Since

m(X) -is the rate of mass accumulation in the system, we can

‘say
m(x) = ?'iViA:L"’“ (.Q'Xv'éfrf"d)ﬂ - ('ngeﬁ.d)'x : 0 (1.11) :

Where ejlel:is the COnstant mass inflow rate and
IS QXveﬂd)H r (exveﬂ'rd)x is ‘the mass outflow rate. At

 For use'in qualitative’stébility‘analysis of equation,j"

e 1"1;*“1 :(’HVH"TdH L iy (112) B

For very small dlsplacements from Lhe hover p031tlon, Qh‘and{’
VH change sllghtly to beoome px‘and Ve as. shown 1n'

.’equatlcn1lqlle  AS_avf1rst approximationg‘these'dhanges céni.



1
be_COﬁéidéred»hegligibie;-and équéﬁipn 1.11 reduces'to"ﬁbé;;fﬁ
linear form |

m(m e@ v, Wd)x B T R s
U31ng thls resulu in equatlon l 10 and substltutlng

'(P %PH*Pa) @ RT «? the equatlon of motlon of ﬁhe model

for Small dlsplacements about “the equlllbrlum hover p051t10n;:s
becomes '
X 4 cX

b R(PgtPEePa) Uy TEF X e (PePpeP, )V, TV WAS X 50
g ~ (1 14)' ‘

' 1“6‘~Theorétiéa17stébiliﬁy’analysis'and predictions = °

_"Tnspectlon of equatlop l 14 shows that it 1s llnearg allow—’ff

| 1ng use of the Routh crlterlon for a qualltatlve analy31sA
,for stabllltye --:' -
For a- cublc 11near dlfferentlal equatlon such as

X * AQX o Alx 4 AOX 0. | . "" ' R (1015>

: WhiCh,hasfﬁhe’CharéCtériaticﬂéquation

{thé cbmﬁlete c?itefibn-féf:Stabilityp éccording to Réﬁ%h;'is‘z
that all coefflclentsg A, are p031t1ve and that A1A27>AO.
Slnce all of the 51gns of “the coefflclents are. pOSl“f
t:Lve9 the only addltlonal requirement for stabllity is

A1A27>Aoo‘vTh;s,qpndlﬁlon rgqulreS'that



k(?X.f-PE‘¢=?a)yx*%s?csgg(rg v Py or PV, TV WS (1.17)

'=,Whieh‘reduces'te'“

- kcd:>v _""" T T (1a18)

BT ~ | | T
Frdm the model. to. be‘tésted d = 1.3 Tty mp 20,21

slug° The SpGlelC heat ratlo, k, 1s assumed to be l 4,

"To estimate vgs che equatlon

Nif—'; “

e = }Zng lklels)e
ex: \

j-wili be used;s'Foﬁ:P%:? 1 inch of:water,»en@;JP% - 0,0023,

| végg’67wft/sec;, (Therﬁaiidity'of“aSSﬁming'the~static pres-

I,sure 1s approxlmately l 1nch of Water w1ll be shown 1n ﬁhe
-experlmental porblon of this thesls ) llor the sysbem to be

{Qstableg the damplng coefflclent, c, must be greater than

B about él 1bf sec/ftc It is reasonable to assume thet the

eotual c 1is far lessﬁhan thls value for bhe model'tested

C=;and therefore the system is unstableo. |

| o From.the 1nterpretat10n 1n sectlon 1 4 of m as a .

s funct¢on of dlsplacemenLy and. the change of the 1lft1ng ’

'prressure w1tn1n the chamber due to chanbe in velume of the

system9 the phase angle between ﬁhe llftvng pressure w1th1n

bhe Ulenum chamber and dlelacement snould be appr0t1mately

900,' -
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Frgmzthe preceaing analyses, it can be concluded:
'a) The veliicle should oscillate once it is
-disturbedufromjthe‘eqﬁilibrium hoﬁer position.
o "b) ,The}phase argle between the plenum chamber

1ifting pressure and displacement should be approximately

‘ 9000 a i

¢) Stability is promoted by small exit velocity
ve and large éize to weight ratio & as well as bj a large

p
damping coefficlent c.



" /CHAPTER II

fTEsT]MQDEiS;TT

2.1 Small plenum chambe% model - ThedSmall plenum :

’ohamber was made from a round dlsh pane Figurerz lais a
photograph of the model as. 1t looked after 1t was 1nstru«
' ented for testso F gure 2. 2 shows the dlmen51ons of the_;:
model and the locatlon of the 31x pressure taps used durlng'
”the testse? Set screwsg whlch permltted the model to be
,supoorted aﬁ helghts up to about two 1nches3 are also shownr';
in Flgure 2 2, 7 |

An electrlc mofor Wwas used as the power source for"

"the model@ The motor was rated one-seventh horsepower and
| the rated speed of the motor was lO OOO rpmo 'The speed of
,‘the motor was controlled by a . variac. A.modelpalfplenen |
.:propeller was used for the fan bladee‘pThe propeller Was‘)
dflorlglnally a 12- 6 propellerg meanlng that the propeller was
':”twelve 1nches in dlameter and the pltch (6) was. such that

‘bhe propeller would theoretloally travel six 1nches forwardo.

o for each revolutlon@. Due to the. size of the modél, the

“propeller was cut down to elght 1nches 1n lengthe' The
' ,prOpeller protruded one fourth 1noh 1nto the plenum.dhamberdfd
as shown in Flgure 2e 2

16



Figure 2.1la

Small plenum chamber model and test apparatus

Figure 2.1b

Large plenum chamber model



Scale 1i208 (Apprerbaate)

Fan

Figure 2.2
Small plenum chamber medel 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.



~/QD

Scale I1th (Approximate)

©00@

Fan

Figure 203
Large plenum chamber model dimenslone

and location of pressure tape



. CHAPTER ITT
| EXPERIMENTAL PROCEDURE

3.1 ’Self4excited»vertical oscillationshé'The priméé

1ry subject of fhis th631s 13 the study of the motlon of a |
‘hoverlng plenum.dhaMber alr cuShlon vehlcle mglch has been
dlsturbed from 1ts equllibrlum posxtlono The experlmemtal
testlng of the small plenwndﬁmmer ho veflfy the theoretlm
cal predlctlons of Ghapter I cons1sted of ﬁhe fbllowing
 two. tests' ' Jv _ B '

a) Observation of the.motipn of the yéhicle
when disturbed. | e |

b) - Determlnatlon of- the‘phase angle betwéen .
the plenum dnamber pressure and the' dlsplacement

The flrst part of ‘the first test was accompllshed

by permlttlng the. plenum chamber to attaln 1ts hoverlng
| helght Wlth max1mum.voltage ratlng applled to theé fan

motor.,. The power 1nput at ﬂals hoverlng helght was 518

Watts0 All motlon of the vehlcle was stonped by steadylng o

the vehlcle by hand after 1tvreached 1ts maximum helgbt@
Then the model was dlsplaced in a negatlve (downward)
'dlrectlon and the motlon of the modelvvas observeda At:‘»»’
fthls same helght, the model was observed When no external

21



“522 o
ﬂdlstufblng force was plaeed on’ the modelo Fo}*all free |
hover testlngg the model was restralned from,rotatlng or.
'traver51ng by two strlngs attaohed to the perlphery of. thefﬂﬂ“
rmodel.' A a | | | | » 4 .

Foritﬁeleecond part of the'fiust-test9 the power'ﬁo
the fan motor ‘was adgusted to 170 watts by usmng the varlao,
;At this power the model hovered at a helght Just off the |
| tablee As 1n dle flrSE part of the testg all motion of thelf‘v
model was. stopoed by steadylng the model'by hand. The l, |
lmodel Was obsewved Whlle hoverlng at’ this helght when no
external dlsturblng force was applled and the motlion was‘; R
:;observed When a dlsturblng external foroe was applled

The last part of the flrsU test was conducted by admv
'Justlng Lhe power to the fanomotor to two valuesg 500 Watts»'
'and 250 Wattsg between the extreme values used in parts
" one and twoo Agaln the modelvvas steadled by hand and theV 
')motlon of toe modelvvas observed

The second test was conducted to determlne if a
phase angle between the plenum chamber llftlng pvessure andvd’

*the dlsolacement could be observed. A schematlc dlagram

»of ‘the test apparatus used’ in ﬂals test is shown in Flbure o

3.1, Floure 2 la 1s a photograph of the model and other
.'lapparatus in p031t10n for the testo_

The pressure varlatlons with tlme were. measured by

& Statham.temperature comeensated pressure transducer whleh_ _f

’utlllzes straln sens:tlve re31stanoe 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 the 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 1lifting pressure variations and the displacement
were recorded simultaneously on the multiple channel Sanborn

recorder. Examination of the recording permitted a



kvqualltatlve measurement of the phase angle between llftlng |
pressure 1n the plenum chamoer and the dlSplaoemente |

A third test was conducted to determlne the frem:,*s
queney of oscillation a't dlfferent power lnputs to the fan"f
motor@ Thls best con31sted of recordlng the statlc pres»f?
sure var1at¢onss from pressure tap number three, on ﬁhe;_'
‘modely at dlfferent power 1nputs o ﬁne fan motore VThe

frequen' of osclllatlon Was obtaﬂned by countlng the numw

ber of/cycles for 5= 6 seconds and leldlﬂg by the t ime - on
the Sanborn recordlngev

5 2 Plenum.chamber 11ft1ng pressune o a functlon

of h/D In order to determlne “the plenum.chamber 11ft1ng
pressure as a functlon of h/bg the small modelvvas supporte»
ed solldly at helghts varylng from O to l%% 1nches by~three:
set screws9 and the plenum dhanber statlc pressure was

meaSured at(each height.n_ﬁ 56.inch water‘manometer9 With -
-one 1eg connected to pressure tap number ﬂaree on the model
by a - three foot 1ength of onewquarter inch rubber hose and'r
i‘Wlth-the other leg~vented to tne atmpsphere9 Was used to
obﬁein the gauge value»of'ﬁhe'stetie»preSSure within’theT

plenum ehambero The readlng on each leg of the manometer,o

Was taken at the m1d~p01nt of the small random fluctuatlons o

Which.were presente Each readlng was reeorded to the.near«
| est 0,025 inch. .

B, 5 Negatlve 1ift characterlstlc - The" llft on the

models as a funotlon of h/D, was measured to compere the_v



Lnegatlve llft characterletlc of thersmall model used in
the experlmental portlon of thls thesms w1th the negatlvefv
llft cnaracterlstlc reported by other authorso The plenum
chamber was supported by a sprlng balance attached to the
motow houSLng by a small w1re sllngo' A‘constant voltage‘

1nput to the fan motor was used throughout the te stg The

‘lmodel was | ralsed to nine. dlfferent helghts by exertmng a.

,.force on the sprlng balanoe0 The sprlng balance was read‘

Aeffor each helghtg, The heloht was read to the closest 1/52
"1nch and the sprlng balance was read to the closest 1/4
‘pound A | | |

‘ 5 4 Pressure dlstrlbutlon in large plenum chamber =

In order to determlne a qualitatlve analys1s of the presm”
gsure dlstrlbutlon W1th1n the plenum4daamber9 the large v
: ‘model Wae ”flown" at three dlfferent helghts,. Due to the
l Welght of the model and the llmlted capa01ty of the fangl‘
'the model had to'be countefbalanced with external‘welghts

before 1t'Would hovef at other than very low h/D'se' The.“'“

: pressure taps on the plenum daanber were connected to a

'multlple manometer Whlch permitted the pressure Wlthln the .

chamber to be«vleuallzed for. the different heights.



- CHAPTER IV -

RESULIS AND oomc;Usist;_~

1 Comparlson of theoretlcal Stabllltygpredlc«‘

.tions«and experlmental results »V The anall plenum.chamber

e osclllated Wlth selfwexclted osclllatlons as predlcted in

'7 chapter 104 At h/b“s between(k006 anaOOO994the highest

'75‘atta1nable h/D with the fan system.used the model osc1lw-

K ;7lated vertlcally in a V1olent mannerg

Accordln@ to equatlon 1 14 the amplltude of the |
oécillatlon,should,lncrease tovlnflnl_ty° For h/D”S~greatef-
' £hanOaOQ6,’the,Sm311 p1enumq¢hAmbef Was-obServed'to'oscils‘
19te'ﬁi£ﬁ an increasiﬁguampiifude until it came into
contact Wlth the surface over Whlch it was "£lying".
ﬂAfter COmlng 1nto contacU Wlth thls surface9 the model =

‘4cont1nUed to 0301llate Wlth constant amplltudeo'

l, To test for statlc stablTlty at’ ﬂae hlghegt attaln~u “Eu

'Aable h/b the moael was tllted 1n roll and pltCha‘ The,mod61 ‘(
Vresponded w1ﬁh vertlcal 950111at10ns only, which indicatedl"
’static‘stability; The model also.éxﬁibited statio.stabiliﬁy-1"
7ﬂat very low h/D*s. fSinéé ﬁaé'tesﬁsldn'the'ﬁbdel indiéated |
.statlc stablllty at the 1owest and hlghest h/D'ss the modeT
was apparently statlca~ly stable Ln.the reglme Where the
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,ﬁésts weré'conductedgv.This‘result was expected.since.the
‘model was operatlng at h/b's whﬁre the veloclty of the air

':leav1ng the dqamber 1n the X dﬁrectlon is assumed tc'be

'f:suff1c1ently 1ow S0 the llft due to momentum thrust 1s )

_neg11g1blea;

In the reglme of h/b's below about()OOG the small

model was. found to be statically and dynamlcally stable,* R

z*blnce the maln subgect of this- th331s is reglmes of 1nsta=- .

. bllity due to self exclted oscmlla’clons9 the - study of the

»observed stable reglme is llmlted to a p0531bTe explanatlonl7ﬂ> “~

'_1as follows. -

' ¢

Ify for all values of small dlsplacements Xg m
become% assentlally 1ndependent of X and approaches zero,_‘v

equat¢on 1a10 can be‘reducea to

me ;9 cX T (kmeTX 282)X #0620 - ' ‘,7;;('4&,1)‘
"The constanf(fowoeg'cb arises frqm'ﬁhe‘integraéibn of -
‘equatlon l lO and can be shown to be zero by 1nspect10n of
the forces on the system in Figure 1. 5¢' Thls form of |

_ equanlon 1 lO represents a stable systemo ; ‘

An analysxs of the system glves a qualltatlve
 p1cture of ms At zZero. bover helvht, equlllbrlum hover
‘heﬂght and a hewght Where ﬁhe model is out of ground effect,
. O° In addltlon, m is 1ndependent of X out of ground

'effect@_ It is thought th at 1t is p0551ble'tha+ m‘can be

: lndependent of X for very low hover helghts 81s0. .For :



kQurthls condltlong equatlon 4.1 1s the equatlon of motlono

The large plenum chamber model had the same genermiv
‘-xalvchafacterlstlcs as those shown by'the small modele No
»attempt was made to determlne scallng elfects because the L
'gmodelS'were not geometrlcally 51m11ar. o
| . Theoretlcal predlctlons 1n Chapter I show that tbe» .
' phase angle between the statlc pressure ln the plenum
"“chamber and’ the dlsplacement should be approx1mately 900
';Elgure 4 1l, made by the multlple channel Sanborn recorderg‘j
shows the s1multaneous dhanges 1n dlsplacement and pressure“;
‘ w1ﬁh respect to tlmeov The record was obtalned’from a test
‘,‘on the small plenum dhamber modela The dieplacemenﬁ'and'
'statlc pressure are shown to be approx1mately 90o out of
phase as predlctedc | |

4.2 Discussion of other eYPerimehtal-observaﬁiénsé

Flgure 4.2 shows freouency cf OSClllatlon of the small
plenum chamber model in free hover as a function of powef
‘,1nput to the fan motor. Slnce the theoretlcal analysis
was performed pr:marlly to predlct 1nstab111ty, no theo- ui
' retlcal numerlcal values of frequency were predlcted , Thefju
larger volume of the system.at the hlgher fan powers would
~be expected to decrease the frequencya‘ Thefexperlmental,.
curve shows thlso ‘ ) | -
Llf*t on the small plenum chambers when. quppoeted ‘atv "

varlous helghts, is, shown in Flgures 4 3 and 4.4 ae a

”functlon of h/be, At n/Drs greater than aboutOeOSLthe static .
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_pressure W1th1n the plenumvohamber 1s 1ess Uhan.the atmos~
pherlo pressure“on the out31de‘walls of the chambero. Thls,”
jﬁnegatlve 11ft is, belleved to be due to hlgh veloclty
' reclroulatlng alr W1Lh1n ﬁhe plenum chamber as noted in .

7 ‘Chapter I. At 8 helgm, of 1,0 inch, n/D moooa, the dis-

charge area- of the small plenumdhaMber model is appv0X1matem€~‘

ly equal to the fan areaw, Accordlng to experlments clted ;
in Chapter I, the plaaum chamber should be vented to
atmosphere at thlS helghta 'However, 1t was observed in‘
the- experlmental Work in thls thes1s that the max:mum
“negatlve statlo pressure occurred at an h/b of about(LOB
‘Whlch 1s greater than the h/b Where the fanzarea is equal
to the dlscharge areao Two p0531b1e reasons for thls
d:fferenoe are that tne ve1001ty of the reclroulatlng alr
lzn the chamber dld not reach 1ts maxlmum value until the
f;ﬁh/bpg(LOB was’ reaobed orthata venawcontraota exxsted at
'the ex1t of bhe plenum dbamber whloh in effect reduced thes
‘dlscharge area. The presence of a vena~oontracta has been“
ereported by oﬁher authorselz, »
The same negatlve statlc pressure was observed -
fln ﬁhe 1arge plenumfihamber modela Flgure 4 5 1s 8
'photograph of- the large plenum.chamber model supported by
a harnessm A multlple tube manometer shows the negatlve

Jstatlo pressure in tbe ch.ambere ,The tops of the manometer

f'wftubes, beglnnlng at +the 1efts were connected to pressure

taps 2 through 15 as shown in F1gure 2, 5, in unat order@



Figure 4.5
Negative pressure in large plenum chamber model
(Model supported by harness)



}eThe“fifth ﬁUbehffémréhe.ﬁighﬁesieé ef5theemaneﬁefe£'wes' :;
‘Aconnected to tap. number 1; on the lip:of the'periﬁhery of "_
 the modelo The twe]fth tube from.the left on the manomewgalf';
‘*ter was partlally closed and gave 1naccurate readlngsﬁ .”;-
?,Tubes 15, 17, 189_l9y and 20 were venued to the atmosPherew
kilﬁs 1llustrated by the photographs the statlc pressure w1th~a:
iln:thefghamber,ls below atmospherlc“and is approxxmately‘ .
'unifonm-ovef the inte£ior surfaeevofﬂﬁhe.daamber;“ffhej_
pressure tap_1ecated(onxﬁhe’peripheryvef the modei's-li§;
shows e valueﬁﬁétween_the atmospherievend plenum‘ahamber
- statlc pressuree‘ Thﬁs ﬁalue”indicetes'that the velocity
»of the. alr belng dlscharged is less than the veloclty ofev

the reclrculatlng alr in the chamberg

405 Conclusions -

,a) Self exc1ted vert¢ca1 osclllatlons are

’; Eposs1b1e in plenum,dhamber vehlcles@

b)I%%tmﬂﬂmhmsMTm®fmwmephmm_f ‘
”chamber air cushlon vehicle probably w111 be llmlted to .

- less than aboutO 05 Authors of referenoe 3 concur Wlth
the erterfs flndlnge The selfuexclted oscxllatlons can ‘e

"oecur w1th1n thls reglme of operatlon° | ‘

At hlgher h/D's a negablve llft charac~,

" terlstlc can be developed g In ﬁhe event of a sudden

:power deerease~thls condltlon offnegative lift oould occur, ;

L Wlth serlous effects on the vehlcle's performanceo]f;,

These conolusions’are essentlally qualltatlve in

et (".'



‘3nature s;nce all p0331ble pertlnent parameters Were not

:,  controlled due 0 llmltatlom of the scope of the the31s~

and tlme,'buf they do 1Ddlcate the general nature of .
expected behav1or.,"ﬁ 4
IL 1s recognlzed that the Work acoompllshed by fhlSt‘

'th631s is general in nature and cannot be applled to larger,‘

RV

’ model plenum chambers Wlthout further tests belng conductnff;

ed in Whlch all the pertlnent parameters are controlled°>"

,::HowevergAlb is felt that thls th651s will be of con81der=' o

able value in plannlng further tests 1n thls fleld
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SYMBOLS -

'Symbolv ¥ f”jQﬂantmty

'ét. - :AV1scous damplng coefflclent

.G'“ '~‘Constantvof 1ntegratlon
.{Ds d :1‘fDlameter of Open end of plenum_

ig  - Grav1ty constant | '7
“’E" Ai;Helght above ground atleqﬁilibriumihéve#: h
S : p051t10n | | o
'h' ‘7HmwhtaMWegrmmd .

k- ﬁSpeclflc heat ratio '¢p/§v),

- - Mass o S

1;:Ma§s pf'modél

~5Pféssﬁré o

AGas;constaﬁt;
 ’?1anform area (Does not include area of llp)

’ Planform area. of base of annular jet type

vehlcle'

yblscharge exit aresa (Perimeter of planform'

- multlplled by helght ‘of bottom of plepum

chamber sbove ground)

.»Absolute temperature; :



) Vo]uﬁe

'Volume of plaﬂum daamber ‘and volume under;

plan form at equlllbrlumAhover helght

,V91001ty component perpendlcular to dlS*_, 

) charge area'

Dlsplacement of plenum dhamber from S

”i equ111br1um hover helght

Bens1ty

Subscript

B

g

e :
m.m dm

at -

‘1indicanS‘eQuilibrium hover positioﬁ'

AtmoSpherié~pPeéBuré“*;

Dynamlc pressure {gfa“

]Indlcates a dlsplacement from the

equllmbrlum hover helght

A ddt sbove & symbol denotes »(r)jwfor'eiémplé -
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| APPENDIX.B .

' iDATA,1

Data for frequency of vertlcal 0301llat10n of small model
L : : (Flgm@ 4 2)

Power to fan motcr,y' 1;Number of - Time period for
in watts - ' CyCleS"ﬂ>@a - eyecles counted;
Accuracy 1 watt v . R in seconds#

- o N - ‘Accuracy #+ 0.02

- W

- 205 A P 215;0 »:3'@;20‘ :

Ceas o Tealo T lse0
- me8 fﬁf7fifi%§' f 7 $J4f
- 518 . }' ) . 55 O o 5060

,Taken from Sanborn recorder record R




. above tablei in- inches . o+ reading

42

.:Data;féfviift“ﬁfdduped by'smgllﬁmpdel.f (Figure 4.3)

'Helght of bottom;of model 'i  f2f ' k”'_Sprlng scale
vlnch SRS P YRR S Accuracy - 1

’7Accuracy +
L ‘ 8 pound

-

e

Cra/a T 101/

11/2

9

A o/
'5 | ) :“ B R . v‘. ) v- . ':(j | v ‘_ ; - v‘ o e My 6 l/l}: .

3/4

36
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. Date for static-pressure’ in small model -

(Figute 4.4)

' *Pressure readnngss;w
in inches ‘of watexr =
~‘Accuracy. & 0,012
inch for each 1eg

“. of manometer

PreSsure
dlfferentlal
between ‘left -

* leg and right

leg of" mano=-
meter

‘Left léeg Right 1éé. i

Power to.
fan mo-
- tor, in. . _
table -
Aeccuracy - -
% 1/64 inch

watts

Accuracy.

4 1 watt

. Accuraey. + 0. 025, L k
“inch T

‘Heignt of

bottom of
model from

2,450

2@4:50 .-

2,425

. -2.250,

12,100
2.025

©1.975
1.950
- 1875

1.800

1.750 -
1.675.

©1.650

1.550 .
-1.450 .
16375
1.225
L ® 150 e

1,075
1,000

0.925
0,925

~1.125 -
1,150 .

0,450
- 04450 . .
06475
- 0.700.
0s 850f’
7 0,900 -
0o ,950 -
1.000
- 1,050
1,150
1&200 ¥
-1.250 .
C1.325 0 -

1.400

l.450 . ..
L.625

10750i

- L.850
S 1.925.
©2,0000 . .
,' ' 20050
2,050 .
. 10875 S
1,800 .

1550 .
1,250

©0.650.,
. -0e550. .
. 094:25 L
04325 . -
0,150 .-

L =0,250.
© =0,700 -
L w0850
~1.000
"‘1 Ve 075

=04650:

ﬂ’:éJOOO

2,000
1975

1,125
1 93025 .
0.950

0.825

0.000
-0.525

=1,075

"‘09750 a

330
329
S26
o 820
L 318
318 - -
. 326
330
1330
338
339

539
341

L B45
. 546
- 341
. 340

345
346 '

48
L BBS
850

1/52:
2/32

- 3/32

4/32
5/32
6/32
7/32
- 8/32

L 9/32
10/32

11/32

12/32
S14/32 0

16/32"

20/32

24 /32 .

§28/52L _
32/32

36/32 .
40/32°

1 44/32

52/32
58/52,




